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Uncooled thermal imaging cameras in the 8 to 14 pm band use pyroelectric array detectors
as the preferred technology. The systems advantages offered by these uncooled detectors are
those of reduced cost, complexity and power consumption. The price paid for this uncooled
technology is that the image must be modulated in order to generate a change in signal
intensity on the detector. Currently this is achieved using a rotating chopper blade, which
introduces moving parts to the system, and has the drawbacks of size and image degradation
as camera motion changes the blade's rotational speed.

A need has existed for considerable time for solid state broad optical bandwidth modulation
in the infrared. The application requires modulation of the 8 to 14 pm band with high 'on’
state transmission, although not necessarily a very low 'off' state transmission. Crucially this
must be over a relatively large (1 ¢m®) aperture. The modulator should be insensitive to
polarisation since this would halve the image intensity from a randomly polarised scene,
reducing the system signal to noise ratio. Low power consumption, compactness, and the
incorporation into a low f-number optical system are the systems requirements for this
application. The specification is eased only by the moderate chopping frequencies (<100 Hz)
characteristic of pyroelectric detector operation.

Adequate modulation using a novel method has been achieved in the 8 to 14 pum region by
introducing moderate levels of excess carriers to suitably prepared germanium by excitation
from a diode laser source. The process utilises inter valence band transitions from the light-
hole to heavy-hole band, requiring excitation power densities in the order of Watts cm™, This
has been exploited by the construction of the first solid state modulator satisfying the
requirements of thermal imaging cameras in the 8 to 14 pm band. A depth of modulation of
from 95.4% (AR coated) to 4.7% transmission at 10pum using a total power density of
5.6Wem™ from 980nm diode lasers has been achieved in the centre of a lem® aperture. The
'on' state loss at this wavelength is limited by the single-layer quarter-wavelength AR coating
properties, and may be eliminated through use of a multilayer coating. There is presently no
solid state modulator in the required thermal image band that even approaches this
performance.

The possibility of using electrical pumping to generate the required holes for the induced
absorption is investigated. The design of an electrical-injection area-based modulator,
modulating radiation perpendicular to the junction plane is affected by the conflicting
requirements of uniform absorption across the aperture and high 'on' state transmission. A
design for such a device is outlined. Modulation of a beam of radiation parallel to the
junction plane is demonstrated by a reconfigured p-n junction diode to illustrate the
principle.
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Chapter 1

Introduction

1.1 Background: why is a modulator required?

Uncooled thermal imaging cameras in the 8 to 14pum band use pyroelectric array de-
tectors as the preferred technology. The systems advantages offered by these uncooled
detectors are those of reduced cost, complexity and power consumption. The price paid
for this uncooled technology is that the image must be modulated in order to generate
a change in signal intensity on the detector. Currently this is achieved using a rotating
chopper blade, which introduces moving parts to the system, and has the drawbacks of
size and image degradation as camera motion changes the blade’s rotational speed.

A need has existed for considerable time for solid state broad optical bandwidth mod-
ulation in the infrared. The application requires modulation of the 8 to 14m band with
high ’on’ state transmission, although not necessarily a very low ’off’ state transmission.
Crucially this must be over a relatively large (1em?) aperture. The modulator should be
insensitive to polarisation since this would halve the image intensity from a randomly
polarised scene, reducing the system signal to noise ratio. Low power consumption,
compactness, and the incorporation into a low f-number optical system are the sys-
tems requirements for this application. The specification is eased only by the moderate
chopping frequencies (< 100 Hz) characteristic of pyroelectric detector operation.

Well-documented methods of modulating infrared beams include the acousto-optic [1]
[2] [3] [4] effect in crystals, electro-optic effect [5] [6] [7] [8] [9], and free carrier absorption
using the plasma effect [10] [11] [12] [13] [14] [L5] [16] [17] [18] in semiconductors. These
methods however have limitations and are primarily restricted to modulation of small
apertures or beams of radiation where a distortion-free image, and low power consump-

tion by the switching process are not primary requirements. Both the acousto-optic and
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electro-optic effects have a characteristic narrow band of polarisation-dependent modu-
lated wavelengths with high f-number requirement rendering them of little use in this
application. Free carrier absorption using the plasma effect can be used to induce severe
absorption over a wide spectral region, but generation of this effect in the 10um region
requires an immense power density. Liquid crystals have also been investigated for their
application to infrared modulation [19] [20]. Although modulation has been achieved
over a narrow band in the 5um region [19], little success has been achieved at longer
wavelengths. The inherent polarisation-dependence of this form of modulation makes it
unattractive.

Adequate modulation using a novel method has been achieved in the 8 to 1dum
region by introducing moderate levels of excess carriers to suitably prepared germa-
nium [21] [22] by excitation from a diode laser source. The process utilises inter valence
band transitions from the light-hole to heavy-hole band, requiring excitation power den-
sities in the order of Watts em™2. A depth of modulation of from 95.4% (AR coated)
to 4.7% transmission at 10um using a total power density of 5.6 ¢m™ from 980nm
diode lasers has been achieved in the centre of a 1ecm? aperture. The ’on’ state loss at
this wavelength is limited by the single-layer quarter-wavelength AR coating properties,

and may be eliminated through use of a multilayer coating.

1.2 Intervalence band transitions in germanium:

the history

The modulator absorption process uses intervalence band transitions in germanium to
induce a high level of absorption in the 8 to 14um region. These hole transitions were
first observed [23] in germanium in 1952 by Briggs and Fletcher through the differences
in absorption spectra of n and p doped samples. N doped germanium exhibits a struc-
tureless A\? absorption dependence beyond the bandgap, whereas p germanium shows
bands of absorption. In 1953 Kaiser, Collins and Fan [24] suggested that the absorption
in p-type germanium could only be due to hole transitions within the valence band; only
suppositions as to the band structure existed at that date. Later [25] Kahn developed
the theory of infrared absorption in germanium, attributing the observed absorption to
intervalence band transitions in connection with results from cyclotron resonance ex-
periments, and calculated transition strengths between these bands. In 1956, Kane [26]
calculated the valence band structure in germanium using the data from cyclotron reso-

nance experiments. This forms the basis of today’s understanding of the band structure.
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Later in the 1960’s germanium became the most popular semiconductor with the devel-
opment of the transistor, until it was superseded by silicon.

Germanium has however had a continued application in infrared optical components
with its long wavelength cutoff at 18um, low-dispersion and ease of machining. It was
through the specification of these optical components [21] that the long-forgotten inter-
valence band absorption process was revived. The specification for germanium optical
components is generally low n-doped material [27] (or v~type). This gives a combination
of low optical absorption at 10um and a low temperature coefficient of absorption.
10 to 40Qcm is the preferred range for this spectral region [28]. Since n:p = n?
at constant temperature, n-type doping suppresses the hole concentration (p) with its
higher absorption cross section in this region. However, too high an electron density
causes A% free electron absorption to dominate. Intrinsic material cannot be used in
high power CO, lasers, for example in welding, since a small amount of absorbed power
in the long wavelength region due to hole inter-valence band absorption causes heating
of the lens and further carrier generation. This leads to thermal runaway in the lens and

its eventual destruction.

1.3 This work

Initial results [21] showed that strong absorption could be temporally induced in the
8 to 14um region using the light- to heavy-hole transition in germanium. The holes
were optically generated by an 808nm diode laser. This demonstrated the potential
of the absorption process. This thesis shows the application of earlier knowledge on
germanium and its processing in the development and optimisation of the inter-valence
band absorption process in a solid state modulator. A modulator has been developed
through an understanding of the interband absorption process, by modelling and the
experimental validation of related effects. The final aim of this work was to design and
construct an optimised modulator for use in pyroelectric thermal imaging cameras.
The layout of the thesis is as follows. Chapter 2 reviews the semiconductor absorp-
tion processes that might be of use in a modulator. These conclude that inter-valence
band transitions offer the highest potential in the application. Other materials are then
considered in which this absorption process might be observed, and germanium is jus-
tified as the sole semiconductor of interest. Chapter 3 investigates the properties of
germanium relevant to modulator design and optimisation at both a physics and a sys-

tems level. Chapter 4 details the theory of modulator operation at a carrier diffusion
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level, highlighting the dominant electrical parameters governing operation, and giving
target values for their optimisation. Chapters 5 and 6 form the bulk of the experimental
results in the thesis, with Chapter 5 validating the theory and predictions of Chapter
4, Chapter 6 considers optimisation of the modulator performance, which is used in
the design of an optically-pumped modulator in Chapter 7. Chapter 8 considers how
electrical excitation might be used to generate the holes required for the induced ab-
sorption. Chapter 9 concludes the work, highlighting future areas of development for

this interesting project.



Chapter 2

Absorption processes in

semiconductors

This Chapter reviews the semiconductor energy-band structure and the possible opti-
cal transitions that arise. Several optical transition mechanisms are examined as to
their relevance in the modulation of infrared radiation, and methods of utilising their

absorption in an infrared modulator are detailed.

2.1 Energy band structure of semiconductors

The states in which an electron or hole can exist in a semiconductor lattice are described
by the energy-momentum or E-k diagram. This diagram is generally drawn for a par-
ticular crystal direction in which the bandgap, or minimum energy separation between
conduction band minimum and valence band maximum, exists, having considered all
crystal directions. Among other factors, the minimum conduction-valence band energy
separation depends on the physical separation between adjacent atoms, and increases
as the separation is reduced. Depending on the crystal symmetry, along different direc-
tions in the crystal the interatomic separation is different, thus the energy separation is
directionally-dependent. A typical E-k diagram for an indirect semiconductor is shown
in Figure 2.1, in this case for gallium phosphide [29].

The E-k diagram represents the range of energy and momentum that an electron
within the lattice can have, and is conventionally drawn with electron energy increasing
in the upward vertical direction. Hole energy increases in the downward vertical direc-
tion. A hole exists temporarily in the valence band when an electron has been removed

from the valence band to the conduction band, or permanently if the semiconductor is p-
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Figure 2.1: Generalised energy band E-k diagram for an indirect gap semiconductor

doped. Both holes and electrons can undergo transitions described by the E-k diagram,
providing there is a free state into which the carrier can move.

In addition to the conduction and valence bands, there is the often-neglected spin
orbit band (V3), which exists below and separate from the valence band. Due to spin-
orbit interaction, the valence band in most semiconductors splits into two bands, a
light-hole band and a heavy-hole band. Hole states exist in all three of these bands
although holes are usually confined to the upper valence bands due to the large energy
separation of the spin-orbit.

The E-k diagram shows that for an electron at a given energy, there are several
values that its momentum in that band can have. FElectron or hole transitions that
occur between the conduction and valence bands (interband transitions), or within the
conduction or valence band (also interband translitions) can either be vertical, undergoing
only a change in energy, or diagonal, undergoing a change in both energy and momentum.
In either case, energy and momentum must be conserved by the participants in the
transition. In order for a transition to take place, it must be permitted by various
selection rules, one of which is the Pauli exclusion principle which states that a maximum
of two like-carriers can exist in the same state at any one time, accounting for spin-up and
spin-down. Thus if the valence band is full of electrons, no holes exist in this band, and
transitions by holes between the valence sub-bands cannot take place. These transitions
only become possible when an electron has been removed from the valence band to
free-up an energy level into which the hole can move. Depopulation of the electrons

in the valence band is achieved temporarily by electron excitation, or permanently by
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p-doping. Different transitions therefore take place at different levels of conduction
and valence band filling. These transitions determine the semiconductor’s absorption
spectrumn, which therefore depends on the band’s population.

The maximum momentum described by the E-k diagram is defined as the edge of the
first Brillouin zone. An electron within the crystal is subject to E-k functions which are
periodic in momentum-space. The E-k diagram is a function representing the reduced
values of momentum which lead to physically different behaviour. In a simplified energy
band model the electron energy F is related to its momentum & by the relationship:

2
B, = ;:n* K* (2.1)

In this simplified model the energy bands are known as ’parabolic’ with momentum,

k. A is the reduced Planck’s constant (h/27). The effective mass m* is the constant of

proportionality defined by rearranging this equation, giving:

&8
dk?

The carrier effective mass is therefore related to the band curvature with k; steeply

m* = h?

(2.2)

curving bands having a lower effective mass than more gradually curving bands. This
is the origin of the light (V2) and heavy hole (V1) bands in Figure 2.1. For most
purposes, providing the energy variation is not too far from the minimum energy in that
band, the parabolic energy assumption is sufficiently accurate, and the energy E will be
proportional to (k — ky)? where ko is the wave vector at the band centre.

Despite the one-dimensional F-k diagram above, crystal momentum is three dimen-
sional and the carrier eflective mass in a particular band is directionally-dependent. This
is seen by plotting a curve of constant energy for the conduction or valence band near
the band centre. Considering the two-dimensional case first; the F-k diagram is obtained
by rotating the 1-d diagram about the k& = 0 axis to give a contour of constant energy.
If the momentum distribution is equal (same lattice spacing) in the two directions this
results in a circular contour of constant momentum at that energy for the band. Tf the
lattice spacing is different in the two directions the diagram shows an ellipse.

In three dimensions the model can be plotted to give a surface of constant energy; a
sphere of constant energy giving rise to an isotropic mass. Plotting the three dimensional
surfaces of constant energy in two dimensions for a given plane in k-space shows the
degree of anisotropy, as shown in Figure 2.2 from [30]. For both silicon and germanium
the constant energy surfaces of the valence band are [30] warped spheres centred at k = 0.

This requires calculations using the effective mass for a particular band to either be in
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a known direction, or averaged over all directions. In germanium the warping is greater
for the heavy hole band, although the effective mass anisotropy in either band is not very
great [31]. To a good approximation each band can be treated as having a single effective
mags, given by the light hole mass or heavy hole mass accordingly. Only about 5% of
the free holes [31] occupy the light hole band at room temperature, affecting calculations
involving hole transport. The edge of the conduction band in germanium occurs in four
crystallographically equivalent positions, and in silicon the edges occur in six equivalent
positions along the [100] axes. In Figure 2.2, the germanium conduction band edges
are shown by dots, which occur on the boundary of the Brillouin zone in the (111)
directions. The other half of the conduction band valley in this direction is provided by
the crystallographically equivalent opposite arm of the diagram. The conduction band
electrons are distributed among these equivalent-energy valleys. The constant energy
surfaces of each valley of the conduction bands of silicon and germanium are prolate
ellipsoids, characterised by a transverse and a longitudinal mass. In the minor (x and
y) or ’transverse’ axes directions the effective mass is isotropic and the energy varies
rapidly with k, giving a low transverse mass (my). In the ’longitudinal’ (z) direction
the energy varies relatively slowly, giving a large m). The energy distribution with
vector momentum k,, k, and k,, for a given valley with a band centre at ko, koy, ko, 1s

therefore [30] given by Equation 2.3.

[001] [001]

} light holes
Y [100] | [100]
] ’

\j\\ heavy holes A N

valence band conduction band

ah

Figure 2.2: Constant energy contours near the conduction and valence band edges pro-

jected on the (010) plane in k space for germanium
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E(k) — ﬁ (k'a: - kOr)2 + (ky - kOy)2 i (kz - ka)2 (2.3)

Coor 2m Zm”

The effects of this are considered in more detail for germanium in Chapter 3. At
this stage it is important that the energy-momentum relationship for small energy per-
turbations from the band edge is to a good approximation, parabolic, and that due to
the warped energy spheres or elliptical surfaces of constant energy, the carrier effec-
tive mass in a particular band must be averaged over all directions when carriers are
not constrained to motion in a particular direction. Such unconstrained motion occurs
during optical excitation in the absence of electric and magnetic fields. Having out-
lined the semiconductor band structure, the possible transitions between these bands

are considered for their relevance in an infrared modulator.

2.1.1 Fundamental direct and indirect transitions

The fundamental absorption refers to the transition of an electron between the valence
and the conduction band. This process is of concern during optical excitation of a
semiconductor, and can also be used to modulate infrared radiation as a subsidiary effect.
If vthe bandgap transition does not require a change in momentum, the semiconductor
has a direct bandgap, otherwise it is an indirect-gap material. Transitions between
any bands in the semiconductor must conserve energy and momentum, and at above
absolute-zero temperature, phonons may be involved in the excitation transition.
Phonons are a quantum of lattice vibration having a small amount of energy and a
large amount of momentum, and one or more phonons can take part in the transition
process if they have the required amount of momentum and energy. Six types of phonons
exist: two transverse optical (TO), two transverse acoustic (TA), one longitudinal opti-
cal (LO) and one longitudinal acoustic (LA). Optical phonons have a high characteristic
range of vibrational frequencies. In a lattice with ions of opposite sign these produce
a polarisation that interacts with light waves. Acoustical phonons have a lower char-
acteristic range of vibrational frequencies. The number of phonons n, at a frequency
v and temperature T follows [31] Planck’s law, and is given by n, = (ezp(i%) — 1)1
Thus at room temperature there is a higher number of low frequency (long wavelength),
acoustical phonons with which a free carrier may .interact, than optical phonons. A
phonon involved in the fundamental absorption process must have the same momentum
vector as the direction in which this fundamental transition exists, the [111] direction

in germanium. In this direction the two TO modes are degenerate, as are the two TA
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modes, leaving four different modes. Crystal symmetry dictates [32] that all four modes
with this k& vector (TO, LO, LA, TA) contribute to the fundamental absorption if the
conduction band minima lies within the Brillouin zone but only the acoustic modes are
permitted by selection rules if the conduction band minima are at the edge of the zone.
In germanium there are actually eight conduction band minima, each extending to the
edge of the Brillouin zone. However, each of the minima only contributes half a valley to
the four conduction band valleys. Therefore it is only the acoustic mode phonons that
take part in the fundamental absorption. The energies of these phonons have been de-
termined experimentally [33] as 7.76meV and 27.58meV. Transitions involving phonons
(indirect) are less probable than those which do not require phonons (direct) due to
the reduced number of participants. This absorption process is different from that at
the long wavelength lattice absorption region in germanium, where phonons from both
the optical and acoustic modes contribute to the multiphonon absorption ’combination’
bands.

With direct transitions, the absorption spectrum shows no increase with photon en-
ergy until the photon energy reaches the direct bandgap, at which point the absorption
increases steeply with photon energy. With indirect transitions the absorption initially
shows a very gradual initial increase starting at an energy £, below the bandgap. The
energy deficit is provided through the absorption of phonons of energy E,, and whose
momentum is essential in making the transition to the indirect valley. A gradual increase
is seen due to the low transition probability since the process requires both the electron
and a phonon. Further increase in photon energy shows a steeper increase in absorption
starting at an energy F, above the bandgap. This absorption corresponds to the more
probable emission of a phonon during the absorption. This slope is maintained until
the photon energy is sufficient to take the carrier vertically into the direct valley. From
here onward the absorption is even steeper, since no phonons are required by absorb-
ing transitions at these energies. The fundamental absorption spectrum of an indirect
semiconductor therefore shows characteristics of both indirect and direct transitions as
photon energy is increased.

Once an electron has undergone a fundamental transition it can take several paths
before recombining with a valence band hole. At this stage a band - band transition
is assumed for the latter transition as opposed to via intermediary levels, which are
considered in Chapter 3. If the electron has been excited to a point above the minimum
of the conduction band it will lose energy and momentum through collisions with the

lattice (phonon emission), returning to the minimum in the conduction band, before
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recombining with a hole via a band-to-band transition. Whilst in the conduction band
the electron is ’free’, and can undergo secondary absorption processes, such as band-
band transitions or free carrier absorption, which take it to higher permitted energy
levels.

The mean time the electron spends out of the valence band is defined as the bulk
carrier lifetime. In direct bandgap semiconductors this is characteristically very short,
typically nanoseconds. In indirect bandgap semiconductors the lifetime is much longer
because carrier recombination through a simple band to band process requires phonon
emission to permit the electron transition back to the top of the valence band. Excita-
tion of equal bandgap semiconductors with the same absorbed power therefore results
in a higher carrier density in the excited band in an indirect bandgap semiconductor
compared to a direct bandgap semiconductor due to the lower carrier loss rate to the

valence band.

2.1.2 Interband transitions within the conduction or valence
band

The previous subsection considered transitions between the conduction and valence
bands. This section considers transitions between the sub-bands of a given band, in-
terband transitions. The sub-band absorption is dependent on the occupancy of the
conduction and valence bands, and hence can be used to modulate radiation. The
valence band of most semiconductors is split into three subbands due to spin orbit in-
teraction, hole inferband transitions being possible between these bands. Detail of the
band splitting in germanium is shown in Figure 2.3.

With this band structure, hole transitions are possible between (a) the heavy hole
(HH) band and the spin orbit splitoft (SO) band, (b) the light hole (LH) band and the
spin orbit splitoff band, and (¢) the heavy hole band and light hole band. To enable these
transitions a hole must exist in the valence band. However, in many semiconductors the
{ransition (a) occurs at too short a wavelength and is masked by the fundamental ab-
sorption, and transitions (b} and (c) occur at too long a wavelength where they are
masked by free carrier or multiphonon absorption. In germanium these three transitions
are all observed within the optical passband of the lattice, as illustrated by the trans-
mission spectra in Figure 2.4 for a 0.536cm p-doped germanium sample with resistivity
1.2Qcm and hole doping density of 2.9 X 10*°¢m™3. The area carrier density associated
with this absorption is 1.55 x 10*%em 2.

Figure 2.4 for intrinsic germanium shows no absorption bands within the lattice
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Figure 2.3: Detail of the split valence band in germanium showing possible hole transi-

tions during optical excitation. Electrons are represented by the shaded region

passband of 1.8 to 18um. The transmission is practically constant with wavelength over
this region. In contrast, the p-doped germanium spectra is marked by three distinct
absorption bands centred at 3.3um, 4.5pm and a third broader band at around 10pm.
These correspond to the above transitions (a), (b) and (c¢) respectively. Ubiquitous
fluctuations in room CQ4 concentration cause the band at around 4.2um. To temporarily
increase the absorption, the semiconductor must be near-intrinsic, or low-doped so as
to provide low absorption in the ’on’ state. Carrier excitation moves electrons to the
conduction band, increasing this absorption. This increases the free hole density in the
valence band hole, hence increasing the number of holes making transitions between the
split levels in the valence band. Termination of the excitation restores the transmission
to that beforehand, after the excited electrons have recombined with holes in the valence
band. This is illustrated by Figure 2.5.

The absorption bands seen in the lower graph of Figure 2.5 are almost entirely due
to hole absorption, and disappear when the germanium is made n-type. Temporally
inducing this strong absorption will later be seen to be the operating mechanism behind
the modulator.

In addition to being a valence band absorption process, interband absorption takes
place between conduction band valleys. In some semiconductors, such as gallium phos-
phide [34], the conduction band has a low-lying second valley above the conduction band
minimum, and direct transitions are possible between these valleys. For this transition to

permit significant absorption the semiconductor must have a significant electron density
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Figure 2.4: Transmission spectra of intrinsic germanium (upper) and 1.2Q¢m p-type

germanium, with respective thickness 0.31¢cm and 0.54cm

in the conduction band. Many semiconductors have these higher-lying conduction band
minima, which could in principle be used to modulate radiation, although frequently the
energies involved in transitions between these valleys are so large that the absorption is

masked by the fundamental absorption.

2.1.83 Free carrier transitions

Free carriers are carriers that are free to move within a band. Free carrier (hole or
electron) absorption arises [30] through the excitation of a free carrier to a higher energy
level within the same band. This requires a change in energy (which is provided by
the absorbed photon) and a change in momentum, which is provided by interaction
with the lattice through phonons or by scattering from ionized impurities. Free carrier
absorption increases with carrier density, showing a smooth increase with wavelength
with a spectral dependence A" where r ranges from 1.5 to 3.5 depending on the scattering
process. Classical Drude Zener free carrier absorption assumes an electron is driven by

an oscillating electric field, and results in an damping factor that increases as A?, giving

an absorption coefficient [35]:
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nium optically excited by 9.6W em=2 at 980nm
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(2.4)

Where n* is the refractive index, n and p are the electron and hole densities, m,, is
the electron mass and itn is the electron mobility. Scattering [36] via acoustic phonons
leads to a A'® absorption dependence, optical phonon scattering gives a A\*°, and scat-
tering via ionized impurities leads to a A% or A*® dependence. In practice all three of
these processes may exist, although one may dominate depending on the impurity con-
centration. The combined absorption tends toward A", where r increases with doping.
In n-doped germanium r £ 2 and the Drude-Zener model is adequate in modelling free
carrier absorption.

Unlike inter-valence band absorption, free carrier absorption shows no sharp absorp-
tion peak. The absorption spectra arising from free carrier absorption is shown by the
lower graph in Figure 2.6, the transmission spectrum of a very heavily n-doped germa-
nium sample. This is in contrast with the transmission spectrum of p-doped germanium

in Figure 2.4.

Figure 2.6 clearly shows a A? absorption process due to free carriers. The free electron
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Figure 2.6: Transmission spectra of an intrinsic germanium sample (upper) and a heavily

n-doped germanium sample with resistivity 0.03Qcm, with respective thickness 0.31cm
and 0.47¢m

density associated with this 0.03Qem sample is 5.3 x 10¥6em~2, and the sample thickness
is 0.468cm, giving an area carrier density of 2.48 x 10'%cm™2. Comparison to the hole

dominated inter-valence band absorption process in Figure 2.4 is given in Table 2.1.

doping Figure thickness(em) T (%)at 10.0um area carrier density (em™?)
n 2.6 0.468 14.49 2.48 x 10
p 2.4 0.536 14.97 1.55 x 108

Table 2.1: Comparison of absorption in n and p doped germanium

Similar levels of transmission (and hence absorption) are seen in the two doped
samples which are of similar thickness. However to induce the same level of absorption
in the n-doped sample requires 16 times the area carrier density. This is expected since

the hole absorption cross section at 10.6pm is 15.7 times that for electrons.
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2.2 Modulation mechanisms in the infrared

Modulation in the infrared requires a controllable infrared absorbing transition process.
10.0pm corresponds to a photon energy of 0.124eV, and the transition must be suffi-
ciently broad to cover the 8 to 14um band for use in the application. The absorption
must be switchable, enabling a rapid change in semiconductor absorption from a low ’on’
state value to a high ’off’ state value through a strong increase in absorption or reflec-
tion. This section considers methods of achieving this through the previously described
mechanisms, detailing their application in an infrared modulator.

For a practical modulator in portable applications, a high level of switchable absorp-
tion at low power consumption over 1 : 1 duty cycle operation is a primary requirement.
The absorption cross section o is defined as the ratio of the absorption coefhicient at a
given wavelength to the free carrier density, having units ¢m?. This can be envisaged
as the physical area around an electron or hole within which a passing photon will be
absorbed. The absorption coefficient measured at a given wavelength is the total re-
sulting from free carrier absorption, absorption within the subbands of the conduction
and valence bands, lattice scattering through phonon emission, impurity absorption and
fundamental absorption. The strength of these components is wavelength-dependent. A
modulator using an ’induced’ absorption process must have low ’on’ state absorption,
and a controlled process must be used that enables large numbers of transitions in a
high absorption cross section absorption process to take place during the modulator’s
absorbing ’off’ state. Low ’on’ state absorption is achieved using a semiconductor in a

region spectrally remote from the bandgap or lattice absorption.

2.2.1 Absorption via shifting the fundamental absorption edge

In a heavily-doped or strongly optically-excited semiconductor, one important effect of
transitions into a direct or indirect valley is the observed shift of the bandgap toward
shorter wavelength. This occurs when the conduction band starts to fill significantly with
electrons. This "Moss-Burstein’ shift [37] occurs when conduction band electrons prevent
transitions from the valence band to these occupied levels. Only higher-energy electrons
are capable of making the transition to unfilled states. This progressive apparent band-
edge shift toward shorter wavelengths is most significant in semiconductors having a
steeply curved conduction band with momentum, since the band fills quickly with a low
electron density.

The Moss-Burstein shift could be used to modulate in the infrared. At wavelengths
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just short of the bandgap a semiconductor is strongly absorbing. In principle, strong
optical excitation of a low effective mass semiconductor rapidly fills the conduction
and valence bands with electrons and holes respectively. Optical transitions that were
possible before the excitation are then no longer permitted, and the absorption just short
of the semiconductor’s unexcited bandgap falls considerably. The stronger the optical
excitation, the further the bandgap is shifted toward shorter wavelength. Such an area-
based optical shutter has been demonstrated [38], at around 10um in Pbyg3Snos7Te.
Here a 100kW cm™? probe beam at 10.6um (10meV from the absorption edge) was
switched by a 300kW e¢m™? pump beam at 9.3um (a further 16meV from the absorption
edge). The sample thickness was 5pm with an unexcited absorption coetficient at 10.6um
of 5 x 103cm™!, which was cooled to TTK. At 500kW cm~? pump intensity the probe
beam fransmission was increased by a factor of 5, although the absorption is nonlinear
with power due to the shape of the absorption edge.

In practice, generating significant changes in absorption using the Moss-Burstein shift
requires a semiconductor with a very low effective mass conduction band. Some direct
bandgap semiconductors such as InSh show the effect, but their inherent short bulk car-
rier lifetime requires high power to sustain an adequate electron density. If available, an
indirect bandgap semiconductor with a similarly narrow momentum-width conduction
or valence band valley would require much lower power to produce this reduction in ab-
sorption. The process is also limited to modulation over a narrow spectral region close to
the semiconductor bandgap, and few semiconductors exist with a bandgap in the 10um
region. In addition to the high power required to exploit this absorption process, the
pump beam is also an issue. If this requires CO4 laser excitation it would imply a large
modulator system, and at such high power in a portable device would limit operation to
low repetition rate applications. Much shorter wavelength diode lasers could generate
the required electron-hole pairs in the material, but at reduced efficiency since there are
more photons per Watt of optical power at longer wavelength; requiring immense power
from diode lasers, Unless a suitable indirect bandgap semiconductor exists, this method
of modulation is restricted to applications requiring narrow spectral width modulation

where physical space and power consumption are not design constraints.

2.2.2 Free carrier absorption

Free carrier absorption can be used to modulate in the infrared following the tempo-
rary generation of electron-hole pairs. This requires a near-intrinsic semiconductor with

long-wavelength cutoff beyond the range of wavelengths requiring modulation. In the
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unexcited state the electron and hole densities n and p in Equation 2.4 are low, giving a
low absorption coefficient. Free carriers generated temporarily by above-bandgap optical
excitation or through electrical injection in a p-n junction diode-type structure increase
the absorption coeflicient. The absorption increases smoothly with wavelength, having
A" dependence where r lies from1.5 to 3.5. Modulation using this mechanism is therefore
favourable at long wavelengths where the absorption is stronger.

Free carrier absorption is generally dominated by one particular charge carrier. Equa-
tion 2.4 above requires the effective mass of the electrons and holes, which is an average
over the crystal directions. For silicon and germanium the electron effective mass is
averaged over the longitudinal and transverse axes of the ellipsoidal conduction band

constant-energy surface [25], giving the average effective electron mass as:

(nrlz*) N %(nlz, * ri) (25)

For holes the heavy hole mass is used in the absence of a magnetic field [39] in
calculations of average effects over times much longer than picoseconds. Since the hole
relaxation is so short (picoseconds), holes spend most of their time in the heavy hole
band. For most semicondnctors [40] the hole constant energy surfaces are sufficiently
close to spherical that the hole longitudinal and transverse effective masses are about
the same. For germanium an average electron mass of 0.12my and an average hole mass
of 0.28mg are found. These values are in agreement within experimental error with
those determined by microwave techniques [41]. The electron and hole mobilities at
room temperature in germanium are p, = 3900cm?/V's and pp = 1900em?/Vs [42]. In
germanium this gives m2u, = 2.7 x m2 ,. From Equation 2.4, this shows the Drude-
Zener absorption in intrinsic germanium i1s dominated by free electron absorption. Using
these parameters, the absorption coefficient due to free carriers alone in n type and p
type germanium is computed in Figure 2.7.

In practice, measurement of the free carrier absorption at 10um is possible in n-type
germanium, but in p-type germanium it is masked by the much stronger absorption from
hole inter-valence band transitions (Section 2.2.5). Based on the above calculations, to
reduce the transmission at 10.0pm from 100% to 50% in a 0.5¢m thick modulator using

3 when

free carrier absorption requires a uniform free carrier density of 4.3 x 10%em™
only free carrier absorption is considered.

Several such free-carrier induced-absorption modulators have been demonstrated [43]
[44] [45] [46], in which carriers were injected into a diode-type structure or were opti-

cally excited. One such device [44] uses a silicon tunnel MIS diode to inject carriers
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Figure 2.7: Absorption coefficient due to free carrier absorption in germanium at 10.0um

from Equation 2.4

into a ridge-type optical wavegnide and modulate a 10.6um CO, laser beam. A depth

of modulation of 62% was achieved using a current of 634 em™2

and the waveguide
cross section was 30 x 400um. The modulation is parallel to the junction plane in this
structure, restricting modulation to that of a beam of waveguided radiation, in contrast
with the required area-modulator. In principle, area-modulation using free carrier ab-
sorption with the probe beam perpendicular to the junction plane could be achieved,
providing sufficient current could be passed through the structure, and providing this
level of current injection could be achieved using infrared-transparent contacts. This is

discussed in Section 8.1.

2.2.3 Plasma switching

With the previously-reviewed modulation mechanisms the real part of the refractive
index of the semiconductor has been assumed constant during optical excitation. Plasma
switching involves exciting the semiconductor to generate an immense carrier density, to
the point where the real part of the refractive index is no longer constant. The plasma

frequency in a solid is given [47] by:
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ng?

W, = (2.6)

m*e

where m™ is the effective mass, € is the dielectric constant and n is the carrier den-
sity. The plasma frequency is defined as the frequency below which the refractive index
becomes imaginary and this lies in the far-infrared for most unexcited semiconductors.
It can be though of as the resonant frequency of the excited carrier plasma.

Well above the plasma frequency the semiconductor is transparent, and below the
plasma frequency the semiconductor is reflecting. It is the electrons with their low
effective mass that are responsible for the modulation using plasma switching. Optical
excitation is used to move the plasma frequency toward shorter wavelengths, shifting
the point at which the reflectivity increases. This technique has been widely used to
modulate in the infrared [10] [11] [12] [L13] [14] [15] [16] [17] [18] in applications where
high optical excitation power is available.

In the examples cited the optical switch is configured as a high contrast reflection
device, so that the semiconductor, such as germanium, is usually aligned [10] [11] at
the Brewster angle so it has a low reflectivity in the unexcited state at the wavelengths
requiring modulation. At free space wavelengths shorter than the plasma frequency
the semiconductor is transmitting, and at wavelengths beyond the plasma frequency
the semiconductor’s reflectivity approaches unity. In the unexcited state n is low, the
plasma frequency is low, and so the wavelength at which the plasma-induced absorption
occurs will be long and the semiconductor’s reflectivity in the modulated band will also
be low. Increasing the carrier density n via optical illumination reduces the free space
wavelength corresponding to the plasma frequency in the excited semiconductor, and
renders the semiconductor reflecting at the desired, modulated, wavelength.

Modulation of the plasma frequency in a semiconductor can be used to modulate in
the infrared, although its Brewsters-angle alignment makes it polarisation-sensitive. In
principle such a device could be configured at normal incidence, eliminating polarisation-
sensitivity, and used as a transmission modulator. However, the power densities required
to shift the plasma frequency to the 10pum region in germanium are in the order of
10MW cm~% when using a Q-switched 1.06um excitation source [10] [18]. This power
density renders the plasma-switching modulator unsuitable for low power devices, and
limited to short-pulse low repetition-rate applications. Also it would be difficult to
design such a system for low f-number optics and Brewster’s angle alignment due to
astigmatism. The large Brewster angle of germanium (76°) also requires very large

optical components.
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2.2.4 Hot-electron assisted absorption

With indirect fundamental transitions it is possible to absorb photons of energies just
lower than the bandgap, where the additional energy and momentum increment required
is provided by a phonon. With hot electron assisted absorption a similar mechanism
takes place, but the additional energy increase required is provided by a free carrier.
In the hot-electron assisted absorption process a photon with energy just below the
bandgap excites an electron from the valence band to a virtual state just below the
conduction band. From here the electron is given the final energy boost to take it to the
conduction band, by a phonon emitted by a ’hot’ electron in the conduction band. "Hot’
electrons are obtained by applying a small electric field so as to increase the electron
temperature.

The process is not usually observed in indirect bandgap materials since the large
momentum required to complete the electron transition to the valence band is too great
to be supplied by the phonon from an electron. This effect exists at long wavelengths and
is not negligible. Calculations [36] [48] show that for an electron density of 10**em™2 and
an electron temperature of kT, = 0.01eV the absorption coefficient at an energy deficit
of 0.01eV is 6em™?, and reduces as the energy deficit increases. However, this process is
easily masked by transitions between impurity levels and by sub-band transitions, and
therefore is only observed in relatively pure, direct gap materials.

The effects of hot electrons on the absorption have been observed [49] in the infrared
at 17pum, although the excitation power density required to observe these transitions was
14MW cm™%. This, combined with the absence of the effect in indirect-gap materials
suggests that the process would have little use in an application in which excitation

power is a design constraint.

2.2.5 Comparison of modulation mechanisms

All the modulation mechanisms reviewed have potential in the modulation of infrared
radiation. Their spectral dependence, level of absorption and power required to induce
the infrared-absorbing transitions are of primary concern in a portable modulator sys-
tem. These modulation mechanisms rely on the population of conduction and valence
bands with carriers, and modulation of the infrared is achieved through a secondary
process of enabling or preventing infrared transitions. Following the carrier excitation
required to populate these bands, the level of absorption is dependent on the carrier

density in the conduction and valence bands. The duration of the absorbing period of
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the modulation can therefore only be in the order of the carrier recombination time, un-
less excess excitation power is used to compensate for the recombining carriers. Direct
bandgap semiconductors with characteristic nanosecond carrier recombination times can
therefore sustain induced absorption over this period, but require an excessive excitation
power to sustain high excited carrier densities over longer periods. At the low modula-
tion frequencies and long (tens of milliseconds) absorbing duration associated with the
application, an indirect bandgap semiconductor must therefore be used.

Hot-electron assisted absorption is therefore of little use. Free carrier absorption
offers potential since indirect bandgap semiconductors may be used by the process, but
the low free carrier absorption cross section in comparison to inter-valence band absorp-
tion requires higher excitation power. Even higher excitation power is required with
plasma switching to shift the plasma frequency to the 10um region. The Moss-Burstein
absorption-edge shift process is also restricted to high power applications when modulat-
ing over the required spectral band. This also involves finding a suitable semiconductor
with a bandgap in the 10um region. Such semiconductor compounds may be created
with the added complications of complete material-characterisation and costly develop-

ment. The characteristics of these absorption mechanisms are summarised in Table 2.2.

modulation power density available in indirect range of modulated
mechanism gap material? wavelengths

Moss Burstein 300kW cm™2 mainly direct Very Inarrow

Free carrier 160W em™2 yes broad

Plasma switching LOMW em™? yes broad

Hot electron 14MW em™?2 no narrow

Light hole-heavy hole 10W cm™?2 yes broad bands

Table 2.2: Surnmary of the modulation mechanisms reviewed

Of these processes the light - heavy hole inter-valence band absorption process, in
particular in germanium, offers the highest level of induced absorption at a reasonable

excitation power density. This process is now discussed in detail.

2.3 Intervalence band transitions:

the modulator mechanism

The split valence band in germanium is shown in Figure 2.8 where V1 and V2 are the

heavy- and light-hole bands, and V3 is the Spin Orbit band. The mean thermal energy
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of free holes in near-intrinsic germanium is shown by the dotted line corresponding to
25meV at 300K. The spin orbit splitting is 0.28¢V [25] so the spin orbit band is not

hole-populated at room temperature.

Energy

o 25meV

""""""""""""""""""""""""" high level excitation
>
LH Momentum

\SO

Figure 2.8: Schematic valence band structure near the top of the valence band in ger-

HH

manium showing inter-valence band transitions

Figure 2.8 shows that photon-absorbing hole transitions V1 to V3, V2 to V3 and V1
to V2 are possible. These correspond to absorption bands centred at 3.3um, 4.5um and
a third broader band centred at around 10pm. These transitions are direct, involving
only photon absorption. At & = 0 these transitions are not permitted due to selection
rules [25], but at & # 0 the selection rule breaks-down. At high values of hole energy (and
hence k) the Maxwellian hole distribution function means that fewer holes are present
to make the transitions. This explains the ’bands’ of absorbed radiation. After a photon
has been absorbed by this process, the excited hole in the light hole or spin orbit band
rapidly scatters back (within picoseconds) to the heavy hole band, losing momentum
and energy through lattice collisions (phonon emission) and may then absorb another
photon. This rapid scattering process means that only at MW absorbed radiation
power levels [50] [51] [52] [53] does the heavy hole band become depleted of holes and
the absorption from these three bands saturate.

Temporary hole generation, and the subsequent induced absorption required by the
modulator, is achieved using near-intrinsic germanium as the starting material. The
Fermi level is situated close to the middle of the germanium bandgap. Above-bandgap
excitation temporarily moves electrons to the conduction band, generating the same
number of holes in the valence band. High level excifation (excess carrier density >
intrinsic carrier density) causes the Fermi level to split into two quasi Fermi levels, one
for electrons and one for holes. The quasi Fermilevels move toward their respective bands
with increased optical excitation. At very high hole densities, achieved through p-doping

or optical excitation, the hole quasi Fermi level moves into the valence band and the
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semiconductor becomes degenerate, as shown by the lower dotted line (higher mean hole
energy) in Figure 2.3. In this case the depopulation of valence band electrons permits
hole occupation from the top of the valence band to the lower dotted line. However,
typical excitation levels used in the modulator are just below the limit of degeneracy
(which is discussed in Chapter 3), the Fermi levels remain within the bandgap and the
mean room-temperature hole energy is described by the upper dashed line. Increasing
the optical excitation increases the density of holes with this mean energy. At higher hole
energies than shown by this line the free hole density tails-off to zero. In correspondence
with the tailing-off hole density, the electron population tails-off in the upper vertical
direction over the same kT spread of thermal energy. Vertical transitions from all lower-
energy hole states are now possible that terminate on bands V2 and V3, although the
majority of these take place from the vicinity of the intersection of the 25meV line and
the relevant band. This is due to the combination of a higher hole population in the
starting heavy or light hole bands, and a higher state density in the terminating (light
or spin orbit) band.

During moderate-level excitation the hole quasi Fermi level is situated between the
intrinsic Fermi level and the valence band edge. The mean hole energy is denoted by
the upper dotted line, at a lower energy than kink in the V2 light hole band. This kink
occurs at hole energies considerably higher than k7', and after this point the gradient
of the V2 band becomes less steep, thereafter becoming nearly-parallel with the V1
band [26]. At the point where the bands become nearly parallel, transitions occurring
over the thermal (£T') spread in hole energy about the mean hole energy in the starting
band, undergo vertical transitions of similar energies. This gives the narrow absorption
band at around 10um. Near-parallel bands in the E-k momentum diagram have a high
transition probability, giving a high absorption coeflicient in this region. The transitions
V1 to V3 and V2 to V3 are considerably broader due to the bigger difference in gradients
of the respective bands over a kT spread in energy about the Fermi level at this point.
The V1 to V3 transition is extremely broad in frequency terms for this reason.

Further increase in valence band hole density through higher level excitation moves
the Fermi level into the valence band (lower dotted line). Figure 2.3 shows the effect of
this is to move the peak of the V1 to V3 transition toward higher energies, the V2 to V3
peak moves toward lower energies, and the low energy edge (long wavelength cutoff) of
the V1 to V2 transition moves toward higher energies. Spectra of optically excited near-
intrinsic germanium are shown in Figure 2.9, but these effects are small and difficult to

observe as degeneracy is not encountered. The V1-V3 transition is too broad to define
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an exact minimum, and the long wavelength cutoff of the V1 to V2 transition is masked

by the lattice absorption. However, the spectrally narrower V2 to V3 shift toward lower

energies is observed.
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Figure 2.9: Transmission spectra of germanium excited at 0, 4, 8, 12 and 16W c¢m™

showing shift of absorption peaks with excitation power

To complete the description of the absorption process, changes in absorption with
reduced temperature are now detailed. The low temperature range considered is not
encountered during the modulator’s usual operation. Operation will be confined to the
military temperature range of 300K +50K. A temperature dependence of the absorption
spectra is expected from the temperature-dependent hole population. As temperature
is reduced the Fermi level moves upward in Figure 2.8 and the k7 mean hole thermal
energy over which its population tails off, reduces. This shifts the vertical hole transitions
from the light and heavy hole bands toward lower momentum values, also reducing the
momentum range over which these transitions take place. This causes the transitions to
narrow spectrally. Specifically this means the absorption peaks from the V1 to V2 and
the V1 to V3 transitions will move toward longer wavelength, whilst the absorption from
the V2 to V3 transition moves toward shorter wavelength. The measured transmission
spectra for p-germanium as a function of temperature is shown in Figure 2.10.

Figure 2.10 shows both the V1 to V2 transition (centred at 10pm) and the V1 to V3
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Figure 2.10: Absorption due to inter-valence band transitions in 0.04Q¢m p-type ger-

manium

transition (centred at around 3.3um) moving toward longer wavelength with reduced
temperature as predicted. The spectral width of the V1 to V3 transition narrows as
expected, whilst that for the V1 to V2 transition is masked by lattice absorption. The
V2 to V3 transition (centred at 4.5um) moves toward shorter wavelength as predicted.
By 77K the V1 to V3 and the V2 to V3 bands have overlapped, further reduction in
temperature causing the combined band to narrow even more. The general form of the
spectra is also seen to change. Movement of the fundamental absorption edge toward
shorter wavelength is seen, and the transmission in the 6um region increases due to a
reduction in Drude-Zener free hole absorption as holes freeze-out onto acceptor states.
At 0K one would expect the transmission spectra become flat over the entire passband,
characteristic of intrinsic germanium, all free holes having frozen-out. At 5.9K there
still appears to be a significant hole population. However, the FTIR spectrophotometer
used to measure the transmission causes the power from the entire hot source spectrum
sampled to be incident on the cooled sample during measurement. This complicates
the measured spectrum since optical carrier generation occurs continually. This optical
excitation occurs not only from fundamental transitions but more importantly from ex-

citation from the acceptor states situated at the Fermi level which 1s within the bandgap
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at these temperatures. Therefore the spectrum detail is affected at low temperatures.
This may explain why the transmission at 30K and 5.9K in the 10um region is lower
than the trend might suggest. The anomalous increase in transmission of the combined
V1 to V3 and V2 to V3 band at 30K may also be due to this effect. Ubiquitous fluctu-
ations in room CQO; and water vapour concentration causing the marked bands should
be ignored. The rogue hydrocarbon contaminant centred at 3.1um (3230cm ™) featured
in many low temperature spectra with this cryostat. However, the important features
described by the analysis are clearly present, although repeating measurements with a
dispersive spectrophotometer would clarify the optical generation issue. Over the op-
erating temperature range of the modulator (close to room temperature), shifts in the
absorption peaks are minimal. Movement of the peak centred at 10um therefore has no
influence on modulator design.

For use in our application the particular transition of interest in germanium is the
heavy hole to light hole transition centred at 10um. At this wavelength a minimal
contribution to the hole absorption cross section oy, is also given by free hole absorption.
The total absorption coefficient due to both electrons and holes is given [27] by aora

with units em™1.

Qtotal = TN+ ORP + I(phonon (27)

n and p represent the electron and hole concentrations (¢m™3), and the carrier ab-
sorption cross sections are given by o, and o,. Kphonon 1 the phonon absorption arising
from lattice vibrations. The electron absorption cross section in the 10um region is much
lower than that due to holes since absorption by electrons, being indirect, is less prob-
able than the vertical, direct hole transitions. At 10.6um these parameters have been
measured [28] as o, = 0.34 x 107 em? o4 = 5.33 x 107*%em? and Kpponon = 0.0073cm L.
This gives the ratio of hole to electron absorption cross section as 15.7. In intrinsic ger-
manium (n = p = 2.4 x 10'3cm™2) hole absorption therefore dominates the absorption.
This does not contradict Section 2.2.2, which calculated only the free carrier absorp-
tion, and did not account for inter-valence band absorption processes. However, the
absorption by electrons in the two situations should be similar, since the electrons do
not undergo sub-band transitions. The Drude Zener absorption in Equation 2.4 predicts
an absorption by electrons in intrinsic germanium of 0.632 x 10™3cm ™!, and Equation 2.7
gives an absorption of 0.816 x 10~3em™!, a discrepancy of 30%. The reason behind this
discrepancy between the theory of Equation 2.4 and the measured value used in Equa-

tion 2.7 may be due to slight deviation from the A* Drude Zener dependence assumed
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in Section 2.2.2. A slightly different exponent from 2 could easily generate an error of
30% by 10um. In modelling the absorption in later chapters the measured absorption
cross section is used.

In the modulator application, low absorption is required in the transmitting ’on’
state; a high level of absorption being generated in the absorbing ’off’ state. At constant
temperature in unexcited germanium the product of the electron and hole densities (n-p)
is constant (n?). In the ’on’ state it is therefore preferable to have a slight excess of
electrons, suppressing the hole concentration with its higher absorption cross section, so
slightly n-doped germanium is preferable. In the absorbing ’off” state, holes are generated
through excitation that moves electrons to the conduction band, thereby creating holes
in the valence band which may undergo the heavy hole to light hole transitions.

In order to compare the other modulation schemes reviewed, the carrier density
required to induce moderate inter-valence band absorption is calculated. Ignoring mul-
tiple reflections, the transmission (73) of a germanium sample of thickness (z) is given

by Equation 2.8.

T, = Tyeotetat'@ (2.8)

Th 1s the sample transmission in the unexcited state. To reduce the sample transmis-
sion by a factor of 0.14 requires cuy - z = 2.0, requiring (Equation 2.7) an area carrier
density of 3.75 x 10*®em™2. If these carriers are produced by above-bandgap excitation
with a laser wavelength \... = 980nm at an absorbed power density Pgreaps (W em™2),
and if carriers have a recombination rate of (1/7) where 7 is the carrier lifetime, the area.
carrier density at any time in a constantly-illuminated sample is given by:

' Preate Mege o T

Carriers(cm™) = s (2.9)

Where A is Planck’s constant and ¢ is the speed of light. If a carrier lifetime of

1ms in germanium is assumed, this carrier density is achieved by an absorbed power
density of 0.76W em™2. This power requirement is much lower than that of any other
induced absorption process reviewed. Later it will be seen that generating this level of
absorption using heavy hole to light hole interband absorption requires ~ 10 times this
power density due to other loss mechanisms. This is still much lower than any of the
other induced absorption processes (which are also be subject to these loss mechanisms)

and offers induced absorption over the entire 8 to 14pm band.
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2.3.1 Materials for use as a modulator

Whilst the required induced absorption is known to exist in germanium, an extensive
materials study was undertaken to investigate alternatives in which suitable charac-
teristics might exist. This revealed few alternatives, and none whose combination of
characteristics are comparable to those of germanium. To be a successful modulator,
the material requires: i) infrared transparency of the lattice in the 8 to 14um region, ii)
a sub-band transition overlapping the 8 to 14um region, and iii) the possibility of long
bulk carrier lifetime.

