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WAVEGUIDES FOR OPTICAL COMMUNICATION DEVICES

by Daniele Faccio

In the early 80’s a series of experiments showed that it was possible to induce sec-
ond harmonic generation in silica-glass fibres. The initial excitement was dampened
when it was realised that the efficiency was very much limited only to be kindled
once again by the first demonstration in 1991 of efficient second harmonic genera-
tion in bulk glass by thermal poling. Since then great progress has been made but
many efforts are still being made to re-transfer this technology to fibre waveguides.

This thesis describes work done in order to assess the current state of art of
thermal poling, the possibility of applying the technique to obtain efficient telecom
devices and if there are any feasible solutions to the problems encountered in poling
silica fibres.

The highest nonlinearity obtained in bulk silica glass by thermal poling is of
the order of 1 pm/V and may be considered as the achievable limit in silica fibres.
On this basis it can be shown that electro-optic modulation or switching in poled
waveguides is not competitive with other more established technologies whereas all-
fibre frequency conversion remains an interesting application.

It has, however, been noted that the induced nonlinearities in fibres are usually
much smaller than in bulk glass. After an initial study of various charaterisation
methods and a substantial refinement of the Makers Fringe Technique, we proceeded
to model and experimentally determine the ionic migration process underlying ther-
mal poling in silica. Further experiments showed that the presence of a germanium
doped region hinders considerably the nonlinearity formation and some solutions
were put forward. Most notably, we thermally poled for the first time microstruc-

tured holey fibres which are of great interest for nonlinear applications.
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Chapter 1

General Introduction

1.1 Fibre-based devices for WDM networks

WDM network telecormmunications is currently undergoing a large scale transfor-
mation involving both the single users, with a demand for ever higher transmis-
sion capacity, and the actual network which is adapating to accommodate higher
transmission rates and a larger bandwidth. Single mode fibres deployed in the
telecommunications network can potentially accommodate more than 10 Th/s traf-
fic and WDM techniques offer a very efficient utilisation of the available band-
width in the wavelength domain rather than in the time domain. The number
of independent paths or addresses in a WDM network is given by the number of
available wavelengths and, although this number may be large enough to provide
the required transmission rates, problems may arise at interconnection nodes: for
example, identical wavelength channels cannot be routed to the same output and
must be converted to different wavelengths. Various schemes have been proposed
for wavelength conversion which can be divided into three categories [1]:

1. optoelectronic wavelength converters: they involve electronic detection and
successive retransmission

2. optical gating wavelength converters: these change their characteristics de-
pending on the intensity of the input signal. A second continuous-wave probe
signal monitors these changes and thus acquires the information carried by the
input beam. Examples are devices based on semiconductor optical cross-gain
or cross-phase modulation.

3. wave-mixing wavelength converters: it is these that we are most interested in.
Nonlinear interactions between two input beams generate a third beam at a
new wavelength. The wave mixing process can be induced by a material with
a third-order nonlinearity (four wave mixing) or a second-order noulinearity

(three-wave mixing)



Four-wave mixing has already been exploited to this end however the low conver-
sion efficiencies (in order to use the glass nonlinearity, silica~glass fibre lengths of
the order of 1 km must be used) and the presence of a generated satellite signal
make second-order nonlinearity based devices much more attractive. The main ad-
vantages of a three-wave-mixing wavelength converter (and, more in general, of all
wave-mixing converters) are:

e complete transparency due to the all optical conversion mechanism

e the possibility to simultaneously convert many wavelengths in a three-wave

mixing configuration which has no significant cross-mixing terms (as compared
to a four-wave mixing process)

e there is no excess noise present in other converters which use amplifier stages

e the energy conservation relation wyymp — Winput = Woutput (WHEre Wpump, Winput

and wowpue are the pump, input signal and output signal frequencies respec-
tively) iimplies that the chirp of the input sigual is reversed during the wave-
length conversion

e large bandwidths can be achieved
The main drawback is the fact that, in order to employ materials with a second-
order nonlinearity (x'®), care has to be taken during the fabrication of the device
that phase-matching (i.e. conservation of the total momentum) is achieved. Such
phase-matched devices in a planar waveguide geometry have already been suggested
([2, 3]) but are afflicted by high losses due to both inefficient coupling from the fibre
to the waveguide and also due to the actual material. In the future efficient all-fibre
x®-based wavelength converters would be desirable and a first demonstration of
such a device is indeed the aim of this work.

The main obstacle encountered is, of course, that the amorphous silica glass
structure is centro-symmetric and has no intrinsic x(2.

It was initially Osterberg et al. who discovered in 1986 that a second-order non-
linearity grating could be photo-induced in a silica fibre if a high power pump beam
was launched into the fibre along with a much weaker second-harmonic (SH) seed.
The grating nonlinearity had a value of ~ 107 — 107 pm/V and the formation
mechanism was finally explained on the basis of a new phenomenon: the photo-
galvanic effect [4]. Some years later Myers et al. ([5]) demonstrated that it was
possible to induce a much higher (of the order of 1 pm/V') by thermnal poling,
i.e. by heating the glass and applying a large (k1) voltage. These discoveries have
stimulated many areas of research and the use of the induced second-order non-
linearity (SON) has been proposed for a number of optical communication devices
which mainly involve not only frequency conversion but also all optical or electro-
optic switching, The use of such a low SON (LiNbOj has a x® more than an order
of magnitude larger) is well accounted for by the high figure of merit available with



silica~glass fibres
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where L is the interaction length, 7 is the fundamental wavelength intensity, B,
the bandwidth of the second-order process and « the absorption coefficient. Overall
it seems that the most promising application for poled glass will use the SON at
optical frequencies for example as a wavelength converter for areas such as WDM
re-routing and switching, frequency doubling in fibre lasers and correlated-photon
sources for quantum cryptography. However other applications may be envisaged.
The electro-optic coefficient may not be high enough for direct modulation in high
bit-rate systems (see next section) but other interesting possibilities are fibre sensors
based, for example, on poled Fabry-Perot cavities or even DFB lasers. An external
electric field will couple with the electro-optic coefficient to produce a change in
the cavity refractive index thus changing the transmiission (or emission) spectrum.
In this case only small electro-optic coefficients are necessary to detect even small
elecfric-fields.

1.2 Evaluation of the necessary nonlinearity for some possible
applications

1.2.1 Frequency conversion

In a difference frequency generation (DFG) process the frequencies are related by

the energy-conservation relation, i.e. by Woutpu = Wpump — Winpe The conversion

efficiency of such a process can be evaluated by taking measured values for SH

generation: the SHG conversion efficiency is the same as that at degeneracy for

DFG (i.e. for winpn = Woutput a0d, therefore, woutput = Wpump/2) and will not

vary substantially off degeneracy. In a quasi-phase-matched configuration the SH

generation conversion efficiency can be written as:
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where w is the fundamental frequency, P, and Py, are the fundamental and SH
powers, respectively, d{z,y) is the spatial distribution of the nonlinear coefficient
(along the direction of propagation z the nonlinear coefficient is supposed to be +/0
modulated), deg is the effective nonlinear coefficient that depends on the m' QPM



order and includes the ovetrlap between poled region and the interacting modes,
fu(z,y) is the transversal field distribution in the fibre, L is the grating length, ny,
and n,, are the refractive indices at 2w and w respectively and Agyy, is an equivalent
area that depends on the overlap integral between the interacting fields.
In 1999 Pruneri et al. reported an average ~20% conversion efficiency of nanosec-
ond pulses at 1532 nm with ~4 kW fundamental peak power [6]. This result was
obtained in an NA=0.19 D-shaped fibre with a ~7 em long thermally poled re-
gion and the nonlinearity, measured! as 0.05 pm/V, was +/0 modulated with a
periodicity such that the SHG process was quasi-phase-matched. The conversion
efficiency in %/W or dB units was 5-1073%/W or -43 dB (supposing a 1 W pump
power). This figure isn’t very impressive but in this work extensive measurements
on different grade bulk silica glass show that d = 0.5 pm/V can be achieved. If such
a nonlinearity were to be induced in the fibre core then the converted signal power
(o< d?) would increase by a factor 100 and the conversion efficiency 7 increases to
-23 dB. Increasing the fibre nonlinearity to 0.5 pm/V should be possible as this is
the value typically found in bulk glass. Investigation of why the fibre nonlinearity is
an order of magnitude lower is the object of chapter 4 and some possible solutions
are proposed in the concluding chapter.
A further improvement can be obtained by solving a merely technological problem
and creating longer quasi-phase-matching gratings. The output signal power scales
as L% s0 a 20 ¢m long grating will increase 7 to -14 dB and 1 m will give n ~ 0
dB (see figure 1.1). Increasing the fibre length to L = 20 em should not prove too
difficult however, at longer lengths, different issues must be considered: writing an
ervor-free 1 m long grating will be a challenging feat in itself and other complica-
tions, mainly related to the bandwidth of the conversion process and variations in
the fibre geometry, may arise. The bandwidth for SHG is given by [7]

AN~ _0uN (1.3)

c,L-GVM

where A is the fundamental wavelength and GV M is the group velocity mismatch

defined by the relations

GVM = v (2w) — v, (w)]

0o() = %E (1.4)

lthe dem coefficient, was measured as 0.014 pm/V. For first-order quasi-phase-matching m = 1
and supposing a uniform distribution of the nonlinearity across the core region we have d ~ wdgg =~
0.05
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Figure 1.1: SH conversion efficiency as a function of the nonlinear quasi-phage-matching
grating for 1 W pump power and three different second-order nonlinearity (d = x(?)/2)
values, 0.05, 0.1 and 0.5 pm/V as indicated in the figure. The calculations are semi-
empirical: the dashed curve (d = 0.05 pm/V') is based on measured conversion efficiencies
[6] and the other two curves were obtained from the first by simply rescaling with the non-
linearity. The fluctuations in the fibre geometry have been ignored and the nonlinearity
is agsumed to have uniform distribution across the core region.

where § = f(w) is the mode propagation constant in the fibre calculated using the
characteristic equations (8]. With equations (1.3), (1.4) and (2.6) we can evaluate
the GV M the bandwidth for conversion between LFPy; modes at 1550 nm in a 10
cm. long quasi-phase-matched grating to be ~2 nm. It can be shown that a small
variation, e.g. 1%/m, variation in the core radius along the length produces large
changes in the peak phase-matched wavelength, ~13 nm over 1 m of fibre. This
means that after 15-20 em the conversion efficiency will not grow anymore as the
fundamental wavelength will not fall in the grating’s bandwidth. The overall effect
on a DI'G process would be a lower conversion efficiency (~ —14 dB) but with a
larger bandwidth for a process, for example, in which the input wavelength is fixed
and a variable converted output wavelength is desired.

Overall, these figures are very promising and show that efficient all-fibre frequency
converters are a feasible goal even if the nonlinearity is very low compared with

other second-order materials.

1.2.2  Electro-optic modulation

Pockels-effect based devices use a SON described by ¥@ (ws = wy;wi, 0) or, more
frequently, by the r-coefficient (r = 2x®/n* where n is the material refractive
index [9]). For these devices other limiting factors, different from those for wave-
length converters, must be considered. Let us consider, for example, an electro-optic
modulator: in this case the handwidth will be severely restricted by the length of
the modulating electrodes. In LiNbOj3 modulators the bandwidth is Jimited to ~
2 GHz - em in a “lumped” electrode configuration and to ~ 10 GHz - ¢m in a

(@4



“traveling-wave” configuration [10]. These figures give a very rough estimate of the
limitations also in glass and they indicate that silica glass based electro-optic mod-
ulators (with r in the 0.1-1 pm/V range) will only be able to cope with modulation
bandwidths less than 1 GHz due to the long fibre lengths necessary to compensate
for the low SON. It is worth noting that the low SON may also be compensated
for by using a higher switching voltage: for example, a 36 cm long silica waveguide
modulator with a 1700 V switching voltage has been demonstrated [11]. However,