Gallium antimonide exhibits strong interband absorption in both the conduction
and valence bands. The room temperature intrinsic band-edge occurs at 1.8um, and
the long-wavelength cutoff occurs at around 10pm. In n-type material an absorption
band extends from about 2um to 5um with a peak at 3.3um, and beyond about 5um
the absorption increases smoothly as a function of wavelength [54]. The band is due to
electron interband transitions between the conduction band minimum and higher-lying
minima. The smoothly-varying absorption beyond 5um is due to free carrier absorption.
In p-type GaSb the absorption increases rapidly beyond about 2um, and is due to
the intervalence band transitions. However, the limited infrared lattice transparency
of GaSb, combined with its direct-bandgap nature, make it an unsuitable modulator
material.

Indium antimonide is infrared transparent from 7 to 17um [55], although relatively
high residual absorption in this region limits the maximum transmission. In n-type
material free carrier absorption increases [56] with A*. P-type material does not show
A? free carrier absorption dependence. Its direct bandgap structure has a split valence
band, within which interband transitions have been observed between light and heavy
hole bands beyond about 6pm [57]. In heavily-doped InSb the Urbach absorption tail
on the fundamental absorption edge is particularly pronounced. The direct bandgap of
InSb makes it unsuitable for this application.

Gallium arsenide is a direct bandgap semiconductor with lattice transparency [55]
from its room-temperature bandgap at 0.87um to 16um. Its valence band is split into
light and heavy hole bands, and transitions are possible between these and the spin orbit
band. Intervalence band transitions have been observed [36] at 2.95um (spin orbit to
heavy hole), 4.0pm (spin orbit to light-hole), and 8.3um (light hole to heavy hole). The
hole absorption cross section at the 8.3um band is free-carrier density dependent due
to the shift of the light-hole to heavy-hole transition toward shorter wavelengths with

increased free carrier density. The hole absorption cross section, arising from both free
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carrier and sub-band processes, is [36] 3.1 x 10~%em? at 8.3um, similar to that of ger-
manium in this region. However, since Gallium Arsenide is a direct-gap semiconductor
1t is of no use in this application.

Indium arsenide is a direct gap semiconductor with a split valence band. The
lattice is infrared transmitting from 3.8um to > 7.0um [55]. Its valence band is split
into a light hole band and two heavy hole bands [58]. In p-type InAs two absorption
regions are observed [59] [58], a peak at 7.3um, and a steady rise beyond 11.8um which
is due to free carrier absorption. The peak at 7.3um is due to light hole to heavy-
hole transitions, and is not observed in n-type material. The transitions between the
spin orbit and light- and heavy-hole bands are not resolved. These are masked by the
intrinsic absorption edge due to the large spin-orbit splitting. Being a direct bandgap
semiconductor, Indium arsenide is of no use in this application.

Aluminium antimonide is an indirect-gap semiconductor with its band edge at
0.93um [60]. In n-type AlSb an inter-conduction band transition is observed at 300K
at 4.3um, and beyond 10um free carrier absorption dominates with A? dependence.
Several lattice absorption bands are present [60] at 11.2, 13.5, 16.5, 22.9, 27.8 and
29.8um. AlSb is relatively easy to grow [30], although it is difficult to grow high purity
crystals. AlSb is susceptible to oxidation under humid conditions, eventually crumbling
to a powder [61]. In p-type material an absorption band has been identified at 1.6um,
and is suggested [61] as being due to transitions to an acceptor level resulting from
antimony vacancies. Although this indirect semiconductor has a split valence band,
suggesting inter-valence band transitions should occur, little literature exists [62] on this
material due to difficulty in its growth without surface layers, and no literature has
been found to confirm observation of the transitions. The observed band at 1.6um may
however be due to one of these. The unstable nature of this semiconductor makes it
unsuitable for the modulator application.

Silicon has an indirect bandgap, a similar energy band structure to germanium, and
a split valence band. Intrinsie silicon is infrared transparent from 1.13pm to around
10pm, although multiphonon absorption increases significantly for wavelengths > 7um,
interrupting the transmission. In n-type silicon the absorption for wavelengths > 6pum,
shows a smooth increase with wavelength [63], characteristic of free carrier absorption.
The splitting of the light and heavy hole bands in silicon is very gradual, much less
than in germanium, hence the hole inter-valence band transitions occur at much longer
wavelengths than in germanium. However, none of these transitions have been observed

in p-type material since at these wavelengths their absorption is masked by free hole
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absorption [30]. The maximum absorption of the heavy-hole to light-hole transition is
predicted [25] to occur in p-silicon at 25um at 300K, and then diminish rapidly toward
shorter wavelength. The heavy-hole to spin obit and light-hole to spin orbit transitions
are predicted to occur near 33um, but are too weak to be distinguished from free hole
absorption. Since these transitions occur beyond the region of required modulation,
and significant lattice absorption exists in this region, silicon is an unsuitable modulator
material.

Gallium phosphide is an indirect bandgap material with infrared lattice trans-
parency from its band-edge at 0.55um [64] to 12.5um. From 12.5um to 24pm multi-
phonon combination bands give significant absorption. The hole and electron lifetimes
are considerably different [65], with electron lifetimes from 1 to 20ns and hole lifetimes
from 0.1 to 2us. This is due to the presence of deep hole traps which are filled via
an Auger mechanism. N-type GaP shows a broad absorption band in the 1 to 4um
region [34], beyond which the absorption increases with wavelength and free carrier con-
centration. The 1 to 4um absorption does not occur in p-type material and is due to
electron inter-conduction band transitions between two sets of conduction band minima
with 0.3¢V separation. This is superimposed on the absorption due to free carriers, which
has a A'® wavelength dependence [65]. In p-type material the absorption is primarily
due to free carriers, and has a A!7 dependence. The contribution from intervalence band
absorption is minimal. The ratio of hole to electron absorption cross section in GaP is
usually less than unity, although beyond 5um the ratio of the two increases to 0.9.

In unexcited high purity compensated bulk GaP the absorption coefficient is < lem™*
in the region from the band edge to A < 10um. When optically excited, electron-hole
pairs are generated and the induced absorption coefficient increases, starting at about
2um, and is primarily due to free hole absorption [66]. The absorption spectra does not
show [66] the contribution from electrons as the electron lifetime is so much shorter than
the hole lifetime. The hole absorption cross section at 10pum in GaP [65] is 3 x 107 6¢m?,
approximately half that of germanium. Additionally the large bandgap of GaP requires
costly green excitation illumination, and the lifetime is much shorter than in germanium.

Germanium is an indirect-bandgap semiconductor with intrinsic transmission from
its room-temperature band edge at 1.8um to 18um. Multiphonon absorption bands
starting at around 18um limit the long wavelength absorption in intrinsic material.
The valence band in germanium is split [25] into the light-hole and heavy-hole bands
due to spin orbit interaction. The conduction band does not have overlapping band

minima, so electron inter-conduction band transitions are not possible. In n-type ger-
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manium [67] the absorption increases smoothly with wavelength as A2, characteristic of
free carrier absorption. In p-type germanium, inter-valence band absorption structure is
observed [24] [68] for energies less than the bandgap, with two weak bands at 2.9um and
4.55um, and a third, stronger band starting at around 5.6pm. Whilst in many of the
semiconductors examined so far the spin orbit splitting is too great for the transitions
to the spin orbit to be observed, in germaniurm the spin orbit splitting at k = 0 is only
0.28eV. Since this is below the 0.67¢V bandgap, transitions to this band are not masked
by the fundamental absorption. The broad light hole to heavy hole transition, centred

roughly at 10um is in the correct wavelength region for use in the modulator.

2.3.2 Selection of modulator material

The indirect-bandgap requirement leaves only aluminium antimonide, silicon, gallium
phosphide and germanium as candidates for the modulator material. Inter-valence band
transitions in Aluminium antimonide in the required region have not been observed, if
they exist. Silicon is of no use as the inter-valence band transitions are incorrectly placed
and masked by free hole absorption. This leaves only gallium phosphide and germanium
as modulator candidates.

In principle, absorption in the 8 to 12um band could be used in an optically-excited
GaP modulator. This is a spectrally narrower modulated band than that preferred by
the application, and would result in loss of information from the modulated image scene
at the long-wavelength (lower-temperature) region. The room-temperature induced ab-
sorption would be almost entirely due to holes with the biggest contribution from the
intervalence absorption processes. The hole lifetime, controlled mainly by trapping, is
much shorter than that in germanium, and would have to be increased considerably in
order to provide an efficient device. The costly excitation, limited availability in large-
volume samples required by an area-modulator, and inefficiency of optically-exciting such
a wide bandgap material make GaP an inferior alternative to germanium. Germanium,
with its narrower bandgap offers the possibility of longer wavelength excitation where
cheaper near-infrared diode lasers exist. Additionally, the hole induced-absorption coefhi-
cient at 10um in germanium is roughly twice that of holes in GaP, giving a more-eflicient
device.

Germanium is the ideal modulator material. The combination of heavy-hole to light-
hole transitions in the required spectral region, the possibility of long carrier lifetime in
this indirect semiconductor, the availability of moderately-priced diode lasers at wave-

lengths suitable for above-bandgap excitation, and the infrared transparency of the lat-



Absorption processes in semiconductors 33

tice from 1.8 to 18um in a readily-available material that is routinely optically fabricated
is extremely fortuitous. No other material aside from germanium appears to possess the

required properties for the modulator.



Chapter 3

Electrical and optical properties of

germanium

3.1 Introduction

This Chapter reviews the properties of germaninm to enable adequate specification of
the material and processing conditions, and to define the physical properties which are
appropriate to the operating regime of the modulator.

Germanium materials processing technology has advanced considerably since initial
transistor work in the 1960’s, primarily through its application in nuclear radiation
detectors, and is now one of the most electrically-pure semiconductors. A mid-gap
electrically-active impurity density of 10'°cm ™ is relatively common. Its ease of single-
crystal growth, through the Bridgman or Czochralski technique permits reduction of the
impurity concentration through differences in impurity segregation coefficient. Much of
the high purity single-crystal germanium [69] [70] used in nuclear detectors is grown by
the Czochralski technique. Subsequent zone-refining and discarding of the lower part of
the crystal, reduces the concentration of the main electrically active impurity elements
Ga, Al, As and P by a factor of 10 or more [70]. Two zone-refining stages are generally
used, after which little further reduction in impurity concentration is achieved.

Semiconductor grade single-crystal germanium is specified by its conductivity type,
electrically active impurity density and resistivity range, whereas optical grade ger-
manium may include specification of its refractive index, refractive index temperature
coefficient, transmittance, optical absorption and fracture stress [71]. The modulator’s
electrical and optical system design requires a combination of these parameters to de-

scribe its operation. This requires specification of the conductivity type, electrically

34
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active impurity density, resistivity, transmittance and optical absorption. Optimising
the induced absorption requires maximisation of the bulk carrier lifetime; therefore only
single crystal germanium will be used in the modulator. The germanium used in this
work fell into three categories: optical grade, semiconductor grade, and nuclear detector
erade, in order of increasing purity and hence bulk carrier lifetime. The primary mate-
rial grade which is used in this work is nuclear detector grade, high purity germanium
(HPGe), which deserves a brief overview.

HPGe is grown [69] by the Czochralski technique in a Si0; crucible in a Hy ambi-
ent. Si0O, has an advantage over graphite, acting as an effective aluminium getter. A
maximum boule diameter of 90mm is currently produced using this technique. HPGe
requires an electrically active impurity density |N, — Ng| in the order of 10*°cm ™, which
is achieved through subsequent zone refining and rejection of the lower part of the crys-
tal. Germaninm is well-suited to this process as most of its electrically active impurities
have distribution coefficients much lower than unity. The growth process requires a
broadly-controlled dislocation density in the range 10?2 — 10*cm=2. Too low a disloca-
tion density means that excess vacancies cannot be annihilated during normal cooling
after solidification and they then form hole trapping centres. Too high a dislocation
density permits significant charge trapping by the dislocations themselves. Following
crystal growth the axial conductivity is measured before the crystal is diced and the
resistivity and Hall coefficient are measured. One important, yet (usually) electrically
inactive impurity is hydrogen, incorporated at approximately 10'%¢m ™2 from the growth
atmosphere. This passivates some defects; and is stable at room temperature. If the
crystal is heated to > 300°C and rapidly cooled, the hydrogen may dissociate, forming
metastable electrically-active complexes.

The suppliers of samples used in this work and purity level (if this information was

available from the supplier} are summarised in Table 3.1.

3.2 Electrical properties of germanium

This section investigates the carrier lifetime and the diffusion of carriers, both of which
affect the level of induced absorption in the modulator and the rate at which this can
be switched. The dependence of these parameters on material properties is investigated
to enable their use in the modelling and hence optimisation of the induced absorption
in Chapter 4.

Following the generation of (Ang) excess electron-hole pairs in a semiconductor, the
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sample reference supplier electrically active impurity
density

EGGI... E. G & G Instruments, UK < 3.101%m=3

EGG2... (incl. cube 1,2) E. G & G Instruments, UK < 101%m=3

Haller Prof. E. E. Haller, n-type wafer ref. S-60-15.5
University of California, USA

148a,b/ 149a,b Oxford Instruments, UK nuclear detector grade

EX... / ABC... Exotic Materials Inc. no information available

K6... Eagle Picher Technologies optical grade

Table 3.1: Table of samples used in this work and their suppliers

rate at which these carriers decay toward equilibrium is defined by the reciprocal of the

effective carrier lifetime 7./ fective, giving the excess carrier density (An) as a function of

time as:

i3

An(t) = Ange Teffective (3.1)

The effective carrier lifetime comprises recombination due to all processes, and under
certain conditions can be treated as time-invariant. Generally, this requires the initial
excitation to be small compared to equilibrium carrier densities, that the surface carrier
recombination rate is negligible, and that carrier trapping is insignificant. The single
time constant under these conditions is important in modelling electrical device opera-
tion. The effective carrier lifetime is however affected by carrier recombination at both
the surface of the germanium and in the bulk, and is generally defined as:

! = ! + ! (3.2)

Teffective Thulk Tsur face

Toulk A0 Ty face represent the carrier lifetime in the bulk and the effect of the sur-
face on lifetime respectively. The surface recombination velocity (which exists on real
surfaces) determines the effect of the surface on carrier lifetime, and is frequently much
shorter than that in the bulk. Although the bulk carrier lifetime remains constant
for small excess carrier densities, recombination of carriers at the surface complicates
Equation 3.2 since its contribution to the effective lifetime depends on the carrier dis-
tribution in its vicinity. It is therefore incorrect to define a constant effective lifetime
when significant surface recombination exists since the spatial evolution of the carrier
profile changes 7. tective With time. The temporal dependence of the effective lifetime is

particularly pronounced in the case of optical excitation, which produces an exponential
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carrier distribution decaying with distance from the surface. In this case the carrier den-
sity at a point in the germanium may be represented as a function of time during carrier
decay by a series of exponential functions in the form of Fquation 3.1. During the decay
the faster, higher order terms rapidly die away, and then a fundamental decay constant
remains. The faster decaying terms are due to the high carrier concentration close to
the surface. The fundamental decay constant governs decay when the distribution of
the carriers reaches a steady shape, carriers close to the surface having recombined.
The importance of the fundamental decay constant will be shown in Chapter 4, affect-
ing the switching rate of the absorption, and at this stage the individual components

contributing to the separate bulk and surface lifetimes are detailed.

3.2.1 Bulk carrier recombination in germanium

During continuous carrier generation in the modulator by an external stimulus, a short
time after the initial stimulus, carriers will be in a non-equilibrium steady state. After
the stimulus is removed, carriers return to equilibrium conditions. If carrier decay is
exponential, a decay constant can be calculated, the reciprocal of which is the mean
time for which an electron-hole pair exists. Within the semiconductor bulk this time
is defined as the bulk carrier lifetime, and is distinguished from that occurring at the
surface (Section 3.2.2). In the modulator this affects the hole population and hence ’off’
state absorption, and the rate at which the absorption returns to equilibrium after the
stimulus is removed. The processes which affect carrier lifetime by providing a path for
recombining electrons as they lose energy and recombine with holes are described by
this section. These enable accurate modelling of carrier decay through the bulk lifetime
by determining conditions for its validity. If excited with sufficient energy (> 0.8eV), an
electron will be in the direct valley, and will rapidly scatter into the indirect valley, from
which most recombination paths commence. The processes considered will be band-to-
band recombination, recombination via impurity levels within the bandgap (Shockley-
Read-Hall recombination), trapping, and Auger recombination.

The simplest electron-hole recombination process is through a band-to-band transi-
tion which is direct or indirect. Despite the picosecond scattering time for an electron
from the direct to indirect conduction band and subsequently low electron population,
an electron in the direct conduction band valley may undergo a direct transition. How-

ever, if direct, since the absorption coefficient at 0.8eV is approximately 10°cm™!

, unless
the transition takes place very close to the surface the photon will be reabsorbed by the

germanium where it is more likely that the subsequently generated electron will scatter
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to the indirect valley as described above. The recombination of an electron in the indi-
rect valley may be radiative, emitting a photon of energy close to 0.67¢V accompanied
by phonon emission, or solely through multiple phonon emission. The highest-energy
phonons in germanium have approximately an order of magnitude lower energy than
that required by a recombination [30]. Recombination solely through phonon emission
is therefore improbable, requiring > 10 phonons. The emission of a photon of close to
0.67¢V and the required phonons is more probable. Measurements of the recombination
radiation emitted from thin (120pm) samples [72] show a higher emission intensity at
0.67¢V than that 0.8eV. This is due to the lower absorption coefficient (~ 10cm™) at
the longer emission wavelength, so more of this radiation escapes from the sample, and
also due to the lower electron population in the direct conduction band. Pyroelectric de-
tectors are sensitive to this emission, which must be filtered unless a low carrier density
exists at the modulator surface facing the detector.

The recombination rates for direct and indirect band-to-band recombination in ger-
manium have been determined [73] as ~ 107%¢m3s™!, and ~ 107®em3s™!, accounting
for reabsorption. However, direct recombination does not affect the lifetime observed in
germanium due to the low electron density in the (higher) direct minimum valley. The
long indirect lifetime (20.8s in intrinsic germanium) does not affect the bulk lifetime,
which is determined by faster recombination processes. The main contributor to this is
via recombination centres within the bandgap.

Recombination through a single type of centre in the bandgap is described by the
Shockley-Read-Hall model [74]. This assumes a single energy level (or centre) exists
within the bandgap at an energy FE;, which may take either of two charge states. This
is illustrated by Figure 3.1

Figure 3.1 illustrates four processes a) the capture of an electron from the conduction
band b) the emission of an electron to the conduction band ¢) the capture of a hole by the
valence band and d) the emission of a hole to the valence band. For recombination to take
place an electron must undergo the transition to the initially uncharged centre (a), next
the negatively charged centre must trap a hole (c¢) which results in mutual annihilation
of the electron and hole. After the electron has been captured, it is possible that before
a hole is able to make the transition to the negatively charged centre, the electron will
be emitted back to the conduction band (process b). This particular case is known
as trapping, and is considered later in this section. At this point only recombination
processes are considered.

The probability of recombination at a centre depends on the total density of recom-
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Figure 3.1: Processes involved in carrier recombination through a single centre

bination centres in the semiconductor, the density of recombination centres that are
usually filled under equilibrium conditions, the capture probability of the recombination
centres, and the free carrier density. The effect of these conditions on the carrier lifetime
1s now examined.

The Shockley-Read-Hall (SRH) recombination model [74] gives the carrier lifetime
{7} in a semiconductor in the presence of recombination centres at a single energy level.
When an equal number of excess electrons (An) and holes (Ap) are introduced to the
semiconductor this gives:

. 70 - (no + 11 + An) + oo « (po + p1 + An) (3.3)
no + po + An

ny and p; are the equilibrium electron and hole densities corresponding to a Fermi

level at E;, and are given by:

(3.4)

E; — EC>
kT

n; = Nc-e:cp(

E. — E’) (3.5)

~N,. (
1 v " 6IP LT
E, is the energy level of the recombination centres. Under conditions of low level

excitation (An << np+ po) and the "low-level’ lifetime becomes To:

o 750 * (10 + 71) + Tno - (Po + 1) (3.6)
0 o + Po ‘
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7o is therefore independent of the excess carrier density (An = Ap) and excess carriers
recombine at a rate proportional to An, with a time constant 7.

The density of recombination centres is N;, which is related to the limiting values
of the carrier lifetime in heavily doped material 7,0 and 7,0, 7.0 is the mean time for
an empty recombination centre to capture an electron, and 7, is the average time for a

negatively charged centre to capture a hole.

1

Tho = ———Nt : (U - An> (37)
1

Tpo = m (3.8)

{v - A) is the average of the product of electron thermal velocity and capture cross
section of an electron by an empty recombination centre (A,), or capture cross section
for a hole by a filled centre (A,). Typically A is in the range 107?? to 10713em?, with
most reported values in the order of 107**cm?. This is expected as it is the order of the
physical dimension of an atom or ion [75]. (v - A) is the average probability per unit
time that a carrier makes the transition to the level. An increased capture cross section
or density of recombination centres therefore reduces the total lifetime. Changing the
equilibrium electron or hole densities, ng or pg, through doping moves the position of the
Fermi level within the bandgap, changing the occupancy of the recombination centres.
If these centres are assumed to exist between the intrinsic fermi level and conduction
band (E, > E; > E;), then in n-doped material ng >> (po + p1) in Equation 3.6 and

the lifetime becomes:

o = Too (1 + ﬂ) (3.9)

o

In heavily n-doped material the lifetime becomes 7 = 7. In this case the Fermi level
is close to the conduction band; the recombination centres are nearly full of electrons and
recombination is limited by the rate of capture of a hole by the negatively charged centre,
Ty0. Conversely in heavily p-doped material the lifetime becomes 7,,9. Now the Fermi
level is close to the valence band so the capture of a hole by a negatively charged centre
is highly probable, and recombination is limited by the requirement for the uncharged
centre to initially capture an electron. When the Fel;mi level is near the centre of the
bandgap, in near-intrinsic germanium the lifetime is a maximum. The exact position of
the Fermi level required for maximum lifetime depends on the relative values of (7,0)

and (7).
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The effect of the position of the recombination centre energy level (E;) within the
bandgap is now considered. The transition probability of a carrier transition to a recom-
bination centre is dependent on the difference in energy required to make the transition.
A higher transition probability is therefore found when recombination centres are close
to either the conduction or valence bands. However, this transition only involves one
type of carrier. In this situation, these shallow-lying energy levels within the bandgap
act as donors or acceptors, contributing to the conduction process. The recombination
rate through shallow levels is inefficient, requiring a less-probable larger-energy tran-
sition by the opposite type of carrier to enable recombination at the centre. When
recombination centre energy levels are near the middle of the bandgap, both electrons
and holes have higher transition probabilities to the recombination centre, and so a
higher recombination rate results. The exact energy level of the recombination centre
for maximum recombination rate is dependent on the relative values of 7,5 and 7,0, and
no and pg. Assuming intrinsic germanium, and assuming T,o = T,o, then differentiation
of Equation 3.3 gives a minimum lifetime at E; =~ (E, + E,)/2. In practice this is still
valid for a wide range of 7,0 and 7ne.

Therefore to maximise the bulk carrier lifetime in germanium and hence the excited
state carrier density the energy levels of recombination centres must be remote from the
middle of the bandgap, and also near-intrinsic germanium should be used. These re-
combination centres exist in germanium due to the presence of impurity atoms or due to
imperfections in the crystal introduced during growth or subsequent processing. Recom-
bination centres introduced by impurities and those introduced through crystal imper-
fections have the same effect on carrier lifetime. Rapid heat treatment is one method by
which lifetime-reducing defects are introduced to germanium. Generally, germanium can
be heated to about 900°C and retain its room temperature lifetime of several hundred
microseconds if it is cooled slowly (100°C per minute) and contamination is avoided [75].
The risk of contamination during any heating process is particularly severe for impurities
which introduce recombination centres near the middle of the bandgap.

Dislocations, introduced during growth or subsequent heat treatment also reduce
carrier lifetime. This occurs when a carrier is trapped by a dislocation, and the charged
centre is subsequently annihilated by the capture of an opposite carrier. In n-type
germanium [30] the dislocation density affects room-temperature lifetime 7 in n-type

material as:

7=25-N;*! (3.10)
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where Ny is the dislocation density (¢m™2). For millisecond bulk carrier lifetime
material to not be affected by the dislocation density, Ny < 10°cm ™ is required. This is
within the HPGe specification, justifying the statement that at above 10*¢m™2 charge
trapping becomes important in long bulk carrier lifetime material. Under the above
assumptions, bulk carrier recombination in the millisecond bulk carrier lifetime HP Ge
used in this work is dominated by that due to impurities. Whereas the impurities which
are used to dope germanium have low ionisation energies [76] and come from group I11
or V of the periodic table, the impurities which are likely to have mid-gap recombination
centres in germanium have large ionisation energies, and are mainly the transition metals
in the periodic table. Some impurities such as copper and gold introduce multiple levels
within the bandgap, and these act as stepping-stones for electrons on their path from the
conduction to valence band, enhancing the recombination rate due to a higher transition
probability existing for each of the smaller energy steps. Impurities with a high diffusion
coeflicient that come into contact with the germanium after crystal growth are also
damaging, although a high diffusion coeflicient is not a prerequisite for danger to the
bulk carrier lifetime if incorporated during the growth phase. These impurities are now
detailed to highlight their incompatibility with processes involved in the modulator’s
construction. The impurity diffusion coeflicient D; at temperature T is given by:
D; = Dgemp(~%) (3.11)
where Dy, AH (the activation energy in Jmol™') and the diffusion coefficient at
850°C' are given in Table 3.2. R is the gas constant (8.314Jmol ™t K1),
Having considered low level excitation of germanium, the other extreme is now con-
sidered. Under conditions of high level excitation, An >> po+ no + p; + n1, the limiting

case of the carrier lifetime from Equation 3.3 becomes:

Thigh = Tpo T Tno (3.12)

Here the ’high level’ lifetime (as with the low level lifetime) is independent of the
excess carrier density (An = Ap). The excess carrier recombination rate is proportional
to An, having a time constant 1/7,,. Therefore in both high level and low level
excitation cases, SRH recombination through a recombination centre at a single energy
level leads to a recombination rate which is proportional to the excess carrier density,
and carriers decay with a single time constant.

For medium excitation levels the carrier lifetime is dependent on the excess carrier

density. This statement is now justified and its effect on intrinsic germanium is deter-
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impurity distribution E; — E; A, Ap Dy AH D;(850°C) Ref
coefficient eV A2 A% cm?s™! kJ  em?s71

Copper 2 x 1078 3~ at 0.135 0.1 1.0 42x107* 21 4.5x%x 10~ [77]
9= at —0.065 [78]
1~ at —0.355 [30]
Gold 3 x 107° 3™ at 0.355 12.6 218 9.9 x 1010 [79]
9= at 0.195 [77]
1= at —0.235 [30]

1t at —0.345
Nickel 5 x 10° 2~ at 0.095 0.8 >40 0.8 88 6.6 x 10~° [78]
1- at —0.175 [79]
[77]
[30]
Iron 3 x 108 727 at 0.025 0.13 105 1.8x 107 [35]
21 at 0.045 [30]

Table 3.2: Table of impurities likely to degrade the lifetime in germanium

mined semi-quantitatively. Measurements of the capture cross section of an electron
by an empty recombination centre A,, and capture cross section for a hole by a filled
centre A, show [75] that for germanium A, >> A, is always reported. Following this,
Equation 3.8 and Equation 3.7 gives 7,0 >> Ty, S0 it takes longer for an uncharged
centre to capture an electron than it does a negatively charged centre to capture a hole.
Under these conditions the low level lifetime (for intrinsic germanium with np = po = n;)

becomes:

n; +P1) (3.13)

[a)
To(Intrinsic Ge) = Tno * ( I
i

If the recombination centres are assumed to exist only within (E, > E; > L;) then

p1 << n; and Equation 3.13 for the low level lifetime becomes:

T’n.D
To(Intrinsic Ge) = ? (3‘14)
The high level lifetime becomes (since An >> py + ng):
po+ p1 + An)
) insicGe) — Tno * \ —— —— ——+ "——N“no 3.15
Thigh(Intrinsic Ge) T <n0 F o+ An T, ( )

This doubling of the carrier lifetime with the change from low level to high level
excitation also shows that between low and high level excitation an intermediate life-

time, dependent on An is obtained. The intermediate situation is understood [75], but
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no literature could be found to support the prediction for lifetime-dependence on the
carrier density in intrinsic germanium as this requires knowledge of the nature of the
recombination centres. It is predicted [75] that in heavily n-doped germanium with
nickel recombination centres that the lifetime should increase by a factor of 10 from low
level to high level excitation, agreeing with more recent literature [80]. In heavily-doped
p-type germanium no variation in lifetime has been reported with excess carrier con-
centration [75]. In near-intrinsic p-type germanium a decrease in lifetime by a factor
of 3 with increasing excess carrier density has been observed, although again, precise
interpretation of these results is not possible due to the energy level and capture cross
sections of the recombination centres being unknown. Since these factors are required
to give a meaningful dependence of lifetime on excess carrier density, at this stage the
low level excitation lifetime will be assumed and this is independent of the carrier con-
centration. Later chapters will show that the excitation used in experiments spans both
low and high levels, complicating the analysis of effects involving the lifetime. The effect
of this on the decay of a large carrier density is to give an initial exponential decay rate
with one time constant, then a non-exponential decay constant when the carrier density
is medium-level, and then a faster exponential carrier decay rate when the carrier density
is low-level. The above calculation for intrinsic germanium predicts that providing the
recombination centres are located in the upper half of the bandgap, that the difference
in lifetime at high and low level excitation is a factor of 2. For the laser-excitation
used in practical areas of this work, the exponential dependence of carrier density on
displacement from the surface causes carriers close to the surface decay rapidly due to a
high surface recombination (Section 3.2.2). The remaining carrier profile has a density
closer to the low-level excitation case. This suggests that the error introduced by the
assumption of a constant bulk lifetime for all carrier concentrations should not be too
great.

A special case of the SRH recombination process is trapping. This occurs at both
the surface and in the bulk of the germanium but is independent of the surface recombi-
nation velocity (Section 3.2.2). Trapping is illustrated in Figure 3.1 when the uncharged
recombination centre captures a carrier, and before the oppositely-charged carrier has a
chance to be captured by the (now charged) centre, the initial carrier is emitted back to
its previous (conduction or valence) band. Now the centre is known as a ’trap’. Whilst
the carrier is in the trap it is immobilised and no longer a free carrier. The trapping
process therefore leads to unequal excess (over the equilibrium values) numbers of free

electrons and holes. This is caused by significantly different carrier capture times (7,0
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and 7,0 in above Equations), and is also affected by the position of the centres within
the bandgap. In practice the trapping process occurs whilst other carriers in the ma-
terial are recombining. However it is only discernible if the number of trapped carriers
is significant in comparison to the number of free carriers of that type. Unlike the re-
combination process, trapping gives a non-exponential decay rate, causing a long tail in
the carrier decay. Photoconductive current decay in a material possessing traps shows
a fast initial drop due to recombination processes, followed by a slowly-decaying tail as
the traps slowly release their trapped carriers.

The probability of trapping is determined by the ratio of the probability per unit
time of capture of a charge carrier, to the probability per unit time of it being returned
to its previous band or recombining at the centre. This is determined by the density
of the recombination centres (N;) and also the ratio of the capture cross section of
an electron by an uncharged centre (A,) to the capture cross section of a hole by a
negatively charges centre (A,). HPGe has a very low density of recombination centres,
and the (A,/A,) ratio is responsible for the observed trapping [81] [75]. To observe
trapping [81] the germanium had to be cooled to 200K to see the characteristic non-
exponential carrier decay. It is suggested [81] that the absence of trapping in germanium
at room temperature is due to the exponentially increasing probability of the initial
carrier that made the transition to the trap level being returned to its previous band with
increasing temperature. Recombination centres such as nickel and copper act as traps
in germanium, although at room temperature in HP Ge their effect is rarely observed. It
is suggested that many types of recombination centres at room temperature act as traps
at low temperature [30]. This work involves HPGe at close to room temperature so the
effect of traps is insignificant and is not considered by the bulk lifetime model.

In addition to band-to-band transitions through photon and or phonon emission,
the Auger process permits non-radiative band to band recombination. Here the energy
and momentum of an excited carrier (A) is transferred to another excited carrier (B)
(not necessarily the same carrier type). Carrier A recombines non-radiatively through
a band to band transition and carrier B is excited with the momentum and energy
of carrier A. Carrier A then loses energy and momentum through phonon emission.
Crucially, the band-to-band Auger process depends on the existence of three carriers
(two to recombine and one to transport-away the energy and possibly momentum),
so the resulting recombination rate depends on the cube of the free carrier density.
The decay constant (reciprocal lifetime) therefore depends on the square of the carrier

density, assuming equal electron and hole concentrations at these high carrier densities.
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The Auger process is most significant at high free carrier densities and is considered since
it leads to a carrier-density-dependent bulk lifetime. The carrier density at which this
becomes significant must be investigated to see if it is important within the modulator’s
operating regime, and whether modelling must account for a density-dependent bulk
carrier lifetime. If significant, this would provide a severe carrier-loss mechanism, and
may reveal an upper carrier density above which modulator operation is impractical.
In addition to being a band-to-band process, Auger recombination can also involve

centres within the bandgap. Figure 3.2 illustrates the possible Auger processes.
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Figure 3.2: Possible Auger-assisted recombination processes in a semiconductor

The probability of the recombining carrier A giving its energy to another carrier B
1s dependent on the density of carrier B. For this reason, recombining electrons tend to
dissipate energy to the majority carrier rather than the minority one. In Figure 3.2 a)
and b) represent band to band transitions in n type and p type material respectively.
In a) the conduction band electron gives its energy to another electron as it recombines,
in p-type material in b) the excited (upper) electron gives its energy to a hole which is
then excited deep into the valence band. Recombination transitions from donor levels
to the valence band are also possible (c-e) and the energy is transferred to an electron in
the conduction band (d) or to a hole in the valence band (e) if the hole density is high.

Transitions from the conduction band to the acceptor level are also possible (f-h), and



Electrical and optical properties of germanium A7

transitions from donor to acceptor levels can take place (i-k). Process (m) is 'resonant
absorption’ and is not an Auger process as the second electron may dissipate its energy
radiatively.

Auger recombination is mainly of importance in very narrow bandgap semiconduc-
tors [35] such as InSb, in which the electron and hole effective masses are considerably
different. High Auger recombination rates are seen in these materials since an electron
at the bottom of the conduction band (with zero momentum) can give its energy to
another electron with little increase in its own momentum (steeply curved conduction
band). The less-steeply curved valence band offers a large number of holes with the
required energy but over a wide range of momentum, with which the electron can re-
combine. This, combined with the low energy gap increases the transition probability.
In these narrow gap materials the carrier concentration and hence Auger recombina-
tion rate is strongly temperature-dependent. In wider bandgap materials it is only of
concern in heavily-doped or strongly excited semiconductors. The coefficient for Auger

recombination, s is given in the following Auger recombination rate equation:

dn
dt
Auger recombination processes are represented by vs. Some discrepancy exists in

the literature [82] [83] [84] [85], spanning more than thirty years, as to the value of

= —Ayan’ (3.16)

3 in germanium and its possible dependence on impurity density. Its measurement
is complicated by the presence of SRH recombination, a finite surface recombination
velocity which must be accounted for, and also the exact nature of the energy level of
the centres made analysis difficult. Additionally it varies depending on the position
of the quasi Fermi level within the conduction or valence bands in strongly excited
germanium [84].

In near-intrinsic germanium the room temperature coefficient for Auger band-to-
band recombination has been determined experimentally from the decay of an initially
degenerate excited carrier density [84] as v3 = 1.1 x 107 ¢em®s™. The initial decay
constant following optical excitation is given by 1/7 = v; - n2 where n; is the initial
carrier density. At a carrier density of 9.5 x 10*¢¢m ™2 this gives a decay lifetime 7 = Ims,
so unless this carrier density is attained, decay processes with lifetimes shorter than
1ms will dominate the recombination process. In the results cited, the coefficient was

determined at a density of 102%em ™3

and is expected to rise with reducing carrier density
(the Fermi levels still being within the conduction and valence bands). When the Fermi

levels are within the conduction and valence bands the number of final states that excited
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carriers may occupy is reduced. This reduces the probability of an Auger process.
Theoretical predictions [82] give 43 = 7 x 107*3¢mfs™ in germanium although this
discrepancy may be due [84] to the difference in position of the Fermi levels within the
conduction and valence bands.

The onset of degeneracy represents the transition between (independent-particle)
Maxwell-Boltzmann statistics (at low carrier concentration) and Fermi-Dirac statistics,
although the transition is in fact continuous. The condition for degeneracy of a band is
that the Fermi level should be no lower than k7" below the band edge [30]. The carrier

density (n) at which this occurs is given by:

h2
deeg = mnig (317)

In germanium the conduction and valence bands becomes degenerate at 300K at
electron and hole densities of 0.75 x 10¥em™2 and 2.7 x 10¥cm™ respectively. At
much greater carrier densities than this the Auger coefficient is germanium is therefore
expected to drop due to reduced electron state availability in the conduction band.

Earlier experimental results [85] gave an estimated coefficient of 3 = 1073 ¢m®s™!
in p-type germanium for carrier densities up to 10®cm™2. More recent results [83] sug-
gest that both band-to-band Auger recombination processes and Auger recombination
through centres within the bandgap (Figure 3.2) take place in heavily doped germanium,
leading to a decay involving two contributions to ys. In relatively pure germanijum (re-
combination centre density < 10'¢m™) band to band Auger recombination processes
dominate the Auger recombination and a coefficient 73 = 10732em%s ™! exists. At higher
impurity densities, contributions to «3 from the Auger recombination through the centres
becomes significant. Additionally the diffusion of carriers to the recombination centres
may be limited by the impurity density, and this may even increase the bulk carrier
lifetime [83). Under the condition of high impurity density (> 10 cm ™) the decay con-
stant therefore no longer depends on the square of the free carrier density. This explains
some of the earlier discrepancies in the reported results, which are likely to have used
germanium with a significant impurity density. Assuming the use of HPGe and an Auger
coeflicient of y5 = 10732em8s™! suggests Auger recombination only becomes significant
in comparison to recombination processes with a lifetime of 1ms, at a carrier density
of > 3.2 x 10"em™3. Therefore in material with a 1ms SRH-limited lifetime, Auger
recombination does not need to be accounted for unless this carrier density is exceeded,
and the carrier-density dependent recombination rate associated with the Auger process

does not provide a barrier to achieving high ’oft’ state absorption in the modulator.
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The recombination processes reviewed lead to a generalised rate equation for the

decay of carriers in the bulk, given by FEquation 3.18.

dn
% = —Y1n — ’)’2TL2 - ")’3n3 (318)

The effects of non-radiative Shockley Read Hall recombination through recombina-
tion centres are given by ~; for both low and high level excitation, although v, changes
slightly for these two conditions as described earlier. <, is the recombination rate for
two-body collision processes, representing the effect of radiative recombination, requir-
ing both an electron and a hole for the recombination process. s represents the effect
of Auger band-to-band recombination and Auger recombination involving a recombina-
tion centre, both processes involving three bodies. Equation 3.18 gives a decay constant

which is the sum of the contributions from these processes, given by:

1

Thulk

=71 +ny2 + n’ys (3.19)

The contributions from each of these processes depend on the carrier density and
transition probability as discussed earlier. Generally in HPGe the contribution from
radiative processes is negligible, and providing the carrier density does not exceed
107¢m™2, the contribution from Auger processes is also negligible, and only the for-
mer SRH process need be considered.

The effect of temperature on the bulk carrier lifetime is now considered theoretically,
since this will be an important factor in determining the operating temperature range of
the modulator. Following the above argument, the SRH process is assumed to dominate
recombination. The predicted variation in bulk lifetime in the military 220 — 320°C
temperature range has been found to be small for both high and low level excitation.
The equations governing the temperature dependence of the lifetime are 3.3 to 3.12. The
lifetime is found to be dependent on the doping type, the energy level of the recombina-
tion centre in relation to the intrinsic Fermi level, and the density of the recombination
centres. To provide meaningful results the dependence of the lifetime is surnmarised
for a low density of recombination centres (N; = 10*¢m™%) in Table 3.3, for intrinsic
germanium under low and high level excitation conditions.

Additional assumptions in the analysis are that 7, >> 7,,, which is reported in
the literature and described earlier, and that the capture cross section is temperature-
independent. This is also reported over the temperature range 77K to 350K [81] [75].
The bulk carrier lifetime in the above table always decreases with increasing temper-

ature. This might be intuitive from an argument of a reduced collision rate with the
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excitation 1mid b’gap centres upper b’gap centres lower b’gap centres
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Table 3.3: Predicted bulk carrier lifetime dependence on temperature for intrinsic ger-

manium

recombination centres at lower temperatures. The probability of a transition to the
recombination level is given by the product of the carrier thermal velocity and the re-
combination centre’s capture cross section. The factor 1/4/7T is due to this fact, and
results from the electron thermal velocity. Where present, the exponential term increases
with increasing T', but the presence of 1/4/T dominates over the temperature range of
practical interest, the net effect in these cases being to decrease the lifetime with in-
creasing T'. Similar expressions exist for heavily p and n doped germanium although the
predicted lifetime was always found proportional to 1/+/7T, decreasing with increasing
temperature in n-type germanium. For low-level excitation in p-germanium a lifetime
minimum was found at around 280K, increasing either side of this.

Practical evidence confirming the above predictions is sparse. Much of the early
work used germanium with high impurity densities, and multiple types of impurities.
Characterisation of the impurities would therefore be required to confirm agreement
with these ideas. In the literature, evidence exists for both an increase [86] in lifetime
with reduced temperature for low p-doped material with copper impurities, and also
an increase in lifetime with decreasing temperature for p and n doped material [81].
The lifetimes found in the older literature generally decrease with decreasing tempera-
ture [87], although high impurity densities are likely to have existed in these materials
as indicated by the moderately low room temperature lifetime. Using the theory behind
one of these results [81], and extending it from the heavily doped material used in the
experiments, to intrinsic material of interest in this work, the variation in equilibrium
carrier density with temperature becomes important, changing the sign of the temper-
ature dependence of lifetime, agreeing with the conclusions in this work. More recent
results [83] for heavily p- and n-doped germanium show slight temperature dependence,
with lifetimes varying no more than 50% in the range 80 — 300°K, over which 1/4/T
would differ by less than a factor of two.

In the absence of more accurate data on the measured temperature dependence of

lifetime and the energy levels of recombination centres present, the predicted lifetime
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dependence under most conditions for near-intrinsic germanium approximates to 1/ VT.
Over the modulator’s likely operational temperature range, 10°C either side of room
temperature, the variation in bulk lifetime is in the order of a few %. For most purposes
this is negligible in terms of its effect on system operation.

Measurements of the recombination rate during heavy injection into near-intrinsic
germanium [88] show that for a wide range of temperature and concentration, the re-
combination rate varies linearly with carrier concentration. This is proof that the re-
combination takes place largely through recombination centres within the germanium
bandgap, and not through Auger or direct transitions. Auger and direct transitions at
high excess carrier densities show a recombination rate dependence on the cube and
square of the excess carrier concentration respectively. The presence of traps has been
established at reduced temperature, although in moderately pure germanium at room
temperature the effects of these are not usually observed. Providing the excitation is not
too high-level, and the density of impurities is low, and the temperature in the device
remains within about 10°C of room temperature then use of a single bulk carrier life-
time for modelling carrier decay is valid. Over a military temperature range of —50°C
to +50°C the factor 1/+/T varies by a factor 0.8, the bulk carrier lifetime reducing with
increased temperature. The effect of the resulting 20% drop in induced absorption over
this temperature range on the modulator’s ’off’ state transmission becomes negligible at

high levels of induced-absorption.

3.2.2 Surface carrier recombination in germanium

Having considered carrier recombination in the bulk material, recombination at the
surface is now investigated. Suitable optical excitation sources for the modulator have
a high absorption coefficient and typically their absorption depths are in the order of
1pm. Following optical excitation a high carrier density therefore exists in the vicinity
of the surface, which is therefore strongly affected by surface recombination. Surface
recombination acts to reduce the lifetime of carriers, which is frequently much lower
than that in the bulk. This is important in the modulator, reducing the excess carrier
density for a given excitation level, and hence the system’s efficiency. This section
outlines the theory of surface recombination and how its rate can be reduced.

Due to the discontinuity of the lattice at the surface and the requirement for dangling
germanium bonds to be terminated, the germanium bonds interlink and a surface oxide
layer forms. This disruption to the regular lattice structure and alteration of the bonding,

changes the surface energy band structure surface by introducing energy levels within
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the bandgap and by bending the energy bands. Recombination at the surface proceeds
through these intermediate surface states as with indirect bulk recombination. The
effect of these levels on the recombination of carriers is characterised by the surface
recombination velocity (SRV). The SRV is defined by S, the ratio of the recombination

rate per unit area (U,) to the excess carrier concentration close to the surface (An):

S=U,/An (3.20)

The recombination rate Us can be visualised as a carrier density An drifting with
an average velocity S toward the surface, where all the carriers recombine. The band
diagram at the surface is affected by the surface potential, which is a function of the
surface environment and the species terminating the surface bonds. Surface states in
the oxide layer trap charge, giving rise to a space charge layer near the surface, and a
potential barrier. The value of the potential is such that the excess charge in the oxide
layer is balanced by that of the ionised impurities and free carriers in the space charge

layer. This is shown in Figure 3.3.

ambient germanium

qVs
Et-qgVs —

o AN H

Ev

Figure 3.3: Energy band diagram at the surface of low n-doped germanium

The surface states are categorised as 'fast’ surface states, with a decay lifetime in the
order of 1us; and ’slow’ surface states with a decay constant in the order of hours. Fast
surface states, or interface states, have good electrical contact with the semiconductor
surface, and are associated with the surface treatment prior to oxidation, such as the
presence of cracks and dislocations. Slow surface states, or interface states, exist in the

oxide film or in higher proportions at the oxide-gas interface, requiring a long time to
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pass charge through the oxide layer. Typical densities for these states are approximately
10"2em™%, and 10" — 10cm~2 for the fast and slow states respectively [30]. Surface
recombination is attributed to fast (interface) states.

The surface recombination velocity S due to recombination at a single centre at

energy F;, with a centre density N; per em? is given by:

_ Ni{vAp)(vAs)(po + no)
B 2n;exp(qeo/ kT )[cosh(B=8izate) + cosh(2e—fe)] (3:21)
q¢o = kT /2In(Ap/ An) (3.22)

Parameters have meanings as in Equations 3.3 to 3.6. ¢, is the surface potential:

9Ps = ¢ — ¢i + qV; (3.23)

Positive ¢, indicates an excess of electrons over holes at the surface. Following
Fquation 3.21, the surface recombination velocity is symmetric around ¢, — ¢g. S is
constant here, falling off for large |, — ¢o|- Values of A, , A, and N; of 1071%em? |
107*%em? and 10em =2 respectively have been found [75], giving the dependence of S

on ¢, in Figure 3.4.
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Figure 3.4: Theoretical variation in surface recombination velocity with surface potential
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Figure 3.4 shows that to minimise the surface recombination velocity, |¢;— ¢o| should
be maximised. Variation of the surface potential and hence surface recombination veloc-
ity is achieved by changing the gaseous ambient [89] or through application of an electric
field normal to the surface [90]. In germanium ¢y is usually positive since A, > A,. In
n-type or intrinsic germanium in a wet ambient, V; and hence ¢, is more positive, and in
the dry ambient more negative, so the surface recombination velocity drops in a wetter
ambient, following S to the right of the line ¢, = ¢ in Figure 3.4. This demonstrates
the environmental dependence of S, showing that species adsorbed to the surface alter
the surface potential V,. Reduction of the density of fast surface states (N;) is achieved
in practice through etching the germanium, which reduces the density of surface cracks
and dislocations. Additionally, the etchant composition terminates the surface with a
particular species. This also reduces the surface recombination velocity by increasing
the surface potential ¢;, and is considered further in Section 6.1.

Typically the surface recombination velocity varies from tens of ems™! for an etched
surface to 10°%¢ms=' [79]. Etching therefore offers a significant increase in the effective

carrier lifetime (Fquation 3.1) of electron-hole pairs close to the surface.

3.2.3 Carrier diffusion

When the modulator is optically-excited, the equilibrium carrier distribution at a point
in the crystal is disturbed and carriers diffuse in the homogeneous semiconductor until
the carrier density is everywhere equal, providing there is no electric field. Carrier
diffusion therefore affects the absorption across the modulator’s aperture. To accurately
model carrier diffusion in Chapter 4, the validity of its usual treatment as a constant
material parameter is determined in this section.

The vector current density (J,) driving the change in carrier distribution is deter-
mined by the diffusion coefficient (D, ) and the carrier density gradient (dn/dz), for a

particular direction, by the relationship:

dn
e
Following such a disturbance, diffusion currents are generated in the ¢ y and z

Jo=D (3.24)

directions. Assuming homogeneous diffusion, the electron and hole diffusion coefficients
are treated as the scalar values D, and D, respectively. Providing trapping does not
occur, the densities of free electrons and holes must be equal in an optically-excited
intrinsic semiconductor. The diffusion coefficients for electrons and holes are given by

the Einstein relationship:
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Dap = pinpkT/q (3.25)

The mobilities of electrons and holes in germanium of 3900 and 1900cm?/Vs re-
spectively at 300°K give different diffusion coefficients of D, = 100.8¢m?s™" and D, =
49.1em?s7!. However, the excited electron-hole plasma must remain electrically neutral.
As the electrons try to diffuse faster than the holes, the attractive forces between holes
and electrons restrict their maximum spatial separation and the whole electron-hole
plasma diffuses with a combined diffusion coeflicient. This is defined by the ambipolar
diffusion coefficient [47] in Equation 3.26.

(n+ p)DnD,

D, =
nDy, + pr

(3.26)

For low-level excitation in n doped germanium (n >> p) this approximates to D,
and diffusion is limited by the minority carrier, holes. In near-intrinsic germanium under

moderate optical excitation, n = p, and Equation 3.26 reduces to:

_2.D,D,
D, + D,

The electron-hole plasma therefore diffuses in all directions with diffusion coeflicient

D, (3.27)

D, and this is assumed henceforth since the conditions of no trapping, moderate level
excitation and near-intrinsic starting germanium prevail. At 300°K the ambipolar dif-
fusion coefficient for germanium is 66.03cm?s ™.

The diffusion length Ly is defined in accordance with the bulk carrier lifetime ( Ty )

and the ambipolar diffusion coefficient D, and is given by:

Lg =1/ Dyrouk (3.28)

This represents the physical distance over which the electron-hole plasma density falls
to 1/e of its maximum. Typically, high purity germanium has a bulk carrier lifetime
of approximately 1ms, which, using the above ambipolar diffusion coefficient gives a
diffusion length of 2.6mm.

However, the plasma can only be treated as having a combined, ambipolar diffusion
coefficient if the electron diffusion with higher D,, does not lead the hole diffusion by too-
large a distance. This constraint requires that the plasma remains electrically neutral
over a distance whose minimum is short compared to the distance over which carriers

decay, Ly. The neutral region around an ion is now calculated.
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The radins of a sphere around an impurity ion within which electrical neutrality is
maintained is defined as the Debye length (Lpes,.). For a semiconductor of uniform

impurity concentration and bulk characteristics this is given [47] by:

Lpebye = \/Dan = \,/79}3'1’/(12 - \/6reo/n (3.29)

Here € is the permittivity of free space and ¢, is the relative dielectric constant.
For intrinsic germanium at 300°K, Lpey. = 1pm. At excess carrier densities of 10'¢
and 10%cm ™2 the Debye length reduces to 48nm and 15nm respectively. If degenerate,
a correction factor must be applied which, at higher carrier densities, causes a lower
rate of reduction of Lp.p,. with carrier concentration, although Lp.p,. still reduces with
increasing carrier concentration.

Even in (relatively impure) optical grade germanium with 7p,;x 2 1ps the correspond-
ing diffusion length of 8um is much longer than the Debye length. Charge neutrality is
still maintained over an electron-hole pair separation whose minimum is short compared
to the distance over which the carrier population decays. On average, electrons can
only lead the diffusion process by a Debye length, and since this is short compared to
the mean distance that electrons and holes diffuse, the entire plasma can be treated as
moving with one combined (ambipolar) diffusion coefficient.

The temperature and carrier concentration dependence of the diffusion coeflicients D,
and D, are now considered. The diffusion coeflicient for a non-degenerate semiconductor
is linked to the drift mobility through the Einstein relationship in Equation 3.25. This
was a specific form of the generalised diffusion coefficient equations, Equation 3.30 and

Equation 3.31 [42], which include the degenerate case.
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Where Fj/; is the Fermi-Dirac integral. These simplify to Equation 3.25 in the

non-degenerate case. The temperature dependence of the mobility depends on the tem-
perature range and doping density. Close to room temperature the mobility in n-type
and p-type germanium follows a 771% and a T2 law [91] respectively and is re-
stricted by lattice scattering. At low temperatures the mobility is restricted by impurity
scattering but this region is not of interest in the modulator. The effect of this on a
temperature increase of 10°K from 300°K is small, reducing the ambipolar mobility
from 66.03cm?/V's to 63.69cm?/Vs.
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During optical excitation, carrier diffusion is treated with the ambipolar diffusion
coefficient, but this has been found to be carrier-density dependent [40] [92] [93] [94].
Evidence also suggests that the diffusion coefficient remains constant up to densities of
10 to 10*°cm =3 [13]. Consideration of carrier kinetics [40] suggests that after the onset
of carrier degeneracy, at about 10'°cm™* the ambipolar diffusion coefficient increases
monotonically with carrier density due to the increase in carrier energy. This follows
from Equations 3.30 and 3.31 and is considered later. Below this carrier density, however
it is also suggested that the diffusion coefficient may be lower than its low-level value
due to a reduction in the bandgap at the optically-excited surface of the germanium.
This is also considered later.

Since optical carrier generation at around 980nm has an absorption depth in the
order of 1um, carriers are generated very close to the surface, giving a high initial carrier
density. Subsequent carrier decay through bulk and surface recombination, causes the
diffusion coefficient to act over a wide range of carrier densities. In practice the effect
of any change in the ambipolar diffusion coefficient is dependent on both the carrier
density during excitation, and the timescale of interest in the experiment.

At this point it is important to distinguish the carrier mobility of interest here, from
the drift mobility measured in the presence of an electric field, the effects of which are
described in semiconductor device literature. The drift mobility shows a strong reduction
in the presence of an electric field due to carrier-carrier scattering [95], dropping from

its low density value for carrier densities in excess of 10'7¢m™3

. However, for excited
carriers in the absence of an electric field, this reduction is unlikely to take place since
electrons and holes travel in the same directions, in contrast to the drift case. The
drift mobility is not thought to affect the diffusion coefficient of the diffusing plasma of
interest in this work [40]. The mobility used to calculate the diffusion coefficient used
in this work is therefore assumed constant at fixed temperature.

The cited bandgap reduction with increased surface carrier density is caused by a high
carrier temperature compared to the lattice temperature in the presence of an increased
carrier density close to the surface [40] [92], or by a high lattice temperature. However,
carrier-carrier scattering takes place in the order of 107!%s, and carrier-lattice coupling
takes place in the order of 10725 [93], whilst only diffusion over the 1ms excitation and
carrier decay period is of importance in this work. Since carrier- and lattice-temperature
equilibrium is reached over a much shorter timescale than the carrier excitation period,
these effects do not affect the diffusion coefficient of interest in this work, and are only

of importance during high energy, short pulse excitation.



Electrical and optical properties of germanium 58

However, the increase in ambipolar diffusion coefficient due to degeneracy, occurring
at carrier densities of >~ 10%m ™2 at room temperature [40], will occur in the present
‘work if these carrier densities are encountered. This increase is predicted (Equations 3.30
and 3.31) by the increased kinetic energy of the electrons and holes which occurs for
independent particles after the onset of degeneracy, and is not restricted by the timescale
of its action. Below this carrier density the ambipolar diffusion coefficient will be treated

as a constant at a given temperature, which, at room temperature is 66.03cm?/V's.

3.3 Optical properties of germanium

The optical properties of germanium that facilitate its use in infrared optics are its
low dispersion and wide optical passband. Its high refractive index of 4.004 at 10.0pm
necessitates antireflection coatings to eliminate the Fresnel loss. The induced infrared
absorption characteristics have already been considered, and this section determines
the additional links with the electrical properties that are important in characterising
germanium for the modulator.

The optical absorption of germanium was shown in Chapter 2 to depend on the
density and type of charge carrier present. The spectral dependence of the absorption
depends on these parameters, and whether particular transitions are permitted due to
band filling criteria. The optical absorption in the modulator’s 10um operating region,
and its dependence on carrier type and density are now considered. Equation 2.7 gave

the absorption coeflicient (ayns) at fixed wavelength as:

Qtotal = OeN + Opp -+ I(phonon (332)

The effect of the resistivity p on the absorption is given by Equation 3.33, which is
plotted in Figure 3.5 at three temperatures.
1 1

== — 3.33
=5 nqpn + PYLLh ( )

From Figure 3.5 the resistivity of intrinsic germanium is 47.6Qcm at 300°K. The
maximum resistivity at this temperature is 51.6Q¢m, which occurs for slightly p-type
material with a hole density of 1.6 x 10%e¢m=2. Increasing the carrier concentration
through n-doping reduces the resistivity (lower portion of graph) and the absorption ini-
tially falls due to suppression of the hole concentration with its higher absorption cross
section. Along this region the absorption is very low, the minimum occurring in the

range 10 — 40Qem, and hence this is the usual specification of infrared optics [28]. For
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Figure 3.5: Absorption coeflicient (eoiq1) vs resistivity for germanium; o, = 0.34 x

107%em?, 0, = 5.33 x 1078 em?, Kpponon = 0.0073cm ™1

very low resistivity n-type material the absorption increases since electron absorption
dominates the total absorption. The phonon absorption of 0.0073cm ™! sets a minimum
for the n-doped absorption. Doping the germanium p-type follows the upper half of
the curve in Figure 3.5. Absorption by holes dominates the absorption, which increases
proportionately. The effect of temperature is also predicted by the figure, which ac-
counts for the temperature-dependence of both the mobility and equilibrium electron
hole population [96]. This shows the significant effect of temperature on the absorption
coefficient, and that to obtain both low absorption and a low temperature dependence
of absorption, the most suitable material is lower resistivity n-doped of about 10{lcm.
To ensure low absorption in the modulator’s ’on’ state the material should therefore
be n-type with this resistivity. In practice the high purity, long bulk carrier lifetime
material which is available due to nuclear detector applications is almost exclusively
near-intrinsic, and is used almost entirely throughout this work. The implication of a
temperature increase of 10°K from 300°K for an unexcited 0.5¢m intrinsic sample is an
increase in absorption coefficient from 0.021 to 0.03, corresponding to a 0.5% decrease in
transmission. Decreasing the temperature to 290° K reduces the absorption coeflicient

to 0.015, increasing the transmission by 1.78%.
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The absorption coefficient is linked to the refractive index through its imaginary

term, the extinction coeflicient. The complex refractive index (n.) is given by:

N, = Nge — Lk (3.34)

where the complex part or extinction coefficient k at wavelength Aq is given by:

Ao

k = tptal * E (335)

Usually for polished germanium at 10pm n, is real and the imaginary part is insignif-
icant. Intrinsic germanium at 300°K has oy, = 0.044em™! from Figure 3.5, giving
k =35 % 107° at 10um. During the modulator’s ’off’ state the absorption coeflicient is
intentionally high due to the induced inter-valence band absorption, with ., = 6. The
effect of this on the refractive index is still insignificant at 10um, justifying the earlier
statement that absorption using this process does not significantly modify the real part
of the refractive index.

Accounting for multiple reflections, the intensity transmission of a sample of thickness

d, absorption coeflicient o (em™") and refractive index n, is given by Equation 3.36.

(1 _ T)2 . B—-cyd
1 — .r2e—2azd

T =

(3.36)

Equation 3.36 gives the average transmission across a fringe in the case of a coherent
source, and is used in this situation since the source is incoherent (sample thickness >>
coherence length of source). The reflection coefficient r per surface is given at normal
incidence by:

2 1.2
p = EZE - 11;2122 (3.37)
For a 0.5¢m thick intrinsic germanium sample at 300°K this gives T = 45.74%

at 10.0pm. Care must be taken when considering the transmission of a sample at
a fixed wavelength, or using a spectrometer when the fringe separation is resolved.
Interference fringes occur in transmission spectra, giving reflection minima when the
sample thickness is an odd number of quarter wavelengths. This has implications for
later experiments in Chapter 5 and in the design of antireflection coatings (Section 6.3).
At this stage the Fresnel loss, giving a maximum transmission of 45.74% at around
10pum is noted. The germanium has low dispersion at around this wavelength, and
toward shorter wavelengths until about 3um. On approaching the bandgap from a

longer wavelength the characteristic increase in real refractive index is seen, and this
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becomes significant before the pump wavelength (of approximately 980nm) is reached.
Most optical applications do not involve the refractive index of germanium over such
a wide spectral range, but for this application it is important, and dispersion must be
considered. The dispersion is shown by Figure 3.6, which plots the real part of the

refractive index, ng,., and the extinction coeflicient k& vs wavelength [97].

5.0 0.40
- 0.35
- 030
- 0.25

ﬁ 0.20

Refractive index, n

- 0.15

Extinction coefficient, k

- 0.10

— 0.05

4.0 S T T T T T T T T T T T 0.00
1 2 3 4 5 6 7 8 9 10 11 12 13 14

Wavelength pm

Figure 3.6: n,. (solid) and k (dotted) vs wavelength for Ge showing the effect of disper-

sion

To a good approximation, dispersion can be ignored at longer wavelengths, although
this is not valid in calculations at shorter wavelength involving the pump beam wave-
length or antireflection film properties. At 10.0um and at 980nm the refractive index is
4.004 and 4.473+0.1617 respectively. At 980nm for example the reflectance of the pump
beam is 40.3% per surface accounting for dispersion; and 36.1% if only a real refractive
index of 4.004 were assumed.

The absorption edge of germanium is of particular importance since this determines
the required optical excitation wavelength and the initial spatial carrier distribution
following optical excitation. The temperature dependence of the absorption coefficient
at the absorption edge strongly affects the absorption coefficient for small temperature
changes. The absorption spectra is given [68] in Figure 3.7.

At high photon energy the high absorption coefficient varies slowly with photon
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Figure 3.7: Absorption spectra of single crystal germanium at 77° K and 300° K

energy. Carriers are excited beyond the minimum of the direct valley and the slowly
increasing density of states with photon energy causes this low spectral dependence.
On approaching the direct gap energy, as the photon energy is reduced the absorption
coefficient has strong spectral dependence due to the high-probability direct optical
transitions. Toward lower photon energy the indirect bandgap is reached and a lower
spectral dependence of the phonon-assisted transitions is observed in the range <~ 0.8eV
to 0.67eV at 300° K.

Ideally the excitation wavelength for electron-hole pair generation in the modulator
should be as long as possible, where more photons per watt of optical power are available.
Too long a wavelength is undesirable due to the reduced absorption coefficient, risking the
excitation passing straight through the germanium. Wavelengths close to the direct gap
are unsuitable, giving a strong wavelength-dependence of the absorption coefficient. The
temperature dependence of the position of the (indirect) bandgap is —4.4 x 10™*eV/° K,
and that for the direct gap is —3 x 107%*eV/° K [68].

Following optical excitation the carriers decay, mainly through non-radiative SRH
recombination. A very low transition probability for radiative recombination exists, al-
though photon emission has been observed [98]. Approximately 1% of the recombination

is radiative, depending on the other recombination mechanisms present [39]. This was
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observed only in very thin samples approximately an absorption depth thick. In the
modulator this radiative recombination is undesirable, appearing as a parasitic NIR. sig-
nal during the ’off’ state. If present, this radiation would have to be filtered to avoid
detection by the wide optical bandwidth pyroelectric detector. Alternatively, the sam-
ple should be sufficiently thick to ensure its re-absorption. The absorption coeflicient is
7.6em™" at the indirect bandgap (0.67eV’) (Figure 3.7) so to ensure re-absorption of the
radiative emission the modulator thickness should be at least three absorption depths
(0.39cmn) thick.

3.3.1 Optical properties of germanium and their effect on the

modulator

The hole density required for reasonable ’oft” state absorption is now calculated to de-
termine its effect on carrier lifetime and diffusion. Ignoring multiple reflections the ’off
state’ sample transmission is given by Equations 3.38 and 3.39. Tj is the ’on’ state trans-
mission, A is the product of the hole absorption cross section o and the excited-state

area carrier density, and n is the absorption efliciency.

T = Toe ™" (3.38)

A TeffectivePEa:cabs)\e:rcO'h
B he

Tef fective 18 given by Equation 3.1, Pgy..ps is the absorbed excitation power at wave-

(3.39)

length ..., A is Planck’s constant and ¢ is the speed of light. The excitation wavelength
must be above-bandgap, and ideally as long as possible to take advantage of the higher
photon per Watt ratio. At the longer wavelength a lower absorption coefficient exists,
so carriers are generated further from the excited surface at which surface recombina-
tion occurs. However, unless carriers are generated more than a diffusion length from
the surface the effective carrier lifetime will still be affected by the surface recombina-
tion velocity. A diffusion length of 2.6mm in high purity germaninm was calculated
above, and a corresponding absorption depth is available by excitation at approximately
1.8um. However, a modulator element several absorption depths thick is required to
ensure none of the excitation power reaches the detector, requiring an unreasonably
thick germanium sample. Less critically, a modulator element several diffusion lengths
thick is required to ensure a low carrier density exists at the sample’s back surface to

avoid additional filtering. This is less critical since only ~ 1% of the carriers recombine



Electrical and optical properties of germanium 64

radiatively, and a finite surface recombination velocity on the back surface reduces the
carrier concentration there. Additionally the decrease in absorption coefficient close to
1.8 with reduced temperature (Figure 3.7) risks the excitation passing through the
germanium and onto the pyroelectric detector if the temperature were to drop. Excita-
tion of the germanium is therefore preferable at shorter wavelengths where the effect of
the temperature-dependent absorption coefficient is unimportant. Fconomics and the
availability of laser diodes dictate the excitation wavelength used in the application,
restricting it to close to 810nm or 980nm or 1480nm where pump lasers are more easily
available. High power is only currently available at moderate cost close to 810nm and
980nm, 980nm being preferable due to the higher photon per Watt ratio.

Assuming an induced absorption coefficient of 2 is required in Equation 3.39 to give
reasonable absorption, and assuming an effective carrier lifetime of 1ms, a power density
of 0.76W cm™? at an excitation wavelength of 980nm with an absorption efficiency n = 1
is required to reduce the transmission by a factor of 0.14. In practice it will be seen that
the loss due to Fresnel reflection of the pump excitation wavelength, (60% reflection
at 980nm) combined with the effects of surface and bulk recombination on reducing
Tef fective Make this prediction too low by a factor of about 10.

The refractive index of 4.0 in the low dispersion region around 10um means that AR
coatings are required at the image wavelength to maximise the ’on’ state transmission.
Section 6.3 considers optimisation of modulator performance through use of AR coatings
at the pump and image wavelengths.

From Equation 3.32, an area carrier density of A/o} is required for the above ab-
sorption. If the carriers are produced by an instantaneous pulse, giving an initial carrier
distribution determined only by optical absorption, before carrier diffusion takes place,

then if the excitation produces a carrier profile. N(z) (em™2), given by:

N(z) = Noe™* (3.40)

where Ny is the surface carrier distribution (em™%) then the initial area carrier density
is given by No/oyy. For an optical excitation absorption coefficient of a;; = 10%*em™!
this gives a surface carrier density of Ny = 3.75 x 10e¢m™3. This is much higher than
the predicted (~ 107cm™2) density at which Auger recombination becomes significant.
It is also in the region where degeneracy starts to become important and an increase
in the ambipolar diffusion coefficient is predicted to occur. Although this calculation
is only for moderate absorption, it ignores surface recombination which significantly

rednces the surface carrier density, and the calculated value may never be attained. In
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order to determine the actual carrier densities encountered and the processes which are
significant, the evolution of the electron-hole plasma must be modelled, accounting for

this, and this is the subject of Chapter 4.



Chapter 4

Theory of modulator operation:

carrier diffusion

4.1 Introduction

Methods of generating the electron-hole plasma required for the induced absorption in-
clude electrical injection, electron-beam irradiation, and above-bandgap optical excita-
tion. The two former methods are considered in Chapter 8 on the electrically-modulated
device. Much insight into system operation is given through the generation of electron-
hole pairs through the easier method of laser illumination with a near-infrared pulse of
above-bandgap radiation. This avoids fabrication complications of producing infrared-
transparent carrier-injecting contacts, and the source is easier to characterise and control
than an electron beam.

In the understanding, design and optimisation of the modulator, modelling of the
spatial carrier density, during and after optical excitation is required to determine how
the absorption changes with time. Modelling of the carrier distribution in the static and
dynamic situations is necessary to predict the required optical power for a given absorp-
tion, and also fo determine the rate at which this can be switched. This chapter details
the diffusion equation models which have been developed to understand the dominant
parameters affecting the induced absorption, and gives reasonable values which must be
attained experimentally to optimise the modulator. The initial one-dimensional models
are later developed into two and three-dimensional models to predict the spatial carrier
distribution following excitation of the surface with a non-uniform illumination func-
tion. In addifion to the primary application of producing uniform absorption across

the aperture there is a need to produce an absorbing pattern on the germanium aper-
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ture to reproduce the scanning effects of present-technology mechanical choppers. The
feasibility of this is investigated through the lateral extent of carrier diffusion.
Following the development of carrier diffusion models, their validation is also re-
quired. Validation of the main diffusion equation model is given in Chapter 5 through
experiments measuring the effects of spatial and temporal carrier decay. This is subse-
quently developed to model the microwave reflectance of an excited sample and is used
in combination with experimental results to distinguish between bulk and surface effects.
‘Chapter 3 investigated the carrier recombination processes and concluded that pro-
viding the carrier density is not too high, the use of fixed values for the bulk carrier
lifetime, surface recombination velocity and the ambipolar diffusion coefficient is valid.
The thinking in this chapter is to assume these values are constants in the models and to
verify these assumptions using carrier-density predictions and experimental results. The
starting point for each of these models is the one-dimensional general diffusion equation

given [91] for electrons by Equation 4.1.

on(z,1) Je on(z,1t) *n(z,t) _ n{z,1)
—5 = n(:z:,i),unaJj + Eln g + Dn—8m2 + Gy(2,1) o (4.1)

n is the excess carrier density (em™), t is time, p, is the electron (minority carrier)
mobility, ¢ is the applied electric field, x is displacement into the germanium as given
in Figure 4.1, D, is the electron (minority carrier) diffusion coefficient, G|, is the spatial
carrier generation (cm—ss'l) term and 7y,i; 18 the bulk carrier lifetime. Equation 4.1 is
for a generalised doped semiconductor where diffusion is limited by minority carriers.
All models considered here assume zero electric field and equal numbers of electrons
and holes, as is the case in optically-excited near intrinsic germanium with no trapping.
Equation 4.1 now reduces to Equation 4.2.

on(z,t)
o D

In Equation 4.2 the electron diffusion coeflicient is replaced by the ambipolar diffusion

n(z,1)

2
9*n(z,1) £ Gy (21) —

O0z? Thulk

(4.2)

coeflicient due to the presence of equal densities of electrons (n) and holes, as discussed
in Chapter 3. This one-dimensional diffusion equation model forms the basis for this
chapter. Solutions to this equation are developed under the conditions of non-equilibrium
steady state, and non-equilibrium decay, for the boundary conditions of semi-infinite z
and finite z, for various source generation functions in one, two and three dimensions,
to understand the diffusion process. The parameters used during the modelling process

that are common to most stages of the modelling are given in Table 4.1.
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Figure 4.1: Germanium sample geometry used in the modelling process

4.2 One-dimensional carrier diffusion model:

Steady state excitation

Initially much information on the diffusion process is given by a one-dimensional steady
state model. This assumes continuous illaomination of the sample’s front surface, which is
infinite in lateral extent and semi-infinite (Section 4.1.1) or finite (Section 4.1.2) in the z
direction. This gives the non-equilibrium steady state solution for the carrier distribution
as a function of z. Under steady state conditions, the On /0t term in Equation 4.2 is

zero and the equation becomes:

) 4 6, (@) - 22 (4.3

=D,
0 dz? Thulk

If the optical generation term G, is given by Equation 4.4:

Gy(z) = Noe @™ (4.4)

where oy is the absorption coefficient at the excitation wavelength and Ny is the

volume generation rate at the surface, which is given by integration as:
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parameter symbol value units
Ambipolar diffusion D, 66.04 em?s1
coefficient

Bulk carrier lifetime Thulk 1.0 ms
Surface recombination S 1 ms~?!
velocity

Excitation wavelength = A.p. 980 nm
Excitation absorption gy 1.9x10* em™!
coefficient

Table 4.1: Parameters and their values in the modelling process

gl PEz'cabs )\ea:c
Ny =
he

where Ppg.5s 1s the absorbed excitation power, A, is the excitation wavelength, A

(4.5)
is Planck’s constant and c is the speed of light.

4,2,1 Steady state semi-infinite germanium

The solution to Equation 4.3 for a semi-infinite sample with surface recombination ve-
locity S at the front surface where carriers are generated is subject to the boundary

conditions:

n{z = o00) =0 (4.6)
dn
Da% = S n(:c = 0) (4.7)

Giving the solution:

. 7 La‘ S Da i) e 1o
NO Tbulk s [6—-011'”-1):_ ( + all) € Lajl (4.8)

o) =T SL.+ D,

where L, = 4/D,7, is the ambipolar diffusion length. This is plotted in Figure 4.2
for a range of surface recombination velocity and bulk carrier lifetime parameters.

Figure 4.2 shows the expected reduction in steady state carrier density with increased

S or reduced 7. Also if a long bulk carrier lifetime and low surface recombination

are present, a significant carrier density at the back surface of a thin sample exists, so

surface recombination here becomes important. At the front surface, on a scale too

small to be shown in Figure 4.2, diffusion causes a positive carrier density gradient due
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to the finite surface recombination velocity. This is shown in Figure 4.3 over reduced

displacement () for the same parameters as Figure 4.2, the carrier density gradient

satistying Equation 4.7.
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Figure 4.3: Excess carrier distribution (cm™) ab the excited surface showing positive

carrier density gradient supplying surface recombination current

The total induced absorption coefficient in the modulator’s ’off’ state is proportional
to the hole density per unit area (Equation 3.32, Chapter 3), with the hole absorption
cross section as the constant of proportionality. The sensitivity of the total absorption to
the surface recombination velocity S, is now determined by calculating the excited-state
area carrier density. Integration of Equation 4.8 over & gives the area carrier density

(em™?) as:

oo ®itPErcabsencThulk 2 . .

The effect of the surface recombination velocity on the total absorption coefficient is
determined by comparing this equation for finite S to the situation with S = 0, giving
the normalised area carrier density as:

o0 _eaDarpan (St Daoin)
fO n(x)dx‘S::S _ 1 Do+5¢DaTputk

fooo n(m)dz[szo N I - %?nDaTbulk

(4.10)
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This is plotted as a function of S for a bulk carrier lifetime of 1ms and 100us in

Figure 4.4.
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Figure 4.4: Steady state area carrier density in presence of surface recombination velocity

S normalised to zero surface recombination case

S = 0 in Figure 4.4 represents a perfect surface and gives a ratio of unity. As S
increases, more carriers recombine at the front surface and the ratio and hence induced
absorption reduce. As S tends toward infinity the relative absorption tends toward
1/(1 + o/ DaTpurr) as few carriers still escape from the surface. Figure 4.4 shows
that a value of § ~< 3ms™ is required to obtain efficient induced absorption (0.8 in
Figure 4.4) for mu, = 100ps. As S is reduced further the magnitude of the gradient
of the ratio increases, showing a stronger dependence of the ratio on S. To maintain a
constant depth of modulation over long periods of time, more time-stable S surfaces are
required at low values of S than at high 5. Increasing the bulk carrier lifetime increases
the dependence of the induced absorption on the surface recombination velocity since
the maximum induced absorption is less restricted by the bulk carrier lifetime. This
is shown by the greater magnitude of the gradient for 7, = 1ms compared to that
for T = 100us at fixed 5. Consequently, lower values of 5 are required to optimise
the induced absorption when a long bulk carrier lifetime exists. This prediction of the

required surface recombination velocity is within experimental possibility; sandblasted
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surfaces have S =~ 100ms~! [30], and chemically etched surfaces have values in the

order of ems™1.

4.2.2 Steady state model for a finite sample thickness

The previous section showed that a sufficiently low surface recombination velocity for
optimisation of the induced absorption could be achieved. However, S was assumed
to act only at the front surface. Although this is where the initial carrier density is
highest, long diffusion lengths were seen to give a substantial carrier density a few mm
from the front surface (Figure 4.2). Ideally the modulator element should be as thin
as possible (1 — 2mm) from the aspects of required space and economics of the costly
high purity germanium. However, at this thickness a long bulk carrier lifetime and
low front surface recombination velocity gives a significant back-surface carrier density.
Back-surface recombination must therefore be accounted for, and a reasonable modulator
thickness determined for which its effect is negligible, carriers instead recombining in the
bulk. The excitation geometry is shown in Figure 4.5, where S acts at both the front

and back surfaces.
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Figure 4.5: Fxcitation geometry for finite length samples
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The boundary conditions for the front and back surfaces now become:

dn d .
DU,E .y =5- n(z = -—-§> (4.11)
dn d

The source term must be changed for the new coordinate system to:

G, (z) = Noe~oa(e+) (4.13)

The steady state solution under these boundary conditions was determined using the

complementary function and particular integral, giving:

NaL2e—2ind/2 . ¢Z/La .e—%/La
n(.’ﬂ) — OLae . ) a]. € + (lr2 € + e—'aill-r} (4.14)
Dol — i 2) " LD, = STa)ee-4/Te — (D, + SL.YctT]

where al and a2 are given respectively by:

2in

al = La-[e“l( : —ii—a)-[S—Dmam][DG+SLE]+ed<5%-ﬁ>-[DuaerS][Da—SLa]] (4.15)

<ill

a2 = L,- [ed( 2 +ﬁ;}-[S+Daam] [Da-{—SLa]-{-e_d(%—Fﬁ)-[DG—SLG] [S—OtmDa]] (416)

This is plotted in Figure 4.6 for a range of S values.

As in Figure 4.3, the carrier density gradient in Figure 4.6 at both front and back
surfaces satisfies the surface recombination velacity boundary conditions, although this
detail is too small to be shown in the above figure.

Integration of Equation 4.14 gives the area carrier density in the sample. The induced
absorption coefficient is proportional to the area carrier density. The effect of back-
surface recombination on the area density is now determined, and conditions are imposed
on the modulator thickness to make its effect negligible. Figures 4.7 and 4.8 show the
area carrier density (em™2) as a function of S and sample thickness d for mur = 100us
and 1ms respectively, for continuous excitation with 1W em™2 of 980nm. Note the
difference in vertical scales in these figures.

Figure 4.7 shows the area carrier density reducing with increased surface recombi-

nation velocity or reduced sample thickness. As sample thickness is reduced, the back
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Figure 4.6: Steady state carrier distribution vs displacement in the excited sample for
2

given S at both surfaces; Ty = 1ms, absorbed power = 1W em™
surface carrier density and hence effect of back-surface recombination become more sig-
nificant. For a given S, at sufficient sample thickness the effect of back surface recom-
bination becomes negligible after the start of the plateau along the ’sample thickness’
axis. The modulator’s thickness should conform to this to improve the system efficiency.
A reduced dependence on S is seen (lower gradient of dngre,/dS) for thick samples for
this reason.

The effect of an increase in bulk carrier lifetime is shown by the higher maximum
area carrier density in Figure 4.8. The change in ng,,., with sample thickness is much
more gradual, and no definite plateau is reached over the plotted range. Despite the
higher area carrier density due to the longer lifetime, Figure 4.8 shows a much stronger
dependence on S, for low S, than the previous figure. At these higher carrier densities
the effect of S is more significant, following its definition in Equation 3.20. Therefore,
optimising the induced absorption in the presence of a long bulk carrier lifefime requires
lower values of S than in the presence of low 7. The asymptotes of the area carrier

density are given by Equations 4.17 to 4.20.

Nareq =0 (4.17)

d—0
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50 he
aqnd
PEmcabs)\echbulk 2e” ‘él [ . aanco.sh(amd/Z)(l — COSh(d/Ln))
arca = . ‘ h i d/2 -
" S—+00 he 1—ao% L2 sinh(and/2)+ sinh(d/L,)

(4.20)

The designs used in this work used samples 5mm thick since for low 1,y little was
gained in terms of reduced effect of S at the back surface, and for long 7 (1ms) the
slow variation in n,., with S required an unreasonable sample thickness of ~ 10mm to
significantly increase n,,.,. With typical values of 7, = 1ms and S = 3ms™" an area
carrier density of 1.93 x 10%e¢m ™2 per W em™2 is predicted by Figure 4.8, giving an ’off’
state transmission of 35.7%. This is in the order of that reported in the introduction.
If surface recombination were zero in the above ca,lcilla,tion, an area carrier density of

4.93 % 10'° would be attained, the above calculation being 39.1% of this maximum.
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Figure 4.8: Area carrier density in germanium vs S and sample thickness for 7y, = 1ms

4.3 One dimensional carrier diffusion:

Transient excitation

Having modelled the steady state carrier distribution, the dynamic case is now consid-
ered. The temporal carrier decay is important in determining the switching speed of
the induced absorption, and also in validating the experimental results of Section 5.4.
Initially the excitation is assumed (as beforehand) to be uniform and infinite in lateral
extent, so that only diffusion in the z-direction need be considered. Later, excitation
functions are considered where the power varies spatially on the germanium surface, and

diffusion must be considered in two and three spatial directions as a function of time.

4.8.1 Square-pulse excitation

This section solves the continuity equation for the case of a temporally square pulse of

infrared excitation. From Equation 4.2 the continuity equation is given by:

n(z,t) n(z,t)
Oz? Thulk

on(z,t)
ot

The carrier generation term G, is no longer in Equation 4.21, and is instead assumed

2
p,2 (4.21)
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to act as an impulse function which causes an initial condition. Solution of Equation 4.21
gives the impulse response. The response following a temporally square pulse of illumi-
nation, as required by the physical situation, is then found by convolving the impulse

response with a square pulse function. The generation term therefore becomes:

Gi(z,t) = Ny - [e-afll(w+-§-)]5(¢) (4.22)

and the initial carrier distribution is given by:

n{z,t =0)= Ny - [e"“‘”(”g)] (4.23)

Ny is given by Equation 4.5 as before, and the boundary conditions for the surface
recombination velocity are given by Equations 4.11 and 4.12. Solution of this equation
is given by the separation of variables method, for example [99], [100]. See Appendix A

for the complete solution. If the solution is assumed to be of the form:

n(z,t) = X(z)-T(t) (4.24)
then substitution into Equation 4.21 gives:
1dT 1 Dd*X
T e = 2
Tdi o X2 ' (4.25)

in which ¥ must be a constant, giving the following separated differential equations:

X

dz?

dT’ 1
_— —_— - A2
dt T (Tbulk ¢> U (4 7)

From Equations 4.26 and 4.27, one such solution is:

D

X =0 (4.26)

n(z,t) = & Ttk - [Ae“D'l"‘%tcos(al:c) + Be‘D“ﬁlztsin(,Blsc)] (4.28)
thus a linear superposition of such solutions satisfies the diffusion equation, and is

required to satisfy the boundary conditions. This is given by:

n(w, 1) = & o Z[Ane_D““%tcos(an:n) + BpePafatsin(B,z)] (4.29)

The separate substitution of the n** sine and cosine terms in Equation 4.11 solves

for the a, and B, coeficients respectively, given by the periodic series:
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cot(a;d> = D‘jgan (4.30)
tan (%) = —D:‘gﬁ = (4.31)

which also satisfy the second boundary condition, Equation 4.12. The A, and B,
coefficients are then determined by substitution of the initial condition Equation 4.23

into Equation 4.28, giving:

- e ()0 e () )
(4.32)

Ba= Gt~ sntaeie s 1P (550 osin (555) v
R (4.33)

which, with Equations 4.29, 4.30, and 4.31 give the solution for impulse excitation.
The effect of square pulse excitation (or any shape pulse) is given by convolution of the
impulse response with the excitation pulse function. For a square pulse of period T', two

solutions are given, one for during and one for after the optical pulse, given respectively

by:

1 Ay - cos(anz)

n(z,) ==Y [(D e (1—61:])[ (Doc? + — )D+ (4.34)

m — Thulk

%aﬁzli(ﬂnx) ' (1 o [ﬁ(Daﬂg Thulk )t)])]

Thu lk>

n(z,t) = %Z [A” - cos(n) . [e:cp(— [Daai + ! ]t)] [e:ep[Daai + ! ]T — 1] +

i
n (Do + E;) Thulk Thulk

Ty (- [pette o) [eovlDi 2 )71
(4.35)

and Ny is now given by:

Ny — aillPEa:;fs)\ech (4.36)
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Figure 4.9: Carrier decay vs displacement in sample for 7z = 1ms and S = 1ms™!

following square pulse excitation with period T' = 1.0ms

Carrier decay is of particular interest in this application in determining the recovery
time of the induced absorption, given by the effective carrier lifetime. This is shown for
the decay period (¢ > T') in Figure 4.9

The effect of a finite surface recombination velocity in the above simulation is more
apparent over the plotted displacement range for ¢ > 7T than in Figure 4.6 as here the
generation term is removed. The spatial carrier distribution in this figure is strongly
dependent on the 7, and S parameters, and this will be shown in Section 4.3.2 to
affect the microwave reflectivity measurements.

The absorption seen along the z-direction during carrier decay is obtained by inte-
grating the carrier volume density (Equation 4.35 over the range —d/2 < z < d/2 and
determining the area carrier density. Only the cosine z terms need be integrated due to

symmetry, giving:

Narea (t)

Doal+-2L )T —(Da,a?fl-fl )t
. l:e( bulk _ 1] .e bulk (437)

2
:——-Z
T 5% o (Daa + 24

Thulk

The transmission of a probe beam at 10.6um in a test sample that is not AR coated
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must account for multiple reflections, and is given by Equation 3.36, with ad = ngrea0h
and 7 = 0.36. The modulator element in a real device the would however be AR
coated, giving r = 0. The predicted transmission of a test sample during carrier decay
is plotted in Figure 4.10 for two values of surface recombination velocity. Also plotted
in Figure 4.10 is the product of area carrier density and hole absorption cross section,
Narea - Oh. If carriers are assumed to decay with a lifetime 7.f7eqive (Equation 3.2),
the decay of the area carrier density is given by Equation 4.39. —t/Tefsective, glven by

In(nareq - on) is also plotted in Figure 4.10, the slope of which gives the net carrier decay

constant —1 / Tef fective-

T B (1 — 7«.)2 N e—nd.rea'dh

- ]_ —_ rz - 8'—2'narea‘0h

(4.38)

n(t) — noe_ Teffective (4'39)

Figure 4.10 shows that for low S, and a long bulk carrier lifetime, surface recombi-
nation is negligible and the decay constant is constant with time. Higher values of S
which give a comparable recombination rates to that in the bulk, give a time-dependent
decay constant

Figure 4.10 gives the transmission at a fixed wavelength. The effects of surface and
bulk recombination are combined into an ’effective’ lifetime as discussed in Chapter 3.
Initially the carrier decay is fast since most carriers are generated within an absorption
depth (~ 1pum) of the surface, and are affected by the surface recombination velocity.
Later the carrier distribution reaches a stable shape and the decay constant becomes
constant with time. This is seen by the initial steep gradient of the —t/7.¢ective curve
above, which is steeper for the higher S curve. Subsequently, both curves reduce to a
constant decay lifetime once the carrier distributions have reached stable shapes.

The limiting value of the decay constant for large time is affected by the surface
recombination velocity and is not purely the bulk lifetime. Inspection of the area carrier
density in Equation 4.37 shows that the decay constant is a combination of n decay

constants of the form 7, :

1 1

7L Teulk

+ D, (4.40)

This is analogous to Equation 3.2, where the effect of surface recombination is to
give an apparent surface lifetime, represented by Toupface = 1/ Doz, The o, solutions

increase with n, contributing less and less to the surface lifetime with increasing n due
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Figure 4.10: Transmission and absorption at 10.6um following carrier decay from
1W ¢m™? absorbed pulse at 980nm

to its square dependence. The exponential form of this sum can be shown to depend on
approximately 100 terms of a, for ¢t << T, and for t >~ 1/D,a] the decay constant
depends, to a good approximation on the first term, a4y only. The poor convergence is a
characteristic of the Fourier series solution close to a discontinuity in the first derivative
of n(t). The implication for this on the decay is that for t >~ 1/D,a? the decay constant

is given to a good approximation by:

1 1
= + D,ad (4.41)

Tef fective Thulk
This latter period of the decay has a fixed time constant, in contrast with the initial

decay period when the high initial surface carrier density decays rapidly and the time
constant is time-dependent. This explains the shape of the graphs above, for which the
effective lifetimes are 3765 and 287us for low and high S respectively. This principle
of an effective carrier lifetime at the start of the decay and for ¢ >> T is used in
Section 5.1 to validate the carrier distribution model. Although neither the initial or
final decay constants are unique functions of S and 7y, both decay constants have a
different dependence on these parameters which are used graphically to solve for these

parameters in Section 5.2.1.
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4.3.2 Separation of bulk and surface effects:

microwave reflectance

The model in the previous section detailed the effective lifetime observed via the trans-
mission of an excited sample at 10um. The effective lifetime combines surface and bulk
effects which are not readily separated at this wavelength. One method of separating
these effects is through surface treatment to induce high and low surface recombination
at either surface. By solving the differential equations with respective boundary condi-
tions for each condition, experimental measurements of the 10um sample transmission
can be used to fit the S and 7, parameters in this model. This method is both de-
structive and time—consufningA A more suitable method is to use a longer (microwave)
wavelength and monitor the microwave reflectance which depends on the distributed
carrier density throughout the sample. At longer wavelength there is a slower phase
variation with displacement. The total power reflected by the sample depends on the
combined reflectance from the front and back surfaces, and the relative phase of these
components. The slower phase variation with displacement means that interference ef-
fects are resolved. Monitoring the reflectance therefore gives information on the spatial
evolution of the profile over time. The experiment used to achieve this is detailed in
Chapter 5; at this stage only the model predicting the microwave reflectance is given.

The microwave reflectance model uses the spatial and temporal carrier distribution
following square pulse excitation with one-dimensional diffusion that was developed in
Section 4.3.1, to determine the temporal dependence of the microwave reflectance re-
sulting from carrier decay.

The refractive index is defined as the square root of the dielectric constant. The
dielectric constant has a significant imaginary part at moderate excess carrier densities,
giving an imaginary part in the refractive index which determines the absorption. This
microwave absorption is hereafter termed attenuation to distinguish it from the modu-
lator’s absorption in the 10um region. Free carrier absorption increases the imaginary
part of the dielectric constant and its effect in the infrared was discussed in Chapter 2
as being minimal al 10um at the carrier densities involved in this work. At microwave
wavelengths the A2 dependence of free carrier absorption gives much higher attenua-
tion. Optical excitation is used to modulate the carrier density, the spatial distribution
of which is temporally monitored through concurrent measurement of the microwave
reflectance using a microwave probe beam. Information on the spatial distribution of
the resulting electron-hole plasma is then used to validate the one-dimensional carrier

diffusion model.
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The excess carrier densities involved in the excitation of the modulator cause a shift
in the plasma frequency. This is the optical frequency below which the refractive index
becomes imaginary. Well above the plasma frequency (short wavelength) the semi-
conductor is transparent and below the plasma frequency the semiconductor is highly
reflecting. Optical excitation of the germanium increases the carrier density and moves
the plasma frequency to shorter wavelength where the reflectance subsequently increases.
At a frequency just above the plasma frequency the plasma ’dip’ occurs. At the plasma
dip the imaginary part of the refractive index makes the germanium strongly attenu-
ating, and the reflectance drops below that of unexcited germanium. As the carrier
density is increased, the plasma frequency increases and the attenuation at the plasma
dip intensifies. Depending on the location of the plasma frequency with respect to the
microwave probe frequency, the reflectance will change from its unexcited-state value as
the carrier density in a sample is increased by optical excitation.

The dielectric constant €(w) is given [101] by the sum of the susceptibility contribu-

tions due to lattice vibrations, y,m(w), free carriers, ys.(w), and bound valence electrons

Xve(w):

e(w) = 1+ xve(w) + Xse(w) + Xpm (@) (4.42)

In the infrared the contribution of valence electrons is approximately real and frequency-

independent, hence:

1+ Xoe = €oo (4.43)

() = oo+ Xsel) + Xpm() (149

In Equation 4.44 the first and last terms are indistinguishable during optical or
microwave determination of the dielectric constant, which is that quoted for unexcited
material in Palik [97] (16.0 at 10.0pm), for example. Equation 4.44 can therefore be

written as:

e(w) = epatir + Xse(w) (4.45)
When free carriers are introduced, then, for holes,
w,’ Juwp wr

T Wt w2 w(w? + w,?)

xsele) = (4.46)

where the plasma frequency and scattering frequency are given respectively by:
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_ . [n¢

Wy = oo (4.47)
_q

w, = — (4.48)

¢ is the carrier mobility, assumed constant over the excess carrier density range
encountered, following mobility arguments in Chapter 3, and m* is the effective mass.
A similar expression exists for electrons, giving the refractive index as a function of

microwave probe frequency w as:

2 2 2 2
Wpp“Wryp Wpe . Wpe " Wre

W(Ww? +wrp?) WP W

+J

77((4.)) = Jrﬁpah’k — wpp (449)

W2+ wyp?

where subscripts p and e refer to holes and electrons respectively. To predict the
sample reflectance it is divided into a number of layers of equal thickness perpendicular
to the microwave probe beam. The layer thickness is sufficiently thin for the carrier
density in each layer to be treated as a constant. The average refractive index in each
of these layers is computed as a function of time using Equation 4.49 and the average
carrier density determined by integration of Equation 4.35 over the appropriate range.
The layers are then treated as layers of a multilayer mirror, each with a time-dependent
refractive index, and the total reflectance as a function of time is determined using the
same technique as for a multilayer dielectric mirror [101] except with a complex layer
refractive index.

The technique involves separation of the sample into n layers of equal thickness.
Each layer is represented by a 2 x 2 characteristic matrix which relates the electric field
in the z and y planes to an arbitrary z plane. 'The matrix configuration used solves
the wave equation subject to the boundary conditions for each layer. The matrix for
an entire stack of such layers is given by the product of all the characteristic matrices
in the stack. Elements are then extracted from the stack matrix and used to determine
the transmission or reflectivity of the entire stack. The characteristic equation for layer
r of thickness A, is given by M,:
cosf3, —Lsinf,

r (4.50)

M, = [ . .
—jpr8inf, cosf3,

21
By = Y

0

nyhycost, ‘ (4.51)
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pr = n,cosb; (4.52)

where g is free-space microwave wavelength, 1 is the refractive index, h is the layer
thickness and 6 is the incidence angle of the layer. The model used here requires normal

incidence alone, thus § = 0. Multiplication of the individual layer matrices gives the

stack matrix as:

M=T1u = [m“ m”} (4.53)

may Mg
The power reflection coefficient is then given by:

2

R— lT|2 _|{(may + maaPrack )Piront — (Mar + Ma2Pback)
(ma1 4+ Ma2Pback )Prront + (Ma1 + Mo2Phack )
where front and back refer to the above parameters for incident and exit medium, in

(4.54)

this case, air. The spectral dependence of the power reflectance resulting from a range

of uniform excess carrier densities in 2 5mm germanium sample is shown in Figure 4.11.
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Figure 4.11: Predicted microwave reflection coefficient in intrinsic germanium vs wave-

length for a range of uniform excess carrier densities in s semi-infinite sample

Figure 4.11 shows the reflectance vs wavelength for a uniform excess carrier density

In a semi-infinite germanium sample. The average reflectance at the short wavelength
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limit asymptotes to 36.8%, where the sample is transmitting, and at the long wavelength
limit the ’metallic’ reflectivity tends toward unity. Between these limits the reflectance
drops below the short wavelength asymptote. The minimum occurs close to the plasma
frequency, at a free space wavelength 27c/w, (Equation 4.47). At the (resonant) plasma
frequency the amplitude of electron oscillations about their mean position in the plasma
is large. Much work is done through damping as the electron traverses the electric field
and hence the absorption is high. In the limit w >> w, the electron-hole plasma cannot
keep up with the oscillating incident field. The amplitude of oscillations and hence
absorption due to damping is low and the germanium transmission is high. In the limit
w << w, the transmitted wave becomes evanescent and the reflectivity increases. The
free space wavelength corresponding to the plasma dip is shown as a function of excess

carrier density in Figure 4.12.
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Figure 4.12: Free space wavelength corresponding to the plasma dip as a function of

uniform excess doping density

Figure 4.12 shows the high carrier density required to shift the plasma frequency
to the 10um region, justifying the statement in the introduction that modulation in
the infrared using plasma switching in germanium in a low power device would restrict
operation to low repetition rates. The total carrier density in germanium at which

the plasma frequency occurs at 10GHz (3em), where microwave probe equipment is
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readily available, is 2.4 X 10'2em™3, an order of magnitnde below the intrinsic carrier
density at 300°K. Higher carrier densities reduce the plasma wavelength, so the plasma
wavelength will not pass through this probe wavelength when germanium is optically
excited. Additionally, the plasma dip occurs at slightly shorter wavelength than the
plasma wavelength. From this aspect the reflectance of optically excited germanium,
monitored by a 3c¢m probe wavelength, should therefore only increase with increasing
carrier density. However, Figure 4.11 was plotted for a semi-infinite sample. In a sample
of finite thickness, interference fringes due to reflections from the back germanium-air
interface are important when low absorption exists in the germanium, and depending on
the sample thickness these decrease or increase the reflectivity from its unexcited-state
value.

Figure 4.13 shows the reflectivity of a Smm sample with a uniform excess carrier
density of 10'7em ™3, showing the envelope of the rapidly spectrally-varying interference
fringe pattern. At lower excess carrier densities the plasma frequency and interference
fringe envelope move toward longer wavelength. Although the effect of the plasma
frequency was described above as unimportant at the 3em probe wavelength, the in-
terference fringes are significant at 3em wavelength. The interference fringes are now
discussed, being of crucial importance at 3ern wavelength in germaninm where they pro-
duce a very similar change in reflectivity to that previously described as being due to
the plasma dip. During this discussion the reflectivity vs wavelength for a 5mm ger-
manium sample is given for an excess carrier density of 1017em™2 in Figure 4.13. This
figure is subdivided into regions A to E. Toward shorter wavelength the reflectivity lim-
its of the densely-packed fringe envelope are represented by the split lines. Later, the
effects of changing the uniform excess carrier density and the sample thickness are dis-
cussed. These assist understanding the microwave reflectivity results and the subsequent
extraction of carrier parameters in Section 5.4.

Region A
In the short wavelength region of Figure 4.13 the sample has a low attenuation. This
region is well above the plasma frequency, and so the absorption is insignificant. Reflec-
tions from the back germanium-air interface cause fringes in the net reflectance. The
fringe spacing depends on the sample phase thickness. For the carrier density plotted,
these are only resolved experimentally if extremely narrow spectral bandwidths are used.

Region B
Toward slightly longer wavelength the attenuation in the sample due to the finite imag-

inary part of the refractive index reduces the back-reflection intensity from the back
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Figure 4.13: Microwave reflectivity vs wavelength for a bmm germanium sample with a
3

uniform excess carrier density of 1017¢m™
germanium-air interface. The fringe amplitude (originating in region A) therefore re-
duces. At the long wavelength limit of region B the fringe amplitude asymptotes toward
zero as the reflectivity is determined by the (complex) refractive index, and the attenu-
ation in this 5mm sample is sufficiently high that negligible reflection occurs from the
back germanium-air interface.
Region C

Within region C the reflectivity shows no fringes as the intensity of back-reflection from
the back germanium-air interface is negligible. The reflectivity is practically constant
with wavelength as the effect of the (broad) plasma dip causes little increase in atten-
uation within this region. Since the reflectivity from the back surface is negligible, the
power reflectivity [101] R (Equation 4.55) is given by that of a single interface with the

germanium having a complex refractive index n, = ng, — tk as:

n2.<l+(£)2)+1—-2n

n2.(1+(%)2)—{—1+2n

R= (4.55)

For example at 35um an excess carrier density of 10*7em™ gives a refractive index of
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3.8344-0.0114. The absorption coefficient (47k/A) here is 39.49¢m ™. The imaginary part
is sufficiently high that the back reflection from a 5mm germanium sample is negligible,
Equation 4.55 can therefore be used accurately, giving a reflectivity of 34.38%. This is
also predicted by Equation 4.54 and seen at this carrier density in Figure 4.13.

Region D
Within this region the attenuation due to the plasma dip considerably reduces the re-
flectivity. The plasma dip occurs ab slightly higher frequency than the plasma frequency.
Toward the longer wavelength limit of this region the reflectivity increases more sharply.
As the frequency moves away from resonance the amplitude of plasma oscillations re-
duces, hence the energy lost through damped oscillations falls, as does the plasma dip
absorption. The reflectivity subsequently rises.

Region E
The reflectivity increases steadily within the short wavelength section of this region. At
these sub-plasma-resonance frequencies the absorption reduces and the transmitted wave
becomes evanescent and the plasma cannot absorb energy from the slowly-oscillating
field; the reflectivity therefore increases.

The above discussion was for a moderate excess carrier density with the plasma wave-
length close to 100pm. As the excess carrier density is reduced the plasma wavelength
moves toward longer wavelengths. This is shown in Figure 4.14.

Figure 4.14 shows that in addition to the movement of the plasma wavelength to-
ward longer wavelengths and changes to the plasma dip, fringes extend toward longer
wavelengths as the excess carrier density is reduced. At lower excess carrier densities the
attenuation due to free carrier absorption only becomes significant at longer wavelengths.
In the case of intrinsic germanium with zero excess carrier density, the reflectivity fringes
in a Bmm sample extend to just beyond the 3cm probe wavelength. Thus when moni-
toring the microwave reflectivity of an optically-excited sample of ~ 5mm thickness, the
sample reflectivity is dependent on the excitation level, since this determines the con-
tribution from the reflection by the back germanium-air interface. The unexcited-state
(intrinsic) reflectivity is dependent on sample thickness. As the excess carrier density is
increased the reflectivity contribution from the back surface reduces, and, depending on
the relative phase of this contribution (which depends on sample thickness and refractive
index through the excess carrier density), the reflectivity will increase or decrease from
its intrinsic value. The reflectivity fringes at the experiment’s 3cm probe wavelength
are now considered as a function of sample thickness and uniform excess carrier density.