1cm 3 cm 1l em
1.00 " . . : , . . «PrE—— P>

&

0.75 ,
> poled cavity grating
2
g 0.50 1.00
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& %’ 0.75
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Figure 1.2: Frequency shift in the fibre-Fabry-Perot interferometer reflectivity when a
1 V/um external electric field is applied. Also shown are the overall reflectivity spectrum
(bottom right) and the cavity design (top right) used for these calculations. The fibre NA
is 0.32 and the two identical gratings are produced by a periodic refractive index increase
of 2. 1074,

restrictions on consumption costs require devices that use a voltage in the 1-10
V range and this may lead to prefer more established materials (e.g. LiNbOj or
AlGaAs) that work with such powers. A low electro-optic coeflicient is, indeed, a
limitation for modulators in telecom systems but may still prove useful in other
devices such as electric-field sensors where the electric field to be measured induces
a phase shift in the poled arm of a fibre interferometer. The sensitivity of such
a device may be greatly enhanced by using a poled Fabry-Perot interferometer or
DFB laser. The reflectivity of a Fabry-Perot cavity made by two Bragg gratings
enclosing a poled region can be calculated using multiplying the matrices associ-
ated with the various cavity elements [12]. Supposing that the cavity is made in
an VA = 0.32 fibre by two 1 ¢m long grating mirrors 3 c¢m apart, that the pho-
toinduced refractive index change is An = 2-10~* and the Bragg wavelength (at
which the reflectivity is maximum) is 1.55 pm and that the thermally poled cavity
region has an electro-optic coefficient of 0.5 prn/V then an electric-field of 1 V/pm
induces a ~100 M Hz shift in the transmission peak at the Bragg wavelength (see
figure 1.2). The same external electric field will also induce a ~ 7/35 phase shift in



the reflected wavelength: such phase (or frequency) shifts can be measured using
interferometric techniques and thus prove the feasibility of basing such devices on

thermally poled fibres.

1.3 A general overview of this thesis

Still little is known about the poling process and the distribution of the nonlinearity.
Although many measurements have been made in the hope of optimising the non-
linearity and understanding the formation mechanism. Various poling techniques
and glasses have been tested often obtaining contrasting results. Table 1.2 shows
a summary of the most recent and significant results. Our group has concentrated
mainly on silica glass which seems, at the moment, the most promising in view
of both the obtainable nonlinearities and future exploitation in actual devices. In
1998 a 1.2% SH conversion efficiency fromn a poled fibre using 100 fs pulses from
a Tisapphire laser was reported [13]. A year later, greater than 20%-efficient SH
generation was observed using nanosecond pulses (4.5 kW peak-power) at 1530 nm
[6]. These results opened the way to the experiments carried out by Bonfrate et
al. demonstrating the possibility to generate parametric fluorescence and correlated
photon pairs [14]. However, these and other measurements (see [15] and Table 1.2)
also pointed out some limitations in the maximum nonlinearities and conversion
efficiencies that can be obtained in silica fibres. It was apparent that only in cer-
tain (and rather elusive) conditions it was possible to generate a SON in fibres that
had the same order of magnitude of that found in bulk silica glass. In most cases
the nonlinearity at 1.5 um was 5 to 10 times smaller than in bulk silica and strong
evidence of a non-symmetric arrangement of the nonlinearity around the fibre core
was observed (a deeper analysis of the problem will be given in chapter 4). A factor
10 decrease in the expected SON will give rise to a decrease by a factor 10? in the SH
conversion efficiency and it was therefore necessary to look deeper into the poling
process and explain our results. In chapter 2 we describe a new thin-filim charac-
terization technique which we then used to study the evolution of the nonlinear
thickness and coefficient in poled glass samples (chapter 3). These measurements
highlight a strong dependence on sample thickness and can be used in future to

tailor the nonlinear layer to different waveguide geometries. The results, along with

| glass | OH | Na | K [ Al ] Li [p(Q-cm) ]| nuwe |
Herasil 1 =~ 150 1 0.8 20 1 ~ 1010 ~ 1.45

Suprasil 1 | € 1000 | 0.05 | 0.01 | 0.05 | 0.01 | ~ 10" |~ 1.45
Suprasil 300 <1 0.05 1 0.01 ] 0.05| 0.01 ~ 1010 ~ 1.45

Table 1.1: Impurity contents in ppm {(pug/g), resistivity at 300°C and refractive index
at 1064 nm for three different commercial glasses from Heraeus. Suprasil 300 is similar
to the synthetic silica used in fibres.



those published by others, enable us to tentatively model the ion-migration mecha-
nism responsible for the nonlinearity formation. The model presented in chapter 3
cannot explain every aspect of thermal poling but it does touch some of the more
fundamental aspects of the process, giving a better overall understanding of the
role played by impurity concentrations and poling conditions. The knowledge thus
acquired was enough to start speculating on which parameters may be varied in the
hope to optimise the nonlinearity. Na-injection and UV-enhancement are two fruit-
ful ideas, described in chapter 5: whereas the former induces a rather non-uniform
and unstable nonlinearity, the latter enables efficient poling of Suprasil grade sil-
ica and offers a new possibility for creating nonlinear gratings. Finally, chapter 4
describes the our work on poled optical waveguides. We have proved that, as we
already suspected, the nonlinearity does not penetrate the germanium doped core
region and a solution to this problem has been proposed. Furthermore we report
the first demonstration of thermal poling in microstructured fibres (also known as
photonic crystal or holey fibres).