This is shown (from Equation 4.54) in Figure 4.15.
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Figure 4.14: Reflectivity vs wavelength for two levels of excess carrier density showing

onset of fringe envelope

Figure 4.15 for intrinsic germanium shows that increasing the sample thickness re-
duces the amplitude of the reflectivity fringes since the back surface contribution to re-
flectivity reduces. At sufficient thickness (>~ 30mm) the reflectivity is determined only
by the front surface. For intrinsic germanium the refractive index of n, = 4.022 4 0.498:
at Ao = 3em gives a front surface reflectivity of 36.83%. For sample thicknesses less
than ~ 10mm, where significant fringes exist for intrinsic material in Figure 4.15, a
small increase in excess carrier density reduces the fringe amplitude whilst the mean
reflectivity (that for large sample thickness) of the fringe increases little. For example
this occurs with an excess carrier density of 2.4 x 10¥em™2. For sample thicknesses
whose intrinsic reflectivity is greater than that for large thickness, & small increase in
excess carrier density reduces the reflectivity, after which the reflectivity increases. This
initial decrease and then increase with excess carrier density, characteristic of sample
thicknesses in the 5 — 6mm region in particular, is used in experiments in Chapter 5
to extract the bulk carrier lifetime and surface recombination velocity parameters from
microwave reflectivity measurements.

These experiments monitor the reflectivity at 3crm wavelength of an optically excited

sample. This gives information on the progress of the excited carrier plasma in the ger-
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Figure 4.15: Reflectivity at 3cm wavelength in intrinsic germanium as a function of

sample thickness for various uniform excess carrier densities

manium that is predicted by the diffusion model in the previous section. Thus the two
models are used in combination to validate the experiment and iteratively fit the surface
recombination velocity and bulk carrier lifetime parameters in the model. The initially
high reflectivity of an excited sample reduces as carriers in the ’metallic’ germanium
decay. Once the sample’s bulk absorption is sufficiently low that the contribution to
reflectivity from the back surface becomes significant, the phase of this reflected com-
ponent serves initially to reduce the reflectivity from that of the unexcited sample. The
reflectivity then increases to that of unexcited germanium as the attenuation of this
back reflection falls toward zero. For sample thicknesses not covered by the 5 — 6mm
thickness requirement, the reflectivity only increases with increasing excess carrier den-
sity. The effect of the plasma dip, which produces an effect almost identical to that
described above, for the same 5 — 6mim sample thickness range is therefore unimpor-
tant in the measurements at 3cm wavelengths, although its understanding is essential
in distinguishing the two effects.

Measurements of the microwave reflectivity at 3em wavelength are fitted in Section
5.4 to simulations of the microwave reflectivity during carrier decay in an excited sample.

A simulation of the refiectivity for a range of S and 7, parameters in an excited intrinsic
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germanium sample is given during carrier decay in Figure 4.16.
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Figure 4.16: Microwave reflectance at 10.0G H z during carrier decay in 5mm germanium

sample following 10W e¢m~2 absorbed optical power from 1ms pulse at 980nm

Figure 4.16 shows the reflectivity at 10.0GH z (3cm wavelength) for this 5mm germa-
nium sample. The reflectivity dip should not be confused with the plasma dip detailed
earlier in this section and seen in Figure 4.11, which occurs at shorter microwave probe
wavelengths, but which here is due to interference fringes. The superficial similarity be-
tween the plasma dip and that observed here should be noted however. The reflectivity
in the unexcited state (at large time when all carriers have decayed) is 46.8%, following
Figure 4.15. The temporal position of the ’dip’ defines a characteristic sample absorp-
tion, which is characterised by a carrier concentration and distribution. This signature
enables use of such simulations in Chapter 5 in the validation of the carrier decay model
by separating the surface and bulk effects.

The short-wavelength asymptote of the reflectivity is now considered for complete-
ness. In Figure 4.14 the average fringe reflectivity appears to be that of the region
between the long wavelength limit of the fringes and the plasma dip. This is not the
case. In the limit of Ay tends toward zero, the refractive index of unexcited germa-

nium (Equation 4.49) tends toward ,/epuux = 4.0. ‘This is expected if dispersion is

ignored. The refractive index of unexcited intrinsic germanium is real and equal to 4.0
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at Ao = 10pum, as predicted by Equation 4.49. Since the loss is negligible at 10um, the
average power reflectivity predicted by Equation 4.54 should be the same as the Fresnel

reflectivity accounting for multiple reflections, given by:

r(l —r)%ed
1— T.26—2ad (456)

Equation 4.56 gives the average reflectivity over a fringe as it ignores the phase term

R=r+

in the solution to the wave equations. » = 0.36 per surface for n = 4.0. Hence if the

absorption is negligible, ad = 0 and the power reflectivity is:

_ r(l—r)? B
R=r + TT‘T = 52.9% (457)

The average reflectivity predicted by Equation 4.57 is that averaged over the fringe
in this spectral region. Figure 4.17 shows the fringes from a 5mm sample resulting from

a real refractive index of 4.0, over a reduced spectral range close to 10um:.
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Figure 4.17: Resolved fringe pattern close to 10pum in Smm germanium sample

The fringe pattern in Figure 4.17 shows reflectivity minima where the sample thick-
ness is an even multiple of A\g/4n. The average reflectivity of these fringes is 52.9%,
as expected from Equation 4.57. In measurements where the fringe separation is not

resolved, this would be the measured reflectivity. Equation 4.54 therefore agrees with
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the Fresnel reflectivity from Equation 4.57 in the case of zero loss. Toward the shorter
wavelength (lower loss) region of Figure 4.11 the fringes in this 5mm sample were omit-
ted for clarity. In the limit of zero loss (low excess carrier density) and a real refractive

index of 4.0, these are the fringes that would be observed.

4.4 Two-dimensional (optical stripe excitation)

transient diffusion model

Having modelled the transient carrier density in the z direction for an infinite lateral
source, finite-source optical excitation is now considered. One application of the mod-
ulator requires an absorbing pattern to be generated over the modulator’s aperture.
Lateral carrier diffusion was not considered by the previous models since uniform exci-
tation of the aperture was assumed. However, the use of a laterally-finite optical source
to generate the carriers means lateral diffusion is important in limiting the definition
of such an absorbing pattern. These models are also validated in the experimental
Chapter 5, by measuring lateral carrier diffusion profiles following continuous optical
excitation. This section is therefore divided into two parts. Firstly the time-dependent
and steady-state models for spatially gaussian- and square-function stripes, infinite in
one direction, are presented, then the models are presented for two-dimensionally finite
excitation functions, for the gaussian function and for a box-shaped function. These
functions are chosen since they can be produced practically to verify these models. A
gaussian excitation function is produced by a diode bar laser (gaussian stripe illumi-
nation) or as a two-dimensionally finite pattern by the emission from a fibre-coupled
diode laser. Spatially-square-edged optical power distributions are less easy to produce
practically, but are important in predicting the definition in the absorption arising from
such an excitation. The purpose of this is to replicate the effect of an absorbing edge
being scanned across the aperture, which is currently achieved in the application by an
Archimedean-spiral mechanical chopper blade. Extension of the models to other exci-
tation patterns is relatively straightforward. These models are also important in their
identification of another ’apparent’ lifetime, observed when the transmission through the
centre of the absorbing region is monitored. In addition to the translational carrier dif-
fusion and surface recombination considered by the one-dimensional diffusion equations,

lateral carrier diffusion acts to reduce the apparent lifetime.
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4.4.1 Excitation using a gaussian stripe function

This section solves the diffusion continuity equation for optical excitation of carriers by
a line of excitation illumination which is gaussian in the y direction, and infinite in the

z direction, as illustrated by Figure 4.18.
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Figure 4.18: Gaussian line-function excitation geometry

Under the condition of zero electric field, the two-dimensional continunity equation
for the z and y directions is given by Equation 4.58. The generation term is again used
as an initial condition. The steady-state response is determined by integration of the
impulse response over time from ¢ = 0 to 1 = oo, and the temporal response is obtained

by convolution of the impulse response.

ot dz? ;Yo Thulk

If the initial carrier distribution is given by Equation 4.59 where o is the (y) dis-

=D,

(4.58)

placement from the excitation peak at which the excitation power is 1/e? of that at the
peak, Ny is the volume carrier density per unit length in the y direction is now given by
Equation 4.60, and the boundary conditions are given by Equations 4.61, Equation 4.62
and 4.63. |
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__% 2
'I'l(l') Y, 0) = noe—a‘”(I'F%) . 6_%(3’ a ) (459)
2050 PEreabsAeac T

Ny = 4.
0 heor/2m ( 60)

Ny represents the initial area carrier density em™ | per em of length in the z-plane

at the surface.

on(z,y,1)

D, e S nlz,y, )], (4.61)
on(z,y, )| o ‘

De dx o=t ==5 -n(z,y,t”z:g (4.62)

n{z,0,t) = n(z,a,t) =0 (4.63)

The impulse response is found through separation of the variables technique. Con-
volution of the impulse response with a square pulse of period 7' gives the response to

pulsed excitation during the decay as:

no(@,uyd) = A5 Am,noos(amz)sin(25) | ~(FLo+Da[(3E)P+e])t [e(fb,i,k +Da[(2E24e2, )T 1]

oy tDe () +e2,

Toulk

+Bm,nsin(ﬁmz)sm(£§i) ‘6—(,,;”‘ +Da[(%)’+ﬁ$n])t_ [6( i +Da[(%)2+ﬁ3n])'f _ 1“ (4.64)

szlxlk +Da [(%)2+ﬁﬂ

where the coefficients A, and B, , are given respectively by:

2
/a 6_5[ ’ ] sin[n—ﬁy]dy (4.65)
o

4 SN e~ "4~ [ . [amd] sh[ai”d}—i— o [Ozmd} . h[amdn
a= ——— N sin|——|cosh|——| + aycos sin .
m, 2) ImS 9 2 . 2

n= m [ﬁm co3 [ﬁ%d] siné [a;zd] — a;sin [%d] cosh [agld” .
/0 ’ 6_%[ ’ ] sin [@} dy (4.66)

and the coefficients o, and f,, are given by Equations 4.67, 4.68 respectively:
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cot (%) = DaSOlm (4.67)
tan (%—d) S f’” (4.68)

Typical carrier profiles as a function of time, resulting from this excitation function
are given for the & and y directions in Figures 4.19, and 4.20. The parameters used in

the model are 7 = 1ms, 0 = 0.5mm, S = 1ms™*, T = 1ms and d = smm.
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Figure 4.19: Normalised carrier distribution profiles in the x-plane resulting from lateral

and axial diffusion

The solution for the steady-state response to the gaussian illumination function is

given by integration of the impulse response over t = 0 to t = oo, giving:

Amncos(amz)sin(®L)  Bp psin(fBnz)sin( ™)

a a

Npss(T, Y) =;[ 1D, ()2 o2 r+Du(%E) + B

(4.69)

A graph of this for the above simulation, integrated over z to give the area carrier
density and showing the excitation function is shown for the y plane in Figure 4.21.
Figure 4.21 shows the importance of surface recombination velocity through its al-

teration of the shape of the diffused profile; a gaussian excitation function does not give
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Figure 4.20: Normalised carrier distribution profiles in the y-plane resulting from lateral

and axial diffusion

a simple function for the diffused profile. It is therefore important to graphically com-
pare measurements of diffused profiles in the experiments in Section 5.3.2 as opposed to

characterising them by say a 1/e? width.

4.4.2 Excitation using a uniform line excitation function

The solutions to a uniform line function illumination source are now given. The steady
state solution to this situation determines the extent of lateral carrier diffusion and
henée the resolution of an absorbing stripe generated on the modulator aperture. The
technique used to determine these solutions is through separation of the variables twice,

and then inserting the boundary conditions. The source function is given by the initial

conditions as:

n(xa Y, D) = Noe—am(:c—l-g) (470)

for § -6 <y < %46 or n(z,y,0) = 0 otherwise, where N is the surface initial area

carrier density in em ™2 per cm of length in the z-plane.
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Figure 4.21: Lateral diffusion profile resulting from gaussian line excitation

TPE:ccabs AAs';z:c Q;y]
N, =
° )

The form of the impulse response and pulse response is the same as that for the

(4.71)

gaussian line; the oy, and 8, coefficients remain the same, but the coefficients A, ,, and

B, become:

lﬁl\fe“ﬂzll_dsin(éﬂ)sin(ﬂ) . fognd oynd and\ . amd
Amn = dnm(a? + o) : [amszn( 2 )COSh( 2 )+amcos ( 2 )smh( 2 )]
(4.72)

a;d

_ 16Ne = sin(*mm)sin() ﬁmd) . a,:ud> . (ﬁmcl) (amd>]
B = dnr (B2 + o) [ﬁmcos( 5 sznh( > —ounSin 5 cosh 5
(4.73)

The solution to the steady state response for this source function is therefore given by
Equations 4.69, 4.72,4.73,4.67 and 4.68. The excitation function is shown schematically
in Figure 4.22.

A simulation of the steady state response for the line excitation is shown in Fig-

ure 4.23, showing also the excitation function.
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Figure 4.22: Square-line excitation function geometry

Figure 4.23 shows the extent of steady state lateral diffusion for two values of surface
recombination velocity. The diffusion profile for low S outside the excited region shows
an e~ dependence as expected from simple diffusion. At the edge of the excitation
(y = 0.6cm) the S = Ims™" curve shows an excess carrier density of 8.87 x 10¥%cm =2, At
a distance one diffusion length from this (0.081cm) the carrier density has dropped to
3.18 x 10" em™2, just less than 1/e of that at the edge of the excitation. The discrepancy
is due to the finite S used in the model. The implication of this in generating such
an absorbing line pattern is that the absorption inside the excited region will not be
uniform, a small variation in carrier density being due to lateral diffusion. However,
outside this region the area carrier density and hence induced absorption follows an
e ¥/l dependence. The definition of the absorbing edge is improved by using material
with a shorter bulk carrier lifetime, or material with a higher surface recombination
velocity (as demonstrated by Figure 4.21). Both of these techniques are at the expense
of higher optical power for the same level of absorption.

In the presence of a surface recombination velocity which gives a comparable recom-
bination rate to that in the bulk, carriers decay with a shorter diffusion length, and the
lateral carrier distribution profile is no longer fitted by a simple exponential curve. This

has implications in the fitting process used in Chapter 5.
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Figure 4.23: Line excitation function and resulting steady state diffusion profile

4.5 Three-dimensional (gaussian pulse)

transient diffusion model

This section presents the solution to the three-dimensional diffusion equation. This
models diffusion resulting from an excitation profile that is restricted in two directions,
and is generated by a gaussian circular beam or a square-shaped beam. Extension to

other excitation beam shapes is simple. For zero electric field the continuity equation in

three dimensions becomes:

on(z,y, z,1) &*n(z,y,z,1) 0®n(z,y, z,t) *n(z,y,2,t) n(z,y,2,t)
7 — Da ) J T3 Da 779 7 Da FJIYS _ bl bR
ot Oz? * ay? + 0z* Thulk
(4.74)

The boundary conditions in this case are given by Equations 4.61 and 4.61 but for

three dimensions, and:

n(z,0,2,t) = n(z,a,z,t) = n(z,y,0,t) = n(z,y,b,t) =0 (4.75)

This assumes carrier recombination at only the front and back surfaces, and that

no carriers reach the upper and lower sample sides. This assumption requires that the
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optical excitation width and carrier diffusion length are much shorter than sample lateral

dimensions.

4.5.1 Three dimensional diffusion: gaussian excitation

In this case the excitation is a two-dimensional gaussian function as shown in Figure 4.24,

The initial gaussian carrier distribution is given by:

z b I ] 2
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excitation 2N
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=X L
0 2 0 & -
oy Z Z o 2 - a2 X Hfilumination pattern
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Figure 4.24: Schematic of the three-dimensional time-dependent diffusion model for

two-dimensional gaussian illumination

L(¥—5 2 =42
'n,(:n,y, 0) = noe_aill(‘r+§) . e_f(y 3 ) . 6_%( 0'2) (4_76)

where Nj is the surface carrier density cm™ and o is the 1/e? width of the gaussian

power excitation profile. The impulse response is given by Equation 4.77.

ni Tz Lt Dafa2,+(25)2+(22)2] )t +

ni(z, 2,0 = Y [Am,n,ccos(amz)sin (—ag) - 8in (T) -e_(fbulk

B neSin(Bmz)sin (@) . Sm(cwz) . 6_(Tbi’k D[t P+ (] (4.77)
a
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The oy, and B, coefficients, common to both source functions, are given by Equa-
tions 4.67 and 4.68 and the A,,,. and B,,,. coefficients for the gaussian source are

given by:

16Ne "5 sin(22T) sin( %) . [amd and opd ond
A = msin %5 eosh [ #57] -+ oons 25 i [#5
n, abd(a -I-sz) sin| = cosh 5 + a;cos 5 |5t nh 5
b

[ AT A 2. m

a

16 Ne= 4 sin (822 sjn (2 : :
Bne= c sin( a )sin( 2 ) [ﬁmcos[ﬁg—d] sinh [oznd] — o8I [%} cosh[amd” .

SBA(PE, + o) 2 2
a pb 1 [ u—82 =L \2
/ / 3 L 15 )sm[@J -sin{mrz]dydz (4.79)
o Jo a b
Integration of the impulse response in Equation 4.77 gives the steady state response
as:
mmcos(amm) By o8B z) H . nMYy. . ,CTZ
nﬁs Y, v + o o sin(—)sin(——
Y,z ,ch[T+D )2 ) 1+D(,62 )+T)2 ( ) (b)

(4.80)
The temporal response is shown for two S values in Figures 4.25 and 4.26 for ., =
1ms, 6 = 0.5mm P = 0.5W e¢m™2, T = 1ms in the & direction. Figure 4.27 gives the
steady state response for the y direction for these two S values, showing the effects of
lateral carrier diffusion. As with the two-dimensional diffusion case, the effect of the
increased surface recombination velocity is to give a greater carrier density gradient at
the surface of the sample for time > T, and to significantly reduce the extent of lateral
carrier diffusion.
The effect of these models is seen in Section 4.6 which compares the situations of

two and three-dimensional diffusion.

4.5.2 Three dimensional lateral diffusion:
box-function excitation
This section gives the model for diffusion in three dimensions, and is a development of

the gaussian excitation case. The excitation is assumed as in Figure 4.28.

The initial conditions resulting from the box function excitation are assumed:
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Figure 4.25: Carrier distribution vs z for three-dimensional diffusion from gaussian

source; S = 1ms ™, 7= 1ms, ¢ = 0.5mm, T = 1ms and P = 0.5W em™2

for

n(z,y,z,0) = Noe"”‘f”(”:"'%) (4.81)
z—6<y<%+4,and %—fygyg%—l—'y, and Ny 1s given by:
i P rca sAewcT
N, = Zilt- Brood (4.82)

4~8

where v and § are given by Figure 4.28. The impulse response is the same as in

Equation 4.77, with the «,,, B coefficients as in Equations 4.67 and 4.68, but the

coeflicients A,, . and B, , . must be modified to:

Am,n,c -

Bm,n,c =

eind

64Ne 2
dner?(a, + o))

[ Yon()on(25)]

. md 3 d Olmd . (878 d
[ozmsm(az )cosh(a; ) + amcos( 5 )smh( 2” )] (4.83)
ey o () (B o ()]
dner?(B2 + ay) WA 2 b
Bmd\ . . /aud . (M) (Oémdﬂ
[ﬁmcos (—2—> sinh (T) — aysin 5 cosh 7 (4.84)
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Figure 4.26: Carrier distribution vs & for three-dimensional diffusion from gaussian

source; S = 10ms™), 7 =1ms, 0 = 0.5mm, T = 1ms and P = 0.5W em ™2

This model was considered for completeness to determine the effect of generating
such an absorbing pattern on the aperture. Its application is in generating square or
rectangular absorbing patterns that modulate specific regions of detector pixels. Prac-
tically, this pattern is difficult to generate and is not validated experimentally in this

work.

4.6 Carrier diffusion modelsl and their effect on the

modulator

This section has considered carrier diffusion models in one, two and three dimensions
which predict the modulator’s absorption in the steady-state and dynamic cases. To
optimise the level of absorption in the steady state, as high a value of bulk carrier lifetime
and as low a value of surface recombination velocity as possible are required. S is reduced
by etching, whilst the bulk carrier lifetime is fixed after crystal growth. Experiments
have therefore concentrated on using the highest purity germanium available, HPGe,

and the emphasis has been to reduce S to take advantage of the long bulk carrier
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Figure 4.27: Steady state lateral carrier distribution for three-dimensional diffusion from

a gaussian source for two S values

lifetime. Typical HPGe values of Ty in the order of 1ms provide an upper limit to the
modulator’s efficiency.

Chapter 3 assumed the bulk carrier lifetime and diffusion coefficient were constants,
providing the excess carrier density did not exceed ~ 107em ™2 and ~ 10"em ™3 for the
respective parameters in the presence of a 1ms bulk carrier lifetime. These assumptions
are validated using the steady state carrier distribution model for a semi-infinite sample
in Section 4.2.1. Figures 4.29 and 4.30 show the power density and surface carrier
density (cm™2) respectively as a function of S and Ty, required to give 5% ’off” state
transmission. Following Figure 4.3, the surface carrier density (at z = 0) is within 0.1%
of the maximum carrier density encountered during the steady ’oft’ state over a practical
range of S from 0 to 10ms~1.

Based on the assumptions of constant D, and 7y, Figure 4.30 shows the maximum

carrier density for reasonable values of § and Ty is 7 X 10'6em ™3,

The apparent
independence of the plotted carrier density on S occurs because these S values only
affect the shape of the steady-state carrier distribution profile within ~ 1um of the
surface. The surface carrier density is within 0.1% of the peak carrier density for these

values, producing the apparent independence. This was shown by Figures 4.2 and 4.3.
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Figure 4.28: Diagram of three-dimensional time-dependent diffusion model for two-

dimensional box-profile illumination

Using the Auger recombination coefficient of v3 = 10™3?em®s™! gives a minimum
Auger lifetime of 20.4ms. This has insignificant effect in the presence of the assumed
1ms SRH bulk lifetime. In any case, this carrier density only occurs for 5% transmission
with a bulk carrier lifetime of 100ps (Figure 4.30), where this Auger lifetime is even
less significant. Since the carrier density in the off state (5%) is lower than that which
causes a change in diffusion coefficient or the lifetime due to the Auger process, the use
of constant values for these parameters in this work is justified.

Initially this section predicted that a value of § = 3ms~! was required in the presence
of Tyux = 1ms to optimise the induced absorption. The effects of these parameters in
the modelled situations and on the modulator are now summarised.

During steady-state excitation of a finite sample, carriers recombine at both front
and back surfaces due to the finite S on real surfaces. Although S is reduced in practice
by etching, its effect at the back surface is minimised by increasing sample thickness until
the carrier density there becomes negligible. Simple theory suggests this is achieved by
making the sample a few diffusion lengths thick. The steady state model has quantified
this dependence, in Figures 4.7 and 4.7, showing that for typical germanium parameters a

sample thickness of 5mm is adequate to achieve this. An unreasonable sample thickness
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is required to significantly further-reduce the effect of back-surface S.

The effect of non-uniform excitation was shown by the two- and three-dimensional
models in Sections 4.4 and 4.5. During non-uniform steady-state illumination, lateral
diffusion reduces the definition of the absorption resulting from such an illumination
profile. The effect was shown to laterally ’spread-out’ the absorbing region. The ex-
tent of lateral diffusion increases with bulk carrier lifetime and reducing 5, altering the
profile’s shape, although in the presence of a high S and low Ty, the diffused profile
is much closer to that of the excitation profile due to reduced lateral diffusion. Conse-
quently, measurements of the diffused profiles are not fitted by simple functions and their
characterisation by, for example a 1/e? width is meaningless. In the presence of a low
surface recombination velocity the carrier distribution resulting from a square excitation
function is reduced by a factor of 1/e at a distance L; from the edge of the excita-
tion. In the presence of moderate S (> 5ms™*) the absorption profile has larger spatial
derivatives at its edges, but no longer decreases exponentially with lateral displacement.
The implication of this on experiments in Chapter 5, requires exact comparisons of the
modelled and measured profiles to enable the fitting of carrier parameters. The effect of

even moderate S was shown to further alter the lateral shape of the resulting absorbing
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Figure 4.30: Maximum carrier density (x10'cm ™) required for 5% ’off’ state transmis-

sion as a function of S and 75,

profile, showing that despite the preference for long bulk carrier lifetime to increase the
absorption, the definition of such an absorbing profile could be improved by the presence
of finite S. The effect of lateral diffusion in two and three dimensions is illustrated in
Figure 4.31 for the same material parameters and a gaussian excitation function.
Figure 4.31 shows the significantly-reduced extent of lateral diffusion in the two-
dimensional case compared to that in three dimensions. This effect is important, even
in the absence of surface recombination. Carriers diffusing in three dimensions generate a
sharper-definition absorbing profile than that resulting from two-dimensional diffusion,
such as that generated by a line excitation function. In the presence of a very high
surface recombination velocity the difference between these profiles is greatly reduced.
The modelled temporal-decay of carriers is important in determining the modulator’s
switching speed. During uniform excitation, the rate of switching-off the transmission
is controlled by the carrier generation rate, and is determined primarily by the excita-
tion power density. Following termination of the excitation the modulator’s maximum
switching rate is however controlled by the much slower process of one-dimensional car-
rier diffusion and decay. Initially carrier decay is fast since surface recombination affects

the high front-surface carrier density. The carrier distribution subsequently achieves a
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Figure 4.31: Carrier decay vs lateral displacement at the centre of two and three dimen-

sional absorbing profiles

stable shape, and the carriers decay with a time constant that depends on both bulk
and surface recombination. Generally speaking, the initial carrier decay rate is increased
by using a high surface recombination velocity, altheugh reduction of the bulk carrier
lifetime is necessary to increase the rate at which most of the absorption is switched.
However, the two effects are to a certain extent important during all stages of decay. The
difference in decay constants over these periods was shown by the difference in gradients
in Figure 4.10. The differences in these decay constants are used to fit S and 1 to
experimental data in Chapter 5 to validate this model. This temporal one-dimensional
diffusion equation is also used in Chapter 5 to extract these material parameters from
measurements of the microwave reflectivity following uniform optical excitation. Unlike
measurements of the transmission in the infrared, this technique has the additional ben-
efit of enabling the separation of bulk and surface effects. These models together enable
experimental verification of the assumptions that S and 7, were independent of the
levels of excess carrier densities encountered in the modulator, in Chapter 5.

An additional effect of diffusion in two- and three dimensions is to give different
effective lifetimes during carrier decay. For the same parameters, the absorption seen

looking along a line through the peak of the excited region shows a higher decay constant
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for the three-dimensional diffusion than that for two-dimensional diffusion, as shown in
Figure 4.32.
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Figure 4.32: Temporal decay of the area carrier density, modelled for one-, two- and
three-dimensional diffusion for the same parameters; S = 1ms™, Ty = Ims, T' = 1ms

and d = 5mm

Figure 4.32 shows the normalised area carrier density (proportional to the induced
absorption coefficient) decaying as a function of time in the three cases. Faster decay is
observed with increasing number of directions in which the carriers diffuse. The decay
constant for the distribution is given by the gradient of the lower graph in Figure 4.32.
The use of a low surface recombination velocity in the simulation ensures minimal change
in shape of the carrier distribution at the surface, so the decay constant for the one-
dimensional case is practically constant over time. For the two-dimensional case the
shape of the carrier distribution changes significantly over the first 0.25ms after the
excitation is extinguished, although a constant shape of carrier distribution is maintained
thereafter. For the three-dimensional case the decay constant is markedly different
during the initial 0.25ms after the excitation terminates, compared to that at longer
time values. The decay constant for large time is still affected by the ability of the
carriers to decay in three dimensions, as seen by its higher values. Effective carrier

lifetimes of 73645, 501 s and 127us are found in Figure 4.32 for the one-, two- and three-



Theory of modulator operation: carrier diffusion 113

dimensional cases respectively. This greatly affects the modulator’s switching speed,
since all calculations were made for 1ms bulk carrier lifetime material and a low (1ms™!)
surface recombination velocity. The effective carrier lifetime in these cases is therefore
not a simple function of the S and 7,5 parameters.

The effect of the different decay constants was observed practically during the exper-
iments, giving misleading results which were initially interpreted as evidence of a high
surface recombination velocity. When optical excitation was incident solely within an
aperture on the germanium surface, higher initial and large-time decay constants were
observed than when the germanium was excited uniformly. This shows the importance
of using the correct illumination function when predicting the modulator’s switching
speed, and that faster switching in long bulk carrier lifetime material can be achieved
in a practical device by using such an illumination source that is restricted in lateral
extent. Determination of the actual decay constant requires modelling with the exact

parameters.



Chapter 5

Diagnostic techniques and analysis

of results

Having developed various models in the previous chapter to predict the spatial and
temporal dependence of the carrier density and hence induced absorption coefficient,
experimental validation is required to verify the assumptions in these models and to
ensure the physical situations is correctly modelled. This chapter presents the experi-
mental techniques used to determine the performance of germanium test samples, which
are also used in Chapter 6 in optimising the induced absorption. The temporal depen-
dence of the absorption and microwave reflectivity following uniform excitation {rom a
pulsed laser source, and spatial dependence of absorption following continuous excitation
from a characterised spatial illumination function are measured in separate experiments
to validate these models. The microwave experiment enables the extraction of carrier
parameters for a given sample, and the validity of assumptions over these parameters
is demonstrated by their use in the other models which backup other experimental re-
sults. Additionally the depth of modulation in the 8 to 14um region is determined when
the samples are excited by pulsed optical excitation to determine the effectiveness of

etchants at reducing the fraction of carriers recombining at the surfaces.

5.1 Absorption diagnostics

IR Depth of modulation instrument design

The level of induced absorption in a continually excited sample can easily be measured
by FTIR spectroscopy. However, FTIR. is notoriously poor at accurately measuring

the transmission of strongly absorbing samples, especially when the sample surface is

114
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highly reflecting. Optically excited germanium falls into this category, and spectrometer
radiation reflected by the sampie back into the FTIR interferometer results in double-
modulation of the incident wavelengths. This introduces slowly-varying wavelength-
dependent changes in the measured transmission which are not easily accounted for,
requiring precise sample alignment to ensure reproducibility. Additionally, the presence
of a few mm thick germanium sample in the sample compartment of an FTIR that
is aligned for an air path, de-focuses the IR beam due to the reduced optical path
length, making accurate absolute transmission measurements difficult. Back-reflections
are reduced by tilting the sample in the sample compartment but this changes the optical
path length in the sample and steers the beam off the detector, further complicating
analysis of the results.

In experiments to optimise the induced absorption, germanium surfaces were etched
to reduce the surface recombination velocity. The chemical and reactive ion etching
processes necessitated use of laboratories remote from the fixed FTIR instrument. Fol-
lowing etching the induced absorption had to be determined after different amounts of
surface material were removed, in order to determine changes in the surface recombina-
tion velocity. This repetitive process required the construction of a portable instrument
to measure the induced absorption against a known level, and which would not be as
susceptible to the limitations of FTIR spectroscopy. The construction of this induced-
absorption instrument is now described.

Determination of the induced absorption in a sample requires measurement of the
infrared transmission in the unexcited and optically-excited states. To achieve this the
infrared transmission is measured first by modulation of the source with a mechanical
chopper, and secondly by pulsed optical excitation of the 880nm LED excitation during
continuous source illumination. The infrared source is a hot resistor emitting in the
8 to 14pum region. Part of the image of this large resistor is crudely focussed onto a
pyroelectric detector by a KBr lens after passing through the germanium sample which
is situated immediately behind an aperture. A bandpass filter restricts the range of
wavelengths incident on the detector, so the average depth of modulation in a given
spectral band is measured. The operation of the instrument is illustrated schematically
by Figure 5.1.

The system in Figure 5.1 operates in one of two modes. In ’calibration’ mode the
mean germanium transmission is determined. This is necessary due to variations in
surface quality after etching samples. Initially the germanium is removed from the in-

strument and the reference transmission signal is measured. The mechanical chopper
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Figure 5.1: Operational diagram of the induced-absorption instrument

interrupts the beam at 35Hz and the detector’s amplified signal passes through the
phase sensitive detector (PSD) where an optoswitch, aligned for 0° phase shift, pro-
vides the reference signal. The digital voltmeter (DVM) reading is recorded, giving the
100% transmission signal. Next the germanium is placed in the instrument and the
same process gives the germanium transmission signal. The optical filter passband of
6.63 to 15.5um gives the measured signal in this region as the spectral average of the
product of the emission from the 450° K black body hot source, and the transmission
of the filter, KBr lens and germanium. In ’operation’ mode the mechanical chopper is
stopped and the pulsed current source to the LED’s is operated. The reference signal
to the PSD with 0° phase shift is provided by the pulsed current source. The depth of
modulation is measured while the sample is excited by a pulsed fixed peak power den-
sity 880nm LED signal, and the PSD output voltage is again measured. The instrument
therefore measures the average excited-state transmission across the filter bandwidth.
This is representative of the real situation in a pyroelectric thermal imaging camera
where the average emission from a blackbody image is monitored. Having determined
signals proportional to the germanium transmission in the unexcited and excited states,
a figure of merit (FOM) which is proportional to the induced absorption as a spectral

average over the 6.6 to 15.5um region is determined using Equation 5.1. To account for
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instrament drift over time, a reference sample that is never etched is used as a bench-
mark to give a depth of modulation which is compared against the depth of modulation
attained by the etched sample. Intermittently the instrument calibration is verified by
placing the reference sample in the instrument. A FOM for the induced absorption
and a ’'relative FOM’ compared to the reference sample is thus determined from the

instrument readings. These are given by:

FOM = In (Avemge transmis‘sioln siqnal unew.cited) (5.1)
Average transmission signal ezcited
FOM l
Relative FOM = for sample (5.2)

FOM for reference sample

The instrument is shown schematically in Figure 5.2.
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Figure 5.2: Schematic diagram of induced absorption instrument

The signal to noise ratio from this system is now calculated to predict the minimum
detectable change in sample induced-absorption. Integration of the black body curve
over the filter passband of 6.6 to 15.5um gives the emifted power from the 200°C re-

sistor source as 149mW em™2.

Allowing for the collection efficiency of the optics and
optical component transmission, the power intercepted by the detector is 17.1uW. The

detector’s responsivity was 100V/W. In calibration mode the depth of modulation is
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100% and a signal of 1.71mV,, is given at the detector output prior to amplification.
Assuming the system’s noise to be detector-limited, the total noise within the PSD’s
1Hz bandwidth at this chopping frequency is 14nV, giving a signal to noise ratio of
1.22 % 105,

The minimum detectable change in sample transmission therefore gives rise to a
14nV signal in the 1Hz bandwidth. This enables measurement of an absolute change in
transmission of 0.8 x 1072%. The depth of induced-modulation as a function of excitation
power density is now used to demonstrate the adequacy of this. The depth of modulation
for a high bulk purity etched sample without AR coatings with 10W em™2 of excitation
at 980nm has been found to change the transmission from 47% to 5% at 10pm. This
gives an induced-absorption transfer function of 0.224 per W per em? at 10um. Allowing
for optical collection efficiency, component transmission and the wavelength-shift of the
excitation, the LED’s are predicted to give an absolute change in transmission of 1.2%.
With this absorption the signal to noise ratio is 1.2%/0.8 x 1073% = 1500 : 1. Although
the germanium transmission in the excited state is not uniform over wavelength over
the measured 6.6 to 15.5um band, the signal to noise ratio is still very high. Hence
at this level of absorption in high purity germanium there is no difficulty in accurately
determining changes in absorption. Much of the etching work to determine changes
in surface recombination velocity on germanium samples took place initially with low
bulk purity samples in which lower changes in transmission were induced. In these
experiments the much lower signal-to-noise ratio was still seen to give accurate results
with little noise. Typical results for the FOM values obtained are given in the next

section.

5.1.1 Experimental results using absorption diagnostics

The experimental results of etching samples to reduce their surface recombination ve-
locity are given here, and the background theory is outlined in Chapter 6. In summary,
etching is used to reduce the surface recombination velocity through removal of the
mechanically-damaged surface which occurs during polishing, and through the termi-
nation of the surface with a uniform oxide, which bends the energy bands upward as
described in Section 3.2.2. This results in a pronounced increase in the excited steady-
state carrier density since optically-excited carriers are generated so close to the front
sample surface. The change in transmission induced by pulsed excitation of the sample
at 35Hz is sufficiently fast to give a PSD signal which is proportional to the depth of

modulation in the steady state as a spectral average over the filter passband.
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The instrument was used to determine the depth of modulation of mechanically-
polished samples, and their induced absorption was calculated by the FOM. It was
essential to etch samples for them to show any optically-induced absorption whatsoever.
The experiment uses a wide range of chemical, electrolytic and reactive ion etch tech-
niques with samples of different purity to determine the FOM achieved after progressive
etching. The etch rate and hence depth of material removed during each etch period
was determined by masking a test sample. Repetitive etching of a sample for fixed short
periods removed layers of polish-damaged germanium, reducing the surface recombina-
tion velocity. Determination of the FOM using the instrument showed the improvement
after each etch period. Mechanical polishing physically disturbs the surface to a depth
ten times the particle size uséd in the final stage of polishing [102], giving a predicted
damage depth of up to 3um. Fractions of this damaged layer were removed during each
etch period to see the effect of progressively reducing the surface recombination velocity.

The FOM, or depth of modulation attained, was expected to steadily increase with
removal of the damaged-layer until it was completely removed and the surface recom-
bination velocity reached a minimum for that particular etch. At this point the depth
of modulation attained wounld be limited by the recombination of carriers in the bulk,
further material removal causing the depth of modulation to plateau. If two surface
effects occurred during etching, such as the removal of the damaged layer and its subse-
quent termination, two depth-of-modulation plateaux might be observed. The surface-
termination plateau may occur after removal of a thin layer of surface material, and
the damaged material plateau may occur after a thicker layer of ~ 3um. Three typical
graphs showing the relative FOM from Equation 5.2 vs depth of material removed are
shown for different etchants (detailed in Appendix B) in Figure 5.3

Figure 5.3 clearly shows the presence of only one plateau on each trace. This occurs
well-before removal of the 3um polish-damaged layer, and was typical for wide range
of etchants used, indicating that one process dominates in determining the maximum
depth of modulation attained. Since this plateau occurs before the damaged layer is
completely removed, it is the surface termination that is more important in giving a
low surface recombination velocity than the quality of the surface, after a thin layer of
material has been removed. The absence of a second plateau after 3um indicates the
relative unimportance of the surface damage after its termination. Complete results for
both wet and dry etch techniques are presented in Chapter 6, in optimising the induced

absorption.
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Figure 5.3: Relative FOM for two samples vs total depth of material removed

5.2 Temporal diagnostics: CO, laser probe

This section reports an experiment to determine the temporal change in sample trans-
mission in the 8 to 14um region when absorption is induced by a spatially-uniform
optical pulse. This is used to validate the temporal response model for one-dimensional
diffusion in Section 4.3.1. This required an infrared beam to probe the excited region
during carrier excitation and decay. Determination of the induced absorption at a spot
wavelength is preferable to that over a wider spectral region (such as from a filtered
black body beam) since it provides validation of the model at a wavelength at which
the hole absorption cross section is known. This is quoted in the literature for 10.6um,
a common CO, laser wavelength, and is also used here. The use of a laser beam probe
has the advantage of probing a small cross sectional area, although its coherence results
in interference between reflections from the germanium-air interfaces. The strongly
temperature-dependent refractive index of germanium in the presence of temperature
changes significantly alters the transmitted intensity, complicating analysis of transmis-
sion measurements. Tilting the sample reduces the effect of multiple internal reflections
but measures the transmission off normal incidence. However, if transmission measure-

ments are made at normal incidence over a short time, prior to which the sample has
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attained a steady temperature from the optical excitation, then subsequent temperature
changes are very small and have negligible effect on the transmission.

The temporal transmission of various samples was measured during pulsed optical
excitation from a fixed peak power density (10W e¢m™2) 1ms pulse at 880nm using a CO,
laser probe beam and Thermo-Electric (TE) cooled Mercury Cadmium Telluride (MCT)
detector. The MCT detector was used primarily due to its fast temporal response.
Although a pyroclectric detector may be configured for fast response at the expense of
responsivity, a much higher power at 10.6m probe wavelength is required to give a high

signal-to-noise ratio. The experimental setup is shown in Figure 5.4.
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Figure 5.4: Experimental setup to determine temporal change in transmission

The depth of modulation in Figure 5.4 is calibrated using the mechanical chopper
with the germanium in place. In the absence of the 980nm optical excitation, this gives
the 100% depth of modulation signal . Subsequent transmission measurements with
the chopper halted and the germanium optically excited are then scaled to this 100%
signal to give the % transmission. It is essential that the optical excitation uniformly
excites a region several diffusion lengths around the area sampled by the CO, probe
beam. Excitation of only the probed aperture gives rise to lateral diffusion during carrier
decay, which is not modelled by the one-dimensional diffusion equations in Section 4.3.1.

Lateral diffusion occurs (Section 4.5) during apertured excitation in the presence of a
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significant lateral excitation power density gradient. Lateral diffusion is modelled by the
latter equations in Chapter 4, although accounting for this unnecessarily complicates

simulations which already require considerable computation time.

5.2.1 Experimental results using CO, laser probe

Three etched samples of different bulk purity and surface properties were used in the
temporal transmission experiments described here, in the spatial carrier distribution ex-
periments, and the microwave experiments described in the next two sections to provide
continuity between results. The sample properties were tested in the centre of each face
to avoid effects associated with enhanced carrier recombination at the sample edges.
The transmission was monitored as a function of time using the setup in Figure 5.4,
and is given in Figure 5.5. The carrier decay constant (1/7. fective) Was then determined
using Equations 5.3 and 5.4. Ignoring multiple reflections, the transmission is related to

the absorption to a good approximation by Equation 5.3:

T(t) = Tye > (5.3)

o(t) o N,ppg Telffective (5.4)

Where N,,., is the area carrier density and the constant of proportionality is the hole
absorption cross section at 10.6um. As shown in Figure 4.10, Section 4.3.1, the carrier
decay constant is given by the gradient of the In(a(t)) curve, which in the presence of a
high surface recombination velocity is initially steep, reducing with time to a constant
gradient once the carrier distribution reaches a stable shape. The transmission nor-
malised to the unexcited state transmission, and accompanying (n(a(t)) vs time graphs
are shown in Figures 5.5 and 5.6 respectively.

The important region of Figure 5.6 is the decay period, for time > 1.0ms. This
shows the predicted slightly faster initial decay constant and its subsequent reduction to a
constant value, The gradients during these two stages of carrier decay are similar to that
predicted for low surface recombination velocities in Figure 4.10. A smaller difference
in gradients indicates a lower surface contribution to the total carrier recombination
rate. The initial and later, constant, effective lifetimes are calculated from the decay
constants using Equations 5.3 and 5.4 by measuring the gradients of the above graphs
and are shown in Table 5.1.

Since the final 7.ffetive reduces with reducing bulk carrier lifetime and increasing
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Figure 5.5: Transmission of samples at 10.6pum following optical excitation by a 1.0ms
pulse of 5W em™2 at 980nm

surface recombination velocity, longer effective lifetimes are expected in samples which
attain a higher depth of modulation, and this is seen in Figure 5.6. Since this experiment
measures transmission, the effects of surface and bulk recombination are combined in
both the above effective lifetimes. The separation of bulk and surface effects requires an
alternative technique to eliminate one of the effects. This is achieved practically when
one effect dominates, so if surface recombination were negligible, the bulk lifetimes would
be given by the final 7.t feetive above, and this would equal the initial 7of fective. In the
Haller sample it is likely that the bulk carrier lifetime is low, so the effective lifetime is
dominated by bulk recombination. In the two EGG samples the bulk lifetime is much
longer, so both surface and bulk effects determine the effective lifetime. Separation
of the bulk and surface recombination effects is achieved by the techniques in the two
following sections, which subsequently validate the carrier distribution model.
Although neither the initial or final decay constants are unique functions of S and
Thulk, these decay constants were plotted and the two unknown parameters, S and Ty,
were solved-for graphically. The time-dependent one-dimensional diffusion model was
used to simulate the initial and final effective carrier lifetimes as a function of the S

and 7y, parameters, for the two effective lifetimes independently. The best fit param-
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Figure 5.6: Variation in decay constant with time for graphs in Figure 5.5

eters occurred at the intersecting point of the two effective lifetime dependencies. The
dependence of the two lifetimes on S and 7y is shown graphically for Sample 2 face 2
in Figures 5.7 and 5.8. The decay constant (s™) (reciprocal effective carrier lifetime in
Table 5.1) is plotted in the two figures.

Figure 5.7 gives the predicted initial decay constant (s~') for sample EGG2, showing
detail for the extraction of the face 1 initial decay constant of 2390571, The S and Ty
parameters corresponding to this decay constant occur along the light blue line (fourth
bar up). The yellow (top left) and dark blue (bottom right) portions of the graph mask
further similar curves and are filled-in to highlight the important inner region. Figure 5.8
shows the dependence of the final decay constant for this sample thickness, giving detail
for extraction of the EGG2 face 1 final decay constant of 15505~t. The light blue line
(fourth bar up) corresponds to this value. When overlaid, the marked intersecting point
of these two light blue lines gives the fit parameters which are shown in Table 5.2.

For the thinner Haller sample the two modelled decay constants showed near-parallel
r-shapes in the above figures as opposed to the intersecting lines seen in the figures.
For this sample the intersection occurred over a wide range of S and Ty, parameters,
showing that the technique is not accurate for thin samples with high rates of surface

and bulk recombination. The similar results for the bulk carrier lifefime for each sample
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sample surface initial Teifeerive final Tepfecrive

us 1s

EGG1 1 468 782
EGG1 2 495 749
EGG2 1 480 669
EGG2 2 453 735
Haller 1 91 196
Haller 2 79 186

Table 5.1: Initial and final decay constants for carrier decay in three samples for both

surfaces
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B 2600-2700
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13 2300-2400
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N
B 2000-2100
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Figure 5.7: Decay constant dependence on S and 7y, for initial 7, fective showing best-fit

point of intersection

in Table 5.2 show the accuracy of this technique for these particular values of S and
Teulk. Lhe S parameter was not expected to be identical for all samples, despite use of
the same etchant, based on its known variability following wet chemical etching (Section
6.1.3). The S and Ty results from this experiment are compared with those extracted

from other experiments in Section 5.5.

5.3 Lateral diffusion diagnostics: blackbody probe

The models developed in Section 4.3 predicted the carrier distribution following optical
excitation by a gaussian line of carriers, or by a circular gaussian illumination function.

The present section gives the experimental results for the absorption profiles result-
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Figure 5.8: Decay constant dependence on 5 and 7y for final 7 fective showing best-fit

point of intersection

sample surface fitted Ty ps fitted S ms™?

EGG1 1 1390 2.8
EGG1 2 1280 2.5
EGG2 1 1140 3.0
EGG2 2 1290 3.0
Haller 1 no fit no fit
Haller 2 850 9.5

Table 5.2: Parameters extracted from the initial and final lifetimes during temporal

carrier decay

ing from three-dimensional carrier diffusion during continuous generation by a circular
gaussian-like source from an optic fibre. These are compared to the modelled sitnation
using the carrier parameters extracted from the temporal carrier-decay measurements,
given in Table 5.2.

The sample is optically excited by a collimated optic fibre source at 980nm. The
resulting lateral carrier distribution is measured via the transmission of a filtered fo-
cussed black body beam probe, which is scanned across the sample to determine the
transmission as a function of position through the peak of the excitation’s power profile.
The filtered black body beam has a much wider spectral and physical width than a CO,
laser probe. However a CO; laser is unsuitable in this experiment which takes up to an

hour to scan a 15mm width sample. Over this period, temperature and hence refractive
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index variations, especially in the excited-surface region, cause interference fringes that
are not easily accounted for. More importantly, inevitable variations in sample thick-
ness across the scanned region cause interference fringes which complicate transmission
measurements. This is avoided by using antireflection coatings or a wedged sample,
but the required wedge angle is destructive to the sample, and the application of AR
coatings is time-consuming. Therefore a blackbody probe beam is more appropriate in
this experiment, and the effects of its physical width and finite optical bandwidth are

accounted for. The experimental setup is shown in Figure 5.9.

/‘\
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y displacement transducer
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Pyro detector 980nm fibre source ' Fved
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fixed plane

A
y { motor-driven micrommeter {y)

Figure 5.9: Experimental setup to determine extent of lateral diffusion

In Figure 5.9 the continually-excited sample is scanned in the y direction across the
fixed chopped black body probe beam and the transmission Torsited(y) 1s determined by
the pyroelectric detector and PSD. The transmission measurement is repeated with the
excitation source extinguished, giving a reference transmission Tynereitea(y)-

The 3D carrier diffusion model in Section 4.5.1 predicts the carrier distribution during
steady state optical excitation by a known source function as a function of lateral position
y and axial position z, along a line z = b/2 through the excitation peak. Integration
of the volume carrier density n(z,y) over z gives the area carrier density, nure.(y),
enabling calculation of the transmission at wavelength A using Equation 5.5 and the

experimentally-determined absorption cross section as a function of wavelength a()\).
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(1= R)? - o) narectt
1 — R26—2Aa()\)'na,-m(y)

T(y,\) = (5.5)

5.3.1 Effects of the blackbody beam on the experiment

In addition to the spectral dependence of the absorption of excited germanium, the
spectral emission of the 900°C blackbody power, BB()), and the spectral transmission
functions of the optical components in the experiment’s beam-path determine the power
spectral density incident on the detector. In the optical setup in Figure 5.9 the bandpass
filter has extreme cutoff limits of 6.63m (A1) and 15.5um (A2), over which both the KBr
lenses and unexcited germanium have constant spectral transmittance. However, the
filter transmission function, Filter(\), has passband ripples which must be accounted for
in determining the detector’s response. The pyroelectric detector, with constant spectral
sensitivity, gives a response (Signal) proportional to the incident power, averaged over

wavelength. This is given by:

P A
Signalgeciealy) = 3 /A "BB()) - T(y, \) - Filter(X)d\ (5.6)

P is a constant scaling factor given by the absolute values of blackbody power, lens
transmission and detector sensitivity. The signal in the unexcited state is given by
Equations 5.6 and 5.5 with ngyeq(y) set to zero. The transmission spectrum Filter())
was determined using a spectrophotometer.

The blackbody beam has a finite spatial width described by B B(y), its spatial power
profile at the spot sampling the transmission on the germanium surface. When a sharp
absorbing edge is scanned across the blackbody beam, the transmission profile mea-
sured by the experiment is smeared-out in the y direction. This must be accounted
for to accurately predict the lateral y width of the absorbing region in the germanium.
Equation 5.6 predicted the detector signal at a point y on the sample. The blackbody
power measured at the detector is given (Equation 5.7) by a convolution-like function,
which is the integral of the product of the blackbody’s spatial power profile and the

Signal function (Equation 5.6) as the blackbody is scanned across the absorbing region

in the y direction.

Pruciei(y) = [ Signalpsasi(x) - BB(y — X)dx (5.7)

The exponential dependence of transmission on area, carrier density alters the shape of

the area carrier density profile, producing a transmission ratio profile which is broadened
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more at its widest point than at its narrowest. The blackbody’s spatial power profile
BB(y) was determined by measuring the visible spatial emission profile of the 900°C
source using a CCD array camera, and assuming it to be the same as the spatial IR
profile. The measured profile was found empirically to fit the product of a Gaussian
and Lorentzian function, given by BB(y) with ¢y = 0.81mm. The blackbody and laser

excitation power distribution profiles are shown in Figure 5.10.