Different silicate glasses have been investigated in this work. Table 1.1 lists the
main impurity contents, resistivify at 300°C' and refractive index at 1064 nm for
the three most important glasses used: Herasil 1 and Suprasil 1 from Heraeus and
Suprasil 300 (also from Heraeus) which is very similar to the synthetic silica used
in fibres. Table 1.2 lists some of the most important results and measurements
obtained for various poling techniques and glasses.



| glass | fibre | bulk | x® (pm/V) | x® (107m?/V) | L (um) | ref
silica cover slips v 1 4 5]
“wet” Suprasil v 0.6 <3 |[16]
“wet” Suprasil v 0.4 [17]
Silica v 14 10 18]
Sol-gel silica v 1.07 20 [19]
Herasil v 0.93 1.8 20]
Herasil 1 v 0.68 8 [21]
Herasil v 0.1 4.5 [22]
Herasil 1 v 0.41 36 [19]
Herasil 1 v 1 4 4 23]
Zn0:Te0q v 0.44 1000 | [24]
MgO:Zn0:TeO, v 0.26 1000 | [24]
K0O5:Cs30:Ti0,:510, v 0.017 [25]
NO;;:TE&OZ v 9 L 15 - [26]
ZFy v 4 4|27
Ge:SiON-film 8 % 0.09 2 | [28]
Ge:SiON-film % 2248 2 | [29]
GeQ,-film v 25 1 [30]
GGOQ—SiOQ § v 3.8 [31]
Ge0,-8i0, 3 v 0.7 132]
Ge0,:Si0, b v 6.8 4 [34]
Ge0,-Si0, * v 0.66 1 [35]
Ge0,-5i0, | v 0.2 1 [36]
Ge0y-Si0; v 0.014° 6]
Ge0,-Si0, b v 0.015 [37]
Ge0,-Si0, v 0.2 38]
Ge0y-Si0, ¢ v 0.05 39]

Table 1.2: Summary of the most relevant published results for poling. i = e-
beam poling, § = UV-poling, | = COs-poling, § = electro-optic measurements, L
= estimated, b = deg ( d/7)



Chapter 2

Two-Beam Noncollinear Makers

Fringe Technique

2.1 Introduction

It is now firmly established that during thermal poling a thin depletion region is
formed under the anodic surface and it is in this region that the second order nonlin-
earity is concentrated. Many experiments also indicate that the ¥ is established

via the intrinsic X(B) and the frozen-in static electric field E,:

| V
X(Z)(wa = wi+Wwy; Wy, We) = 3x® (ws = wiws; Wi, we, 0)Fp = 3X(g)—L" (1)

One of the most relevant quantities in understanding the poling process is the non-
linear depth L. This can be measured in different ways but the most used is the
Makers Fringe Technique (MIT) extensively described in [41]. The technique is
experimentally straight-forward: a fundamental beam with frequency w is focused
onto the sample and the second harmonic (SH) power is recorded whilst the nonlin-
ear thickness is varied, e.g. by rotation of the sample. From spacing and position of
the SH peaks one can infer L whereas deg = x? /2 ([42]) can be estimated by com-
parison with a reference sample of known nonlinearity [41]. However, acceptable
resolution for L is possible only when L is greater than the coherence length (£.),
i.e. the distance over which the SH field and the SH polarisation wave (proportional

to the square of the fundamental field) become 7 out of phase:

i T

‘ ‘Ai?:

14

]
|RN]
~—

. (2

}L‘F’zw ~ku1— koo

— - —
where ky, and k, 1, k2 are the SH and the two fundamental wave-vectors, re-

spectively. Indeed, in the one-beam MFT the smallest measurable value for L is

10



air-glass interface

glass-air
interface

Figure 2.1: Geometrical layout of the noncollinear Maker Fringe technique: the plane
xz is defined as the lab reference system (taken so that % is the symmetry axis of the
two incident beams). 6;, 05 and + are the two fundamental beam and second harmonic
internal propagation angles. « is the sample tilt angle and © the relative angle between
the two input fundamental beams.

determined by the largest internal angle attainable in the sample, corresponding to
total internal reflection for the SH at the back material-air interface. In silica glass,
at 532 nm SH wavelength, this angle is 43.6° and indicates that a nonlinear region
induced by thermal-poling can be fully characterised only if L > £, cos(43.6) ~ 18
pan (£, = 24 pm), which often is not the case [43)].

A technique proposed by Pureur et al. overcornes this limitation by placing the
sample between two glass prisms and thus eliminating the total internal reflection,
making it possible to reach larger internal angles and correspondingly resolving
smaller L [21]. A further improved scheme, based on the same principle and using
hemispherical lenses, has also been proposed [44]. In this chapter I shall describe a
new technique that can measure small nonlinear depths (< 2 pn) with high resolu-
tion (< 0.5 pm). Although we will refer our examples to silica, the contents of this
chapter can be applied to any dispersive nonlinear thin film. Fig 2.1 is a schematic
layout of the experimental geometry. Two identical fundamental beams, with field
amplitudes E,; and E, » and with a relative external angle (0), overlap in the sam-
ple thus generating a polarisation wave at 2w, P, deff(EfJ,l + Ef,,g +2E,1E,2).
The first two terms, with wave-vectors 2/20,,1 and QE,J,Q respectively, will generate the
so-called collinear-SH fields whereas the third term, with wave-vector Ew,l + E,,,g,
will generate a noncollinear-SH field. It is worth observing that rigorously the SH
fields (free waves) have slightly different propagation directions from those of the
corresponding SH polarisations (bound waves).

Similarly to the one-beam MFT, variation of the sample inclination angle (¢) will

change the nonlinear depth traversed by the incoming fundamental beams. The

i1



noncollinear-SH power will oscillate periodically, reaching a maximum value at dis-
tances that are odd multiples of ¢.. The output second harmonic power is given

by
0 o0 L ' )
Wa, o f / l / EY B2 et 202 o(2)dz|*dady (2.3)
—o0 J -0 JO

so it can be seen that if L is varied continuously by rotating the sample then P?
is an oscillating function of the rotation angle . The number of zeros observed is
determined by Ak or, equivalently, by £. which in turn depends on the material,
on the wavelengths and on the interaction geometry involved. As is shown in the
next section, if instead of one beam we use two beams separated by an angle ©
and measure the noncollinearly generated SH, then the polarization wave and the
second-harmonic wave have a much larger phase mismatch and thus the process
involves a much smaller coherence length. In the same case as above, but with two

fundamental beams at © = 90°, we find £, ~ 1pm (the resolution of our technique).

2.2 Equations

We must rewrite equation (2.3) using the correct expressions for the input fields,
Ak and der. The beams used for the experiments always had diameter significantly
larger than the nonlinear film thickness under measurement, so the electric fields
(both incident and generated) may be taken in a first approximation as plane waves.
In the two-beam case, the projection of Nk along the SH field internal propagation
direction (2') is given by

AK(O,a) =
4%{7(%) — ﬁgA—) [cos (01(6), a) — v((—),a)) + cos (02(6), a) — (O, a))]}

(2.4)

where A is the fundamental wavelength, 6,(0, &), 62(0, @) and (0, a) are the two
fundamental fields and SH field internal propagation angle, respectively (as shown
in fig 2.1). They are defined in the laboratory reference system, taken so that 2 is
the symmetry axis of the two incident beams, by:

01(0, a)=sin"*{[sin(0/2 + a)|/n,} — «,

02(0, a)=sin"H{[sin(0O/2 — )] /n.} + o and

v(0, a)=sin"{n,,/ny, sin|(cos §; + cos ,)/2]}.

This last expression is obtained from the boundary conditions for SH generation at
the interface between a linear and a nonlinear medium, i.e. from the continuity of

the magnetic and electric field tangential components [45].

12



As can be seen in equation (2.3), integration is also carried out along x and y in
order to include finite volume effects which may change the amplitude of the SH
power oscillation. However it is worth noting that this effect can be completely
ignored in the y direction: integration in this direction results simply in a constat
multiplication factor given by [exp(—y?®). Therefore, using equation (2.3), the
overall normalised SH conversion efficiency (ngy = Wa,/W?2), dependent on both «
and ©, can be written as

202 wO,0),. . .
nsu(0, ) = —— 5 LowTi1 T
EoCoN2 Ny, TW2

L
100 cosﬂ&),ﬂ) A @ -/ 2
: / dfcif deqt(©, 0, #)e ¥ gy | (25)
00 0

where P, and P, are the incident fundamental and output SH powers measured
after the sample, w, is their beam waist (1/e? intensity radius), n, the material
refractive index at w and ng, at 2w, g, is the vacuum dielectric permittivity and
¢, the velocity of light in vacuum. T, ;, T,2 and T, depend on © and « and
are the fundamental and SH power Fresnel transmissivities, respectively. u(©, )
is a projection factor for the heam area which takes account of beam expansion
due to refraction at the sample interface. Finally, dex(O, v, 2) is the projection of
the excited deg-tensor components along the direction normal to 2z’ with a spatial
profile described by the z” dependence. The complete expressions used for the actual
calculations can be found in appendix A.

2.3 Results

As already discussed, the smallest nonlinear depth that can be measured using the
Makers fringe technique is determined by the coherence length. Figure 2.2 shows
£, as a function of the external angle between the two incident pump beams. As
a comparison, £, has been plotted for two materials: SiO, and LiNbOj (z-cut).
The higher LiNbO3 dispersion allows a better resolution at # = 0, i.e. in the one-
beam configuration. However, at larger angles, the resolution obtainable in the two
materials becomes equivalent.If A is the fundamental wavelength then for 6 ~ 0°
we have Ak ~ 2T’T(ngw — n,,) and there is a strong material-dispersion dependence
but, for 8 - 180°, Ak = ilf'ngw and £, will be gimilar (~ 1 pm) for most materials.
The Sellmeier equations used for SiO, are:

0.6813)\2 0.4231 )2 B713)\2
n(A) = \/ | 0.87 (2.6)

TN 00045 T2 —0.0135 T 22— 95.55
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and for LiNbOj (z-cut) [46]:

0.118717 ‘
no(\) = \/4.913 + T oomasy ~ “0278N (2.7)

In the case of SiO; thermally poled in air, the nonlinear region usually varies in the

25 : . . v v 3.0
E
S 207 125
L
B 5]
5 LINBO3 2.0
g 10} Sio,
o
E {1t.5
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Q

0 1.0

0 20 40 60 80 100 120
external angle © [deg)

Figure 2.2: The coherence length £, for a noncollinear SH generation process, against
the external angle 8 between the two incident pump beams for SiOy and LiNbOj.

range 4-16 pm [43]. Therefore we chose § = 90° which is easy to arrange experimen-
tally and guarantees a high resolution. Indeed, taking the value of ¢, from figure
2.2, nonlinear depths as small as £, cos(43.6) ~ 1.5um can be measured. Figures
2.3 a) and b) show the calculated second harmonic angular dependence for three
nonlinear depths (5 prn, 9 um, 14 pym) in the one beam and two beam configuration
respectively. It is obvious that the two beamn configuration provides an extremely
high (sub-pm) resolution for depths smaller than 15 pm, where the one-beam tech-
nique completely fails. There is also an intrinsic degeneracy in the one-beam MEFT
due to the fact that nonlinear depths which are integer multiples of the coherence
length give normalized second harmonic powers which can be impossible to distin-
guish experimentally. In other words, a certain normalized SH distribution may be
given by a nonlinear depth L but may be experimentally indistinguishable from that
given by a depth L + nf, (where n is an integer). Any such cases of “degeneracy”
may now he removed hy repeating the measurement for a different # and comparing
the measurements.