(5.8)
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Figure 5.10: Measured spatial power profiles of the blackbody and laser excitation

Verification of the blackbody profile was achieved by scanning a metal strip of known
thickness across the blackbody beam and comparing the profile predicted by FEqua-
tion 5.7. The measured and fitted transmission profiles for a spatially square absorbing
function are shown in Figure 5.11, in this case for a strip of razor blade of width 1.94mm.

The agreement of the fit in Figure 5.11, in addition to that for several other widths
of absorbing razor blade strips gave confidence that lateral smearing of the measured
transmission profile was accurately accounted for by this value of oy in the convolution

process.
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Figure 5.11: Measured and predicted absorption profiles resulting from scanning a razor
blade across the blackbody beam

5.3.2 Experimental results: lateral diffusion

This experiment measures the lateral transmission profiles during constant excitation
by a near-circular power distribution function from a laser beam using the setup in Fig-
ure 5.9. The normalised transmission as a function of lateral position y is calculated as
the ratio of the transmission in the excited to unexcited states. The measured transmis-
sion is an average over the filter bandwidth, thus the transmission at 10um is lower than
shown by these graphs. The normalised transmission profiles are given in Figures 5.13
to 5.18 for both faces of the same three samples used in the temporal measurements.
These figures also show the predicted transmission profiles using the convolution tech-
nique in Equation 5.7, which uses the lateral three-dimensional diffusion model to predict
Tarea(y). Profiles are shown for the extracted carrier parameters in Table 5.2, and for
S = 3ms~! and low values of Ty;. The power distribution of the excitation laser beam
distribution is slightly elliptical due o non-normal incidence on the germanium and to
a good approximation is treated as circular. This was measured along a line y through
the peak of the emission profile using a linear silicon CCD array camera, and 1s shown

in Figure 5.12.
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Figure 5.12: Scan through the peak of the 980nm excitation profile, and the fitted profile

The measured power excitation profile in Figure 5.12 is a rapidly spatially-varying
multimode function. This was Fourier-transformed and the high frequency harmon-
ics were removed to determine an average power distribution profile, shown by the
’smoothed’ excitation profile. Various functions were fitted to this smoothed profile to
obtain the best fit function and its parameters.‘ The smoothed function was well-fitted by
the product of a Gaussian and a Lorentzian power distribntion function (Equation 5.8)
shown in the figure, with 63 = 1.84mm and centred in the middle of the sample, y = a/2.

The steady-state solution to the three-dimensional diffusion equation in Section 4.5.1,
with this particular source function was used to determine the area carrier density
Narealy) through the centre of the excitation, z = b/2, enabling calculation of the trans-
mission ratio profiles in Figures 5.13 to 5.18.

Figures 5.13 to 5.18 show lateral carrier diffusion altering the measured absorption
profile from the power profile incident on the sample surface. Due to the non-abrupt
excitation profile, determination of the carrier diffusion length is not given by a sim-
ple function by looking at Figures 5.13 to 5.17. As expected, lateral diffusion is more
pronounced in the case of the longer bulk carrier lifetime EGG1 and EGG2 samples.
However, the extent of lateral diffusion measured by the experiment is much less than

that predicted using the bulk carrier lifetime and surface recombination velocity pa-
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Figure 5.13: Laterally convolved excitation function, measured and predicted induced

absorption profiles for sample EGG1 face 1

rameters extracted from the temporal measurements. The fact that the shapes of the
functions are dissimilar is suggestive of incorrect parameters, but no combination of S
and Ty, parameters were found to satisfactorily fit the measured data. The shape of
the profile is incorrect for simulations with low bulk carrier lifetime.

The above experiments were repeated many times to verify the discrepancy between
modelling and the experiment. The sources of experimental or modelling error were
rigorously checked, but none could account for the level of discrepancy observed. With
hindsight from the microwave modelling (Section 5.4) and its experimental results, con-
fidence existed that the "fit’ bulk carrier lifetime and surface recombination velocity
parameters used in the present simulations were reasonable. The areas investigated for
errors are now summarised.

Calibration errors: Linear displacement transducer on translated platform: microm-
meter reading on travelling-tables ensured the automated transducer gave accurate read-
ings. Silicon CCD beamscanner used to measure the excitation diode laser profile: beam
width measurement verified by measuring an aperture of known width. Laser excitation
power variation: Power meter used to ensure negligible drop in laser power over two-hour

period of experiment.
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Figure 5.14: Laterally convolved excitation function, measured and predicted induced

absorption profiles for sample EGG1 face 2

Ezxperimental errors: The same region was measured on all samples to ensure any
(unlikely) sample inhomogeneities were unimportant. Optical errors: germanium in
the optical path instead of air, causing a beam-steering effect. This was verified by
accurately measuring the width of thin metal strips on the germanium surface using the
blackbody probe technique, simulating the absorption resulting from optical excitation
of the germanium. This gave confidence that the blackbody beamwidth was accurately
known. Time-dependent effect: room temperature-drift effects were verified by making
transmission measurements at a fixed point on a continually-excited sample and showed
negligible change over time. Divergence of laser beam affecting measurement of its profile
width: divergence was measured as insignificant.

Modelling errors: Model parameters were verified, and the simulated extent of lateral
diffusion was reasonable in the absence of very high S.

Real effects: Thermal lensing of the germanium: heating of the sample by the ex-
citation causing a change in refractive index. Temperature gradients are very low due
germanium’s high thermal conductivity. There was no difference in the measured trans-
mission when free-standing, and when a nitrogen jet cooled the sample surface during

excltation.
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Figure 5.15: Laterally convolved excitation function, measured and predicted induced

absorption profiles for sample EGG2 face 1

Is the surface recombination velocity excitation-intensity dependent? Measurements of
the absorption profiles with half the excitation power as in above figure gave normalised
absorption profiles which, when scaled, overlaid those in the above figures, showing that
unless a saturation effect occurred, § and 7,5 were not strongly linked to the excitation
intensity. This gave confidence that carrier dynamics occur in a linear regime and that
any effect of lifetime-dependence on carrier density is insignificant.

The parameters which gave a reasonable fit are shown in Table 5.3, although these
are only rough parameters that do not accurately model the measured profiles. They
are given to highlight the discrepancy between results from the temporal and, later, mi-
crowave reflectance techniques. A surface recombination velocity of 3ms™! and 10ms™!
for the EGG and Haller samples respectively is used in the table. These values were close

! is reasonable after etching,

to those given by the two other techniques. S =~ 3ms~
based on the literature.

The large discrepancy between the model parameters that gave a reasonable fit in
Table 5.3 and those extracted from experiments using the temporal and (later) microwave
reflectance techniques shows that a significant and real effect, unaccounted for by the

model, occurred with the lateral diffusion experiments. It is concluded that this is due
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Figure 5.16: Laterally convolved excitation function, measured and predicted induced

absorption profiles for sample EGG2 face 2

to a reduction in carrier mobility close to the surface due to enhanced surface scattering.

The energy band diagram is bent upward at the excited germanium surface by the

adsorbed species and oxide layer left by the etching process, as described in Section

3.2.2. The reduction in surface recombination velocity is due to the upward-bending

of the energy bands. This increases the physical separation between conduction band

electrons and energy levels of fast surface states which act as recombination centres,

reducing the probability of electron transitions via these centres at the surface, as shown

by Figure 3.4. However the upward bending of the energy bands creates a potential well

sample surface fitted mpy ps fitted S ms™!
EGG1 1 100 3

EGG1 2 100 3

EGG2 1 100 3

EGG2 2 100 3

Haller 1 <25 10

Haller 2 < 2b 10

Table 5.3: Lateral diffusion profile model parameters
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Figure 5.17: Laterally convolved excitation function, measured and predicted induced
absorption profiles for sample HALLER face 1

at the surface which confines holes. Carriers generated near the surface by the optical
excitation move laterally and axially into the germanium. Carriers moving axially are
affected by both diffusion and drift due to the electric field resulting from the band
bending in this direction. Under moderate excitation levels (only within the excited
region) the hole states in the potential well are easily filled by the excitation, and axial
diffusion due to the concentration gradient of the excess holes takes place. At the same
time the electrons move axially by both drift (from the band-bending electric field) and
diffusion (from the axially-decaying optically-excited carrier distribution). The net effect
is to enhance the rate at which both electrons and holes move axially into the sample,
reducing the recombination rate at the surface as the carrier plasma preferentially moves
away from the excited surface. The effect of this enhancement of the axial rate of plasma
movement is accounted for by the surface recombination velocity in its reduction in the
recombination current flowing to the surface. This is modelled by theory as simply a
diffusion process but is achieved practically (following etching in any case) by both a
diffusion and a drift process through bending of the energy bands. The carriers that move
laterally are now considered. Carriers generated by the optical excitation have a lateral

concentration gradient, the effect of which is modelled by the three-dimensional diffusion
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Figure 5.18: Laterally convolved excitation function, measured and predicted induced
absorption profiles for sample HALLER face 2

model. However, this assumed a constant homogeneous diffusion coefficient. Optically
generated carriers have a high concentration within an absorption depth (~ 0.5um) of
the surface. If the energy bands are bent over this region, holes diffusing laterally outside
the excited region, experience a macroscopic force toward the surface potential well. The
absence of carrier generation outside the excited region means the well is not filled and
so axial diffusion is reduced. If a carrier’s mean free path is similar to the width of the
potential well, enhanced surface scattering is effective at reducing the carrier mobility in
the potential well [103]. Since this is more important to the laterally-diffusing carriers,
this process leads to an inhomogeneous diffusion coefficient, which is higher in the axial
direction than the lateral. A homogeneous diffusion coefficient is assumed by the models
in Chapter 4. The condition for reduced lateral diffusion is now evaluated to show ifs
importance in the experiments.

If the surface energy band diagram in Figure 5.19 is assumed, where the surface
charge density in the ambient is equal to that in the potential well, n, and ng are the
volume carrier concentration at the surface of the germanium and in the bulk respec-
tively, gV is the energy difference of the band bending at the surface.

This discussion initially determines the mean free carrier path length for electrons and
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Figure 5.19: Energy band diagram of n-type germanium at the excited surface

holes. This is shown to be small in comparison the length L. over which the potential
well exists from the surface, showing that surface scattering is important. The reduction
in carrier mobility in the potential well is then quantified from theory [103]. Finally, the
mobility reduction is shown fo be significant in the presence of optical excitation levels
used in the modulator.

The carrier’s average thermal velocity is given by equating the carrier kinetic energy
(1/2m®m?) with the thermal energy (3k7/2). Use of the carrier mobility Equation 5.9
gives the time between collisions, enabling calculation of the mean distance between

collisions.

Tscatter
Lenh = G — (5.9)

If the room-temperature bulk mobility of 3900 and 1900cm®/V's is used for electrons
and holes respectively, the maximum mean distances between collisions are 89.6nm
and 66.7nm for electrons and holes respectively. Solution of Poisson’s equation at the

surface [30] gives the depth of the surface potential well as:

%Teoer
Lyett = 1| = F (5.10)
q°Ng
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where ¢ is the permittivity of free space and er, is the relative permittivity of germa-
nium, 16.0. A well width of L,.; = 1.38um is calculated for intrinsic germaninm; much
longer than the inter-collision scattering distance. Therefore in intrinsic germanium the
surface mobility is affected by enhanced surface scattering. The degree to which this
is affected is given theoretically by Schrieffer [103], and depends on the level of surface
energy band bending (qV;). Experiments varying the contact potential (¢V;) on ger-
manium [104] surfaces by using various gaseous ambients showed this could be changed
by 18kT/q by bubbling oxygen through water and passing it over the sample. Using
this level of band bending as an extreme case that may be achieved by a low surface
recombination velocity etch, the predicted [103] ratio of surface (goury) to bulk mobility
is 0.28, and this ratio increases toward unity with increasing carrier density. The lateral
diffusion length in this direction therefore decreases by a factor ,/lisur; = 0.53 com-
pared to that in the bulk. The surface adsorbed charge density (1445, ¢m™?) required to

support this surface potential is now calculated from the solution to Poisson’s equation:

2 s
Miags == ,/—60“"0‘/ (5.11)
q

For intrinsic germanium this gives a surface charge density of 1.4 x 10'°%ecm™2, which
is reasonable since germanium has a surface atomic density of 3 x 10"em~2. This
corresponds to an adsorbed atom in every 21000, each giving rise to one unit of charge.

The above calculations considered intrinsic germaninm. However the experimental
situation involves much higher carrier densities in optically excited germanium. In op-
tically excited germanium the Fermi level splits into two quasi Fermi levels: one for
electrons and one for holes. These move toward the conduction and valence bands
respectively nnder increased optical excitation, and are situated within £7'/q of the re-
spective bands at the point of degeneracy. Degeneracy begins at a carrier density of
~ 10*em™3. As the optical excitation is increased the band bending at the surface
reduces. The Fermi levels of the surface ambient and bulk material no longer align as
the slow surface states giving rise to the surface charge density (with lifetimes in the
order of hours or more) are no longer in equilibrium with the bulk germanium, so the
conduction and valence bands flatten. This is predicted by Equation 5.11, which shows
that an increase in bulk carrier density (ng) causes a reduction in surface potential dif-
ference to maintain a constant surface charge density. At a uniform bulk carrier density
corresponding to the onset of degeneracy (no = 10'%cm™3) the surface charge density
required to maintain the 18kT/q surface potential is 9.07 x 10'2crn~2. This corresponds

to a 3% covering of the surface germanium atoms with unit charges. At this bulk carrier
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density the well depth L, reduces to 2.14nm, which is less than the mean distance
between collisions, assuming Maxwell-Boltzmann statistics still apply a the onset of de-
generacy. Hence a reduced mobility due to surface carrier scattering does not occur at
very high bulk carrier densities. For the well depth to be equal to the mean free path
for carriers, 89.6nm for electrons, the maximum bulk carrier density (Equation 5.10) is
5.7 x 10"em ™2, The assumption made here is that of a uniform bulk carrier density. In
practice the axial steady state carrier distribution following continuous excitation has
been shown (Chapter 4) to be exponentially decaying with displacement from the sur-
face. Since the bulk carrier density several tens of microns from the surface is much lower
than that at the surface, the maximum surface free carrier density in the germanium
at which the reduced mobility due to enhanced surface scattering occurs should be up
to an order of magnitude above this. Additionally, the region where the carriers diffuse
laterally is outside the optically-excited region. Here much lower bulk carrier densities
exist, so the lateral mobility still remains low, and this is the region where the reduced
diffusion appears to be taking place.

It is therefore concluded that in the presence of a low surface recombination velocity
that is achieved through surface energy-band bending, such as etching, the lateral dif-
fusion coefficient is reduced. This is due to a reduction in surface mobility arising from
enhanced carrier scattering over distances shorter than the width of the potential well.
In the presence of optical excitation the enhanced carrier density reduces the width of
the surface potential well compared to a carrier’s mean free path, and the mobility due
to surface scattering is only slightly reduced from its bulk value. Outside the excited
region the surface potential well is much deeper, and therefore on average more holes
collide with the surface and the mobility is more strongly reduced. The net effect of
this is to give an inhomogeneous diffusion coefficient which is highest axially within the
excited region, and lowest in a lateral direction outside the excited region. The effect of
this on a carrier distribution resulting from gaussian optical excitation is to narrow the
lateral profile in a region of intense optical excitation, and to reduce the extent of lat-
eral diffusion outside the excited regions. This explains the measured diffusion profiles
in Figures 5.13 to 5.18 which are narrower than predicted (for homogeneous diffusion)
within the intensely-excited region although are more-readily fitted by low bulk carrier
lifetime at the base of the measured functions where lower level excitation exists. The
reduction in diffusion coefficient has'the same effect on lateral diffusion as a reduction
in the lifetime. The lifetime in the lateral direction however does not change due to this

effect, which only alters the extent of lateral diffusion, and carriers still recombine with
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the surface lifetime.

Evidence for a reduced surface mobility has been observed through measurements of
the Hall mobility in thin samples [105] [106]. The Hall voltage and resistivity of a cleaned
n-type germanium sample placed in a vacuum was measured as oxygen was admitted
to the system. The initial high conductivity due to the p-type surface was reduced
as the increase in oxygen adsorption reduced the surface potential. Eventually the
surface energy bands became flat. The calculated Hall mobility increased throughout
the experiment, reaching the bulk value for the flat-band condition. The results are
in qualitative agreement with Schrieffer’s predictions [103]. More recent experimental
evidence analysing the limitations of MOS structures [107] also supports the theory of a
reduced surface mobility. In this case the channel mobility is varied by the applied gate
bias. No literature covering the lateral diffusion coefficient following optical excitation
such as that in the present experiments could be found. One reference [108] details an
elaborate technique using pulsed optical excitation to generate a series of parallel lines
of carriers on a silicon surface, and probing the temporal decay of the diffusing carrier
profile parallel to the lines of carriers using a HeNe laser directed through the edge of
the bulk sample. However, the primary purpose of that experiment was to measure the
diffusion coefficient as a function of injected carrier density, and therefore the sample was
probed in its centre to avoid the surface effects of interest here. The diffusion coefficient
was calculated from the temporal carrier decay as a function of position on the carrier
grid. In principle, such a technique of probing the axial extent of carrier diffusion but
using a continuous excitation source could be used in future work in combination with
the present results to provide further confirmation of the observations.

The effect of reduced lateral diffusion on the modulator is to increase the definition
of a sharp-edge absorbing profile generated on the germanium surface, compared to
that predicted by the models in Chapter 4. To fully model these effects would initially
require the use of inhomogeneous diffusion coeflicients in the three-dimensional diffusion
models in Chapter 4. A more complete model would account for the electric field due
to the band bending although an analytic solution to this problem is unlikely to exist.
However, for uniform excitation of the germanium surface, even in the presence of strong
band bending, surface recombination is likely to be adequately accounted for by its
usual definition as simply a diffusion process. The effect of the drift component to the
recombination current from the band bending is accounted for by a slightly lower surface

recombination velocity.
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5.4 Carrier decay diagnostics:

Microwave reflectance

This section describes the microwave reflectance experiments used to validate the tem-
poral one-dimensional carrier diffusion model in Section 4.2.1 and its extension to the
microwave reflectance model in Section 4.2.2. The microwave reflectance of an excited
sample 1s determined by the contribution from the front and back surfaces to the re-
flectance, which are functions of the excess carrier density and distribution. In this
section the microwave reflectance of samples at 10GHz (A = 3em) is measured following
uniform excitation by 980nm with a 5ms pulse of peak power density 10W em™2. The

experimental setup is shown in Figure 5.20.

[ Ge sample
pulsed 980nm horn
diode bar laser antenna
(below) (above)

detector diode
= ()R

10GHz source attenuator isolator circulator ADg
car

PC

Figure 5.20: Experimental setup used to determine microwave reflectance

In Figure 5.20 the microwave source signal passes through the directional coupler
to the horn antenna where it is reflected by the germanium. The power returning to
the circulator is directed to the next port, where the microwave detector diode gives
a voltage proportional to the reflected power. The ADC card is used to reduce the
noise in the reflectance signal through a co-add into memory function, averaging each
correlated time step for 400 reflectance traces. To avoid reflections from the detector

“being coupled to the source via the circulator’s third port, an additional isolator was

C A
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added between the circulator input port and the source. It is important that the power
density on the sample is uniform, as modelled in Section 4.2.1 to avoid reflectance
anomalies due to lateral carrier diffusion. Uniform excitation is achieved using a laser
diode bar source which is placed sufficiently far (5em) from the sample that the combined
power from its separate emitters have overlapped. Microwave reflections from the metal
diode bar mount are eliminated by its situation under the horn antenna. To avoid
additional reflectance and possible interference effects the sample was supported by thin
monofilament line. Reflections from nearby surfaces were reduced by covering them with
a carbon-loaded microwave-absorbing foam. The measured reflectance profiles during

carrier decay are shown in Figure 5.21.
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Figure 5.21: Microwave reflectance vs time for three samples during carrier decay

Following Figure 4.15, sample thicknesses of close to 6mm or close to 2mm were used
to ensure the reflectivity always decreased initially before increasing with further excess
carrier density. The generation of this characteristic 'dip’ is necessary in extracting S

and Ty from the fitted model.
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5.4.1 Microwave reflectance experimental results

Following the discussion in Section 4.3.2, the monitored microwave reflectance at 3cm
wavelength depends on the interference fringes via the excess carrier density, and no ab-
sorption due to the plasma dip is observed. Section 4.3.2 assumed the use of a uniform
axial excess carrier distribution, although following optical excitation the axial distribu-
tion during carrier decay was shown in Section 4.1 to be non-uniform with displacement
z. The total reflectance is not simply determined by the average volume carrier density
since the reflectance is a nonlinear function of the excess carrier density. The microwave
reflectance model determines the effect of this distribution on the temporal changes in
reflectance during carrier decay. The microwave reflectance depends on the carrier distri-
bution (with z), which depends on the carrier diffusion parameters and the bulk carrier
lifetime, and is therefore used to provide further information with which to back-up the
one-dimensional diffusion equation models.

The measured microwave reflectance as a function of time, and the fits to these pro-
files using the microwave reflectance model during carrier decay are shown in Figures 5.22
to 5.27 for both faces of the same three samples as before. Fitting these profiles required
a relative reflectivity scale. This required two absolute reflectivity measurements, against
which all other reflectivity measurements for a particular sample were scaled. Unlike
the transmission experiments where calibration of a 100% transmission signal is simple,
here the motion of any moving part that reflects the much broader microwave beam
complicates the measured reflectivity. Therefore it is not possible for example to use a
rotating chopper blade to generate a 100% depth of modulation reference signal from
a metallic reflector with the sample’s cross sectional area. The model requires accurate
measurement of the incident excitation power density on the sample, although this is dif-
ficult due to large sample dimensions. However, prediction of the minimum-reflectivity
'dip’, and the unexcited-state reflectivity is possible using the sample thickness and free
electron and hole densities. The former calculation is based on calculation of a graph
similar to Figure 4.15 for the 'sa,mple-speciﬁc parameters. The sample resistivity (all
were intrinsic) was measured to calculate the unexcited state free carrier density. Hav-
ing predicted the unexcited state reflectivity, occurring a long time after the excitation
terminates, and the minimum reflectivity for a specific sample, an absolute value for
the reflectance at any time for a given sample was determined by scaling the measured
reflectivity to these two known points on the reflectivity vs time trace. This resulted in
good agreement with the measured power density on the sample, and was verified using

the power density as a variable parameter in the model. The S and 7,y parameters in
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the model were then iterated, giving the best fits seen in Figures 5.22 to 5.27.
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Figure 5.22: Measured and fitted microwave reflectance profiles for sample EGG1 face

1 during carrier decay

Figures 5.22 to 5.27 show the measured reflectivity, the best fit reflectivity, and
the effect of variation of the S and 7. parameters individually, These are used in
the discussion on the fit. The fits were obtained by simulating the reflectivity vs time
following optical excitation using the combined one-dimensional diffusion model and
microwave reflectivity model in Section 4.2.2. The excessive duration of the simulations
required the writing of a dedicated compiled PowerBasic program. The mean sum of the
squares difference in % reflectivity was computed for each simulation over n (20) time

intervals during the complete decay period. This is given by Equation 5.12 and the fit
for sample EGG2 face 1 is shown in Figure 5.28.

1
SSE = — Z(Rn measured ~ fn .sampled)2 (5.12)

n i
To demonstrate the accuracy required by the fit in Figure 5.28, an absolute error
of 1% on all points would result in unity sum-of-squares difference. On the restricted
scale plotted in Figure 5.28, similar families of curves exist outside the banded region,

although these were omitted for clarity. The best fit given in Table 5.4 is located at the
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Figure 5.23: Measured and fitted microwave reflectance profiles for sample EGGI face

2 during carrier decay

marked point within the red (0 — 0.2) contour. To illustrate the error implied by the
0.2 — 0.4 contour in this figure, Figure 5.24 also shows the simulation for 7, = 2500us
and S = 2.0, which is clearly a poorer fit. Figures 5.22, 5.23 and 5.25 are plotted for
the fit T3 + 1ms, and Figures 5.26 and 5.27 are plotted for Ty, + 50us to demonstrate
that the apparent fits implied by the long 0.2 - 0.4 contour in graphs such as Figure 5.28
are in effect superficial. Typically the plot in Figure 5.28 for the above figures gave
similar-shaped contours. The accuracy with which the parameters are determined is

seen graphically as roughly Tyur = 2ms+ ~ 0.1ms and S = 2ms™! £ 0.05ms1.

sample surface fitted myu ps fitted S ms~1!

EGG1 1 650 3.1
EGG1 2 875 1.0
EGG2 1 2080 1.5
EGG2 2 1930 1.5
Haller 1 120 2.0
Haller 2 130 1.0

Table 5.4: Extracted S and 73,1, parameters from microwave reflectivity experiments
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Figure 5.24: Measured and fitted microwave reflectance profiles for sample EGG2 face

1 during carrier decay

5.5 Comparison of results from diagnostic experi-

ments

The S and 7, parameters extracted from the temporal decay, lateral diffusion and
microwave reflectivity experiments in this chapter are now compared. Tables 5.2, 5.3
and 5.4 are summarised in Table 5.5. Table 5.5 shows consistency between the bulk
carrier lifetime results from a given experiment for the two sample faces for any given
method. The surface recombination velocity values for both sample faces are not ex-
pected to be equal due to the known variation in S after wet chemical etching. Com-
parison of extracted parameters between the experiments is only valid for the ’temporal’
and 'microwave’ results, due to the presence of a reduced lateral diffusion coefficient in
the ’lateral’ results. The results that can be compared are marked e and + respectively.

The lateral diffusion results from these experiments have highlighted an important
reduction in lateral diffusion length due to enhanced scattering of carriers at the surface,
which in the above experiments was approximately half its bulk value. Such results were
not found in the older literature, despite the use of similar techniques [109]. In the cited

work the lateral diffusion length was determined in etched germanium using a white light
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Figure 5.25: Measured and fitted microwave reflectance profiles for sample EGG2 face

2 during carrier decay

spot excitation by measuring the change in surface conductivity, but assumed negligible
surface recombination velocity. The true lifetimes of samples in the cited experiment
are likely to have been higher than were measured due to the reduced surface mobility.
Experiments were also performed in the past [110] which measured the carrier diffusion
length by measuring changes in infrared transmission following electrical carrier-injection
into a germanium bar. Surface carrier recombination was accounted for but the injection
of carriers into the bulk material made them less susceptible to surface recombination.

Despite the good fits shown for the microwave reflectivity experiments, for the EGG1
sample the 7y, results (o) are approximately half those of the "temporal’ experiments,
and those for the EGG2 sample are approximately twice those for the "temporal’ experi-
ments. The poor quality of the Haller sample fit in the ’temporal’ experiments does not
permit its comparison. The basis of the model for the 'temporal’ and the ’microwave’
experimental validation is the same one-dimensional diffusion equation, therefore similar
S and Ty, results are expected. Indeed, the good fits to the data obtained from both
these experiments indicate an accurate model. It is therefore concluded that different
effects have been measured by the two experiments.

The importance of a reduced lateral diffusion coefficient in the presence of non-
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Figure 5.26: Measured and fitted microwave reflectance profiles for sample Haller face 1

during carrier decay

uniform excitation has been shown by the ’lateral’ experiments. Although attempts
were made to ensure uniform excitation occurred in the temporal and microwave ex-
periments by exciting samples in both experiments with only the central region of a
diode laser bar emission profile, it is known from later measurements (Section 7.3.2)
of the power profile that this is not uniform along the bar’s length. In the tempo-
ral’ measurements only a small sample cross-sectional area (~ 2mm dia.) was probed,
compared to the entire surface area (~ 1.5 X 1.5¢m) of the sample in the microwave
experiments. When the sampled area is less than a diffusion length, providing the ex-
citation is on for longer than the bulk carrier lifetime, such excitation non-uniformity
becomes unimportant in its effect on carrier decay since the non-equilibrium steady-state
spatial carrier distribution is smoothed-out. When the entire sample area is monitored
by the microwave measurements, such excitation non-uniformities are not smoothed-out
over the entire sample area and different reflectivity contributions are given by different
points on the sample surface, changing the net reflectivity measured. The “temporal’
measurements over a small sample area therefore more accurately monitor the modelled
decay in the presence of non-uniform excitation. This may account for the discrepancy

in the Ty, parameters measured by the two techniques. The reduced lateral diffusion
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Figure 5.27: Measured and fitted microwave reflectance profiles for sample Haller face 2

during carrier decay

coefticient does not however reduce the lateral carrier lifetime, only the lateral diffusion
length. Reduced lateral diffusion simply reduces the rate at which these move laterally,
and carriers still recombine with the effective carrier lifetime. Recombination at the
edges of a sample could be significant however, and this does increase the net carrier
recombination rate. It is thought that this explains the discrepancy between 1, results
for the microwave and temporal results for the EGG1 sample.

The reason for the larger 7y, values from the EGG2 samples in the microwave re-
sults, compared to the temporal results is unknown. Possible factors are the increase in
carrier lifetime with excitation predicted in Chapter 3, based on an argument over recom-
bination centres, trapping, and more likely, thermal effects. No excitation-dependence
of lifetime was observed in any other experiment, and although trapping provides a
characteristic slow decay ’tail’, only this experiment gave such long lifetimes showing
that these processes are insignificant. Thermal effects are significant on a 2ms timescale
in a sample that has not thermally equilibrated with the room temperature. In some
cases the amplitude of the ’dip’ was seen to reduce over the first 30 seconds after the
excitation was switched-on. An increase in intrinsic carrier density due to heating during

the excitation period, and its cooling during the off period before thermal equilibration
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Figure 5.28: Microwave reflectance mean sum of squares difference vs S and 7y for
sample EGG2 face 1

sample surface lateral lateral e temporal * temporal e mierowave +* microwave

Toutk 45 S ms™l  myup ps S ms~1 Thulk M8 S ms~1
EGGI1 1 100 3 1390 2.8 650 3.1
EGG1 2 100 3 1280 2.5 675 1.0
EGG2 1 100 3 1140 3.0 2080 1.5
EGG2 2 100 3 1290 3.0 1930 1.5
Haller 1 < 25 10 no fit no fit 120 2.0
Haller 2 < 25 10 850 9.5 130 1.0

Table 5.5: Comparison of parameters extracted from models of the three experiments

occurs, may explain the slow return to the unexcited state reflectance and subsequent
long bulk lifetime extracted. The reflectance close to the ’dip’ is sfrongly dependent
on low excess carrier densities (Figure 4.15), and the intrinsic carrier density increases
by ~ 6% over a 1°C temperature rise from 300°K [96]. Sample alignment should not
be too critical with this technique since the high refractive index straightens microwave
rays in the excited germanium. It is thought that this particular discrepancy is due to
experimental error and not the modelling process.

Since the 'microwave’ values obtained for 1, are likely to have been affected by
thermal effects, the extracted values for S will also be affected, and so accurate agreement
with the temporal results is not expected. However, the S values are in the region of a
1

few ms™t, as with the temporal results, providing confirmation of their order.
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Due to the experimental limitations of the three techniques used to measure the
S and 7, parameters, the temporal technique has provided the most reliable results.
The lateral diffusion results were subject to a inhomogeneous diffusion coefficient due to
surface scattering, which produced different profiles from those predicted, and accurate
values could not be extracted. The microwave results, although providing accurate fits
to the data, are thought to have been affected by thermal effects, significant carrier
recombination at the sample edges, and non-uniform excitation, although in the absence
of these issues, are thought to provide an accurate method. The temporal results were
obtained by probing a smaller section of the excited region and were therefore less sub-
ject to the effects of non-uniform excitation, and the nature of the experiment provided
longer between turn-on and result collection, by which time thermal effects would have
equilibrated. The temporal results are deemed more reliable for this reason. A future
experiment would ideally performs both microwave and temporal experiments simulta-
neously to verify these conclusions, and if a shorter microwave wavelength were used,
a smaller sample area could be probed and the technique becomes more sensitive to
resolving the depth of the excited plasma. The temporal measurements are therefore
used in subsequent references to these samples. In the absence of accurate results for the
thin Haller sample from this technique, the microwave results are used for this sample.

The extracted values for S, close to 3ms™!

, are similar to the requirements for an
efficient modulator in the conclusions of Chapter 4. Etching therefore provides the sought
low surface recombination velocity although its further reduction would enable a more
efficient device. These valnes are of the same order as the ms™ values quoted in the
etching literature [30]. Based on the bulk carrier lifetime expected from the dislocation
density in Chapter 3, Equation 3.10, bulk carrier lifetimes of from 250pus to 25ms are
expected from this nuclear detector grade material in the EGG samples. The Haller
sample is of unknown bulk purity. The two EGG samples were from the same supplier
but different germanium boules, different values for m,; are therefore expected. The
extracted values of ~ 1300us are both within the dislocation specification’s prediction
of the lifetime, although no lifetime information was provided by the supplier, only that
the electrically active impurity concentration was < 10'%em™3. In the absence of data on
the energy levels and individual densities of impurities in the HPGe, it is not possible to
calculate whether impurities or dislocations limit the bulk lifetime. Since no exponential
*tail” was observed on traces of the induced absorption following optical excitation, if the
bulk lifetime is limited by dislocations, these certainly do not act as ’traps’, and have

the same effect on the lifetime as recombination centres from impurities. In any case,
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the measured lifetimes indicate that recombination is surface-limited in these samples
as opposed to bulk-limited. Figure 7.3 for S = 3ms™" and m,x = 1ms suggests that an
increase of factor of 2 is available in the steady state induced absorption coeficient by
further reduction of S. However, practically, such a low value is unlikely to be stable
over long periods of time. The optimisation of this through etching, and other areas of

modulator performance is considered in Chapter 6.



Chapter 6

Optimisation of modulator

performance

Optimising the induced absorption is necessary to reduce the excitation power density
required for reasonable absorption, enabling use of the modulator in even lower power
applications at reduced cost. The efficiency is optimised through four areas: i) maximis-
ing the effective carrier lifetime, ii) increasing the ’on’ state transmission to essentially
100%, iii) increasing the fraction of absorbed excitation power, and iv) increasing the
excitation wavelength. The first of these is at the expense of the modulator’s switching
speed, whereas the others are not. Ignoring multiple reflections, the modulator’s ’off’
state transmission is given by Equation 6.1, where A is given by the product of the
carrier absorption cross section oy, and the steady state carrier density in Equation 3.39

(Chapter 3). The unexcited state transmission is denoted Tp.

T = Tope™ (6.1)

The absorption cross section is a fixed material property. However, increasing the
effective carrier lifetime, the absorbed power density, or the excitation wavelength all
increase the modulator’s efficiency. Increasing the unexcited state transmission T to
essentially unity increases the power on the detector in the application, improving the

system signal to noise ratio. These are the subjects of the next four subsections.

6.1 FEtching germanium: experimental

As seen in Chapters 3 and 4, the surface recombination velocity in a practical modu-

1

lator must be reduced to ~ 3ms™'. This is achieved by etching. After a germanium

154
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sample has been cut from the boule, commercial mechanical polishing techniques use
progressively finer silicon carbide abrasive discs, finishing with polishing using alumina-
or diamond-particle suspensions on a napped-glass cloth. Commercial polishing typi-
cally terminates with a 0.3um or 0.05um particle-size paste, leaving sub surface damage
as deep as 3.0¢m. On unetched polished surfaces the surface recombination velocity is
in the order of a few hundred ms™!, the exact value depending on the final surface treat-
ment. Etching is reported to reduce this to 2ems™! [111] with one particular etchant,
although maintaining such a low value is dependent on the post-etch environment. As
an extreme value, on sandblasted germanium surfaces S is in the order of 100ms~! [30].
In combination with surface damage, the surface bond-termination is important [111]
[112] in obtaining and maintaining a low surface recombination velocity. This depends
on the particular etch used to remove the damaged layer, and the sample’s environment
after etching. Whilst etching offers the possibility of reducing the surface recombina-
tion velocity, it is not without complication. The most suitable etchant depends on the
sample’s surface orientation, since many etchants have preferential etch planes which
open-up microscopic polishing scratches into efch pits. Preferential etching characteris-
tics were commonly nsed in the past to determine the surface orientation [102] [113].
The effects of electrolytic etching, reactive ion etching and wet chemical etching were
investigated using the instrument detailed in Section 5. Etching increases the effective
carrier lifetime and hence the modulator’s efficiency. The instrument gives a relative
figure of merit, which determines the effectiveness of each etchant. The relative FOM
is higher for samples giving a higher depth of modulation, indicating a lower surface
recombination velocity. The relative FOM is also affected by the sample’s bulk purity.
The highest value a sample may attain in the presence of zero surface recombination
velocity is limited by the bulk carrier lifetime, higher bulk carrier lifetimes giving a higher
attainable relative FOM. With the optical quality material used with the electrolytic
etchants, a relative FOM of about 0.5 is good. With the higher bulk purity material
used with the reactive ion etching and wet chemical etching a relative FOM of about
4 is good, in which case the surface recombination rate has been significantly reduced.
The variation in FFOM with depth of modulation attained in an actual modulator is

linear.

6.1.1 Electrolytic etching

Electrolytic etching or polishing involves passing a current through a sample in an

electrolyte. Anodic contact to germanium converts surface material into soluble prod-
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ucts which are transported through the electrolyte to the submerged cathode. In most
cases [102] the removal of a germanium atom requires four units of charge to remove
the tetravalent atom. Electrolytic etching offers a greater degree of control than wet
chemical etching (which typically has high etch rates) through its more immediate ac-
tivation and termination [114]. Usually the electrolyte is chosen to give negligible etch
rate in the absence of an external current, which therefore controls the rate of material
removal, and the induction times observed during wet chemical etching do not occur. As
with chemical etching, electrolytic etching can leave a clean surface via the formation of
soluble reaction products, and therefore no residue is left on the surface. The reaction
rate is determined by the hole density [102], which is increased via the etch current or
optically exciting the surface. These factors can be used to define surface etch regions
or to homogenise the surface etch in the presence of impurities or surface roughness.

The presence of surface roughness concentrates etching at sharp points on the surface,
tending to planarise the surface. However the presence of cracks at the surface also
concentrates the etching where the resistance to the sample-contact electrode is lower,
tending to deepen cracks. Imperfections and dopants that perturb the local hole density
also lead to variations in surface etch rate. Flooding the surface region with optically-
generated holes is one means of reducing these parasitic effects and achieving a more-
planar etched surface. The electrolytes and their concentrations used to etch germanium
are not critical [102]. Strong alkalis are commonly used, such as KOH or NaOH into
which the (germanate) reaction products readily dissolve, as are acidic electrolytes, in
which germanium salts are formed [102].

Following literature [115] [116] [114] reporting low surface recombination velocities
achieved using electrolytic etchants, the effects of several were investigated in this work.
These were used without the more complicated optical carrier generation processes. The
etchants used (Appendix B) were an oxalic acid-water solution (E1), an HF - acetic acid
mixture (E2), KOH (E3), and a suspension of SbOC! in water (E4). Samples placed in
the electrolyte were held in a purpose-built PCTFE etch cell and the current density
increased to values reported in the literature. In the cell, compressive anodic contact
was made to the back of a 25mm diameter, 2mm thick sample by a thin platinum
plate. A lem square aperture masking the germanium face defined the etched region
and enabled determination of the current density. The cathode was a platinum wafer
sitnated 2¢m away. A constant voltage was applied to the electrodes and the current
was monitored. To verify the current density required for etching, the current-voltage

curve was plotted. The literature reports that electropolishing takes place in the region
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where there is near-zero slope on the current-voltage curve. The idealised I — V curve

for electrochemical etching is shown [114] in Figure 6.1.
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Figure 6.1: Idealised current-voltage curve for electrochemical etching

Along AB in Figure 6.1 the anode (germanium) goes straight into solution and elec-
trolytic etching occurs. Along BC it is thought that a thin layer of reaction products
causes passivity. Polishing occurs along CD due to diffusion and electrochemical pro-
cesses. Along DE oxygen evolution commences. Close to D the bubbles adhere for
long periods of time, resulting in pitting of the surface. An increase in voltage causes
an increase in oxygen evolution rate and a reduction in bubble adherence time until
the bubbles do not adhere at all. Only between C and D are the detrimental effects
of pitting and layer formation avoided. The current density required to polish in this
region was therefore determined graphically for each etch. From Faraday’s law it is es-
timated that a convenient etch rate of 0.5um min~! is achieved using a current density
of 2.94mA ecm™2. A typical experimental result, shown for the KOH electrolyte, for an
increase and subsequent decrease in voltage is given in Figure 6.2.

In Figure 6.2, increasing voltage gives a rapid initial increase in current, followed by
a slower increase. The sudden current drop at a voltage of about 2.3V was coincident
with the appearance of bubbles, and was seen to be due to the bursting of a large

trapped bubble on the anode. Further increase in voltage appears to follow the original
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Figure 6.2: Current density vs applied voltage for germanium in KOH etchant

slope of the current increase. On decreasing the voltage, a smoother, lower current
curve is followed, although the slopes of the curves are similar at a given voltage, so the
electrolyte composition is not significantly changing as its resistance remains constant.
The change in surface quality over the etch duration may explain the displacement of the
reducing current curve from the increasing current curve. The current at zero potential
is due to the battery effect of the platinum-Ge-KOH cell. This changes between the
voltage increase and decrease, suggesting a change in surface properties of the more
reactive germanium. On this graph it is difficult to distinguish the idealised region
CD in Figure 6.1 for polishing. Much higher voltages beyond those plotted and using
another sample resulted in faster bubble evolution in the 4 to 70V region where the slope
of the curve remained constant. At 70V the current rapidly changed with time at a fixed
voltage, and this is clearly in the region DE in Figure 6.1. It was therefore difficult to
determine the ideal operating region CD. However, this occurs at a voltage higher than
that causing film formation and below the onset of significant bubble evolution, and the
film-formation peak B was never observed. It was concluded that the film formation
region was insignificant for this particular etch, and the reaction products were capable
of diffusing away from the surface at a sufficient rate. It was therefore decided that

electropolishing should take place in the knee region of the graph, at a current density
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of 4mA em™?, which was close to that predicted for a controllable etch rate by the
calculation above.

The results of the electrolytic etching experiments were determined using the instru-
ment detailed in Section 5.1, but due to the difliculty in replacing a sample in the etch
rig, samples were etched for one period only. Despite using the same samples as with
the other two etch techniques, the results varied for a given etch. Typically the FOM
was in the order of 0.2, compared to 0.5 obtained using wet chemical etch techniques,
although readings of 0.4 were obtained after longer etch periods. Obtaining even the low
values left a pitted surface, which was worst in regions of better electrical contact. The
surface recombination velocities obtained did not agree with the reported low values in
the literature; 160cms=! for etch E3 [116], 210ems™! for etch E4 [116] in comparison
to reported values for wet chemical etchants 1600ecms™ [116] for etch B1; for which
the FOM obtained for the same samples was in the order of 0.5. The quality of the
surface following the cited values was not given. However, the purpose of some of those
electrochemical etchants was for the reduction of sample geometry and therefore did not
necessarily require a planar surface.

Since pitting was more severe in regions close to the electrical contacts, pitting is
caused by a high current, which was inhomogeneous across the etched region. This was
due to the difficulty in obtaining good electrical contact to the sample’s (unetched) back
surface in a range of highly reactive etchants using one etch cell, which restricted the
available materials to PCTFE and platinum. Although a different etch rig geometry,
assisted by stirring or ultrasonic agitation may provide the desired result, the particular
etch rig used did not provide the sought low surface recombination velocity accompanied

by a planar surface.

6.1.2 Reactive Ion etching

Dry etching offers a high degree of control, which it was hoped might provide low sur-
face recombination surfaces through the removal of damaged surface layers. Reactive
ion etching (RIE) is one such dry etch technique, having a well-defined, orientafion-
independent etch rate. A higher degree of control is achieved since the etch requires no
quench media, as do wet chemical etchants. This makes the etch easier to stop. The
quench media used in wet chemical etching can also affect the germanium’s surface ter-
mination. RIE uses a plasma of highly reactive ions which attack the surface germanium
atoms, freeing them. One common etch gas is SFg, which it was hoped might terminate

the germanium with fluorine. It is thought that surface termination with fluorine [111]
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during wet chemical etching provides a low surface recombination velocity. RIE was
used on samples of different bulk purity to determine its effectiveness at reducing the
surface recombination velocity. Results showed that this particular etching mechanism
did not produce the sought low surface recombination velocity, and instead produced
a relatively high surface recombination velocity on samples which were known to offer
lower values through wet chemical etching. Results from reactive ion etching, although
generally poor, sometimes showed a reasonable depth of modulation, but this was not
consistent, and not as high as values attained with the CP4 [117] wet chemical etchant.

RIE was attempted on a variety of samples at Heriot Watt University. Two etch
gases commonly used with germanium were used on the samples: CHF3 and SFg, for a
variety of etch periods. The etch rates are independent of surface orientation and were
determined as 0.02um min~! in CHF3; and 0.5u¢m min~' in SFg by masking a region
on a test sample. Only one sample face is etched at a time. Samples were placed in the
etch chamber to etch one side, results were measured on both faces, the sample was then
replaced in the etch chamber and another face etched. The etch history is shown for
both faces for a typical sample in Figure 6.3. Circles represent a period in the chamber
where a particular face is not etched, triangles represent etching of that face in CHF3,
squares represent etching in SFg.

To give a basis for comparing the relative FOM in Figure 6.3, high purity material
such as this sample attains a value of about 4 when etched with a successful wet chemical
etch. In contrast, neither etch gas used with RIE left the surface with a FOM of
greater than 0.35, suggesting this technique is of no use in the production of low surface
recombination surfaces. All other results obtained were similar to this, and equally
erratic. Nine samples were etched over a period of two days to ensure these results
were decisive. In some cases the FOM decreased from the initial unetched values.
Further etching increased the FOM to greater than the unetched value, and then it
decreased again. It is thought that the bond termination left by the etch is not nseful
in leaving a low surface recombination velocity, although no experiments to determine
this bond termination were performed. RIE has the merits of controllability and leaving
flat surfaces, but does not leave the surface suitably terminated to give a low surface
recombination velocity.

Whilst the RIE results showed that this etch process has no direct use as a final
etching stage to produce a low surface recombination velocity, it is useful in producing
a uniform, non-orientation-selective etch rate. It may have some use in etching through

a thin damaged layer resulting from a polishing stage in order to leave a flat surface.
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Figure 6.3: Reactive ion etching of sample ABCl: Relative FOM vs time in etch

chamber

Care must be taken, however, to avoid RIE on samples with rough surfaces since the
uniform etch rate tends to transfer patterns of damaged surface layers through to the
material underneath. If used on the modulator, RIE would be followed by a very brief

wet chemical etch to provide the correct surface termination without destroying surface

figure.

6.1.3 Wet chemical etching

A wide range of wet chemical etchants [114] [118] [119] [120] [121] [122] [117] [123] were
investigated for the removal of the polish-damaged surface layer and suitable termination
of the surface. The wet chemical etchants were the most successful of the etch techniques
used, and can be divided into film-forming etchants and non-film-forming etchants. Wet
etching takes place by (1) transport of the reacting products to the reacting surface,
(2) chemical reactions at the surface, and (3) transport of the reaction products away
from the surface. Both film-forming and non-film-forming etchants produce an oxide or
hydroxide layer in stage (2) but in stage (3) for the film-forming etchants the layer is

not dissolved or diffused-away at a suflicient rate. This explains why varying the ratios
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of reagents of some etchants affects the tendence to form these films. The film-forming
etchants left bluish films after etching, and produced an antireflection coating which was
of little use due to difficulty in controlling its thickness. Non-film-forming etchants gave
similarly low initial surface recombination velocities and more repeatable results.

Factors affecting the etch rate and performance of the wet etchants were reported
to include the sample doping level, surface orientation, temperature, and reagent con-
centration. For example with the HF-H305-H;0 group of etchants, changing the ratio
of reagents alters both the tendency to form a passivating oxide layer and the etch
rate. With respect to these, a good etchant has a high etch rate on the exposed sur-
face, avoiding preferential etching and widening of surface scratches, a low temperature-
dependence, and a low dependence on reagent concentration. In response to this, the
performance of a large number of etchants was assessed on a variety of common surface
orientations. Appendix B lists the etchants and their composition.

Despite the requirement for a non-preferential etch, a tradeoff exists between select-
ing an etchant effective at reducing the surface recombination velocity, and the amount
of damage caused by preferential etching, since most wet chemical etchants in the liter-
ature have a preferred etch plane. Work on etching germanium started by determining
the more effective etchants at minimising the surface recombination velocity, and then
determined which etchants left minimal damage on particular surface orientations. Fi-
nally the minimum etch times were determined after which the surface recombination
velocity had been reduced considerably, but the surface damage remained insignificant.

Samples were hand-polished prior to etching, which used progressively finer SiC pa-
per, followed by polishing with alumina paste. The damaged layer thickness from this is
up to 3um deep. It is suggested [124] that carrier lifetime is affected up to the depth of
the damaged layer. Etch times were therefore calculated to remove fractions of the 3um
layer. In the etching experiments outlined below, the effectiveness of particular etchants
was analysed on samples of different purity. Initially samples were placed in the etchant
for a fixed duration. The sample was then removed and its FOM evaluated. The sample
was then replaced in the etch and the FOM re-evaluated. The amount of material that
had to be removed by the etch was determined through the change in FOM.

Results of non-film forming etchants
The experimental procedure consisted of etching a sample for fixed periods until a max-
imum FOM plateau was reached. The etch container was stirred to stabilise the etch

rate [124] in the event of diffusion issues. The sample was kept away from etchant
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vapours after etching, which can change the surface recombination velocity [125]. Rapid
transfer of the sample to the water quench was essential to prevent the formation of
a surface monoxide layer. Instrument readings were taken following a minimal delay
after etching, to minimise the effects of the etched surface reacting with air. All samples
used at this stage of the etching are of similar bulk purity and the same (111) surface

orientation. Typical results are shown for etched samples in Figures 6.4 and 6.5.
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Figure 6.4: Typical graphs of FOM vs etch time obtained by etching samples of similar

bulk carrier lifetime

Figures 6.4 and 6.5 show a sharp increase in FOM to approximately the maximum
value ever attained, over the first period in the etchant. Thereafter the FOM fluctu-
ates close to this initial value. For many etchants the fluctuation is more than the
+7% accuracy of the instrument, suggesting real changes in the surface recombination
velocity after each etch. If the etch always leaves the surface with the same surface
recombination velocity, these fluctuations may be due to different periods between the
sample leaving the etchant, and measurement of the FOM. For some etchants [116] the
surface recombination velocity is known to change over time when exposed to air. It is
also possible that different times in the quench medium (de-ionised water) permit other
bonds to form, which subsequently change the surface recombination velocity and give

rise to the fluctuations. Figure 6.6 compares the maximum relative FOM values ever
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Figure 6.5: Typical graphs of FOM vs etch time obtained by etching samples of similar

bulk carrier lifetime

attained by samples of similar levels of bulk purity in a particular etchant. Different
symbols represent different samples in the etchants.

Small differences in the values attained by these samples are seen in Figure 6.6. This
is partly due to small variations in bulk purity in the samples, but given the variation
in results in Figures 6.4 and 6.5, the differences are mainly due to variations in surface
quality. In these low bulk purity samples (optical grade germanium) the effects of both
surface and bulk recombination are important in determining the FOM. To verify this,
the variation in FOM obtained by two high purity samples in one etchant is shown in
Figure 6.7.

In Figure 6.7 the maximum FOM values attained by the samples differ by a factor
of nearly two. This is due to the higher bulk purity of sample 149B. However, the frac-
tional variation in maximum FOM after an initial etch is similar for the two samples.
This suggests that the surface recombination velocity after each etch period differs con-
siderably. A larger fractional variation in FOM is seen in Figure 6.7 than in Figures 6.4
and 6.5 because in Figure 6.7, at low values of surface recombination velocity the FOM
is more dependent on the surface recombination velocity than in the lower bulk purity

samples. In lower bulk purity samples a change in surface recombination velocity after
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Figure 6.6: Summary of maximum FOM values ever attained in given etchants

a brief initial etch causes only a small change in net carrier recombination rate, which
is dominated by the short bulk carrier lifetime. In the longer bulk carrier lifetime (high
purity) samples the FOM is affected by lower values of surface recombination velocity
that are achieved by the etch, and it is the fluctuations in the low value of the surface
recombination velocity that cause the large observed variation in FOM. This was pre-
dicted by the steady state model for the dependence of the induced absorption on S
and Ty, in Figure 4.4 (Chapter 4). This also confirms reports in the literature [102]
that surface recombination velocity values obtained by wet chemical etching are not
easily-repeatable.

To determine the best etchants at producing a repeatable (if possible) low surface
recombination velocity, two high purity samples, which are more sﬁsceptible to the
desired low surface recombination velocity, were subjected to a sequence of different
ctchants and their FOM evaluated after each etch. The duration of each etch stage
was determined from previous work in order to permit maximisation of the FOM. The
sequence of etchants was then randomised and the etch stages repeated to remove the
possibility of correlated effects. Figure 6.8 shows the results.

Figure 6.8 shows results for the same two (100) orientation (re-polished) samples

as in Figure 6.7. The two samples were etched simultaneously to ensure similar etch
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Figure 6.7: Normalised FOM vs time in etchant for two high purity samples

times and quench times. The samples show similar changes in FOM after each etch;
when one result increases, the other also increases, showing that the surface properties
of the two samples are similarly affected by even slight differences in etch time, quench
time or times between the two processes. It is difficult to highlight the more repeatable
etchants from the above graph. With additional consideration of the surface quality
after etching, etchant A2 left a matt surface on (111) surfaces, etchants B1, Cl and
(C2, left a characteristic ’orange peel’ surface, and etchant C4 left a lined pattern on
(111) surfaces. Etchants Al and B2 provided réasonable FFOM values from the group,
without the matt or orange-peel destruction of surface figure. For long etch durations,
even commercially-polished surfaces were seen to have the minute scratches opened-up
into lines of etch pits with etchants Al and B2. Additionally, etchant B3 (not used
in this experiment) also provided a high FOM with little destruction of surface figure.
These three etchants were not found to produce films on the sample surfaces, and the
etch pits on well-polished material were not significant until after high FOM values
were achieved. These three etchants were therefore used as the preferred etchants in
this work.

Despite the difficulty in gaining consistent values of surface recombination velocity

by repeatedly etching the same sample, many results similar to those in the above exper-
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Figure 6.8: Relative FOM vs etch history for a series of non-film-forming etchants

iments showed that the surface recombination velocity is minimised in practice after only
a brief etch which removed a layer much thinner than the polish-damaged layer. Much
deeper etching did not result in the predicted second plateau region due to removal of
the entire damaged layer. The minimisation in surface recombination velocity following
removal of only a thin layer showed that the surface termination is more important than
surface damage in determining the surface recombination velocity, after a thin layer of
surface material had been removed. The post-etch surface termination reduces the ef-
fectiveness of subsurface damage at providing a high surface carrier recombination rate.
This agrees with earlier work [112] which suggests that a high surface recombination
velocity exists on mechanically-polished surfaces due to the lack of uniformity of oxide
layer. Etching removes the damaged oxide layer and re-terminates the surface with a
uniform oxide and a low surface recombination velocity. Prolonged etching is unneces-
sary, and most etchants were found to result in a pitted surface with characteristic etch
pits on particular surface planes. Etch times were therefore restricted to four seconds,
following which there appeared little to be gained in terms of reduced surface recombi-
nation velocity, and by which time the etch pits on the more common (100) germanium
surfaces were still insignificant.

The observed changes in surface recombination velocity of an etched surface when
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exposed to air may be due to restructuring of the surface termination, or the diffusion
of the gaseous ambient into the surface layer. The presence of different terminating
species at the surface affects the surface recombination velocity as it alters the bending
of the surface energy band structure, as detailed in Chapter 3. It is widely known that
germanium does not form, as is the case of silicon, a stable passivating oxide layer. On
germanium the initial oxide layer is patchy and later reacts with air over time to become
more uniform. The FOM of one particular sample immediately after etching was found
to drop by 25% over 25 minutes, thereafter remaining stable for a period in excess of

two years in an invariant environment. The oxide layer is too thin for significant optical
effects.

Surface orientation
In the attempt to produce even lower surface recombination velocity surfaces, surface
orientation was also considered. The silicon (100) surface is known to have the lowest
surface state density [91], and being of the same diamond lattice structure it was hoped
that germanium would exhibit the same characteristic, with a minimum surface recom-
bination velocity on this surface. Two cubes were cut with standard surface orientations
from neighbouring regions of the same houle. This ensured equal bulk carrier lifetimes in
the cubes, so any differences in effective carrier lifetime measurements were attributable
to differences in surface recombination velocity. To include the common (100) and (111)
surface orientations and to introduce a common cube face for direct comparison, one
cube had (100), (011) and (011) surfaces, and the other had (011), (211), and (111)
surfaces. All surfaces were then polished commercially to a mirror finish.

Etching experiments had shown CP4 (B1 etch) to provide a low surface recombination
velocity. A 10 second etch time was found to maximise the FOM from this etchant.
In the experiments below, the cubes were etched for 10 seconds, washed, dried, and
their infrared transmission was measured in the FTIR spectrophotometer in both the
unexcited state, and when excited by 9.55W crn™? of 980nm laser radiation, using a
2mm diameter circular aperture in the centre of each face. Equation 6.2 was then used
to determine the induced absorption at 10um. The size of the cubes prevented their

testing with the depth of modulation instrument outlined in Section 5.1.

A,‘m{ = —I[n (M) (62)

Tunsxcitcd
The induced absorption is shown for all sample faces in Figures 6.10 and 6.11 for the

(100) and (111) faced cubes respectively. The experiment was completed twice to show
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consistency. This is identified by the ’trial’ number. The face orientation is shown in
Figure 6.9, although in the experiment the faces are labelled 81 to S6 on both cubes.
S1 and S8 are opposite, S2 and S4 are opposite, and S5 and S6 are opposite.

Figure 6.9: Cube orientation used in evaluation of the surface recombination velocity

Induced alpha

Figure 6.10: Induced absorption coefficient at 10um for CP4-etched (100) cube

If significant repeatable differences in surface recombination velocity exist, the results
for both trials for a given cube should be equal. The diamond crystal geometry also
requires that equivalent (opposite), faces give equal values of induced absorption. Rea-
sonable consistency is seen between the two trials, but the constancy of opposing faces
is not shown by these results. In Figure 6.10, S1 and S3 differ significantly, although S2
and 54, and S5 and 56 agree well. In Figure 6.11 all opposite faces differ significantly. In
view of the lack of consistent results, Laue orientation to identify S1 to S6 with specific

planes was not performed. The most likely explanation for the lack of consistency in
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Induced alpha

Figure 6.11: Induced absorption coefficient at 10um for CP4-etched (111) cube

the results is the presence of patchy surfaces which were seen on some faces after the
etch. It is thought that patchy films on particular surfaces after the 10 second etch
duration, which is required to maximise the FOM on some surfaces, produce films on
other surface planes, making simultaneous comparison of the results after one 10 second
etch period difficult. Comparison of the results after shorter etch periods, before these
films are produced, is unwise as different etch or quench times affect the results. Based
also on the known variability of the etch process on a given surface and the difficulty
in repeating results, it is concluded that if significant differences exist in surface recom-
bination velocity on the different faces, they are indistinguishable using this technique.
Therefore these differences are unlikely to be sufficiently different to offer a benefit to

modulator construction.

Results of Film forming etchants
These etchants left noticeable films on the germanium surface after quenching. The
experimental procedure was identical to that for the non-film forming etchants: each
sample was etched for fixed periods in one etchant. The same (re-polished) optical
grade samples were used in these etchants as beforechand to ensure consistent bulk carrier

lifetimes for comparison of the FOM. The films produced were either white and patchy,
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or translucent and coloured. Coloured films were found to change colour during the water
quench, although acetone and methanol did not affect film colour. The coloured films
readily dissolved in H,0,. Figure 6.12 represents an etchant which leaves the surface
with a coloured film. The coloured film is better at passivating the surface [125] than
patchy white films. Patchy misty white films left by etchants C3 and D1 gave reasonable
FOM results around 0.6 and 0.4 respectively. Etchant D2 gave a poorer maximum FOM
of 0.2. The patchy-film etchants suggested no promise for a final modulator due to the

large variation in results obtained, which were only as good as for the non-film-forming

etchants.
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Figure 6.12: Relative FOM for Sample K6105-5¢ in Etch A3 vs etch time

In Figure 6.12 the film produced by etch A3 changed from yellow to blue, gradually
becoming darker, with a period of about 5 seconds. Work [125] in 1957 on films with
similar characteristics, produced by similar etchants revealed both their passivation be-
haviour and their antireflection coating property. The passivation behaviour is shown by
the much higher FOM than for a similar sample etched in non-film-forming etchants.
The FOM achieved by this etchant was quite steady with repeated etching, reducing
slightly with increasing etch time. This suggests the passivating film protects the surface
from reaction with air or the quench medium, at least in the short term. The refractive

index of this layer is reported as 1.8 for similar films [125]. FTIR spectra of the film
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showed it effectively provides an AR coating, although difficulty in controlling its rapid
growth render this of little use in a final modulator application. Determination of the
etch rate using a Taly-step is difficult due to the presence of this film, although the
frequency of colour change and estimated refractive index of 1.8 gives a calculated film
growth rate of 1.6um min™!.

The coloured-film etchant A3 clearly produced a lower surface recombination veloc-
ity than any of the wet chemical etchants considered. It is likely that this was due to
significant surface energy band-bending. However, to produce this low surface recom-
bination velocity required a moderate etch time, after which the film had started to
form y-shaped cracks which were observed during microscopic inspection. Additionally
the complication of depositing essential AR coatings on top of this film would compli-
cate modulator fabrication. The long term (over two years) stability of these films was
good, although the compatibility with AR coatings would have to be investigated. This
etchant was not pursued for reducing the surface recombination velocity due to these

fabrication issues, although further work may show it to be of use in a final modulator.

6.2 Conclusions on etching germanium

Having considered a wide range of etching techniques for increasing the effective carrier
lifetime, only wet chemical etchants offered the required significant reduction in surface
recombination velocity combined with a damage-free surface. Electrolytic etching may,
with the construction of a more complex etch cell involving optical excitation and a
rotating cathode [102], offer both these requirements, but requires considerable effort
to optimise. RIE was not found to suitably terminate the surface for a low surface
recombination velocity, possibly due to the lack of oxide growth with this technique.
Wet chemical etchants were the best of those investigated. Among the most successful
wet chemical etchants in obtaining a consistent low surface recombination velocity were
CP4A [114], and an etch [126] with constituents in the ratios 30% of (50%) HF to 50%
of (30%) H20; to 20% of de-ionised water. The etch times for these processes were four
seconds, after which time the etch is quenched by adding flooding amounts of water to
the etch container. The etchant was rigorously stirred using a PTFE magnetic follower.
All etching equipment was made from PTFE to avoid contamination or chemical-attack.
De-ionised water is essential for any etching or washing process. These two etchants were

therefore used on all further samples requiring etching.
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6.3 Silicon implantation to widen the bandgap

Another means of changing the recombination rate of carriers at the surface but without
needing to etch germanium is through widening the germanium bandgap at the surface.
This causes optically-generated carriers close to the surface to experience a drift com-
ponent away from the surface due to the resulting electric field. A wider bandgap at
the surface therefore reduces surface carrier recombination by forcing more carriers to
recombine in the bulk where a long bulk carrier lifetime exists. The increase in effective
lifetime may offer considerable improvement in modulator efficiency. The modulator sur-
faces would then simply require optical polishing as a final stage prior to the application
of AR coatings.

To significantly increase the proportion of carriers recombining in the bulk, the ger-
manium bandgap should be widened over a distance from the surface which is greater
than the polish damage depth. In the absence of bandgap-widening, only carriers gen-
erated further than a diffusion length from the surface are, to a good approximation,
unaffected by the surface. However the presence of different conduction and valence
band gradients, or bandgap widening, causes an additional drift current, in this case
toward the bulk region. Recombination at the surface is reduced by increasing the drift
current away from the surface. The drift current is increased via the electric field, which
is maximised by implanting a very shallow silicon layer, creating a large band gap gra-
dient. However, the additional drift component of the total current only exists in the
region of the electric field (the implant depth), after which the carriers diffuse away
from the surface. A sufficiently high electric field prevents diffusion toward the surface
from this point, but if polish damage on an unetched surface still exists in this region,
recombination will still take place there via intermediate levels in the bandgap. The
position of the recombination in this case has only been shifted slightly away from the
surface. To significantly reduce recombination at the surface the electric field (or im-
plant depth) must be significant over the entire damage depth region, which for a high
quality commercial polish using 0.05um diameter alumina paste, is 0.5um. Therefore to
ensure recombination takes place outside this damaged region, an implant depth of 1um
was chosen. This takes advantage of the same process as wet chemical etching, which
reduces the surface recombination rate by bending the surface energy bands upward over
about 1pm from the surface, causing electrons to drift away from the surface. In both
cases the surface damage remains and the mean point at which carriers recombine is
shifted away from the surface, although in the implanted case there is also a difference

in bandgap gradients.
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A convenient means of widening the bandgap is by surface ion-implantation with
silicon. If the crystal structure is then regrown by annealing, the resulting surface
bandgap is determined by the relative constituents of the two semiconductors. Silicon
is a suitable semiconductor although few establishments implant this into germanium.
Much of the recent Si:Ge work takes place through epitaxial growth or deposition of high
silicon-content Si—Ge onto Si. Silicon’s atomic size raises another implantation issue; a
relatively deep silicon implant required by this technique needs a high energy ion beam,
and this causes significant structural surface damage to the germanium. Annealing
re-crystallises much of this lattice damage, but the surface must be lightly polished to
remove the amorphous pitted regions of such a high energy implant. The other drawback
of bandgap widening by implantation is the possible reduction in bulk carrier lifetime in
the immediate vicinity of the implant due to imperfect re-crystallisation. To maintain
the long bulk carrier lifetime required for optimising the induced absorption relies on
successful re-crystallisation and avoiding contamination by lifetime-reducing impurities
at the elevated temperatures required by the annealing process.

The required amount of bandgap widening depends on the thermal energy of conduction-
band electrons. The increase in the bandgap should be a few times the room temperature
electron thermal energy to prevent thermal excitation of electrons over this surface po-
tential barrier. The surface bandgap must therefore be widened by approximately 4k7.
To increase the bandgap by 4k7T at room temperature requires [127] approximately 6%
of silicon atoms for growth in the [001] direction of the (100) plane. Germanium has
4.42 x 10*? atoms em ™ [42], so to provide 6% silicon atoms over a depth of 1um requires
2.65 x 107 silicon ions per cm?®. The range for a 200keV silicon ion in germanium is
0.1884um [128], so assuming linear scaling, the energy required for a 1ym implant is
1.1MeV. Such a high energy and area implant density would damage the outer surface
region beyond repair through annealing. In practice three lower-energy implants were
used to generate a stepped implant profile approximating a linear bandgap increase.
Thermal diffusion of the silicon into the germanium was considered unwise due to the
low diffusion coefficient of silicon in germaninm (~ 1072em 2571 at 800°C, compared
to 5 X 107®em 257! for copper) and possible permanent damage to bulk carrier lifetime
through impurity diffusion at such temperatures for long periods.

A germanium test sample was implanted with 1.34x 10" ¢cm ™2 of 160keV Si, followed
by 1.95 x 10'6 em=2 of 80keV Si, followed by 5.39 x 1016 cm™? of 40keV Si. This was
calculated in order to give 6 atomic % of Si to 0.2um, 4% of Si to 0.4um and 2% of Si

to 0.6um. The gaussian implant distribution about these centre distances should give
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a resulting mean distribution profile which is close to the required triangular potential
barrier, reducing away from the surface. Following this implantation the sample should
be annealed to enable crystal regrowth. However, the purity of this sample was unknown
prior to its implantation. Subsequently, samples from the same batch were found to be
of low bulk purity, so any improvement due to the wider bandgap will be small and
difficult to distinguish, and so the sample was not annealed. This remains an area for

future work.

6.4 Surface coatings

Another means of increasing the modulator’s performance and efficiency is by using
surface coatings. Antireflection (AR) coatings on the modulator offer three advantages.
Aside from increasing the ’on’ state transmission in the 8 to 14pm band to essentially
100%, improving the signal to noise ratio at the detector, the coating can be designed
to antireflect the pump laser wavelength, and also protects and preserves the etched
low surface recombination surface. The requirement to AR coat the sample at two such
widely separated spectral regions is relatively uncommon. Even more uncommon is the
requirement to AR coat a sample at a strongly-absorbed wavelength. The pronounced
effect of dispersion over these two widely-separated regions must therefore be considered.
Usually this is neglected in calculations in the 8 to 14um region where dispersion is
insignificant. This work has concentrated on the use of a single layer ZnS AR coating
designed for the 8 to 14um band, and investigated its performance as regards the two
subsidiary advantages.

A single layer AR coating is used to reduce optical reflection at the centre design
wavelength )\, and over a moderate bandwidth.either side of this. The key aspect of
using a single-layer AR coating is that although it introduces angular- and wavelength-
dependent reflectivity, the transmission at any wavelength is never worse than with
no AR coating at all. Ideally the AR coating should provide 100% transmission of the
modulated wavelength band in the ’on’ state, and 0% reflection of the pump wavelength,
across the entire modulating aperture. The transmission should exist over a range of
incidence angles consistent with {2 optics used in the application for the modulated (8 to
146m band). The 0% reflection at the pump wavelength should exist over a range that
permits optical excitation of the germanium aperture without the optical pump system
obscuring the {2 optical transmission of the IR image.

Single layer AR coatings were successfully deposited using an Edwards Auto 306
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evaporator to AR coat germanium at design wavelengths close to 10um. The design
constraints and suitability to also AR coating at the pump wavelength (980nm) are now
discussed. AR coatings accounting for dispersion were designed using a combination of

Mathcad simulations and the TFCale thin film coating design software.

6.4.1 Single-layer antireflection coatings

A single layer antireflection coating requires the optical path difference at normal inci-
dence between reflected rays from the air-coating interface and the coating-germanium
interface to be half a wavelength at the design wavelength. At the design wavelength
(A:) the reflectivity is zero if the coating is perfectly matched to the germanium refrac-
tive index. Perfect matching with an external air environment requires that the coating
refractive index (n,) is equal to the square root of the germanium substrate refractive
index (n3). This results [101] from solving the wave equations with their respective
boundary conditions, giving the power reflectivity at normal incidence at the design

wavelength with incidence medium n; as:

R — (M) (6.3)

nyns + ni
The reflectivity at the design wavelength therefore becomes zero if this condition is

met. In practice, finding a coating with suitable deposition properties, low dispersion
and high optical transmission over the required spectral band with an exact refractive
index match is difficult, although very good matches are obtained with ZnS and ZnSe. In
addition to the reflectivity-minimum at the design wavelength, reflectivity minima also
occur at wavelengths ) where the film thickness h satisfies A = (2n+1)-A/4ny, where n =
0,1,2,... and )\, is the centre design wavelength for the coating. Assuming a germanium
refractive index of ny = 4.0 and a coating refractive index of ny = 2.0, a coating with
a centre design wavelength at 10.0um has zero-reflectivity minima at 3.33um, 2um,
1.42pm, 1.11pm, 0.909um and so on. The problem of dual-wavelength AR coating over
such a broad spectral band is now apparent. Although at the design wavelength the
fringe separation is slowly varying with wavelength, requiring only moderate accuracy of
film deposition thickness, the narrower fringe separation at the shorter pump wavelength
(~ 980nm) gives difficult design constraints. This requires an accurate pump wavelength
with narrow bandwidth to position within the 6% reflectivity minimum. The success of
this single-layer AR coating at the pump wavelength relies on achieving an accurate
deposition thickness. The reflectivity is also affected ‘by material dispersion, incidence

angle variation and temperature, whose effects are more significant at the shorter pump
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wavelength. Excitation of the germaninm aperture at the pump wavelength requires
oblique illumination to avoid the excitation laser obscuring f2 optical transmission in the
modulated 8 to 14um band. The illumination is likely to involve a range of incidence
angles if the laser source is uncollimated. This requires modelling of the reflectivity over
a range of incidence angles, and accounting for dispersion and temperature variation to
determine the constraints and feasibility of such an AR coating at both wavelengths.
The reflectivity is determined as a function of incidence angle and wavelength using
the matrix method outlined for the modelling of microwave reflectivity in Section 4.3.2.
The characteristic equation for the air-coating-germanium stack shown in Figure 6.13 is

given by Equation 6.4.

M =

cosf3; —p%sinﬂg] [ cosf33 —ésmﬁg]

|:m11 mm]
—7pasins cosf3y —jpasinfs cosf33

Mo Ma2

(6.4)

where 8. and p, are given by Equations 4.51 and 4.52, 6, is the incidence angle to
the film and 63 and 65 are determined using Snell’s law. The power reflectivity is then

given by Equations 4.53 and 4.54.

/
n3 SIVAN LR germanium
n2 o | 2| N AR layer
Y. ,
n < 1 air
81 ™

/
Figure 6.13: Layer configuration used to determine reflectivity of a single layer AR

coating

This gives the reflectivity vs incidence angle and wavelength when the dispersion
equations for germanium and the coating layer are used. A Mathcad simulation was
written using the above eqnations to determine the reflectivity as a function of incidence

angle, temperature and layer thickness.
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6.4.2 ZnS as an antireflection coating

Zinc sulphide is an almost perfectly matched AR coating for germanium, and a material
in common use. Its refractive index of 2.201 at 10.0um means it is very close to perfect
matching with germanium of refractive index 4.004 at 10.0pum. This slight offset from
the perfect situation gives a maximum transmission at the centre design wavelength
(assuming zero film absorption) of 99.1%.

Although other single-layer materials will AR, coat germanium reasonably well at
this wavelength, such as zinc selenide (n = 2.406 at 10.0um), the ease of deposition
of 7nS, its known adherence to germanium and being relatively innocuous determined
its choice as the only material of interest. A single-layer quarter-wavelength coating
designed for a wavelength A\, must have an optical thickness of A./4, requiring a film
thickness of 1.136um for ZnS. Although the AR coating transmission varies across the
8 to 14um band, the fringes at this long wavelength are widely separated, giving an
average transmission of 95.6% over this region.

The design of AR coatings at two wavelengths is complicated if either the substrate
or AR coating material is dispersive. The wide separation of the two wavelengths re-
quiring AR coating, combined with the fact that both zinc sulphide and germanium are
dispersive, means dispersion must be accounted for. At 10.0um the refractive indices
of ZnS and germanium are 2.201 and 4.004 respectively. By 980nm (the desired pump
wavelength) these have risen significantly to 2.294 and 4.473 + 0.161: (calculated from
the Sellmeier [97]) respectively. Generally, dispersion increases the refractive index in-
creases toward shorter wavelength, reducing the fringe-minima separation slightly. To
properly model dispersion, the thin film design program TFCalc was used, in which
material refractive indices are specified as a function of wavelength. Dispersion also
causes a slight shift in the peak transmission from the design wavelength. For example,
if the design wavelength is )., then at this point the film thickness d = \./4nyo where
nao 15 the refractive index at the design wavelength. Equation 6.3 predicts 0% reflec-
tivity (100% transmission in the absence of absorption) at A, if the square root of the
substrate refractive index, germanium, is equal to the refractive index of the AR film.
However with ZnS on germanium the square-root refractive index criteria is not met
at the design wavelength, but due to dispersion is more-closely met at slightly longer
wavelength, and the transmission maximum moves to longer wavelength. Two compet-
ing effects determine the resulting shift in wavelength: the slowly changing reflectivity
at the fringe maxima, and the refractive index match. The resulting wavelength shift

from the design wavelength is small, but is confusing when looking at the exact values



Optimisation of modulator performance 179

of maximum transmission from a single layer AR, film. Typical calculations showed the
peak transmission occurs at a few nm longer wavelength than the design wavelength,
for a design wavelength at around 10um. Although the dispersion must be modelled,
the effect of this latter point on an broadband AR coating at around 10pum can usually
be ignored. This is shown by simulation results below. These results show graphs of
polarisation-averaged reflectivity against wavelength for two spectral regions. Detail is
shown at the longer wavelength limit for the coating properties in the 8 to 14um modu-
lated region. This is shown (where relevant) for normal incidence and for 14° incidence,
the latter being the half-cone incidence angle for £2 optics, representing the extremes of
reflectivity variation. For the pump wavelength region, normal incidence, 30° degree, 35°
degree and 40° degree incidence is considered. Geometrical considerations of exciting
of the aperture without obscuring the f2 optical transmission combined with reasonable
diode laser excitation parameters, give 30° to 40° as a reasonable spread in incidence
angle range for the excitation.

Figures 6.14 to 6.19 show the effects on a 1.173um ZnS coating thickness, which
has a centre design wavelength of 10.308um. The thickness was determined by design-
ing a quarter-wavelength coating for a 10pm centre wavelength, and then changing its
thickness slightly until the minimum reflectivity of the 6 fringe occurred at the pump
wavelength, 980nm. The change in fringe position at the shorter wavelength is much
more significant than at longer wavelength. The centre wavelength in the wide 8 to 14um
region is not critical due to the slowly-varying transmission in this region. This resulted
in the above film thickness, which is used throughout the analysis. This unconventional
approach to coating design means that a small variation in film thickness and a small
variation in (longer wavelength) centre design wavelength, is traded for the possibility
of simultaneously AR coating at the pump wavelength with a quarter wavelength film.

The importance of accounting for dispersion in the analysis is shown by Figure 6.14,
giving the reflectivity variation when dispersion is accounted for, and when dispersion
is ignored and the 10um refractive indices are used over the entire wavelength range. A
slight variation in reflectivity is seen in the longer wavelength region where the reflectivity
is not critical. In the shorter wavelength region the effect is much more severe and the 6
fringe minima moves from 980nm (accounting for dispersion) to 940nm. Only at 10pm
do the graphs give the same reflectivity. At the 980nm reflectivity minima (accounting
for dispersion) the reflectivity becomes 20% if dispersion is not included. Dispersion
also changes the amplitude of the fringes as the mismatch between refractive indices of

7ZnS and Ge changes. If dispersion is not accounted for the fringe pattern has a constant
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amplitude, and if the film refractive index is perfectly matched to the substrate the
reflectivity minima will always be at zero. The stronger effect of any changes at the

short wavelength than at longer wavelength is a feature of all the graphs presented.
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Figure 6.14: Reflectivity variation vs wavelength accounting for dispersion and neglecting

dispersion

The effects of dispersion are included in all further graphs. Figure 6.15 shows the
effect of a variation in incidence angle. The upper graph shows the reflectivity at the
extremes of likely incidence angles in the modulated spectral region. In the centre of
the aperture where incidence angles are normal, the reflectivity is slightly lower than
at the perimeter of the aperture where incidence will be up to 14° from the f2 optics.
The difference in reflectivity at the 8 and 14um wavelength extrema is slight; having
a maximum difference of 0.5%. The lower graph shows that increasing the incidence
angle moves the reflectivity minima toward shorter wavelength. The variation in mean
reflectivity at the extremes of 30° and 40° moves the reflectivity minimum from 958nm
to 943nm respectively. The change in reflectivity experienced by a fixed wavelength in
this region over this range of incidence angles is no more than 9%.

The effect of temperature variation at normal incidence is shown in Figure 6.16
by using the temperature-dependent Sellmeier equations for the refractive indices of

ZnS and Ge over the military temperature range. The graphs almost perfectly overlay,
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Figure 6.15: Average reflectivity variation vs wavelength for a range of incidence angles

showing negligible change in reflectivity from —50°C' to 50°C'.

Finally the thickness tolerance of the film for dual AR coating at 980nm and around
10um is determined. The tolerance is governed by the shorter pump wavelength re-
gion. The effect of AR coating thickness changing by +10nm from the required value of
1.173pm is shown by Figure 6.17. The solid graph shows a film with a reflectivity min-
ima at 980nm for normal incidence, where the average reflectivity is 0.65%. Reducing
the film thickness by 10nm moves the reflectivity minima to 972.5nm, and increases the
reflectivity at 980nm to 2.00%. Increasing the film thickness by 10nm moves the reflec-
tivity minima to 987.5nm, and increases the reflectivity at 980nm to 2.1%. Therefore
a 1% change in film thickness is seen to cause an absolute change in reflectivity of 2%.
This effect on the average reflectivity at the pump wavelength is acceptable due to the
absorption-homogenisation effects at high absorption levels, described in Chapter 7.

The above graphs have shown the effects of dispersion, incidence angle variation,
temperature and film thickness on the average reflectivity of quarter-wavelength films.
The dominant factors affecting success of an AR coating at 980nm are i) accounting for
dispersion, ii) the variation in incidence angle and iii) achieving accurate film thickness.
The film thickness should be accurate to within 1% to maintain an average-reflectivity

variation of no more than 1.4%, which is easily attainable using, for example a red



Optimisation of modulator performance 182

- Temperature = 223K
Temperature = 293K
——— Temperature = 323K

— — —T T T T T T T
2 4 [ 8 10 12 14 16 18 20

Wavelength (pm)

45 - ~eeee Temperature = 223K

—— Temperature = 283K
40 —-—— Temperature = 323K
35

30 4

hy
o
1

eflectivity (%)

R
e
a B
|

10

¢ 3
L

T T T 1 T
11 12 1.3 1.4 1.5 18

o
=}
~
o |
™
o-
©
-
o

Wavslength (um)

Figure 6.16: Effect of temperature on the position of fringes at long and short wavelength

regions

monitor laser diode and counting the fringes during deposition. The tolerance of £10nm
1s roughly 1/60 wavelength of red light. Minimum reflectivity fringes occur every time the
optical path difference is an odd number of quarter wavelengths, giving fringe minima
at every odd multiple of approximately 80um of ZnS film. Therefore if resolution of
1/10 of a fringe is possible, a deposition tolerance of 1% is relatively easy to attain. The
incidence angle variation has shown that over a range of 30 to 40° the average reflectivity
at the pump wavelength varies by approximately 9% (£4.5% reflectivity change either
side of the mean illumination angle, 35°) over the aperture, assuming uniform aperture
illumination. The effects of this can be counteracted if necessary by using a non-uniform
excitation illumination pattern.

This has highlighted the dominant parameters of the AR coating, but the excitation
in the case considered was that resulting from a circularly-polarised, or random unpo-
larised source, and only the average reflectivity was determined. To see the effects of
a polarised laser source, illumination-modelling software would greatly simplify a very
complex task. In the absence of this, the effects of polarisation at the extreme val-
ues of variable parameters was considered using the T'FCalc software package, which is

designed for thin optical film analysis.
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Figure 6.17: Effect of film thickness variation at long and short wavelength regions

The reflectivity vs wavelength for S, P and average polarisation is shown in Fig-
ures 6.18 and 6.19 for the longer and shorter wavelength regions respectively, for the
same material parameters as above. The polarisation state in this application depends
on the specific laser source used. Diode lasers become more linearly polarised [129] as
the output power is increased, with the major polarisation axis parallel to the junction
plane. If fibre-coupled, the large diameter high power optical fibres likely to be used will
be multimode and do not maintain polarisation, giving randomly-polarised illumination.
Assuming illumination is incident directly from a diode bar such that the junction plane
is perpendicular to the plane of incidence, then the S polarisation dominates and must
be considered in the graphs below.

In Figures 6.18 and 6.19, accounting for polarisation does not alter the wavelengths
of fringe minima and maxima, although the amplitude and spectral width of the fringes
does change. A change in amplitude of the fringes is observed with change in polar-
isation since this changes the interface reflectivities. In the longer wavelength region,
reflectivity is only mildly affected by polarisation. This is due to the smaller angles
and narrower range of incidence angles of practical importance in this region. In the
shorter wavelength region the effect of polarisation is' more pronounced, especially for

the S polarisation. At the reflectivity maxima the reflectivity is significantly higher than
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Figure 6.18: Reflectivity vs wavelength for longer wavelength region at normal incidence

(upper) and 14° incidence (lower)

the average polarisation reflectivity values previously considered. This increase is larger
at larger incidence angles.

However the region of interest for an AR coating is the minimum in reflectivity which
differs little over the incidence angle range from the average polarisation case. At 980nm
the S polarisation minimum reflectivity at 30° and 40° incidence angles is 1.7% and 3.07%
respectively. This change in reflectivity is small, although the narrowing spectral width
of this fringe is more important. In order to remain within this reflectivity minimum, the
tolerance of the source central wavelength should be no greater than +7nm. The typical
FWHM spectral width of a laser source from diode bar lasers obtained during this work
is in the order of 2—3nm. Using the typical diode laser temperature coefficient of central
wavelength of 0.3nm/°C, a 10°C temperature shift during operation moves the centre
wavelength by 3nm. This gives a practical tolerance of +(3nm 4 3nm)/2 = +3nm.
If a spot-wavelength laser diode were obtained, this would fit within the reflectivity
minimum as required, from this consideration alone.

If all effects are treated as non-correlating, the maximum change in reflectivity at
980nm following uniform illumination of the aperture is 1.3% from incidence angle con-

siderations and +2% from layer thickness consideration with a tolerance of +10nm.
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Figure 6.19: Reflectivity vs wavelength for shorter wavelength region at 30° incidence

(upper) and 40° incidence (lower)

This few-percent total variation relies on obtaining a spot-wavelength laser diode. This
is a difficult and costly task at high power, requiring individual testing of diode lasers
due to the temperature-dependence of their centre wavelength. Accurate film deposition
thickness with a £1% tolerance was achieved experimentally using an optical reflectance
setup using a red laser diode and counting the fringes during deposition. For the pur-
poses of a demonstration device, a single layer AR film was deposited as accurately as
possible, and the effects of reflectivity variations was investigated through testing of the
transmission in the excited an unexcited states. For multiple device fabrication, obtain-
ing several diode lasers of such precise wavelength is impractical, therefore a single-layer
AR coating suitable for these two wavelength regions simultaneously is unlikely to be
used in a final device. The difficulty in procuring spot-wavelength diodes places too
much pressure on the position of the 5% or 6'* fringe minima. Atterapting to do this
in a demonstration device does not make things any worse than with no coating at all,
since a single-layer AR film only reduces the reflection of the pump wavelength, but
could result in a slow variation in absorbed excitation power with incidence angle across
the illuminated aperture. The subsequent variation in induced absorption across the

aperture may be more than that observed without this type of AR coating, depending
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on the spectral width and centre wavelength of the laser diode. Therefore in a demon-
stration device the dual-wavelength quarter-wave AR coating is suitable, although in a

final production device a specially designed multilayer coating would be used.

6.4.3 ZnS antireflection coating evaporation

Despite the relatively thick films required by the above calculations, single layer quarter
wavelength Zn$ films were routinely deposited via evaporation from ZnS$ in pellet form.
No problems with film-adherence were found if, prior to deposition, the sample was
heated slightly using a hot air gun prior to evacuation, or during evacuation using a
substrate heater. A 7nS layer thickness of 1.173um was used so the film AR coated at
A = 10.308um (refractive index here = 2.197) and the 6** fringe AR coated at 980nm.
A typical transmission spectra of a two-surface ZnS-coated germanium sample is
shown in Figure 6.20, whose properties are summarised in Table 6.1. Accounting for
dispersion, the position of this fringe gives a film thickness of 1.184um, slightly thicker
than the required thickness of 1.173um. TFCalc was used to determine the properties

of the 6% fringe reflection minima using the calculated film thickness.
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Figure 6.20: Transmission spectra of AR coated germanium sample with centre design

wavelength at 10.308um



Optimisation of modulator performance

187

8.0 pm 14.0 pm peak 6th minima 980nm film
T(%) T (%) T(%) at A  wavelength R. (%) thickness
(nm) (pm)
predicted 88.7 90.2 99.1, 10.308 980nm 0.65 1.173
measured 77.0 80.5 99.4,10.44 988nm 2.09 1.184

Table 6.1: Predicted and measured single-layer AR, coating properties

During film deposition the layer thickness was determined using an in-vacuum opti-

cal reflectance setup and by counting the reflectivity fringes at 650nm observed during

film deposition. A diode laser was directed through the observation window in the evap-

oration chamber and mirrors directed the beam onto the centre of the sample during

deposition, and then out through the window to a detector. A minimum reflectivity in

the fringes is seen every time the film optical thickness is an odd multiple of a quar-

ter wavelength of the monitor laser. The expected reflectance vs time graph during

deposition of a 1.173um film is shown by the TFCalc simulation in Figure 6.21.
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Figure 6.21: Simulation showing reflectance at 650nm vs film thickness for growth of a

1.173pm 7ZnS film on a germanium substrate

In practice the film deposition rate changes with time due to increased surface contact

between ZnS pellet with the evaporation boat or a reduction in pellet size, so uniform
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fringes are not observed over time. A typical reflectance vs time graph during deposition
of ZnS is shown in Figure 6.22. A slow modulation of the amplitude of the required
fringe pattern is seen here due to the much slower deposition of ZnS on the mirrors in
the evaporation chamber, although this does not affect the shorter period of the fringes
caused by faster deposition on the germanium substrate. A slight overshoot of the
required thickness was produced due to difficulty in ceasing deposition at a fractional
fringe araplitude. The step-up and -down at the start of deposition is due to stray light

from the evaporation source as the shutter is opened and closed.

Reflectivity (arb. units)

~ 7V

4] 2 4 [ 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Time {minutes)

Figure 6.22: Typical variation in reflectance at 650nm with time during film deposition

The design of multilayer AR coatings was not considered by this work. Such an
optimised multilayer modulator coating would be designed using a software package to
provide the two transmission windows over the required wavelength ranges, and should
offer a wider spectral width of low reflectivity around the 980nm pump window and
lower reflectivity at the extreme 8 and 14um regions of the modulated region. This
requires a lower centre-wavelength tolerance from the diode laser excitation, easing the
necessity to obtain spot-wavelength pump laser diodes. In addition to AR coating a
sample, the coating should not degrade the low surface recombination velocity etched
surface. A test sample which was etched using the CP4A etchant (Appendix B) and
then AR coated using ZnS immediately afterward was found to still have the same depth
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of modulation after a time in excess of 2 years. This shows that ZnS is compatible with

the surface for this purpose.

6.5 Excitation wavelength

Another method of reducing the optical excitation power density required for a given
depth of modulation is to use longer-wavelength above-bandgap excitation. This takes
advantage of two effects that occur toward longer wavelengths (i) there are more pho-
tons in every Watt of optical power since each photon has less energy, and (ii) for
above-bandgap wavelengths, the optical absorption coefficient (o) is lower, Thus more
electron-hole pairs are created per Watt of optical power, and the longer wavelength
photons are absorbed deeper into the germanium so electron-hole pairs have to travel
further to reach the surfaces. This latter point should increase the effective carrier
lifetime (see Equation 3.39).

Two common high power laser diode wavelengths in the excitation wavelength region
of interest are reasonably priced: close to 810nm, and close to 980nm. FExperiments were
. performed with high power 980nm and 813nm laser diodes, and a lower power 1480nm
laser diode. Other than cost, the advantage offered by diodes at 980nm and 813nm is
their ease of availability in 1lem diode bar, and stacked-array packages. These offer a
convenient, optics-free method of illuminating a germanium aperture in a final working
modulator. To date, high power 1480nm laser diodes are not available at practicable
cost.

By moving the pump wavelength from 813nm to 980nm, A in Equation 3.39 rises
by a factor of 980/813 = 1.21 simply from the more photons per Watt’ argument.
The move also provides an increase in light penetration depth (1/c;n) from 0.14um
to 0.53um [91]. Likewise, the move from 813nm to 1480nm offers an increase in A
of a factor 1480/813 = 1.82 for the same excitation power density, and an optical
penetration depth of 2.1um. To predict the effect of the deeper absorption depth, the
steady state carrier distribution model in Section 4.2.2 is used. Figures 6.23 and 6.24
show the modulator’s induced absorption (proportional to the area carrier density) in
a semi-infinite sample for two values of bulk carrier lifetime, for S = 1ms™ and § =

5ms1

respectively. The induced absorption is normalised to the limiting case of an
infinite excitation absorption coefficient, to show the benefit of an increase in excitation
absorption depth. The diffusion length is marked L,.

Figure 6.23 shows that increasing the excitation absorption depth provides an in-
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Figure 6.23: Normalised induced absorption vs excitation absorption depth for two

values of bulk carrier lifetime and S = 1ms™!

crease in induced absorption, although this is only achieved with very deep absorption
depths (fractions of 1em). The increase in induced absorption only becomes significant
when the excitation absorption depth is more than about 10% of the diffusion length
in the bulk. Figure 6.24 shows a larger increase in induced absorption with increased
excitation absorption depth than Figure 6.23 due to its higher surface recombination
velocity, although the dependence on ¢y remains the same, and both graphs overlay
after a vertical scale change. However, at the micron-absorption depths of the excita-
tion lasers used in the experiments, Table 6.2 shows the longer wavelength lasers offer
no significant benefit from this aspect, even in the presence of high 5. This table gives
the relative absorption, defined as the ratio of the absorption A induced by the given
excitation wavelength to that induced by 813nm excitation, for the same number of

generated electron-hole pairs.
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Figure 6.24: Normalised induced absorption vs excitation absorption depth for two

values of bulk carrier lifetime and S = 5ms™!

6.5.1 Induced absorption dependence on excitation wavelength:

experimental results

Experimental validation used a spectrophotometer to determine the induced absorption

A at 10.6pum of various germanium samples when illuminated by equal power densities at

813nm, 980nm, and 1480nm from laser diode sources. The experimental setup is shown

in Figure 6.25. The percentage difference in induced absorption coefficient, A, was

determined using the spectrophotometer transmission 7'(%), and Equation 6.5, where

the excited state transmission is measured at equal power densities.

wavelength absorption depth relative ahsorption

relative absorption

(nm) (cm) Toute = 1ms, S=1ms™'  Tpy = Ims, S = 5ms™*
813 1.85 x 1075 1.0 1.0

980 5.26 x 1075 1.000059 1.000296

1480 2.13x 10~* 1.000301 1.001507

Table 6.2: Predicted induced absorption at the three laser excitation wavelengths used

in the experiments compared to that induced by 813nm
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Figure 6.25: Experimental setup to determine the induced absorption during excitation

at three laser wavelengths

Equal power densities illuminated the samples by using an aperture to only excite a
3mm diameter circle on the sample face. By only using the central region of the exciting
laser beams, a reasonably uniform excitation power density was obtained. A power meter
situated behind the aperture was used to adjust the laser current to give equal power
densities at each wavelength. Snell’s law was used to account for changes in Fresnel
reflectivity with incidence angle, since oblique illumination was required to position the
laser diodes within the spectrophotometer. The complex refractive index [97], incidence
angle, laser polarisation and computed absorption at each excitation wavelength are
summarised in Table 6.3.

Figures 6.26 and 6.27 show the measured absorption ratio at fixed absorbed power
densities for seven samples at 980nm compared to 813nm and at 1480nm compared to
813nm respectively. The final column in each stack represents the minimum expected
induced absorption ratio, calculated from the ratio of the wavelengths increase in avail-

able photons, giving 1.21 and 1.82 respectively. Total instrument-reading error bars are
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wavelength refractive incidence polarisation to  Absorption

nm index angle® incidence plane = (1 — Reflectivity)
813 4,674+ 0.4788: 25 average 0.577

980 44734+ 0.1482¢ 25 average 0.597

1480 4.239 4+ 0.0554: 40 L 0.523

Table 6.3: Wavelength, complex refractive index, incidence angle and power reflectivity

in wavelength-dependence experiments

included and although these are small, larger systematic alignment errors exist due to

the difficulty in achieving a uniform excitation power density.

186
1.5

Fractional increase in alpha

Haller EGG20 (i11) cube (111)a cube (100) cube (100)a cube K61054D

sample B’ 0.5 Wiem2
B 0.6 Wicm2
1.0 Wiem2
0o 5.0 Wiem2
B 10.0 Wiem?2
0 Expected minimum

Figure 6.26: Ratio of reflectivity at 980nm to reflectivity at 813nm with equal absorbed

power densities

Within experimental error, Figure 6.26 shows a minimum of the ratio of the wave-
lengths increase in induced absorption in all samples on moving toward longer wavelength
excitation. The average ratio is 1.3. Some readings (K61054D sample) are significantly
higher than this. There appears no correlation between measurements at the same power
density on different samples, which would indicate different calibration errors at the var-
ious excitation currents. In Figure 6.27, a minimum of the ratio of the wavelengths

increase in induced absorption is also seen in all samples on moving to the longer wave-
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Figure 6.27: Ratio of reflectivity at 1480nm to reflectivity at 813nm with equal absorbed

power densities

length. The average ratio is 2.04. These measurements show much closer agreement for
each sample at the two power densities. Comparison between the results of the two above
figures shows that consistently higher results are obtained for samples (100)a cube and
K61054D. The initial hypothesis that in long bulk carrier lifetime samples where surface
recombination is the dominant restriction on the depth of modulation attained, that an
increase in excitation absorption depth provided an increase in induced absorption, has
been shown by Table 6.2 to be insignificant over the range of wavelengths used in the
experiment. The variation in experimental results in Figures 6.26 and 6.27 is therefore
attributed to experimental error.

It is concluded, and confirmed by the models in Section 4, that the generation of carri-
ers deeper into the material only renders them less likely to encounter a surface (at which
recombination occurs) if they are generated more than ~ 10% of a diffusion length from
the surface. In HPGe the diffusion length is several millimetres, the thickness of a mod-
ulator element. Corresponding absorption depths in germanium, although achievable
through excitation close to the band edge (around 1.8um), are severely temperature-
dependent (see Figure 3.7), and risk the illumination passing straight through the mod-

ulator element and onto the detector in the event of a drop in temperature. Thus
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the significant benefit offered by exciting the modulator at longer wavelengths is solely
through the increase in available photons. If high power laser diodes at wavelengths
close to 1.5um become available in the future, these would offer the benefit of more
photons per Watt of optical power without the risk of the excitation passing through

the germanium.



Chapter 7

Design and construction of a

working demonstration modulator

The purpose of this section is to use the knowledge developed in previous chapters to
design and construct a working demonstration modulator. This has been optimised
subject to the design constraints placed on the system by the excitation mechanism. In
optimising the modulator, several processing considerations must be taken into account.
These are considered in this chapter, giving the design path for a working modulator
and describing its construction and testing as the first solid state modulator for the 8 to
14pm thermal image band. The systems, germanium processing and optical excitation

tradeoffs and requirements are presented.

7.1 System requirements

The modulator’s operation is governed primarily by the tradeoff between switching
speed, depth of modulation and system efficiency, until a point where a ceiling of waste
heat removal prevents further optimisation. This section gives these systems tradeoffs.
Use will be made of Equation 3.39 giving the modulator’s total absorption coefficient
A, If the unexcited-state modulator transmission is denoted 7, then the modulator

transmission is given by T as:

T = Toe ™" (7.1)

In the unexcited state, 4 is zero providing there is negligible contribution from
other processes detailed in Chapter 3. Low-doped 'n’ type germanium (40 — 50Qem) is

sufficient to ensure this, even over the £50°C' military temperature range. Tp is ideally

196
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unity within the 8 to 14um passband, assuming application of an ideal AR coating. In
practice Ty will be wavelength-dependent as the AR coating will not be perfect. Due to
the wide spectral sensitivity of pyroelectric detectors a long-wave pass filter should be
included within the modulator system to block the subsidiary-modulated regions around
3.3um and around 4.5um, to avoid misinterpretation of the modulation.

The guideline specification for pyroelectric detector operation was to attain 10%
transmission in the ’off’ state. Little is gained in detector performance beyond this point
and the required power increases rapidly. The excitation efficiency 1 in Equation 7.1 is
the fraction of absorbed excitation power, and depends on the Fresnel reflectivity at the
pump wavelength, which is a function of excitation incidence angle. Also, the optical
excitation scheme may waste considerable optical power by exciting a larger area than is
modulated in attempts to attain greater excitation uniformity. The ideal n = 1 condition
is substantially reduced at the expense of more-uniform excitation. This is considered
further in Section 7.3.

In addition to the optical excitation, the waste heat from the diode laser illomination
scheme itself must be removed. Currently this is achieved by closed-cycle water-cooling,
although a passive heatsink would suffice for short periods.

Finally, the optical illumination involves considerable excitation power (at around
980nm) reflected by the germanium modulator. To avoid highlighting the camera’s
position to other IR-sensing systems, and to ensure eye-safety, an absorbing cover is
required. This could be simply a piece of AR-coated optical grade germanium, in which
no induced absorption (in the 8 to 14um region} occurs. This converts incident excitation
into heat and also requires heatsinking. A more efficient use of this cover plate is to serve
as an additional modulating element, optically in series with the modulator, exploiting

reflected excitation power. This is also considered further in section 7.3.

7.1.1 Speed and efficiency tradeoff

The modulator’s primary operational tradeoff is that of speed against efficiency. A faster
modulator is possible at the cost of a shorter effective carrier lifetime, since this requires
faster carrier recombination once optical excitation terminates. This is at the expense
of a higher optical excitation power. The effective carrier lifetime results from both
bulk and surface recombination. To quantify the speed and efficiency tradeoffs, realistic
parameters are now used to model the behaviour of an optically-excited, absorbing,
modulator. Typical parameters used in the analysis are given in Table 7.1.

The 8 to 14um region ’off’ state transmission is given by Equations 3.39 and 7.1 as:
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parameter symbol value units
ambipolar diffusion coefficient D, 66.04 em?s™!
980nm absorption coefficient oy 1.9 x 104 em™1
hole absorption cross section oy 533 x 107 em?
excitation power P 1,2 W em™2
excitation wavelength Aeze 980 nm

Table 7.1: Parameters used in modelling modulator performance

( Teffectivel Aezcopn )
he

T = To(i_ (72)

To is assumed unity, as is the absorption efficiency 7 in all cases. The ’off’ state
transmission at 10um must be minimised. This is plotted in Figure 7.1 as a function of
effective carrier lifetime and excitation power density, showing the tradeoft between the
two parameters. The excited-state transmission is minimised by using high power and

a long effective lifetime.
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Figure 7.1: Excited-state transmission (%) vs excitation power and effective carrier

lifetime

Figure 7.2 shows the excitation power required for the guideline-specification 10%

transmission vs effective carrier lifetime, over a wider power range than Figure 7.1.
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The modulator’s maximum switching frequency is defined by 1/277.¢ fectinve, and is also

plotted in this figure, showing the tradeoff with excitation power.
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Figure 7.2: Power required for 10% off state transmission and maximum switching fre-

quency vs effective carrier lifetime

In the experimental results reported here, effective carrier lifetimes in the order
of 800us have been attained (final 7.femive in Table 5.1), showing that a maximum
1/27 Tt foctive SWitching frequency of 200H z 1s possible. This requires an absorbed power
density of 2.8W em™2 to reduce the transmission from 100% to 10%.