The experimental layout used for the measurement of the noncollinear Maker fringes
is shown in figure 2.5. The laser used was a Q-switched and actively-modelocked
Nd:YaG laser of 1064 nm fundamental wavelength with an average power of 3 W
and a 300 ps pulse duration. A half wave plate controls the polarisation of the fun-
damental pulses before they are split by a 50% beam-splitter and focused onto the

sample. The SH signal was measured with a photo-multiplier tube after eliminating
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Figure 2.3: calculated second harmonic angular dependence for three nonlinear depths
(5 pm, 9 pm, 14 gm) in the one beam (a) and two-beam (b) configuration.

the fundamental beam using an interferometric filter. Once L is known the nonlin-
ear coefficient is found by normalising the collinear SH with respect to that from
a reference quartz sample. Figures 2.4 a) and b) show the second harmonic signal
as a function of the sample angle obtained using the noncollinear makers fringes
technique. The samples (Herasil silica from Heraeus) were thermally poled at 280°,
4 kV for 10 and 30 minutes respectively. The accuracy of the NCMFT measure-
ments were then controlled using a standard HF-etching measurement. The curves
are easily distinguishable even if L is well below the 18 pm limit for the one-beam
MFT and the difference between the two L values is smaller than 1 pm. The solid
lines are the best fits obtained using eq. 2.5 and a truncated gaussian profile for
dogr (see figure 2.6).

It is worth noting that there is a trade-off between the maximum pump-beam angle
used to increase the resolution and the actual resolution obtained. This is due to
the fact that at large pump-beam angles the maximum sample-tilt angle becomes
increasingly smaller. Furthermore the second-harmonic conversion efficiency de-

creases with decreasing coherence length i.e. with increasing pump-beam angle.
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Figure 2.4: A sample poled for 10 minutes at 280°C and 4 kV, shows a nonlinear depth
of 3.4 um (a) another, poled under the same conditions for 30 minutes, shows a nonlinear
depth of 4.2 pm

A 90° angle between the two pump beams is experimentally very easy to control
and, with a maximum sample-tilt angle of 45° and a measurable SH, gives the best
results for our poled silica samples.

In conclusion, the new technique described in this chapter gives the possibility to
completely characterise thin nonlinear films, i.e. measure both nonlinear thickness
and coeflicient. This technique is preferable to others for many reasons:

e it can resolve nonlinear thicknesses as small as 1 pm with sub-micron resolu-

tion

e it is non-destructive (HF-etching is nsnally uged in measuring nonlinear thick-

nesses smaller than the material coherence length)

¢ the experimental set-up is an easy-to-implement modification of the standard

one-beam Makers Fringe Technique
The only true drawback to this technique is the reduced second-harmonic generation

efficiency in a noncollinear configuration with respect to the standard collinear
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Figure 2.5: Experimental layout for the noncollinear Maker Fringe measurements.
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Figure 2.6: Example of truncated gaussian profile, found to be the best when fitting
experimental data with equation 2.5. The nonlinearity profile shown was used to fit the
data in figure 2.4 a).

technique. If the nonlinear coefficient to be measured is small (less than 0.1 pm/V)
and a large angle between the two beams is used (= 60°) then the generated second
harmonic may be so small that a photon counting system is required to measure
the power. Furthermore, it is worth noting that when the coherence length is
significantly reduced (~ 1 pum), for example by using a 90° angle between the two
beams, then the Maker’s fringes in the second harmonic power can become rather
noisy. This is most probably due to the fact that the micron-sized irregularities
in the nonlinear layer are no longer averaged out in the nonlinear process. The

dimension of these irregularities seems to increase with the nonlinear depth in poled
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glasses. We found that for nonlinear depths between 1 and 5 pm the optimum angle
between the two beams is 90°. For thicker nonlinearities a smaller angle between the
two pump beams should be used, thus increasing the coherence length and reducing

the noise from any irregularities.
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Chapter 3

Second order nonlinearity
formation dynamics in
thermally-poled silica-glass:

modeling and measurements

3.1 Introduction

Before proceeding to discuss experimental results obtained using the noncollinear
Makers fringe technique (described in chapter 2) and other experiments which are
still underway, it is best to examine more closely the mechanism responsible for
thermal poling in silica glass.

The issue is fairly complex. Two processes, which can explain thermal poling,
have been proposed: re-orientation of dipoles (namely dipolar defects) and ionic-
migration. The former has a well defined theory ([47, 48, 49]) and has been ex-
tensively applied to orientationally ordered organic materials possessing second or-
der nonlinearity. The latter is of major importance in many fields, ranging from
electrie-field assisted ion-diffusion for waveguides ([50, 51]) to MOS capacitor struc-
tures ([52]). However, a comprehensive theory which can explain all aspects of ionic
glass conduction is still to be found [53, 54].

A commonly used technique ([5, 55]) to decide which of these mechanisms is domi-
nant is the measurement of the ratio of the two non-zero components of the second-
order nonlinear susceptibility tensor daz/ds1 (see eq (A.7)). If a space-charge field,
induced by ionic migration, is the cause of the nonlinearity then d;; is proportional
to the third order nonlinear tensor (eq (2.1) with d = x(®/2 [42]) and, in a trans-
parent isotropic medium, dyz/ds; = 3 [48]. On the other hand, if the mechanism is
one of dipole orientation, then ds3/ds; = 3 in a weak orienting electric field and will
depend on the ratio of hyperpolarizability components in a high field. Therefore,
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it is possible to rule out a space charge electric-field mechanism if this ratio is not
3. A ratio of exactly 3 will provide support for an electric-field induced mechanism
while not excluding the possibility of dipole orientation. Various values for dag/das;
have been reported ranging from 2 to 7 [5, 65, 20]. It is worth noting, at this point,
that these results would be rigorously conclusive only if the nonlinearity had a true
isotropic-Cy, symmetry. Indeed, an anisotropy of only a few percent would be able
to account for such dyz/ds; values [56]. There are, of course, other arguments which
have apparently settled the controversy: a dipole-orientation mechanism would nec-
essarily take place in the whole bulk of the poled sample and would lead to a negative
surface charge distribution at the anode (positive at the cathode). It is, however,
well known that the nonlinearity has a thickness typically in the 2-30 pan range and
shows a positive charge layer towards the anode [43]. Furthermore there is strong
experimental evidence that ionic migration does indeed take place during thermal
poling with a subsequent charge pile-up occuring at depths in good agreement with
nonlinearity thickness measurements [57]. This experimental evidence has lead to
the general belief that thermal poling can be explained by a space-charge induced
electric-field mechanism.