Figure 7.1 also shows the excitation power uniformity required by the absorbing
aperture. ldeally the absorption is the same across the entire aperture so each point
on the detector image (after the absorbing aiaerture) is attenuated by the same factor.
However, the optical excitation power density is likely to vary across the modulator’s

2

aperture. If the excitation power is 2W e¢m™2, then an effective carrier lifetime of

Taf fective = 1.1ms gives a modulator transmission of 10% (90% absorption). To decrease

2

the transmission to 5% the power must be increased to 2.6W em™. Conversely, to

increase the transmission to 15% a decrease in excitation power to 1.4W e¢m ™2

is required,
for the same effective carrier lifetime. To maintain a transmission of within +5% absolute
of 10% transmission in the absorbing state, the uniformity of excitation power (having

implications in Section 7.3) is relaxed to within +30%. To maintain this uniformity in
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transmission at higher absolute values of excited-state transmission will however require

a smaller tolerance on the excitation power density.

7.1.2 Which etch should be used?

This section summarises the effectiveness of the etchants at reducing the surface recom-
bination velocity. The model in Section 4.2.1 predicting the steady-state area carrier
density in a semi-infinite sample is used to analyse the experimental results for S and
Touir €xtracted in Chapter 5. Equation 7.3 predicts the ratio of steady state area car-
rier density in a continually-excited sample with surface recombination velocity S, to
the zero S case. Equation 7.3 is plotted in Figure 7.3 for reasonable parameters from
Table 7.1, and experimentally-determined values for m,; and S obtained by the etch

process in Section 5.2.

1 — i DaTpuir (S+Dain)

relative absorplion = : ZJ;SD“D“T“”‘ (7.3)
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Figure 7.3: Ratio of absorption in presence of surface recombination velocity S to ab-

sorption with zero surface recombination for experimentally-determined parameters

The experimental results reported in Section 5.2 gave bulk carrier lifetimes of 1.3ms,

1.3ms, and 120us in the test samples EGG1, EGG2 and Haller, and corresponding values
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for the face 1 surface recombination velocity of 2.8ms™! | 3.0ms™! and 2.0ms™! were
obtained by etching in CP4A (Appendix B). Figure 7.3 shows these carrier parameters
have 45%, 43% and 79% of the maximum attainable absorption with their respective bulk
carrier lifetimes. For the EGG1 and EGG2 samples these values show that the absorption
has been reasonably optimised by the etch. Compared to the unetched case, a great
increase in induced absorption has been achieved. Unetched samples invariably show
no depth of modulation at these excitation levels. Lower values of S, whilst attainable
through etching, and reported in the etching literature, introduce a stronger dependence
of induced absorption on S, which is therefore more environmentally-dependent. The
post-etch S values measured following etching in CP4A are in a region which gives a
low recombination rate in addition to a low dependence on the environment, and are

therefore acceptable in the optimisation process.

7.1.3 How thick should a sample be?

In high purity samples with long bulk carrier lifetime, depending on the sample thick-
ness, optically-generated carriers at the front surface may reach the back surface. Even
with etched samples a finite surface recombination velocity exists on both surfaces, and
carriers could recombine at the back surface. In maximising the effective carrier lifetime
in a sample to increase modulator efficiency, it is preferable that carriers recombine in
the bulk material where a long carrier lifetime exists, and not at the back surface.

Figure 4.8 predicted that for a practical sample thickness of 5mm, and typical values
of Thur = 1ms and § = 3ms™, the induced absorption was 39% of the maximum that
would occur with zero surface recombination for this sample thickness. This value is
85% of the maximum induced absorption that would occur in a semi-infinite sample
with the same 7y, and S values, and corresponds to a sample 1.9 diffusion lengths
thick. From the aspect of sample thickness, a 5mm sample is therefore sufficient for
typical modulator parameters.

For the test samples EGG1, EGG2 and Haller, the post-etch surface recombination

I and 2.0ms™!

velocity results of 2.8ms™!, 3.0ms~ , and bulk carrier lifetimes of 1.3ms,
1.3ms and 120pus were extracted respectively in Section 5.2. Graphs of the normalised
absorption, given by the ratio of the absorption with surface recombination velocity S
and finite thickness, compared to the absorption for a semi-infinite sample with the same
S and Ty, are plotted for these values in Figure 7.4.

In Figure 7.4 the samples EGG1, EGG2 and Haller have thicknesses 5.82mm, 6.08mm

and 1.70mm respectively. When normalised to the sample’s diffusion length, values of
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Figure 7.4: Normalised induced absorption vs sample thickness normalised to diffusion

length

1.98, 2.06 and 1.90 are found, showing that the normalised induced absorption values

are well optimised from the aspect of modulator thickness.

7.2 Germanium processing requirements

The construction stages of a modulator are 1) cutting the element to size, ii) polishing
to a high optical quality finish, iii) etching to reduce surface recombination velocity iv)
fixing the sample into the support and heatsink and finally v) AR coating. All stages
have been successfully performed at the University of Southampton.

A primary requirement during these processes is that the germaninm does not come
into contact with impurities likely to degrade the long carrier lifetime. Such impurities
are primarily copper and gold, and to a limited extent, iron and nickel. At elevated
temperatures their effects are more severe as their diffusion coefficients increase with
temperature, so the germanium should not be unnecessarily heated beyond 150°C, es-
pecially when in contact with such impurities. The rate of heating during a process is

also important. Thermal shock degrades the long lifetime in high purity samples and
should be avoided.
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The stages where impurities and heating are encountered in the manufacturing pro-
cess are during the polishing, etching, AR coating, and fixing of the element to a heatsink.
When polishing, etching or washing the sample, deionised water must be used. Care
must be taken to ensure the etch constituents have low concentrations of such impurities
as any impurities in the etch may adhere to sample surfaces and later diffuse-in upon
heating.

The modulator element requires fixing into a heatsink for support and also to remove
waste excitation heat, and this may require a moderate temperature. Two methods of
obtaining the required good thermal contact were found: conductive epoxy, and low-
temperature solder. For research purposes, soldering is more attractive as it offers the
possibility of removing the element, and so was used during this work. Low-temperature
indium-based solders were obtained from the Indium Corporation of America, in a 'Spe-
cial joining kit’, of which solder number 290 was preferred (97% In, 3% Ag) due to its
low liquidus point (143°C) and good wettability to germanium.

Soldering the germanium element (15mm square) to the flanged copper heatsink
consisted of wetting solder to the germanium edges and heatsink inner edges, placing
the germanium into the recess in the heatsink, and then heating the combination, adding
solder in the gap around the edge until filled, then allowing to cool. The copper recess
was easily wetted by using a flux on freshly-cleaned copper, then contacting the solder
wire to the heated copper. The copper was heated using a standard hotplate with an
attached thermocouple to prevent overheating the high thermal mass. Wetting solder
to germaninm was more difficult. A recess was milled into a copper block, into which
the germanium was fitted. The block was heated on the hotplate, and then a serubbing
action using a nickel felt pad was used to wet the solder which is run along the edges
of the sample simultaneously. Whilst hot, the sample was removed and allowed to cool
before placing in the actual modulator heatsink, and re-melting the solder to secure 1t.
During this process the optical window faces the hotplate. Aluminium foil was placed
between the heatsink and hotplate to prevent evaporation of hotplate debris onto the
optical window.

Once the element is fixed Into the heatsink it is AR coated. The AR coating is
deposited after the soldering stage to avoid damage during heating. If the sample were
glued in place, these two stages can be interchanged for ease of evaporation, and would
not require the entire bulky heatsink to be placed into the evaporator for the AR coating
stage. The AR coating should ideally be evaporated shortly after the sample is etched.

The surface recombination velocity is known to increase slightly with time in the short
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term before stabilising (Section 6.1.3), so a minimum delay between etching and coating
is preferable.

The AR coating was deposited onto the germanium-heatsink arrangement as de-
scribed in Section 6.3.3. This involves heating the germanium to ensure adherence of
the film, although the heatsink with its high thermal mass is heated as opposed to the
modulator, and this remained warm enough during the evaporation to ensure an adher-
ent film was produced. At this point, copper may diffuse into the germanium as this
is the longest time the germanium spends at elevated temperature. Diffusion of copper
into the germanium can be prevented using a metallic barrier, although during this work
this was not attempted. Table 7.2 lists the time taken for impurities to attain 10°em ™3,
the same as the HPGe background impurity level, at a depth 100um from the surface,
assuming infinite-source diffusion at 100°C, and shows the severity of the heating stage.
Data is taken from Table 3.2. Although the copper result seems extraordinary the ger-
manium is not in good contact with the heatsink, due to the indium solder barrier,
greatly increasing the allowable heating time. Note that since the diffusion distance

o v/time, copper requires 200 seconds diffuse 1mm.

impurity copper  mickel iron gold indium
time (seconds) 2 2.4% 10 3.2x10° 21x10% 42x10%°

Table 7.2: Impurities that degrade lifetime in germanium and corresponding diffusion
times at 100°C for 10°cm ™2 at a depth of 100um

7.3 Optical excitation requirements

This section details the possibilities for optically-exciting the modulator element. Until
this point, tests on germanium were performed using fibre-coupled or collimated beams
to excite samples over approximately a 3mm aperture. In the construction of a working
modulator with a lem? aperture, the aperture must be illuminated uniformly with high
power radiation, giving the same induced absorption across the entire aperture, and
stray illumination must be prevented from escaping from the modulator thus drawing
attention from other IR sensing systems or posing an eye-hazard.

The required excitation power density is now determined. The transmission of an
uncoated element at 10m was reduced from 47.1% to 5.2% using 9.6W e¢m™2 of 980nm
(Section 1). Extrapolated to an AR coated sample, with 100% unexcited-state trans-

mission, and assuming no AR coating at the pump wavelength, 9.6W cm™? reduces the
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transmission from 100% to 11.0%, which is an acceptable depth of modulation for the
primary modulator application. The order of this is also supported by predictions in
Section 7.1.1 that an absorbed illumination power of 2.8W ¢m™2 with an typical effec-
tive carrier lifetime of 7ot fective = 800us gives an off’ state transmission of 10%. The
absence of an AR coating at 980nm would approximately require twice this power for
the same performance (See Table 6.3).

The spatial uniformity of the illumination considered in Section 7.1.1 required that
the power density on the germanium remains within £30% to maintain 10% == 5% power
transmission through the aperture. This tolerance is widened by the effect of lateral
carrier diffusion, which laterally smears-out the carrier density resulting from a non-
uniform illumination profile in the presence of a long bulk carrier lifetime and low surface
recombination velocity. This was shown by the lateral diffusion models in Section 4.3.2.
In this particular design a long effective carrier lifetime is required to maximise efficiency;
this widens the lateral excitation uniformity tolerance. Rapid spatial power density
fluctuations over less than a diffusion length on the low surface recombination velocity
modulator surface will not cause significant lateral variations in absorption during the

modulator’s off state.

7.3.1 Modulator geometry

Single or dual-surface modulator-excitation schemes shown in Figure 7.5 are possible.
The two-sided excitation scheme utilises reflected power that would otherwise be wasted,
inherently preventing reflected illumination from escaping. It operates by confining the
excitation power, which reflects inside the box until absorbed by the germanium. The
one-sided scheme relies on the incident power being in the correct place. Any reflected
power is simply turned into heat on the wall of the containing cavity. Whilst the two-
sided scheme is more efficient, for the construction of a demonstration modulator (Section
7.4) a one-sided scheme was employed. This simpler scheme offers easier diagnosis of
any unexpected effects.

Tllumination of the single-absorbing-surface aperture with high power above-bandgap
radiation is now considered. A longer wavelength gives more photons per Watt of optical
power, and also relaxes the tolerance of the single-layer AR coating thickness (Section
6.3.2). Wavelengths longer than the direct-bandgap wavelength of 1.5um are unsuit-
able due to their temperature-dependence of absorption. A narrow wavelength band is
preferable, making AR coating at this pump wavelength easier. Diode lasers, infrared

LED’s and filtered arc lamp sources are candidates,
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Figure 7.5: One- and two-surface excitation schemes

Diode lasers, offering compactness, portability and fixed wavelength illumination,
in contrast to wider spectral-bandwidth LED or (larger) filtered arc lamp sources were
chosen as the preferred means of illumination. High power low duty-cycle infrared LED’s
are currently available in the required spectral region at lower cost, and lower power per
device but with a wider spectral bandwidth.

Delivering the high power illumination to the modulating aperture is considered next.
Fibre-coupled diode lasers can be remotely-located, reducing the waste heat dissipation
close to the absorbing region. Several fibres can be arranged to stare at the aperture to
achieve uniform illumination. These often have the disadvantage of high coupling loss to
the fibre; with losses of up to 50% being the current state of coupling technology and so
require more heatsinking. This is shown in Figure 7.6 (a). Alternatively, several lower
power diode-can lasers could be used (b), requiring a more bulky optical illumination
head. The idea chosen was to use diode bar lasers (¢) with no additional optics. These

have recently become widely available at moderate cost and high power.
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Figure 7.6: Three possible illumination geometries for exciting the aperture

7.3.2 Diode bar lasers as an optical pump source

High power laser diode 'bars’ are currently available at ~ 810nm and ~ 980nm, offering
tens of Watts cw at reasonable cost. In low volume the cost is presently around 800stg
(via Laser2000) for a mounted 980nm 20W bar, and this has fallen sharply over the past
two years. In volume, the same unmounted device is presently available at around 150stg
(Siemens Microelectronics). Stacked diode bars are also becoming widely available. The
efficiency of such bars is ~ 40% at 20W emission, requiring 204 at approximately 2V.
Using two such diodes to obtain 40W of optical power, pulsed at 50% duty cycle requires
an electrical power of 50/, which is also the waste heat load that must be removed.
Standard laser diode bars are a parallel array of emitters, often 100um wide on a 200um
pitch, with an array width of lem. The measured power emission profiles are shown in
Figures 7.7 and 7.8 for two particular diode bar lasers, when the sensing CCD is parallel
to the emitting face, 3cm away.

Manufacturer beam profile measurements are usually only specified in the far-field,
and are made by moving a detector in a 1m arc around the diode bar. A typical profile
from a manufacturer’s data sheet is shown in Figure 7.9 for the transverse and lateral

distributions.
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Figure 7.7: Approximately near-field emission profile of reasonable performance lem
20W 980nm diode bar

The narrow divergence in the slow axis makes the profile, which in this plane is
very roughly a top-hat, suited to unlensed pumping of a lem aperture with reasonable
uniformity. Advantage was taken of this in the demonstration modulator. In practice,
the measurements in Figures 7.7 and 7.8 show that whilst the manufacturer’s data sheets
show roughly gaussian and top hat profiles in the slow and fast axes, these measurements
are only valid in the far field, beyond about 10¢m from the emitting face. After this
point all diverging beams in the narrow divergence (12° FWHM) plane from a 1em bar
will have overlapped. In the fast axis of wide divergence, the far-field is reached within
a few mm of the emitting face. However the power emission profile measured along the
slow axis, close to the emitting face, varied wildly on some diode bars. Beam profile
measurements using a linear array CCD camera 3em from the emitting face are shown
in Figures 7.7 and 7.8 for reasonable and poorer devices respectively.

Although the manufacturer’s specified far field profiles are quite uniform and slowly
spatially-varying, in the near field these were seen to vary wildly, with some emitters
appearing to contribute little power to the total along the slow axis. Often the side
emitters emit the least power, with strong nonuniformity across the bar. These results

were typical of one manufacturer’s diodes (Gateway Photonics, USA), although it is
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Figure 7.8: Approximately near-field emission profile of poorer performance lem 20W
980nm diode bar

unclear how other laser bars might perform. This measurement, approximately in the
near-field, is almost never made on the bars, as most users simply specify the centre
wavelength, spectral bandwidth, power, far-field beam profile, and efficiency of such a
pump source.

In addition to the non-uniformity in laser diode bar emission profile across the aper-
ture, the central wavelength of such devices shifts slightly with drive current. Combined
with the difficulty in procuring spot-wavelength laser diodes, this requires the AR coat-
ing to have a suitably wide tolerance with low reflectivity over a reasonable incidence
angle range at the pump wavelength. Typical FWHM spectral linewidths for the diode
laser bars used [130] are 2 to 3nm. When the junction temperature reaches a steady
value, the central wavelength shift of the diode becomes much less significant.

A demonstration modulator was constructed (Section 7.4) based on the manufac-
turer’s far-field data from Figure 7.9, knowing that providing it was operated in a high
absorption regime, some fluctuations in power density could be tolerated using the ar-
gument in Section 7.1.1, and also smoothed through lateral carrier diffusion in long bulk

carrier lifetime material in the presence of a low surface recombination velocity.
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Figure 7.9: Manufacturer data for far-field emission profile for 20W diode laser diode
bar in fast (left) and slow (right) axes

7.4 Optically-pumped modulator design

This section summarises the design of an optically-pumped modulator, based on the
design constraints preceding this section. A summary of the specification for the design

of the optically-pumped demonstration modulator is given below:

e (Clear aperture lem square accessible by f2 optics
o On state transmission > 90% averaged over the 8 to 14um band
o Off state transmission < 10% averaged over the 8 to 14um band

e Speed of response time constant < 3ms

Based on the preceding arguments, it was decided that an optical power of 10W em ™2

was required to achieve this depth of modulation. Antireflection coatings on the sample
would be used to give close to 100% transmission in the ’on’ state. A high purity
germanium sample 1.5¢m square was required to permit fixing of the sample around its
edges to a support and heatsink arrangement whilst giving at least the required aperture.

To minimise carrier recombination at the back surface, a sample thickness of 5mm was
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used (Section 7.1.3). Two side-illuminating 20WW diode bar lasers provided the optical
excitation, and the exclusion of external optics simplified the design. The response speed
is within expectations of the bulk carrier lifetime and surface recombination velocity on
etched samples. The stray excitation reflected from the modulator element would be
contained by an unetched (high surface recombination velocity) optical grade (low bulk
carrier lifetime) germanium window, optically in series with the modulator which would
not significantly contribute to the induced absorption. The modulator heatsink and
support housing would be made from copper. The use of Oxygen Free High Conductivity
(OFHC) copper is unnecessary, offering little improvement in thermal conductivity at

room temperature over many standard grades.

7.4.1 Optical illumination geometry

It was decided that the required optical excitation power density of 10W em~? would be
adequately provided by two 20W 980nm offset diode bar lasers as shown in Figure 7.10.

diode bar datail

assumed top-hat profile inthis plane with /
total divergence = 12 degrees (6 deg each side) B ~ o

& 3Bdeg FWHM
ké > X
germanium A

Fast axis gaussian power distribution\
Pover FWHM = 35 degrees

germanium

Figure 7.10: Aperture excitation schematic and geometry side profile

The diode profiles have a FWHM power divergence of 35° in the fast axis and a
top-hat profile with 12° divergence in the slow axis [130], permitting calculation of the
total power profile. These approximations are close to the actual power distribution.
The gaussian power profiles in the fast axis from the two diodes sum linearly along
plane AB, resulting in a more-rounded-topped distribution in this plane, with the same
power density anywhere along a line parallel to AB. Figure 7.11 shows the beam profile

modelled along this line.
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Figure 7.11: Intensity summation along line AB of gaussian profiles from two laser diodes

Optimising this profile involves a tradeofl between illumination uniformity of the
power along AB and the efficiency with which the excitation overlaps the modulator
element in this plane. The uniformity is defined as the ratio of the maximum to the
minimum combined power along AB. The efficiency is defined as the ratio of the area
under the total intensity curve along AB to the area assuming unity normalised intensity.
These two figures of merit are a function of the excitation incidence angle (90 —6;), and
the distance of the source (L) from the centre of the aperture. Optimisation of the
efficiency and uniformity showed that it was best to fix 8; to a practical value (35°)
compatible with the aperture’s {2 optical transmission, and to vary L to achieve the
desired uniformity and efficiency. These figures of merit are plotted for §; = 35° in
Figure 7.12.

The required uniformity along AB was decided as being 85% based on the wide
(£30%) acceptable power illumination tolerance. Figure 7.12 predicts 33% efficiency at
a distance L = 28mm, which was used in the final design. Along the plane CD the
uniformity should be unity, and the FWHM profile width is 16mm, assuming a top
hat profile with 12° divergence from a lem bar at 28mm separation. So approximately
10/16 = 62.5% of the illumination in this plane illuminates the lem? aperture. The
combined efficiency is therefore roughly 33% x 62.5% = 21%. Two 20W diode bars
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Figure 7.12: Uniformity and efficiency figures of merit for illumination along AB

emitting over a lem?® aperture, with an illumination efficiency of 21%, give an average
power of 8.25W, which is close to the required average power of 10W cm™2. The AR
coating at the pump wavelength is angular- and wavelength-dependent, although it offers

an increase in the 8.25W absorbed power of up to a factor of 2.5 (See Section 6.3.2).

7.4.2 Copper support and heatsink

The modulator’s support and heatsink was made from copper. Water cooling of the
germanium element and laser diodes is achieved by integrating the laser diodes into the
modulator housing. Technical drawings of this construction are given in Appendix C.
The required heat dissipation is 100W during c¢w operation, although during the usual
50% duty cycle operation this halves, and a purpose-built forced-air heat exchanger was
employed nsing a flow rate of approximately 500m! per minute. Figures 7.13 and 7.14

show photographs of the construction.

7.4.3 Testing the optically-pumped modulator

Having built the modulator as described above, it was subsequently tested for i) depth

of modulation ii) speed of response, and iii) transmission as a function of wavelength.
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Figure 7.18: Photograph of the optically-pumped modulator

The depth of modulation in the steady-excited state was measured along two per-
pendicular lines intersecting the central point of the excited region. This was achieved
by scanning the black body probe beam across the regions in both the ’on’ and ’off’
states, giving the average transmission in the 7 to 15um region, using the same setup
as described in Section 5.3. The laser diodes used in the modulator were the best of
nine delivered by the supplier (Gateway Photonics USA). Both suffered from nonuniform
emission across the lern bar, typically as shown in Figures 7.7 and 7.8. Both diodes were
driven cw at 184, giving a combined optical power of 26.7W. The results of scanning in
the orthogonal directions are seen in Figure 7.15. This plots the ratio of the transmission
in both states, along four scan lines detailed in Figure 7.16.

In Figure 7.15 a transmission of 16% is seen in the centre of the aperture in the ’off’
state at 10.6um. The absorption reduces at the edges, and is either due to an increased
rate of surface recombination here where the germanium meets the indium solder layer,
or due to nonuniform emission from the diode bars at their edges. This is avoidable
in a future modulator by using an increased optical power density here to account for
the enhanced carrier recombination rate, or a wider unused aperture around the optical
aperture, which is also excited but which contains the region where the absorption is

not as strong.
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Figure 7.14: Photograph inside the modulator showing laser diode positioning

The parallel scans show a narrower absorbing region than the scans perpendicular
to the emitting diode face, despite the same aperture size in the perpendicular planes.
This is explained by different levels of excitation in the two planes. The excitation
in the perpendicular plane extends for a longer distance since the excitation overlaps
more of the area around the germanium. In the parallel plane the excitation only
just meets the edge of the aperture. In the parallel plane the germanium is in an
intermediary region between near and far field, where the emission is known to differ
quite strongly from the ideal model’s prediction in Figure 7.11, exhibiting sudden spatial
variations in laser power. The illumination in the perpendicular plane (AB direction)
is closer to the model’s prediction since here the germanium element is in the far field,
where the average excitation profile has evened-out rapid spatial power variations. It is
known from Figures 7.7 and 7.8 that the emission in the parallel plane along AC is non-
uniform, and the effect of this is seen by the narrower absorption profile in Figure 7.11.
Inhomogeneities in this plane would be greatly reduced in a future modulator by selecting
laser diodes which have more uniform emission profiles in the approximately-near field.

The response speed was measured at 10.6um by switching a CO, laser probe posi-
tioned in the centre of the modulator aperture. Results of this, scaled to 100% transmis-

sion using a reference chopper blade, are shown in Figure 7.17, showing the transmission
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Figure 7.15: Modulator transmission in two intersecting orthogonal directions (a-c) par-

allel to laser diode bar face (AC direction)} (d) perpendicular to bar face (AB direction)

at 10.6m switching from 100% to 18% transmission, with a 10—90% risetime of 0.49m.s,
and a 10 — 90% falltime (absorption decay) of 1.73ms. The minimum transmission in
Figure 7.17 is similar to that in Figure 7.15. The latter minimum transmission is slightly
higher than that in Figure 7.17 at 10.6um. In Figure 7.17 the hole absorption cross sec-
tion is slightly higher than the average spectral absorption cross section in the 6.6 to
15.7pum region, which determines the absorption in Figure 7.15.

The transmission vs wavelength shown in Figure 7.18 was determined using a spec-
trophotometer. The modulated transmission within the germanium passband is caused
by two sets of fringes with different periods, one from the modulator AR coating (Fig-
ure 6.20), the other from the germanium protective cover plate. The highest depth of
modulation is seen within thermal imager band, extending from 8 to 14um, although
the subsidiary modulated heavy hole - spin orbit and light hole - spin orbit regions show
a significant depth of modulation from 3.3 to 4um and in a narrower bandwidth around
5um respectively. This figure shows the transmission at 10.6pm falling from 95.4% to
4.7%, and that at 8.0um and 14.0um falling from 55.5% to 5.2% and from 68.0% to 1.6%
respectively using a total optical power of 26.7W. These values show a higher level of

absorption than observed in Figures 7.15 and 7.17. The difference cannot be accounted
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for by a moderate temperature shift increasing the free hole density. A moderate sample-
temperature increase of 10°C has been calculated to increase the total absorption by
an amount 4.45 X 1073 in a 0.5¢m sample. Likewise a temperature decrease of 10°C
provides a similarly insignificant change in absorption, of —2.72 x 1073, These changes
are insignificant in a strongly absorbing sample in which A = 2.3 (Equation 3.38) is
required for 10% transmission. The origin of this discrepancy is likely to be in the decay
of the power output from the diode lasers, which were not burnt-in prior to delivery.
During the experiments the drive current to the diodes was kept constant, although the
results for Figure 7.18 were made before those in Figures 7.15 and 7.17.

The modulator’s transmission was also measured by looking at a 30°C black body
source situated behind a metal patterned grating of horizontal lines with a pyroelectric-
detector thermal imaging camera. Pyroelectric camera frame-grabs in the on and off
states are shown in Figures 7.19 and 7.20 respectively. In the absorbing off state the
total optical excitation power is approximately 10W. The darker shading represents
lower temperature, such as the cooling water pipes on the left.

These two figures clearly show the modulator absorbing across the aperture. In fact
with these particular images only one laser diode was working properly; the faulty diode
was only emitting over 2mm of the length of the bar during the test.

More recent images with both diodes operational and the modulator situated in the
intermediate focal plane of a thermal imaging camera lens are shown in the ’off” and
‘on’ states respectively in Figures 7.21 and 7.22. The total optical excitation power in
the off’ state power was 28.9W.
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Figure 7.17: Switching response at 10.6um using a total excitation power of 26.7W

In experiments with no pump-wavelength AR coating, results were extrapolated (Sec-
tion 7.3) to show the effect of an AR coating at the modulated region only, show-
ing that 9.6W em™? reduced the transmission from 100% to 11% at 10um. The
experimental results shown in Figure 7.18 for the AR coated sample show a reduc-
tion in transmission from 95.4% to 4.7% at 10um using an average power density of
21% x 26.7W e¢m~? = 5.6W cm™2. The absorption coefficient transfer functions in the
(pump wavelength) uncoated and coated cases are therefore 0.23 per W em ™2, and 0.54
per W em™2 which shows that the absorption of the pump wavelength has increased
by a factor of 2.34 as an average over its varying incidence angle. The uncoated re-
flectivity of germanium at 980nm is 40.3%. If this improvement were offered by the
AR coating at 980nm then the mean 980nm reflectivity would have been reduced to
(1/2.34) x 40.3% = 17.2%. If the AR coating were perfect, Section 7.4.1 predicted an
increase in absorbed pump power of a factor 2.5. The AR coating deposited is therefore
close to this ideal case. The difficulty in procuring spot wavelength diodes with uniform
emission along the bar length meant that one 980nm and one 960nm laser diode were
used. Evidently the reflectivity at 960nm from a quarter wavelength coating designed
for 980nm would be considerably different from the zero value desired, so a mean pump-

wavelength reflectivity of 17.2% is good. The AR coating therefore works well at the
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Figure 7.18: Transmission of modulator as a function of wavelength for total optical
excitation powers (upper to lower) of 0, 5.4, 9.7, 13.9, 18.2, 22.5, 26.7TW

desired 980nm wavelength, although this calculation is based on the assumption of a
both a uniform power density on the lem? aperture, which is not strictly valid, albeit
close to the predicted situation, and the assumption of the same surface recombination
velocity on the two compared samples, which are cut from the same bulk material. Both

samples were etched in the same etchant so this latter assumption is justified.

7.5 Conclusions on the optically-pumped modulator

This has been the first demonstration of a large-area optically-pumped modulator for the
8 to 14um region. The total optical power used to generate the absorption over a lem
aperture was 26.7W when operated continuously, and the transmission was reduced from
95.4% to 4.7% at 10.6um. This is an acceptable depth of modulation for pyroelectric
detector operation. The power density used to achieve this was moderate due to the
21% efficiency of the illumination of the aperture in order to achieve more uniform
excitation. The uniformity of the modulation was not ideal, and some reduction in depth
of modulation is seen at the edges of the aperture. This can be improved through more-

uniform excitation or use of a wider aperture, or by using a higher relative excitation
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Figure 7.19: Transmission of the modulator in the ’on’ state

power at the aperture edges. The response time of the modulator showed a recovery
time of 1.7ms, acceptable for pyroelectric detector operation, and the response time in
turning-off the transmission, largely governed by the excitation power, was 0.49ms. The
transmission at the spectral edges of the thermal image band was 77.0% and 80.5% at
8.0 and 14.0um respectively in the *on’ state. Ideally these would both be 100% although
the actual transmission function is characteristic of the quarter-wavelength AR coating
film used. To increase the transmission at the band extrema, a more complex multilayer
AR film must be used. The design was achieved using no external optics, which greatly
simplified its construction.

The measured depth of modulation is close to that predicted. The illumination
nonuniformity of the laser diodes makes absolute comparisons of absorption difficult, but
it appears that the AR coating does improve the absorption of the pump wavelength as
discussed in Section 7.4.3. The suitability of a single-layer AR coating in providing low
reflectivity at the pump wavelength over the wide tolerance of commercially-available
laser diode wavelengths was predicted in Section 6.3.2. Ideally the experiment would
be repeated using two 980nm laser diodes. To further improve the optical system’s
efficiency, additional optics could be used to 'rescue’ some of the wasted 79% excitation

power. Optics could be used to collimate the excitation onto the aperture, and laser
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Figure 7.20: Transmission of the modulator in the ’off’ state

diode manufacturers are starting to offer custom lenses integrated with the bar faces,
which would facilitate this in a small space. It has become clear that laser diodes must
be more-extensively tested before use in a final modulator. Standard manufacturer data
is inadequate. Diodes should be additionally tested for their uniformity of emission
across the bar length and central emission wavelength as a function of drive current for
the present system.

A successful area modulator has been constructed, demonstrating the modulator’s

potential. Other applications include infrared modulation in gas sensing.
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Chapter 8
Electrically-pumped modulator

The successful demonstration of an optically-pumped modulator in Chapter 7 raises the
question as to whether the holes required for the induced absorption could be electrically-
generated. An electrically-pumped modulator has several advantages over the optically-
pumped system. These include the reduced number of parts and inherent increased
reliability, the improved efficiency due to removal of the 40% efficiency laser diodes,
and a more compact system without the need for offset excitation laser diodes. The
disadvantages of this pumping scheme arise from the contrasting requirements of a high
injection current and a uniformly-absorbing aperture.

Two possibilities exist for injecting carriers into the germanium, i) via carrier injec-
tion using a p-i-n type structure and ii) using electron impact excitation. The system
requirements and tradeoffs are considered initially, followed by their design. These ideas
are developed to the full design of a p-i-n style diode modulator, although time limita-
tions did not permit its construction.

In contrast to the optically-pumped modulator detailed in Chapter 7, the surfaces
of the electrically-pumped modulator are not as important with respect to providing
a low surface recombination rate. Although surface recombination affects the steady-
state excited carrier density in the electron-impact modulator, since carriers in the p-
i-n modulator are generated within the bulk material, away from the surfaces, surface
recombination is much less important. With the electron-impact systenﬁ the accelerating
voltage of the electrons can be tailored to ensure electron-hole pair generation occurs
just beyond the front surface. This reduces slightly the criterion for a low recombination
surface when using electron impact excitation, although 'reasonable’ electron energies
must be used. With the optically-pumped modulator it was found that only when

carriers are generated beyond 10% of a diffusion length from the surface were they less
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dependent on the surface recombination velocity than if they were generated within a
few microns of the surface, and the same condition holds for electron impact excitation.
With electron-impact excitation, etching therefore increases the modulator’s efficiency.
Little improvement is expected from etching the surfaces of the p-i-n style modulator and
reducing the surface recombination velocity. Both p-i-n and electron-impact modulators
still require a long bulk carrier lifetime to maximise modulator efficiency.

The initial design criteria for an electrically-pumped modulator is the current den-
sity required to induce an acceptable depth of modulation. Based on the calculation in
Section 7.3, that 10W em™2 at 980nm reduces the transmission of an AR, coated sample
from 100% to 10%, a calculation is made for the electrically-pumped device. Assum-
ing the holes (and electrons) are produced by an electric current, the number of holes

required per em? per second is given by Equations 8.1 and 8.2.

Pleze
he

holes (cm?s™h) = (8.1)

Current density (A em™) = holes - q (8.2)

Using the above values gives a current density of 7.9A4 em ™2, which is realistic since
p-i-n diode designs are commonplace with current densities in excess of 300A em ™2 [80].

With the electron impact excitation modulator the above current density must be
reduced by the ratio of the accelerating voltage to the potential required to generate
an electron-hole pair in germanium. This ratio gives the number of electron-hole pairs
produced by a high-velocity electron as it passes through the semiconductor. Thus it is
possible to tradeoff accelerating voltage against electron beam current and obtain the
required depth of modulation by keeping the product of beam current and accelerating
voltage constant. In germanium [131] 2.7eV is required to generate an electron-hole pair
from an electron-impact process. Accelerating voltages of > 200kV are likely to cause
crystal damage to many semiconductors [36] (and unacceptable x-ray generation) and a
subsequent reduction in the long carrier lifetime in germanium, so much lower voltages
than this would be used. In practice the accelerating voltage will be in the order of a
few kV. Assuming a 2kV accelerating voltage, and 2.7eV electron-hole pair generation

2

potential, a current density of 10.7mA e¢m™? is required to achieve the above depth of

modulation.
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8.1 Operational considerations for an electrically-

pumped modulator

This section outlines the tradeoffs in the design of an electrically-pumped modulator.
General systems are considered by the comparisons. Carrier injection will assume a
p-i-n structure with a surface annular electrical contact ring on either side of the p-i-n
sandwich. Impact excitation will assume the use of an offset electron source facing the

germanium. These generalised structures are shown in Figure 8.1
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Figure 8.1: Injection (a) and impact excitation (b) modulator structures

8.1.1 Carrier injection requirements

The design of an electrically-modulated carrier-injection device is more complex than
the optical-excitation case, requiring an infrared-transparent injecting electrical contact
to be made to the germanium. This is achieved using a p-i-n type structure, which
has ohmic electrical contacts on the two surfaces to connect it to the driving circuit.
The essential modulator requirement of an injecting contact could be achieved using a
p-n diode geometry. However, the reduced carrier lifetime associated with significantly

doped regions, means it is preferable to have an intrinsic region with long bulk carrier
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lifetime, within which the induced absorption takes place. An intrinsic region is therefore
sandwiched between an injecting 'p’ doped region and an injecting 'n’ region to create
the p-i-n geometry. Both 'p’ and 'n’ end regions are required on either side of the °i’
region since the electron and hole generation rates must be equal so that a current can
flow.

In the following analysis the effects of absorption due to the excess holes in the space
charge layers are ignored. Depletion layers exist at the p-i and i-n interfaces, but in
order to maintain charge neutrality, equal numbers of holes and electrons must exist
either side of each interface. This produces an effective narrowing of each of the p, i,
and n layers as far as the number of charge carriers in each layer is concerned.” However
the charge 'missing’ from a layer is in effect in the adjacent layer, and as far as the
modulator 1s concerned, it sees the p-i-n stack as a series optical component, and the
area carrier density and hence absorption is unchanged.

In the transmitting ’on’ state, the structure in Figure 8.1(a) has no applied bias to the
junction. The total transmission is given by the product of the individual transmission of
the three ('p’, i’ and ’n’) regions, accounting for the antireflection films on the front and
back surfaces. The ’on’ state transmission is ideally 100%. In the absorbing ’off’ state
the p-i-n junction is forward-biased, causing the 'p’ layer to inject holes into the intrinsic
region, and simultaneously electrons are injected into the i’ region by the 'n’ layer. Due
to the wide '’ region, most electrons and holes will recombine here, and carriers both
drift and diffuse across this region. The few carriers that have not recombined in the ’?’
region, recombine on reaching the opposite end region (’p’ or 'n’ type). In this forward-
bias state the i’ region with its high hole density becomes strongly absorbing in the 8
to 14pm region, and the modulator transmission is again given by the product of the
transmission of each of the three layers, accounting for the antireflection coatings. In this
state most of the induced absorption occurs via light hole to heavy hole transitions in the
i’ region, although a small contribution to absorption does occur due to holes in the 'n’
region which have not yet recombined. By making the ’i’ region approximately a diffusion
length long the minority hole density in the 'n’ doped end region contributes negligible
absorption to the total. As with the optically-pumped modulator, the contribution to
total absorption from free carrier absorption is insignificant in comparison to that from
hole intervalence band transitions.

The considerations in designing the electrically-pumped injection device are i) the
form of ohmic contact to the surface of the germanium, ii) the doping levels and iii) the

physical widths of the three ’p’, i’ and ’n’ regions. These factors affect the switching
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speed, uniformity of induced absorption, and heat dissipation requirements of a modu-

lator using this geometry, and are considered in the following subsections

8.1.2 Electrical contacts to the germanium

The contacts to the ’p’ and ’n’ surface layers must be ohmic. Simple barrier theory
suggests that in order to destroy the rectifying property of a metal contact on a semi-
conductor, that the work function of the metal should be higher than that of the semi-
conductor on a ’p’ type surface, and lower than that of the semiconductor on an 'n’
type surface. However, this does not follow for a germanium surface [132], on which
many common metals will form an injecting contact to some extent. T'wo methods were
used in the past [132] (reference for entire subsection) to suppress the injection; one
was to treat the germanium surface prior to contacting the metal and the other was
to heavily-dope the surface layer to which the contact was to be made, with the same
dopant as was used in the bulk of that region. The former surface treatment consisted
of roughening the surface prior to making the contact. This reduces minority carrier
injection by killing-off their lifetime close to the contact. The latter heavy-doping (to a
few carrier mean-free paths from the surface) increases the potential barrier to minority
carriers, greatly reducing their injection into the bulk.

Making contact to the germanium can be achieved through a combination of plating,
tinning, or soldering directly onto the surface. The process used depends on the type of
surface (’p’ or 'n’ type) being contacted-to. Plating the germanium with either copper
or antimony was often used as a means of providing a more robust contact to the surface.
Either copper or antimony, in the form of copper sulphate or antimony trioxide with
potassium hydroxide in water, is used as the electrolyte, and a thin layer is deposited on
the germanium, surface. To assist uniform deposition of the antimony, copper, which is
easier to plate, is often deposited beforehand. In the case of antimony, when the surface
is heated by the soldering process, antimony diffuses into the surface and heavily-dopes
the surface region, thereby reducing minority carrier injection on an ’n’ type surface.
In the case of a copper plated layer on the modulator, care would have to be taken to
ensure the germanium is not heated afterward, except during a short soldering process,
to ensure the copper does not diffuse into the modulation region and degrade the long
bulk carrier lifetime there. It would be unwise to use copper plating unless essential.
Tinning the germanium surface prior to soldering is only generally used if the surface
has been copper-plated. An antimony-plated surface tends to evaporate antimony if

a tinning stage is used. Tinning the electrode prior to soldering is, however, more
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commonly used, and here the same solder is used as for the soldering process.

The process chosen as being the most suitable for the modulator, also requiring a
minimum of processing stages, is to solder directly onto the germanium, using a doped-
solder. The germanium surface regions requiring contacts are lapped, and then an
antimony-bearing solder is used at the 'n’ type end, such as 63Pb-355n-25b (MP =
250°C), and a 'p’ dopant such as gallium or indium is incorporated into the solder
at the 'p’ type end. Prior to soldering, the electrodes are pre-tinned with the same
respective solder. During soldering the solder dopant diffuses into the surface layer,

reducing minority carrier injection.

8.1.3 Tradeofls in the design of a p-i-n modulator

This section assumes the general form of the p-i-n modulator construction as in Fig-
ure 8.1(a). All results are given for a 1em? modulator in this section. The extension to
a modulator of any area is given at the end. The most important tradeoff with the p-1-n
style modulator concerns the thickness of the 'p’, 'i’, and ’n’ layers, and their doping
levels. The AR coating on the front surface will practically eliminate the Fresnel loss
at the front 'p’ surface, and the same methods of producing this coating as with the
optically-pumped device are assumed. The AR coating here need only be designed for
the modulated 8 to 14pm region. In the ’on’ state the hole absorption cross section is 16
times higher than that for electrons, so the front layer dominates the absorption. The

absorption coefficient of this layer (A in Equation 7.1) is given by the product of the hole

volume doping density, 'p’, the hole absorption cross section, and the layer thickness z,.

A=p-on-zp (8.3)

Since o3, is constant, the product p - 2, should be minimised to maximise the 'on’
state transmission. However, during the ’off” state, the 'p’ layer serves as a hole-injecting
region. To maintain uniform current injection across the modulator aperture, a low
resistance 'p’ layer is required so that carriers can be injected from across the entire ’p’
aperture, and this requires a high area doping density. The high area doping density
clonﬂicts with the requirement for a low absorption in the ’on’ state. To compromise,
the product of 'p’ layer thickness and z, is reduced, until acceptable absorption and
uniformity are obtained. If the doping level is too low, electric field lines emanating
from the high resistance ’p’ layer will concentrate only in the small volume directly
between the metal ring electrodes. Modulation subsequently takes place mainly in this

region where the contacts optically obscure the induced-absorption region. This problem
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of junction breakdown at the edges of contact electrodes is analogous to the emitter-
edge-crowding problem in the design of planar transistors [80].

The required width of the i’ layer requires both optical and electrical analysis, and
is compared to the situation of a p-i-n diode [80]. The p-i-n modulator has a geometry

defined by Figure 8.2 in the following analysis.
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Figure 8.2: Ptin® diode geometry, carrier distribution and potential

In Figure 8.2 the upper diagram defines the p-i-n structure, the middle diagram
represents the carrier density in the central ’i’ region, where electron and hole densities
are equal, and the lower diagram represents the potential vs displacement in the ’i’
region.

In the ’off’ state the electron and hole concentrations are equal in the central intrinsic
region, and, if all recombination is assumed to take place within the intrinsic region, are

given [95] by Equation 8.4.

72d  (cosh(z[L,) sinh(z/L,)
(sz‘nh(d/La) = cosh(d/La))

p(m)zqu -

Ly = /Dy, (8.5)

B = (pn = po) [ (1tn + pip) (8.6)

This assumes negligible recombination in the heavily-doped end regions where a
lower lifetime exists. J is the current density, L, is the ambipolar diffusion length, the

base region thickness is 2d, and B is a mobility scaling parameter. Integrating p(z)
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over displacement  gives the hole area carrier density py(crn™?) in the intrinsic region,
Equation 8.7.
74 J(A-em™%)

m(em™) = p (8.7)

Interestingly the total area hole density is independent of the intrinsic region length,

and depends only on the current density passing through the region, and the ambipolar
carrier lifetime, which is fixed by the material purity.

If an ambipolar lifetime of 500us is assumed, Equation 8.7 gives the modulator’s area
hole density as p; = 3.12 x 10*® per A em~2. Equation 8.3 is used to validate the current
density required for a given depth of modulation, which was predicted at the start of

Chapter 8. The transmission of the intrinsic layer in the ’off’ state is, Equation 8.8:

T = e = Tye on (8.8)

Where o, = 5.33 x 107®em? is the hole absorption cross section. Hence for an
ambipolar lifetime of 500us and a current density of 7.94 em™? (start of Chapter 8)
and assuming 100% transmission from an AR coating (T, = 1), a transmission of e™'*
1s attained in the excited state. Although this appears unreasonably low, it is indicative
of the high rate of carrier loss in the optically-excited device. A calculation using a bulk
carrier lifetime of 100us in the p-i-n type device (a closer approximation to the optical
device, in which the surfaces greatly reduced the effective carrier lifetime} and the same
current density as that predicted from operation of the optical device gives an "off’ state
transmission of 7.2%. This agrees more closely with that predicted (10%) from the
optical device operation at this current. This calculation shows the large benefit offered
by using a p-i-n type electrically excited structure, which makes full use of the long
bulk carrier lifetime. The design constraints based on the above assumptions are now

determined. The transmission in the ‘on’ and absorbing ’off’ states are given respectively

by:

TDn = To . B—A = Tg . e—Uh-[p~$p] (89)

Ty = Ty e-onloesl . gonmen™) (8.10)

p is the 'p’ layer doping density (em™), z, is the ’p’ layer width, and p; is the
area carrier density in the intrinsic region during forward injection, and is given by

Fquation 8.7. A graph of ’on’ state transmission from Equation 8.9 against 'p’ dopant
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area density (p- @,) is given in Figure 8.3. This shows the significant reduction in ’on’
state transmission caused by only a moderate hole doping density. The area carrier
density at which the 'on’ state transmission is 90% and 50% is 1.98 x 10'* and 1.3 x 10%°

respectively.
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Figure 8.3: 'On’ state device transmission vs 'p’ dopant area density assuming zero 'n’

layer absorption from Equation 8.9

Considering now the effect of the bulk (or ambipolar) carrier lifetime on the induced
absorption in the 'off” state. Figure 8.4 plots the ’off’ state transmission from Equa-
tion 8.10 against current density, based on an acceptable ’on’ state transmission of 90%
(due to p layer absorption) for a range of bulk carrier lifetimes. This shows that an
increased bulk carrier lifetime produces a higher level of induced absorption for a given
current density.

The current-voltage characteristic of the p-i-n diode is now determined for use in
Section 8.1.4 in determining the uniformity of absorption across the aperture. The total
voltage drop across the p-i-n device is given by the sum of the voltage drops across the
p-i injection region, the ’i’ region, and that across the i-n region. The voltage drops
across the outer p-1 and i-n regions will each be roughly equal to the voltage drop across
two forward biased diodes, each being in the order of 0.4V based on usual germaninm

diode turn-on voltages. The voltage drop across the central intrinsic region is dependent
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Figure 8.4: Off’ state device transmission vs current density for various carrier lifetimes

assuming zero 'n’ layer absorption

on its width, 2d, and is given [95] by Equation 8.11.

Vn = %T ' H(biblf S _SZQSZ/%/LJ arctan Wl ~ Brtanh¥(d/L,) - sinh(d/ LG)H
+B- [ )

where b = p,/p,. The parameters in Equation 8.11 have the same meaning as in
Equations 8.4 to 8.6, and V}, is plotted against 1’ layer width normalised to diffusion
length (2d/L,) in Figure 8.5. Thus at 2d/L, = unity, the intrinsic region length equals
the ambipolar diffusion length.

Figure 8.5 shows that the forward voltage drop across the intrinsic region should be
insignificant in comparison to the total device forward voltage (~ 2 x 0.4V), until a point
where the intrinsic region is a few diffusion lengths long. Until this point the electrical
power dissipated in the intrinsic region is very low. This shows that the penalty for mak-
ing the intrinsic region too long is that of increased heat dissipation in this region due
to an increased V,,. The assumption made here is that all the recombination takes place

in the intrinsic region. If this is made much shorter than a diffusion length the recom-
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Figure 8.5: Graph of p-i-n diode forward voltage drop against normalised intrinsic region

length

bination in the more-heavily doped end regions increases [133] and the current drops
due to the increased proportion of carriers recombining there with a shorter lifetime.
Onmne design criteria is therefore to make the intrinsic region length equal to a diffusion
length, requiring an intrinsic region length of 1.8mm in 500us lifetime germanium. At
this thickness the forward voltage drop across the intrinsic region is V,, = 0.013V.

If the intrinsic region length is made equal to a diffusion length, then assuming the *p’
and 'n’ end regions have the same volume doping density and minority carrier lifetimes,
then to a good approximation, all the current flow is due to that injected into the v’
region, and negligible contribution is provided by minority carrier injection into the
doped end regions. This assumes unity injection efficiency. Under these conditions, the
error introduced to the total diode current is small, and the forward-conduction diode

current is given by:

Iy =g 2 p[ ] (8.12)
F[Lia] = [(d/La) : tanh(d/[/a)] . [1 - BQtanh‘t(d/La)]—l/r‘) . 6_52:_711‘1 (813)
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B is given by FEquation 8.6 and V,, is given by Equation 8.11. The forward current
density J; is plotted vs applied diode voltage V, in Figure 8.6.
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Figure 8.6: P-i-n diode forward current density vs total applied diode voltage Vy

Figure 8.6 shows the p-i-n diode current-voltage characteristic with 7, = 500us
and 2d/L, = 1. On the above scale the turn-on voltage of approximately 0.5V is much
lower than was predicted earlier. Initially it was thought that the forward voltage would
be that due to two forward-biased germanium diodes, plus the (small) voltage drop
across the intrinsic region, V,,, giving a turn-on voltage of ~ 0.8V. However, the device
dimensions are more typical of a high current diode, having a ’knee’ current density in
the order of ~ 5004 em™2. The current required for reasonable levels of absorption in
the modulator is up to 104 em™2, where the forward voltage (seen in Figure 8.6) is much
lower. The modulator therefore operates in a region of fairly low injection, and although
for the plotted current scale it appears the device has turned-on by 0.5V, the device
is well below the ’knee’ turnon-current density, which is in the order of ~ 5004 em™?
for this structure. At the ’knee’ the diode forward voltage is ~ 0.8V, closer to that
predicted earlier.

As with the optically-pumped modulator, the switching rate of the p-i-n modulator
is different for switching-on and switching-off the absorption. When switching-on the

absorption the generation of electron-hole pairs is limited only by the ability of the
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driving circuit to supply the stored charge, and can be made very fast. Although it will
take an ambipolar lifetime for the carriers to reach an equilibrium distribution, the holes
still absorb the infrared if they are at the edge of the ’i’ region and diffusing into their
equilibrium distribution in the ’i’ region. As with the optically-pumped modulator, the
switching rate of a p-i-n diode which simply has its current switched off, is determined by
the hole decay time, and in the p-i-n diode this is given by the ambipolar lifetime. Thus
the minimum switching frequency observed by the switching of the p-i-n modulator is
dominated by the transmission recovery, and is given by 1/27 Tumpipotar. L his is plotted
in Figure 8.7. If instead of simply turning-off the diode current, a small reverse-bias
voltage were applied to the diode during the intended transmitting state, carriers would
be swept-out from the intrinsic region at a faster rate, reducing the recovery time.
Figure 8.7 also shows the normalised i’ layer induced absorption, defined as (1 — T/T})
at fixed current density as a function of the bulk carrier lifetime. As with the optically
excited modulator, a higher switching speed is available at the expense of a shorter bulk
carrier lifetime, but achieving the same level of absorption with a reduced carrier lifetime
requires a higher current density. Figure 8.7 does not account for using a reverse bias in

the ’oft’ state to switch the device faster, which requires further modelling.
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During switching of p-i-n diodes, voltage transients are seen on pulsing the device
current, These often exceed (by 30V or more [95]) the forward and reverse voltages
pulsed to the diode, occurring at the initial stage of turn-on when carriers are injected
into the i region and during the decay stage when a reverse bias is applied to the device
to draw carriers out of the intrinsic region. Before significant carrier injection takes
place, the overshoot potential occurs across the high impedance intrinsic region. After
significant carrier injection its subsequent drop in resistance causes the turn-on overshoot
to terminate. This overshoot has implications for the electronic circuitry pulsing the p-
i-n diode.