In the first part of this chapter we describe a two-charge ion-migration model with
which it is possible to calculate the evolution of the nonlinear thickness and of the
internal electric field induced during thermal poling in silica glass. This model is
similar in its results to that developed by Alley et al. [58] but uses rather sim-
pler equations. The second part of the chapter is dedicated to the experimental

characterisation of the nonlinearity formation dynamics is silica glass.

3.2 Modeling
3.2.1 Equations

During thermal poling, the silica-glass sample is heated typically to 280°C and a
positive 4-5 kV voltage is applied. The full equations which cdescribe the induced
ionic migration, considering both drift and diffusion, can be rather complicated and
have been solved under simplified conditions (e.g. [58]). Our model is an extension
of Von-Hippels original work [59] which considered only one ion species drifting.
In this case the drifting ion species will be sodium (Na*), the main charge carrier
in silica-glass [60]. As the mobilised ions drift towards the cathode, two distinct
regions form in the glass: a depleted region of negative space-charge (depletion
region) followed by an un-depleted, neutral region. The depletion region forms
under the anode with a monotonically increasing depth until the equilibrium value
Lo = \/2eV/p is reached, where ¢ is the glass dielectric constant, V' the applied
voltage and p the charge density in the depleted region. di; also increases with ¢

until the maximum value is reached at equilibrium (see figure 3.1). However, this
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one-charge carrier model cannot account for many experimental results such as the
multiple time scales during SH signal formation observed by Alley et al. [58], the
non-monotonic time-evolution of dys reported in this thesis (see fig. 3.5) and the
continuous growth of the nonlinear depth even for very long poling times [43]

The next most mobile charge carrier in silica glass is Ht ([60]) with a mobility
(pgr) which has been found to lie in the range 107%-107% py, (tine is the sodium
mobility) [61, 62]. It has been demonstrated that, unless particular care is taken, the
glass surface always has a high concentration of H* (or H3O™) at the surface [60].
Furthermore, if press-contact or non-blocking evaporated electrodes are used then
hydrogen also continuously diffuses under the influence of the externally applied
electric field from the external atmosphere into the glass [60, 61, 63]. Due to the
fact that pupy <€ . three regions will form: straight under the anode a region
with Na substituted by H (region I) - the charge in this region will depend on the
amount of in-diffused H*. This is followed by a negatively charged depletion layer
(region IT) and finally by the un-depleted neutral region (region IIT) (see figure 3.2).
Von-Hippel’s calculations can be retraced, posing the continuity of both current and
electric field through the interfaces between regions I-II and II-IT1, thus obtaining

two coupled differential equations

dLlTa a
(GLlna _ PN ﬂ:Na(BLNﬂ- + ’_)ELH + At)
dt P € €
IL, : '
J e c]tH = /-/aNa(ij PLu+ A:) (3-1)
L/p Pr.y P PH ¢
L AL xg(i;Lira + 2_€ij - ESLN(I. - e ‘SLI‘I - V)

0 20 40 60 80 100 |
poiing time [minutes)

0 s - M —

0 20 40 60 80 100
poling time [minutes]

charge-front depth [pm]

Figure 3.1: Calculated charge-front evolution using Von-Hippels one-charge model. In
the inset is also shown the evolution of the dyz-coefficient. All parameters are the same
as those used in figures 3.3 and 3.4.
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Figure 3.2: Glass thermal poling: the electric field created between the two electrodes
induces ion-migration and, in a two-charge model, the formation of three regions - I (neu-
tral with H* substituting for Na™t), Il (Nat-depleted and therefore negatively charged)
and III (neutral).

where Ly, and Ly are the time dependent " charge-fronts” of the Na and H species,
Ung and py are their mobilities, py, and pg the charge densities (> 0) and p =
—pPnNe 18 the charge density of the negatively charged depletion region nd S is the
the sample thickness. Diffusion blurring the boundaries has been neglected. The
last equation in (3.1) is given by the boundary condition

s

End.’L‘-}-/ E_[[Id:f(} (32)
L

Na

L Lna
-V = FErdz+ /

0 Ly

where £, Fj; and Ep;p are the internal electric fields in the three regions I, IT and
11,
Cooling the sample after thermal poling will leave a frozen-in charge distribution
with a consequent electric-field which, once the external electrodes have been re-
moved, will attract charged particles from the surrounding atmospliere and will
remain confined ingide the glass. The electric field under the anode reaches val-
ues which are very close to the dielectric breakdown value of silica-glass, i.e. =~
10MV /e [64]. In fact, the maximum obtainable dy3 may be limited by breakdown
through an electronic current induced near the anode by the very high electric field
[55, 60] and this would also explain the positive charge layer observed under the
sample-anode surface [43]. In fact it is worth noting that the described model is
based on the assumption that Na™ and H™T are the only charge carriers. This may
well be the case in ordinary glasses, however the Na'-depleted region is very dif-
ferent from the un-poled glass. The most mobile ions have been removed and an
electric field close to the dielectric breakdown value is applied: under these condi-
tions a non-ohmic electronic current is to be expected. However, such a process is
very difficult to describe with mathematical equations and the as-described model
(i.e. using only two positive ionic species) still remains an important step forward
from the one-ion model towards a deeper understanding of thermal poling.
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522 Results

The equations were solved using a fourth order Runge-Kutta method. py, was
derived from the concentration (1 ppin) of Na in Herasil 1 glass and we made the
assumption that HY completely substitutes for Na*t, i.e. pg = pna [60]. Reported
values for the Na™ mobility (uy,) in silica-glass vary greatly depending mainly on
impurity concentrations: for 1 ppm Na concentrations the mobility lies between
5x10718 and 1071% m2V 1571 [58]. The values taken for the parameters are: jiy, =