In contrast to the optically-pumped modulator, with the p-i-n style modulator there
is no stringent requirement to have a low surface recombination velocity. The electric
field across the ’i’ layer draws carriers into the sample, so the induced absorption in the
‘off” state takes place in the ’i’ region, and high carrier densities to not appear close
to the sample surfaces. From the aspect of carrier loss through surface recombination,
no benefit is expected from etching the optical surfaces. There is however a benefit of

etching the side faces of the modulator to reduce surface leakage currents.

8.1.4 Design requirements of a p-i-n modulator

Considering the above arguments, some p-i-n modulator design criteria for the length
and doping of the ’p’, ’i’ and ’n’ regions are determined. The ’p’ layer must be suf-
ficiently doped that carrier injection uniformity is achieved across the entire aperture,
but not so highly doped that its contribution to hole absorption in the ’on’ state is too
significant. The compromise here sets the minimum acceptable ’on’ state transmission
for this layer, and the doping density and layer thickness are calculated to achieve this.
Using Equation 8.8, and setting the Fresnel loss at this layer to be zero (T = 1) by
assuming a perfect AR coating, requires that for a maximum transmission 7' of 95%,
a maximum absorption opp = —In(0.95) = 0.05 is required. This requires a hole area

density of p = 9.6 x 103e¢m 2. If these are in a 1lum (10~*cm) layer, the corresponding

0Y7¢m 3. A high volume doping density in the p layer degrades

doping density is 9.6 x 1
the mobility. Carrier-carrier scattering in practical devices starts to degrade the mobil-
ity at doping densities above ~ 10em ™2 [134] [80], so longer ’p’ and 'n’ region lengths
are preferable in obtaining the required area doping density with a lower volume doping
density. Figure 8.8 shows the required thickness of this 'p’ layer against 'p’ layer doping
density (em™2) for 95% ’on’ state ’p’ layer transmission.

To obtain low resistance layers, very thick ’p’ and 'n’ layer widths of approximately



Electrically-pumped modulator 237

2.0et16 —

1.5e+16 -

1.0et+16

5.0et15 +

Required 'p’ layer doping density (cri®)

0.0e+0 i 7 — — T T —T T
0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050

'P' doped layer thickness (cm)

Figure 8.8: ’p’ layer thickness vs doping density for 95% ’p’ layer transmission in the

‘on’ state

100um are required to preserve the high mobility. Such diffusion lengths are impractical,
requiring an excessive diffusion time (~ 5500A for indium at 850°C'), although if the layer
is made 10pm thick a small reduction in mobility [134] (~ 35% lower) is traded for a
acceptable diffusion time (~ 66h for indium at 850°C"). The 95% transmission calculated
above is a close approximation to the modulator’s ’on’ state transmission, making the
reasonable assumption of negligible contribution to absorption from the ’n’ and intrinsic
layers. Some reduction in ’on’ state transmission is essential to achieve more uniform
modulation across the aperture.

Having considered the transmission resulting from the ’p’ layer area doping density,
the lateral resistance of the ’p’ layer is determined. The lateral resistance affects unifor-
mity of carrier injection and hence the induced absorption across the aperture. A lower
resistance gives more uniform injection.

The injection uniformity across the aperture depends on the thickness and doping
density of the 'p’ doped layer. A complex 3-dimensional analysis is required to properly
see the tradeoff between the layer thickness and injection uniformity. However rough
approximations of the required layer thickness and doping density are made by assuming

the situation illustrated by Figure 8.9. This simplified model assumes a current [ passing
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laterally through a narrow conducting ring of radius a on the surface of the (shaded) ’p’
layer causes 50% of the total current through the device to flow within the inner region
of radius 0.71a, which is 50% of the modulator’s total aperture area. This represents
uniform absorption across the aperture if there is zero lateral voltage drop AV}, between
the two circumferences (between » = a and r = 0.71a). This lateral voltage drop
cannot be zero due to the finite 'p’ layer resistance, but providing it is not too large,
approximates uniform absorption across the aperture. The lateral voltage drop is given
by the product of the average current passing through this section of the 'p’ doped layer
and the lateral resistance of the ’p’ layer between r = a and r = 0.71la. When this
voltage drop is too large there will be different level of current injection at r = a and
r = 0.71a, and at this value of AVL , injection uniformity across the aperture ceases to

be maintained.
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Figure 8.9: P layer injection model from infinitely-narrow ring of radius ¢

At low current I the absorption at r = @ and r = 0.71a will be equal, but the
induced absorption is low. At higher current the absorption at » = a and at r = 0.71a
rises, but at a certain current, the lateral voltage drop between r = ¢ and r = 0.71a
will become too large to inject similar current at the two points. The value of AV and
device current at which this occurs are now determined. Assuming the above model, an

average resistance for the outer region of the ’p’ layer is calculated as R,, where p, is
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the resistivity of the 'p’ layer film, and z, is its thickness, giving:

Ao (1-1VD)

R. =o, - = -
@ = Pr ¢cross section area Po 7r(1+1/\/§)a:p

(8.14)

Pp = l/[p(cm—3) g ) (8.15)

Interestingly Equations 8.14 and 8.15 show that with this relatively simple model,
the resistance of the ’p’ layer that affects uniform injection depends on the product of
p and z,, the area doping density (¢mm™?) in the ’p’ layer. There is no optimal ’p’ layer
thickness as regards injection uniformity, and nothing is gained by making the 'p’ layer
thin. This permits calculation of the lateral voltage drop across the p’ region between
r = a and r = 0.71a for a 1em? modulated aperture, which is given by the product of
the mean current flowing through the outer region of the 'p’ layer and the resistance,
R,y To achieve uniform injection, half the total device current must pass through half
the modulator’s area. The inner half of the modulator’s area occurs inside the boundary
r = 0.71a, across which half the total device current must flow. The mean current in the
outer portion of the p-layer (right diagram in Figure 8.9) is therefore 75% of the total

device current.

AVy, = 0.75 X Rg,(per Amp) (8.16)

Re-writing the total device forward current in Equation 8.12 as

qVy

Ji=Jy-ewr (8.17)
Dani d

== . - ‘1

Jo=29=" F[LJ (8.18)

% using typical parameters of

The reverse saturation current, Jy , is 1.0lmA ecm~
d = L,/2 and 7 = 500us. This appears high, but is due to design of the diode in a
non-standard way with low doping densities, long carrier lifetime and subsequent high
diffusion length. In standard diodes, values for these parameters may differ considerably
on account of high switching rate requirements. Combining FEquations 8.7 and 8.10 gives
the ’off” state transmission as:

J
T =Ty e =Ty eonleedd  gmonmay (8.19)

where J; is given in Equation 8.17 and is an exponential function of V;. The depen-

dence of transmission on the diode’s surface voltage V; means small (lateral) fluctuations
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in V, (denoted AVy) affect the ’off’ state transmission very strbngly. The first expo-
nential in Equation 8.19 gives the ’p’ layer transmission, the second gives the 1’ layer
transmission as a function of radially-varying potential V on the aperture face. The i’

layer transmission is shown as a function of V, in Figure 8.10 using the above d, 7, and

Jo values.
100
90 -
80 -
&
5 60
o
2
E 504
[
B
T 40
N
K
r— 30 ]
20
10
0 T T T T 1 T T T T
0 1 2 a 4 5 6 7 8 ) 10
V, (2KT/g)

Figure 8.10: i layer transmission as a function of potential on the aperture

Figure 8.10 shows that if the potential at the contact (r = a) is say 6-(2kT/q), giving
an 1 layer transmission of 50.78%, then if the diode current were such that the potential
at the inner radius (r = a/+/2) caused a lateral potential drop of 0.2 - (2kT/q) across
the p layer (V4 = 5.8 - 2kT/q at the inner radius), the transmission at the inner radius
would be 57.41%. The criterion of AVy = 0.2 - 2kT/q therefore provides a reasonable
test of uniformity of transmission at the two points on the surface of the diode aperture.
For different contact potentials there is a few % difference in transmission at the two
points between which AV = 0.2 - 2kT"/q. From Figure 8.10 it might be inferred that it
is beneficial to make V4 as large as possible at the contact, thus for Vy = 10 - (2kT/q)
the transmission saturates and a small AV, causes insignificant change in transmission
between the contact ring and inner ring. However this is incorrect, as AV, depends
on the product of the current flowing and the layer resistance, and at the saturation

current, AV, is much greater than 0.2 - 2k7/q.
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Using the condition AV, = AV, a graph is plotted of the total device current at
which the transmission at a point at radius r = @ on the aperture above, and that at
r = 0.71a start to become significantly different, following the condition above. This is
given for a lem? circular aperture by I,..(A cm™?) in Equation 8.20, found by equating
Equation 8.14, 8.15 and 8.16 with AV, above.

8. 1+1/v2
Imma: = i‘gluT,dh’lT [m:’ : [pwp]

After a current I, , uniformity in ’off’ state transmission across the aperture ceases

(8.20)

to be maintained. I, is plotted against ’p’ dopant area density (= p-z,) in Figure 8.11.
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Figure 8.11: Graph of maximum device current for uniform ’off’ state transmission vs

'p’ layer dopant area density for a lem? circular aperfure

Figure 8.11 shows that a higher ’p’ layer area carrier density reduces its lateral
resistance, giving a higher tolerable current I,,,, before the surface voltage drop becomes
too large to maintain uniform carrier injection. However, whilst providing a lower lateral
resistance, this increase in hole area density reduces the 'on’ state transmission. This
is s'hown in Figure 8.12, giving the ’on’ state transmission, limited by the ’p’ layer
absorption, and the minimum transmission at which uniform injection is still maintained,

based on a device current I,,,, calculated above, as a function of 'p’ dopant area density
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p» z,. This is plotted for a range of bulk carrier lifetimes in Figure 8.12.

-—— 'On’ state transmission
—— 'Off state transmission ,, = 100ps

——— 'Off state transmission 1, = 500ps
- Off state transmission 1., = 1000ps

Transmission (%)

Be+15
ge+15
1e+16

‘P* layer area doping density (cm'2)

Figure 8.12: ’On’ state transmission and minimum ’oft’ state transmission at which

uniform absorption is maintained for a lem? circular aperture

Figure 8.12 shows that for a low ’p’ dopant area density the ’p’ layer lateral resistance
is too high for current to spread far laterally. Uniform 'off’ state transmission across the
aperture rapidly ceases to be maintained with increasing current as voltage is quickly
dropped across the high resistance layer. At high ’p’ dopant area density the lateral
resistance of the 'p’ layer is lower, but the 'on’ state transmission is severely limited
by absorption in the 'p’ layer. A significant reduction in absolute transmission requires
a much larger increase in current when starting at this reduced value of transmission.
This large current increase again drops a large lateral voltage across the 'p’ layer and
uniformity quickly ceases to be maintained.

Figure 8.13 plots the difference between on state transmission in Figure 8.12 and the
minimum in uniform-absorption ’off’ state transmission from Figure 8.13 as a function
of 'p’ dopant area density. This shows the absolute % depth of modulation to which
uniform absorption will be seen across the entire aperture.

Figure 8.13 shows that a compromise value of ’p’ layer doping exists at around
p-z, =2 x10%em™? at which point the benefit of reduced p’ layer resistance balances

the expense of the reduction in transmission. This offers the biggest absolute % change
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Figure 8.13: Depth of modulation for uniform absorption vs ’p’ dopant area density for

a lem? circular aperture

in transmission between ’on’ and ’off’ states whilst still giving uniform absorption. The
disadvantage of this area carrier density is a low ’on’ state transmission of 34.4%. In
practice it would be better to accept a slightly lower maximum depth of uniform mod-
ulation, in favour of a higher ’on’ state transmission by using a hole area density of
p-z, =1 x 10%em™?, which would provide an ’on’ state transmission of 58.7%.

Figure 8.13 does not represent the maximum depth of modulation at any point on
the aperture, it gives the depth of modulation to which uniform absorption will exist
across the aperture. Further increase in diode current reduces the transmission in the
region close to the conducting ring, but does not further reduce the transmission close
to the centre of the aperture, which saturates at the values in Figure 8.12, for the given
'p’ dopant area density.

The implication of this is that uniform absorption across the 1em? aperture is only
attainable for low depths of modulation with this planar injection geometry. The loss
in transmission with increasing ’p’ layer area doping density occurs too rapidly for the
subsequent reduction of lateral resistance to be of benefit in maintaining uniform injec-
tion. This means that an alternative form of current injection is required to assist lateral

current spreading without too high a drop in lateral voltage. Alternative methods of
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achieving this are congidered in Section 6.1.4.

Although the above conclusions assumed a lem? aperture, the situation improves
considerably if this 1s reduced. As the modulated area is reduced the resistance of the
outer p-doped ring in Equation 8.14 remains constant. The effective length of this resis-
tor (@ — 0.71a) and cross sectional area (27az,) increase both increase proportionately
with the ring radius a. However if the modulated area is halved, then the current re-
quired for a given absorption must also halve. The maximum current at which injection
uniformity breaks down (I, in Equation 8.20) assumed a 1lemn? area, and must there-
fore be divided by the area (in e¢m?). Graphs of the depth of modulation for uniform
absorption for various device areas are given in Figures 8.14 to 8.16 for different bulk

carrier lifetimes, showing the increased depth of modulation available.
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Figure 8.14: Depth of modulation for uniform absorption vs ’p’ dopant area density for

various aperture areas and Ty = 100us

These figures show the considerable increase in depth of uniform modulation offered
through use of a smaller modulated area. A reduced modulator aperture could be utilised
through use of further optics in the application, although this is undesirable due to the
increased system size. Whilst the model presented gives an idea as to the required level
of uniformity achieved during operation, a full 3-d diffusion equation analysis would

provide further insight into the depth and uniformity of modulation attained. However
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Figure 8.15: Depth of modulation for uniform absorption vs 'p’ dopant area density for

various aperture areas and 7y, = 500us

it has been shown that unless only a low depth of modulation is required by the lem?
p-i-n device, a change in transmission of up to 10%, an alternative form of laterally
spreading the injected current across the entire aperture is required by the modulator,
or a smaller aperture area must be used.

The thickness of the ’n’ layer is the least important parameter discussed so far.
However, the absorption resulting from its doping should be low to avoid reducing the
‘on’ state transmission. Since the electron absorption cross section is 1/16% of that for
holes, minimising the 'n’ layer absorption presents little problem. In the oft’ state the
'n’ layer injects electrons to the intrinsic region, and the rate of electron injection at the
n’ doped end must equal the rate of hole injection at the 'p’ doped end. Unequal doping
concentrations at the p’ type and ’n’ type ends results in the diode compensating for
this by dropping a larger voltage across the lower-doped region to equalise the injection
rates. However, to achieve uniform injection across the aperture, the resistance of the
n’ doped layer should be the same as that of the 'p’ doped layer, to mirror its carrier
injection. In germanium, since the ratio of electron to hole mobility is 3900/1900 = 2.05,
the ’n’ layer can have this fraction of the ’p’ layer area doping density. At this limit
the absorption is 1/(2.05 x 16} = 3% of that in the ’p’ layer. So if the ’p’ layer alone
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Figure 8.16: Depth of modulation for uniform absorption vs ’p’ dopant area density for
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gave 90% transmission, the 'n’ layer gives 99.7% transmission. In practice it would be
advantageous to use a higher 'n’ layer area carrier density than this so that injected holes
travel on a trajectory pointing slightly toward the centre of the aperture, thus improving
the uniformity.

In practice, doping germanium would probably involve over-doping the region and
polishing the surfaces until the required ’on’ state transmission (or surface resistivity) is
achieved, A typical maximum layer thickness for the 'n’ or 'p’ region is in the order of
0.5um for ion implantation, and a few pm for a diffused layer. To obtain the required
area doping density of ~ 10e¢m~? (from Figures 8.14 to 8.16) a ’p’ or 'n’ layer thickness
in the order of 100um is required to give a volume doping density of 107em™ to avoid
significant reduction in layer mobility. For a thermally-diffused ’p’ type layer, both
indium and gallium have impractically low thermal diffusion coefficients. Boron has
a much higher diffusion coefficient so might be of use following ion implantation. For
the ’n’ type diffusion, either arsenic or phosphorus could be used. For the arsenic and
phosphorus an intermediary compound containing the dopant would be deposited on
the surface prior to thermal diffusion.

The requirement for two such deep diffused layers is made easier in the presence of
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equal, or very different diffusion coefficients for the two dopants. For example at 850°C
the diffusion coefficient [30] of arsenic is 35 times that of boron and requires a diffusion
time of ~ 4.5h to give a concentration 10'7¢m ™ at a depth of 100um. In this case
the arsenic diffusion would be preceded by the boron diffusion which takes ~ 140k at
850°C for the same depth and concentration. These figures are approximate, and assume
infinite-source diffusion giving an erfec diffused profile. Alternatively, epitaxial growth
is routinely used to grow layers of 50um [95]. This offers a much faster process with
more abrupt doping profiles, which could be used, providing the layer mobility remains
high.

A quantitative design for 23% depth of modulation is now outlined. If the mod-
ulator has a circular aperture of 0.25¢m?, and a 'p’ layer doping density of 10" cm ™2
(Figure 8.15), then 'p’ and ’'n’ layer widths of 100pm have volume doping densities of
10*7em ™3, giving only a slight reduction in layer mobility. The intrinsic layer thickness
is set by ’off’ state operation to be equal to the diffusion length L,. If the germanium
has a bulk carrier lifetime of 500us, an intrinsic layer width of 1.82mm is required
(Equation 8.5). If this ’intrinsic’ region were very slightly n’ doped (v doped), the re-
duced room temperature hole density reduces the hole-dominated increase in absorption
arising from thermal electron-hole pair generation, and hence reduces the temperature-
sensitivity of the ’on’ state transmission. Making the intrinsic region v doped with

3 would assist this via hole-

resistivity of 40Qcm using a doping density of 3.1 x 103cm™
density suppression but not serve to significantly alter the injection efficiencies from the
higher doping density end regions. Under these assumptions the ’on’ state transmission
is 58.7% and the ’off’ state transmission at which uniformity of absorption across the
aperture ceases to be maintained, is 58.7% — 22.9% = 35.8%. In practice, uniformity
would no longer be attained at a slightly higher transmission due to the assumption of
negligible drop in mobility. This is reported to drop [95] from its intrinsic value by a

factor of 2.5 at a doping density of 10*7em ™3,

When this is accounted for the trans-
mission in the 'on’ and ’ofl’ states is 58.7% and 58.7% — 10.5% = 48.2% respectively,
highlighting the requirement for even thicker 'p’ and 'n’ layers. The ’off’ state transmis-
sion for this device immediately adjacent to the contact is given vs total device current

in Figure 8.17. This device has a maximum 1/27 7ombipotar sWitching frequency of 318 Hz.

8.1.5 Possible design alternatives for a p-i-n modulator

This section reviews some variations in the design of the p-i-n type modulator. The

p-i-n structure remains the same, although different injection methods that offer more
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Figure 8.17: 'Off’ state p-i-n modulator transmission vs current density immediately

adjacent to electrical contact only

uniform hole injection across the aperture are considered.

Figure 8.18(a) shows the p-i-n structure considered thus far. Figure 8.18(b) shows a
p-i-n structure with a grid of electrical connections on the surface. The same injection
process is used as with (a) except this offers the possibility of controlling the uniformity
of current injection by spreading the current distribution over the aperture using the
deposited metal grid. This also offers the possibility of spatially varying the absorption
by turning on and off individual regions of the aperture. This structure requires 3-
dimensional modelling to determine the effect on the modulation transfer function of
the deposited grid, and what grid pattern offers optimal performance. Figure 8.18(c)
shows a p-i-n structure but with a heavier-doped ’p’ type regions diffused into the 'p’
layer. This offers the benefits of (b) but without a surface metallisation layer. In some of

these solutions a similar injection structure would be applied to the 'n’ side if required.

8.2 Electron impact excitation requirements

If electron impact excitation were used to generate the holes required for the induced

absorption, an electron source with accelerating voltage in the order of 2kV | and possi-



Electrically-pumped modulator 249

clecticalcontact D) alectical contact

,,,,,,,,,,,,,,,,

_________________

input modulated
infrared infrared
radiafion radiation
elechical contact electical contact
) b) .
electrical contact electrical contact
S i 1L AR L I S,
________________
input modulated
infrared - infrared
radiafion rediation
elecricat contact electical comact
. ) )
electrical contact efectical contact
input modulated
infrered infrared

eleclical cantact electrical contact

Figure 8.18: Possible p-i-n type structures for electrically-pumped modulator

bly a coil to generate a steering magnetic field would be required. The electron beam
can operate at higher voltage and lower current, since a higher accelerating voltage pro-
duces more electron-hole pairs in the germanium as calculated at the start of Section 6.
The main limitations on the voltage are the generation of x-rays and the practicality of
high voltages. Ideally, electrons should be generated in the germanium just away from
the front surface at which recombination occurs. Generation of carriers more than 10%
of a diffusion length from the front surface reduces the effect of surface recombination
but requires immense accelerating voltages that are likely to permanently damage the
crystal structure. There is little advantage in terms of reduced sensitivity to surface
recombination gained by generating carriers a few microns further from the surface,
and the only disadvantage of moderate-range carrier generation is the requirement for
a higher accelerating voltage. As with the optically-excited modulator the surfaces of
the electron-impact modulator should be etched in order to reduce the rate of surface
recombination. Farlier in this section it was calculated that an accelerating voltage
of 2kV with a current density of 10.7mA em~? was required to achieve 100% to 10%
depth of medulation. This did not account for attenuation of the electron beam by
the AR coating. Electron beam damage to single-crystal ZnS layers has been reported
at 100keV [135], setting an upper limit to the accelerating voltage. CRT monitor dis-
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plays with ZnS-based phosphor pixels currently use voltages in excess of 15kV, which is
therefore unlikely to damage the coating. However, electron penetration depths at volt-
ages of 5keV and 20keV of ~ 0.1um and ~ lum have been reported [136] in ZnS, and
the required AR coating thickness (Section 6.5.2) is 1.1um. The required accelerating
voltage is therefore in the order of 80keV, or a Fresnel loss at the front air-germanium
interface must be accepted. The electron acceleration unit faces the image-side of an AR
coated piece of long bulk carrier lifetime germanium, and the germanium transmission

is modulated in response to changes in electron beam current.

8.2.1 Possible design structures for an electron-impact modu-
lator

This section outlines various modulator structures which could be used in the design of

the electron-impact modulator.
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Figure 8.19: Possible structures for the electron-impact electrically-pumped modulator

Figure 8.19 shows three possible injection geometries for electron-impact excitation
of the germanium. The central box is a vacuum tube, within which the high velocity
electron generation takes place. Antireflection coatings are used on external surfaces to

essentially give 100% transmission in the ’on’ state. Figure 8.19(a) shows electrons from
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a cathode being accelerated across a vacuum region before impinging on the germanium
element. A photocathode or field emission cathode is preferable to a thermal cathode
as the infrared emission from a hot cathode would simply pass through to the detector.
Figure 8.19(b) shows a similar arrangement to (a) except with an array of micromachined
sharp boints acting as field emitters, mounted on the infrared transparent cathode.
Figure 8.19(c) uses a thermal emission cathode to generate electrons, which are directed
onto the germanium using electric or magnetic flelds. The latter arrangement permits
shielding of the detector from infrared radiation from the hot cathode. The design of
these structures requires attention to uniform electron beam generation, and minimising
waste heat from the process, which would simply be seen as a background signal on the
detector. Using the electron-impact technique, as with the optically-excited modulator
(in contrast with the electrically-excited device) avoids the tradeoff between reduced ’on’

state transmission and more uniform excitation.

8.3 Demonstration of modulation via carrier injec-
tion into a p-n junction

As a first stage to demonstrate the potential of electrically-based hole injection, a high
power germanium p-n diode was reconfigured for use as a small-area modulator. The
diode (GD30R49123), supplied by Germanium Power Devices Corporation USA was
opened and the germanium die de-soldered. The die was then soldered to two wires
and set in epoxy resin. The combination was polished to provide two optical flats on
parallel chords of the die, through which a probe beam was passed. The transmission of
the combination was monitored using a cw 10.6um CO5 probe beam and MCT detector
while the device current was pulsed. Coherent detection using a phase sensitive detector
(PSD) ensured baseline-transmission-shift effects, possibly of thermal origin, were not
measured by the setup, unless these were coherent with the electrical modulation. The
MCT detector was required to detect the low-intensity probe beam passing through the
sample. The test device construction is shown in Figure 8.20.

The induced depth of modulation at 191 H% was measured as a function of peak
pulsed current. These readings were normalised to the zero-current transmission, which
was determined using a reference mechanical chopper, to give the % depth of modulation.
The absolute transmission of the region probed by the diode is not known. The depth of
modulation is shown in Figure 8.21 and the transmission was extinguished by a current

of 1200mA.



Electrically-pumped modulator 252

original diede Epoxy maould Junction detail

Epoxy

Indium sofder

n region

CO2 Probe beam

Cathode

/

Figure 8.20: Test device reconfigured from a high power germanium diode

Figure 8.21 shows that for low current the depth of modulation (upper curve) in-
creases as the negative exponential of the peak current. The absorption coefficient (lower
curve) is proportional to the hole density, which is proportional to the peak drive current.
At low peak pulsed current the device transmission reduces as e~constant-eurrent  The rige
and fall times of the modulation were verified as being < 100us; too fast for significant
contribution to the modulation from thermal effects. At higher currents (> 800mA) the
deviation from linearity in induced alpha is due to another contribution to absorption,
and the depth of modulation deviates from the single-exponential as it approaches 100%.
This is unlikely to be thermal in origin since the thermal time constant of the device
with its good thermal-insulation is much longer than that observable at the modula-
tion frequency used. The deviation from linearity with current density is unlikely to be

present in a real modulator.
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Figure 8.21: Depth of modulation of modified germanium diode parallel to junction

plane

8.4 Conclusions on the electrically-pumped

modulator

This section has considered the primary design constraints invelved in the design of an
electrically-pumped modulator. This has been from the aspects of p-i-n and electron-
impact excitation geometries.

With the p-i-n style geometry, carrier generation is remote from the surfaces. This,
combined with the electric field across the device during forward conduction, keeps
carriers away from the surfaces so they decay with their bulk carrier lifetime. The max-
imisation of available carrier lifetime offers high modulator efficiency without needing
to etch the germanium surfaces. A relatively low current density is therefore required
to obtain a high depth of modulation within the aperture. During the transmitting
’on’ state, nearly all the absorption occurs in the 'p’ doped layer. The tradeoff between
maximising the ’on’ state transmission of this layer and obtaining uniform absorption
across the aperture in the ’off” state has been demonstrated by a simplified model. The
tradeoft depends on the resistance of the 'p’ type layer, which depends on the doping

density in this region. A higher area doping density provides more-uniform absorption
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across the aperture in the ’off” state but a higher level of residual absorption in the ’on’

state. Volume doping densities above ~ 107em =3

are impractical due to the reduced
layer mobility and subsequent increase in layer resistance. The simplified model has
shown that a simple planar-injection p-i-n device is only capable of providing uniform
induced absorption across the entire aperture for depths of modulation of a few tens of
percent in absolute transmission if the aperture is reduced considerably. This is also at
the expense of a considerable reduction in ’on’ state transmission. The ’p’ and 'n’ layer
widths for such a structure were necessarily wide to reduce the volume doping density,
and although achievable via long thermal diffusion times could alternatively be provided
by epitaxial growth. More exact determination of the uniformity would be provided by
a full 3-dimensional carrier injection model, showing the extent of this tradeoff, and how
alternative, non-planar or surface current-spreading, injection geometries could be used
to improve ’off’ state uniformity without such cost to the ’on’ state transmission. Some
possible geometries of achieving this have been reviewed.

The required excitation current for a reasonable depth of modulation via electron-
impact excitation has been predicted, and different geometries which achieve this have
been considered. One of the more attractive ideas uses a magnetic field to steer the
electron beam onto the germanium. This permits shielding of the detector from the
electron source, which will be hot if a thermal cathode is used. The next stage in this
area of work involves the generation of an electron beam with uniform current density
over the aperture.

A demonstration has shown the operation of an electrically-pumped modulator using
a reconfigured p-n junction diode. This gave a high depth of modulation, departing from
a linear increase in absorption only at high current density. The ’on’ state transmission
of the junction was not determined, although this was low. This simple yet effective
demonstration of modulation of a beam perpendicular to the junction has shown the

potential for an electrically-pumped modulator.



Chapter 9

Conclusions and future work

9.1 Conclusions

The work presented in this thesis has described the development, operation and opti-
misation of the light to heavy hole infer-valence band absorption process in a practical
modulator. This offers solid state modulation in the infrared thermal imager band, ex-
tending the applications of pyroelectric array based cameras through the removal of the
rotating chopper blade. No other modulator offers comparable performance in terms of
polarisation-insensitive broad optical bandwidth modulation over a large aperture and
low f-number at the power density required for its operation.

Chapter 2 reviewed methods of inducing absorption in the infrared, showing that the
light to heavy hole transition process offered the highest potential for the modulator. In
the more common materials, germanium was the only material to possess the required
properties and was therefore the only material of interest in this work. Chapter 3
analysed the electrical and optical properties of germanium relevant to the modulator’s
operation, forming the basis of the modelling in Chapter 4. The effective carrier lifetime
is of utmost importance in determining modulator’s efficiency, and this depends on the
bulk and surface contributions to recombination. This analysis showed that the bulk
carrier lifetime and surface recombination velocity could be treated as constants at the
excess carrier densities typically encountered during the modulator’s operation. Bulk
recombination in high purity germanium proceeds almost entirely through Shockley-
Read-Hall processes involving one or more energy levels within the bandgap. Trapping
at room temperature in HPGe is negligible, and Auger processes only become significant
(compared to a 1mns lifetime from other processes) at carrier densities above ~ 102 em ™3,

The surface recombination velocity strongly affects the carrier density in the modulator’s
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‘off” state, reducing the modulator’s efficiency. This is due to the presence of a polish-
damaged surface layer and lack of a uniform oxide. Etching removes some of the damage
but primarily it increases the surface energy band bending which greatly reduces the
surface recombination velocity. Consideration of the diffusion of the carrier plasma
generated by optical excitation showed that it could be treated as having a homogeneous
ambipolar diffusion coefficient, since it is electrically neutral over the Debye length, which
(at the carrier densities encountered) is much less than a diffusion length. The mobility
was treated as a constant at fixed temperature in this chapter since the carriers were
not degenerate. In order to be an effective modulator, slightly n-type germanium is the
optimal material as the reduced hole density provides high ’on’ state transmission.

The constant bulk carrier lifetime, surface recombination velocity and diffusion coef-
ficient parameters were used throughout Chapter 4 to model carrier diffusion following
their generation by a laser source. One-dimensional modelling showed that optimisation
of the induced absorption for a given bulk carrier lifetime required a surface recombi-
nation velocity of ~ 3ms™. A long bulk carrier lifetime offers more efficient operation,
and this primarily determines the modulator’s switching speed. The application requires
modulation at a few 100H z, for which a bulk carrier lifetime of 1ms is sufficient. Faster
modulation is achievable through higher rates of bulk and surface recombination, at
the expense of a higher power density for a given level of absorption. The assumptions
that the diffusion coefficient and bulk carrier lifetime were independent of the excess
carrier densities encountered during usual modulator operation were justified using 1-D
diffusion model simulations.

The one-dimensional diffusion model was extended to model the microwave reflectance
of excited samples. This enabled the extraction of the bulk and surface carrier param-
eters, the effects of which are more easily separated from reflectance measurements at
microwave wavelengths. At the 10G H z frequency used in later experiments, absorption
by the plasma dip was negligible, and the total reflectance is dependent on the inter-
ference between contributions from back and front surfaces. The contributions depend
non-linearly on the volume carrier density of the distributed plasma, as opposed to the
linear dependence of the absorption coefficient on the area carrier density which is mea-
sured via infrared transmission experiments. The solutions to the diffusion equations
predicting the carrier distribution were extended to those for gaussian and square-edge
shaped illumination functions, limited in one and two dimensions, and later used in
experiments validating predictions of the required values for these parameters. When

diffusion is accounted for in more dimensions, the extent of lateral diffusion is reduced
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in any given direction due to the extra directional freedom, and the effective carrier
lifetime seen by a probe pulse in the centre of the excited region is also reduced. These
predictions were observed experimentally. Extra directional freedom increases the mod-
ulator’s switching rate, and increases the definition of a sharp absorbing edge generated
on the aperture compared to simple diffusion-length approximations.

Chapter 5 detailed the experimental results which validated the models and param-
eter assumptions of Chapters 3 and 4. Results were given for three samples, to enable
their comparison. The temporal carrier decay, measured via the transmission of a 10.6m
CO, laser probe beam was used with the one-dimensional diffusion equation model in
Chapter 3 to extract the S and 74, carrier parameters based on examination of the ini-
tial and final decay constants. Blackbody probe experiments were used to measure the
transmission of an optically-excited region, and revealed a shorter lateral diffusion length
than predicted by modelling. A reduced lateral diffusion coefficient was postulated, and
supported by literature which showed that this occurs in the presence of practical levels
of surface energy band bending due to enhanced surface scattering and carrier confine-
ment in the surface potential well. The measured lateral diffusion coeflicient was found
to be in the order of 1/2 of that in bulk (non-degenerate) material. The microwave
reflectance results were used in combination with the model’s predictions to extract
carrier parameters. Practical difficulties in uniformly illuminating the germanium are
likely to have introduced experimental errors in these experiments. The results from the
three techniques for the same samples were compared, showing that spatially-restricted
optical excitation of samples gave a reduction in apparent lateral diffusion coefficient,
and this explained the discrepancy seen in the blackbody probe measurements. Results
from the microwave reflectance and CO4 laser probe experiments gave results which are
likely to have been complicated by the presence of finite samples, thermal effects and
nonuniform excitation, although the technique remains accurate and valid. When sam-
ples in the blackbody probe experiments were excited with half the power density used
to obtain the reported results, nonlinear carrier recombination processes such as Auger
recombination were not evident or at the carrier densities incurred, any effect was in
a saturation regime. No evidence was found from the temporal CO, laser probe decay
experiments at different excitation power densities to suggest that Auger recombination
or trapping processes were significant. The carrier parameters extracted from these ex-

periments showed that the desired few ms=!

surface recombination velocity had been
attained by etching.

The demonstration of an optically-pumped area modulator in Chapter 7 combined
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the theory of its operation with its optimisation in the areas addressed in Chapter 6.
The modulator was optimised by maximising the effective carrier lifetime, increasing the
‘on’ state transmission to effectively 100% through use of AR coatings, increasing the
fraction of absorbed excitation power, and increasing the excitation wavelength. The
use of etched HPGe ensured a sufficiently long eflective carrier lifetime for modulation
at a few 100H z, whilst giving a reasonable response time. Long bulk carrier lifetime
HPGe is readily available due to its use in nuclear detectors. Two successful etchants
were identified which provide both a low rate of surface recombination and a planar
surface.

Optical excitation of the modulator currently favours use of 980nm laser diodes,
which are moderately priced due to other pumping applications. The optical power re-
quired by the modulator was not optimised; instead uniformity of excitation was aimed-
for to produce uniform induced absorption. The uniformity was not as ideal as that
predicted due to the discrepancy between the power emission profiles of *ideal’ diodes
and those of real devices. It appears that uniformity in diode bar ernission is a technol-
ogy problem, and that a future modulator would do better by not relying on obtaining
ideal diodes, but in using profile ’scrambling’ optics or another illumination geometry
to excite the germanium uniformly, such as an array of optic fibres emanating from
one laser bar. Zinc sulphide quarter-wavelength antireflection coatings were deposited
on the modulator, with the aim of AR coating at both the modulated 8 to 14um and
pump regions. These operated successfully in the modulated region, but, as predicted in
Chapter 6, success at the pump region relied on obtaining spot wavelength laser diodes.
Spot wavelength devices were not obtained, although calculations of the induced ab-
sorption showed these were also successful at the pump wavelength. Film adherence
posed no problem, and the coatings did not degrade the depth of modulation with time.
This type of single-layer AR coating is however not well-suited to dual AR coating at
such a distant pump wavelength due to the narrow spectral separation of fringes at this
shorter wavelength, and the dependence of reflectivity on incidence angle. The required
accuracy in film deposition is attainable but the variation in reflectivity over a reason-
able range of incidence angles produced by such films, combined with the difficulty in
procuring spot-wavelength laser diodes at a given drive current, makes this type of film
unsuitable for this latter purpose. In order to AR coat over these two spectral bands
and over a suitable range of incidence angles, a custom multilayer coating is required,
and methods of achieving this are in the literature. The optically-pumped modulator

is currently a commercial viability. Ideally the systems designers would prefer a lower
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total power consumption for portable devices, whilst for many applications the power
budget is acceptable.

The design constraints affecting construction of an electrically modulated p-i-n style
modulator have been reviewed, and a design for an electrically-pumped area modulator
has been outlined. With the p-i-n modulator, holes decay with the bulk carrier lifetime
since their densities are low at the germanium surfaces. Full use is made of the long bulk
carrier lifetime in high purity germanium without the need for etching. The indepen-
dence of the effective carrier lifetime on the surface lifetime in this type of device offers
increased efficiency. The strong tradeoff between ’on’ state transmission and uniformity
of absorption across the aperture has been revealed by a simplified model. This showed
that a simple 1em? planar injection p-i-n modulator is only capable of providing uniform
absorption across the entire aperture for a few % depth of modulation. Further increase
in device current beyond this limit reduces the transmission in the immediate vicinity
of the contact electrode, whilst that in the centre of the aperture effectively saturates.
A significant increase in depth of uniform modulation can be attained by reducing the
modulator area, although the optics in the application must be modified to accept this.
The p-i-n device also requires very thick doped regions in the order of 100um to avoid
degrading the carrier mobility and subsequently increasing the layer resistance. Thus to
provide uniform absorption across the entire aperture for reasonable depths of modula-
tion, alternative methods of laterally spreading the current over the aperture must be
investigated. Some methods of achieving this have been discussed.

The operation of an electrically-pumped modulator has been demonstrated using
a reconfigured high power germanium diode, in which the transmission parallel to the
junction plane was virtually extinguished with a moderate current. This proof of prin-
ciple offers considerable hope in producing a functional area-based modulator. Several
structures for this purpose, achieving modulation perpendicular to the junction plane,
have been suggested, although time did not permit their construction. A current density
of 7.9A cm™? was predicted for 100% to 10% transmission switching. This was based
on an optically-pumped sample in which surface recombination was present so the ac-
tual current density will be much lower. This current density is not unreasonable, and
although an optically-pumped device is attractive, an electrically-pumped device offers

improved efficiency, and a simpler system design.
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9.2 Future work

Continuation of this work is divided into the optically-pumped and electrically-pumped
areas, with some overlap. With the optical device, system efliciency can be improved
through the optical excitation mechanism. This will use a custom-designed optic-fibre
bundle to uniformly illuminate the aperture, or lensed laser diode bars to maintain
excitation uniformity whilst only exciting the germanium aperture. A full polarisation
analysis is required using an optical design paékage to properly predict the resulting
spatial illumination. Equally, a double-surface absorbing modulator is attractive. This
ensures high illumination efficiency, without the power loss associated with coupling an
optic fibre to a laser diode package.

Although surface recombination has been controlled through etching the germanium,
the possibility of generating a wider surface bandgap through silicon implantation to
achieve the same effect should be investigated further. The omission of the etching
stage offers a more controlled process than is presently used, and may reduce the en-
vironmental dependence of the surface recombination velocity. Tdeally an excitation
wavelength longer than 980nm will be used in the modulator to increase the excitation
efficiency, although these are currently expensive and of limited availability.

Another area of interest is the pressure-dependence of the hole absorption cross sec-
tion. The aim is to see if an increase in hole absorption cross section in the thermal
imager band can be achieved by applying pressure along a particular direction. This
requires calculation of the resulting average absorption cross section over all crystal di-
rections, and determining the benefit offered to the modulator. A practical approach
involves cutting germanium cubes with particular crystal orientations and using a steel
mould which would be heated and used to compress the cubes along particular crystal
directions. The relative induced absorption of the stressed crystals would then be com-
pared. If the starting material were 'p’ type germanium, comparison of the transmission
spectra before and after stressing would determine the relative change in absorption
cross section and any spectral shift of the heavy hole to light hole absorption band.
Birefringence will be introduced at high stress levels.

Work in the area of the electrically-pumped modulator requires further modelling
of the excitation geometries outlined by this thesis. Much background research on its
electrical operation is available from the design of high power diodes, although this ap-
plication’s requirements are made more difficult by the need for an infrared-transmitting
p’ type layer. The use of a deposited patterned metal grid on the germanium surface

to assist lateral spreading of the injected current will be important in generating the
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absorption across the large aperture. This requires modelling of the injected-carrier pro-
files, the absorption, and thermal analysis. The deposition of electrodes on the surface
requires an analysis of the modulation transfer function regarding its suitability to the
application. Initially much insight into this area of work would be obtained by building
a trial device and thus revealing the dominant aspects of its design. This promises to

be an interesting development in the germanium modulator.
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The solution to the continuity equation for a temporally square pulse of laser excitation

is given here. The time-dependent continuity equation for carrier diffusion is given by:

on(z,t) 2*n(z,1) _ n(z,1)
ot Oz? Thulk

where n is the excess carrier density, and z and f represent displacement and time
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Figure A.1: Excitation geometry for a finite length germanium sample

The carrier generation term from the laser excitation does not appear in Equa-
tion A.l, and is instead assumed to be an impulse function which is used as an initial
condition. Solution of Equation A.1 therefore gives the impulse response. The response

to a temporally square illumination pulse, as required by the physical situation, is found
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by convolving the impulse response n;(z,t) with a square pulse function. Initially the

impulse response is determined. The generation term is:

Gi(z, 1) = Noemou(=+8) . 5(2) (A.2)

and the initial carrier distribution is given by:

n(z,t = 0) = Noe~2u-(a+3) (A.3)
ailIPEzcabs/\e:cc

Ny = A4

0 i (A.4)

Prcabs 15 the absorbed excitation power density, A, is the excitation wavelength,
h is Planck’s constant and c¢ is the speed of light. Ny represents the carrier generation
rate at the surface in cm?s™1.

The boundary conditions represent the continuity equation between the surface re-

combination velocity and carrier density gradient at the two surfaces, and are given

by:

dn d

Degel, =5 (o= (4.5)
dn d

Da@ a::g = —S . TL(\.T = 5) (A6)

Solution Equation A.1 is given by the separation of variables method, for exam-
ple [99], [100]. If the solution is assumed to be of the form:

n(z,t) = X(z) - T(¢) (A.7)
Then substitution into Equation 4.21 gives:
1dT 1 D d*X
it - = = A8
T dt + Thulk X dz? Q/) ( )

in which > must be a constant, giving the following separated differential equations:

32X
—pX = A.9
pe% —yx =0 (A9
d
—T:T( ! _¢):0 (A.10)
di Thulk

From Equations A.9 and A.10, one such solution is:
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n(z,t) = " o - [Ae™Peos(onz) + Be~Pfitsin(py2)] (A.11)

thus a linear superposition of such solutions also satisfies the diffusion equation, and

is needed to satisfy the boundary conditions. This is given by:

n(z,t) = & T E A[Ane_D“itcos(anz) + Bne“D“ﬁ%tsin(ﬁnm)] (A.12)

7L

The separate substitution of the n? sine and cosine terms in Equation A.5 solves for

the «,, and /3, coefficients respectively, given by the periodic series:

o, d D,o
t T — a-tn A-
co(Q) 3 (A.13)

tan(ﬁgd) = —DGS'BH (A.14)

which also satisfy the second boundary condition, Equation A.6. The roots of Equa-
tions A.13 and A.14 are given graphically in Figure A.2.
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Figure A.2: Graphical solution of e, and 3, roots

The A, and B, coefficients are determined by substitution of the initial condition

Equation 4.23 into Equation 4.28, giving:



Solution to one-dimensional diffusion Equation 265

_ 2Noouno, , ' ond  ed  od s
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which, with Equations A.12, Equations A.13, and Equations A.14 give the solution
for impulse excitation. To determine the effect of square pulse excitation (or any shape
pulse), the impulse response must be convolved with the excitation pulse function. For
a square pulse of period 1" this gives two solutions, one for the duration of the optical

pulse, and one for the decay. These are given by:
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Etchants investigated for reducing S

Type A etchants: HF - H,O, - H;O
References [118] [137] [138] [139] [121] [140].

A1 Volume parts 30% of (50%) HF : 50% of (30%) H,0, : 20% of H,0
Etch for 10 seconds at a time (9.7um per minute) for 3 minutes max. or until no further

improvement.

A2 Volume parts: 4% of (50%) HF : 6% of (30%) H20, : 90% of H,0
Etch for 2 minutes at a time (0.5um per minute) for 60 minutes max. or until no further

improvement.

A3 No. 5 etch: Volume parts: 58% of (50%) HF : 7% of (30%) H20, : 35% of H,0
Etch until pale yellow or blue film appears first time (about 10um per minute) for 3
minute max. Require uniform 5" order blue or pale yellow film for low surface recom-

bination velocity. Thick oxide on top of amorphous surface structure.

A4 Use etch Al to remove damaged layer for 3 minntes then A3 for film production

time to passivate.

A5 Superoxyl Etch: Volume parts: 17% of (50%) HF : 17% of (30%) H20, : 66%
of H,0. FEtch for 30 seconds at a time for a maximum of 5 minutes or until no further

improvement.

A6 Hydrogen peroxide: etch in (30%) H20, at room temperature.
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Type B etchants: CP4 variations References [137] [123] [119] [120] [113] [116] [138].

B1 CP-4: Volume parts 75ml Nitric Acid (69%) : 45ml Hydrofluoric Acid : 45ml
Acetic Acid : 0.9ml Bromine (6 drops). Remove every 20 seconds (possible 15 second

induction time) for a max. of 3 minutes. 1.5 minutes should remove the damaged layer.

B2 CP4 (variant) Volume parts 50ml fuming Nitric acid : 30ml Nitric Acid (69%)
: 20ml Hydrofluoric acid (40%) : 80ml Galacial Acetic acid. Remove every 20 seconds
(possible induction time) for a max. of 3minute. Uniform corrosion rate over 18 to 53°C

temperature range.

B3 CP4-A (also known as CP6) Volume parts 75ml Nitric Acid (69%) : 45ml Hy-
drofluoric Acid : 45ml Acetic Acid. Remove every 1 minute; etch for a maximum of 20

minutes. Etch rate is about an order of magnitude slower than CP4.
Type C etchants: Nitric acid-X etchants References [139] [125] [138]

C1) Volume parts 50% of 48% HF : 50% of 69% HNO;. Etch for 20 secs at a time

for 3 minute max. or until no further improvement. Etch pits on (111) planes.
C2 No. 3 Etch. Volume parts are 5 of 48% HF : 5 of 69% HNO; : 1 of H,O

Ftch for 10 seconds at a time to a maximum of 3 minutes or until no further im-

provement. Possible passivation layer with erratic etch rate results.

C3 Volume parts are 1 of 69% HNO; : 1 of 1.19 vol. HCI. Etch for 10 seconds at a

time for 3 minutes max. or until no further improvement.

C4 Volume parts are 1 part 48% HF : 2 parts 69% HNO;
Etch until the etchant begins to turn brown. Rapidly transfer to distilled water wash
and agitate vigorously. Dip in Methanol then blow dry in Ns.

Type D etchants: Miscellaneous etchants

D1 CP-I: HF - HNO; - CH,COOH - I 530ml HNO; : 50ml HF : 100ml CH3;COOH
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containing 2¢ of iodine Etch for 20 seconds at a time for 5 minutes max. or until no

further improvement.

D2 WAg: H,0 - HF - HNO;s - AgNO3 4g of AgNO3 dissolved into 80ml H,0 : 80ml
HF : 40ml HNOj; (69%) Etch for 20 secs at a time for 4 minute max. or until no further

improvement. Deep pits represent dislocations, background of shallower pits evident

D3 H,0O, - HF in volume parts ratio 1:10
20ml H;0, (30%) : 200ml HF (48%) Remove sample when homogeneous film appears.
Wash in methanol. Dry in Nj.

Type E etchants: Electrolytic etchants

E1 H,0 - Oxalic Acid (HO,CCO.H) 100cc H50 (dist.) : 20g Oxalic acid (dissolved)
Etch for 10 seconds at a time for 1 minute max. or until no further improvement. Anodic
Ge is at 4V to 6V. May reveal grain boundaries. Monitor I vs V to ensure operation in

linear section of graph.

E2 HF - Galacial Acetic Acid
50cc 48% HF : 50cc Galacial CHzCOOH Etch for up to 15 minute. with anodic Ge
at approx. 10V and current of approx. 25mA for K6 samples. Remove samples every
10 seconds. No passivation behaviour at high current density. Bubbling of electrolyte.
Monitor I vs V to ensure operation in linear section of graph. Ratio of etchants sug-

gested as non-critical.
E3 Potassium Hydroxide

450cc Hy0 : 1ce 45 wt% KOH in H,0 solution. Current density likely to be approx.
120mA for K6 samples. Monitor I vs V to ensure operation in linear section of graph.

Remove sample every 30 seconds.

E4 Antimony Oxychloride. Add Antimony Trichloride to 100ml distilled HoO to
form a saturated solution. Reaction may be violent with water. Remove sample every

30 seconds for a maximum of 3 minutes.
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Technical drawings for the demonstration modulator
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Figure C.2: Technical drawing for demonstration modulator (2 of 2)
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Publications

A Novel Gas Concentration Monitor using a Solid State Modulator
P. D. Fairley, H. N. Rutt, submitted to Sensors and Actuators, June 2000

Microwave PCD technique applied to extraction of carrier parameters in a germanium
IR modulator
P. D. Fairley, H. N. Rutt, submitted to Semiconductor Science and Technology, June
2000

Novel Germanium Infrared Modulator
P. D. Fairley, H. N. Rutt, submitted to Journal of Physics D (Applied Physics), June
2000

Conference presentations

A Solid State Modulator for Thermal Imaging Applications
P. A. Manning, P. D. Fairley and H. N. Rutt, to be presented at SPIE Conference:
Infrared Technologies and Applications, San Diego, July 2000

Solid State Modulator for the Infrared
P. D. Fairley, H. N. Rutt, Mid-infrared Optoelectronics Materials and devices, Prague,
March 1998

The Germanium Modulator
P. D. Fairley, H. N. Rutt, Semiconductor and Integrated Optoelectronics, University of
Cardiff, March 1997

Germanium Infrared Absorption Chopper
P. D. Fairley, H. N. Rutt, Mid-infrared Optoelectronics Materials and Devices,
University of Lancaster, September 1996
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