21078 m2V—1s7! g = 1073 tna, pnve = 5-1072 m™ and py = pn.. Figure 3.3
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g 4t L
“d—) 7
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Figure 3.3: Calculated charge-front evolution for both Na™ and H* in a 1 mm thick
Herasil plass slide. Migration of the charged ions will create three regions, I, I and
IT1, as indicated. The values taken for the parameters are: pyqg = 2 10=18 mey-1g-1,
HH = 10_3,U,Na, PNa =9 10722 m~=3 and PH = PNa-
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Figure 3.4: Calculated dsz and V. The values taken for the parameters are as in figure
3.3.
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shows the evolution of the Na™ and HT charge fronts with poling time. Regions
[ and III are neutral whereas region II is negatively charged and becomes thinner
as it moves deeper into the sample. Comparison of figures 3.1 and 3.3 shows how
a two-charge model can better explain a continuous growth of the nonlinear depth
with poling time and the multiple time scales observed by Alley et al. [58], i.e. an
initial fast growth (due to the fast-moving Na*-ions) followed by a slower growth
rate (due to the effect of the low-mobility H*-ions).

The nonlinear coefficient dsy will follow the same evolution of the internal electric
field (see eq dgs). Figure 3.4 shows the calculated dss, using eq. 2.1 and x® =
4-1072 m?/V? [31]. Once again, a one-charge model predicts a monotonic increase
to maximum value whereas it i3 well known that the nonlinearity decreases for long
poling times [43]. Also shown is the time-evolution of the internal frozen-in voltage,
V', obtained integrating the internal electric field across the depletion region. As
expected, the total voltage drop inside the glass increases with poling time reaching

a maximum value which is very close to the applied 4 kV.

3.3 Measurements

3.8.1 Nonlinearity evolution during thermal poling and dependence on sample

thickness

In order to assess the nonlinearity evolution experimentally, samples of different,
thickness (S) were thermally poled for various poling times. The silica-glass samples
were Herasil 1 grade (from Heraeus) with sample thickness S =1, 0.5 and 0.1 mm.
Thermal poling was performed at 270°C in air by applying a constant voltage (V)
of 4kV, using Al-evaporated electrodes, for seven different times - 2, 5, 10, 20, 30,
45 and 90 minutes. The samples were subsequently cooled to room temperature
with the voltage still applied. Cooling from 270°C to 200°C (when poling effects
become negligible) takes ~ 40 seconds.

L was obtained using the noncollinear Makers fringe technique (NCMFT) described
in chapter 2. Once L is known the nonlinear coefficient is found by normalising the
collinear SH with respect to that from a reference sample (quartz) and assuming
that the tensorial components of the nonlinearity dssz and da; are related to each
other by dsz = 3ds . All measurements were made one hour after poling and then
repeated a week later without observing any significant variation in the measured
L or d values. Tigure 3.5 shows the observed evolution of the nonlinear coefficient
d33. The lines are only a guide for the eye: a fast initial increase is followed by a
significant decrease to a final value which is roughly 50% smaller than the peak-das.
Furthermore, the poling times for which the peak-dsy values are observed decrease
with decreasing S. These results can be explained assuming that thermal poling
relies on the multiple-charge carrier process described above. Most importantly,
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Figure 3.5: Experimental values for the nonlinear coefficient (da3) against poling time
for samples of different thickness (S): S = 0.1 mm - full circles; S = 0.5 mm - empty
circles; 5 = 1 mm - full triangles. The lines are only a guide for the eye.
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Figure 3.6: Experimental values for the nonlinear thickness (L) against poling time
for samples of different thickness (S): S = 0.1 mn - full circles; § = 0.5 mm - empty
circles; S = 1 mm - full triangles. The lines are the best stretched-exponential fits for the
experimental data.

there is a strong dependence on S due to the different electric-field values inside the
sample. Fig.3.5 also shows that there seems to be a minimum poling time below
which no SH is observed. This minimum poling time is smaller than 40 seconds
(necessary to apply the voltage and cool the sample) for S = 0.1 mm but increases
to 5 minutes for S = 0.5 mm and to 10 minutes for S = 0.1 mm. Furthermore,
poling at a higher temperature (e.g. 280°C) resulted in a shift of these threshold
times to smaller values (2 minutes for S = 0.5 mm and 5 minutes for S = 0.1
mm). These results may be explained by assuming that the time required for a
charge distribution to form, such that SH generation can occur, depends on both
temperature and S. By raising the temperature (i.e. ionic mobility) or decreasing
S (i.e. increasing the applied electric field) the necessary (for SH generation) charge

distributions are achieved for smaller poling times.
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Figure 3.7:  Product dszL of the measured nonlinear coeflicient and thickness against
poling time for three sample thicknesses: S = 0.1 mm - full circles, § = 0.5 mm - empty
circles, S = 1 mm - full triangles. The lines are only a guide for the eye.

Figure 3.6 shows the evolution of L for the same samples of fig.3.5. The well-
known continnous increase in L is observed (see e.g. [43]). The lines show the best

fits for which stretched-exponential functions were used, i.e. functions of the form
F(&) = FO)+a(l—e™) (3.3)

where f(0)+« = f(o0) is the saturation value and 3 is the growth rate. The values
which gave the best fits for L are shown in table 3.1. All experimental L values
are well described by eq. (3.3). The most important feature of figure 3.6 is the
marked dependence on sample thickness. As can be seen, g is the same for all
S, indicating that the nonlinearity-formation mechanism is the same for all sample
thicknesses. Once again, using the described ion-migration model it was possible
to establish that the different dynamics and values observed for different S may be
ascribed to the different electric fields inside the samples.

Figure 3.7 shows the product ds3L against poling time. The solid curves are a
guide for the eye. The growth rates vary according to the sample thickness but the
saturation value is roughly the same (=~ 2.4 107 m?/V) for all S. This value may
be used to estimate the sample ¥® using eq (2.1) and assuming that all the applied
4 kV voltage drops across the depletion region and remains constant. In this case
we find ¥® = 4.10722 m?/V, in good agreement with values measured in poled
fibres [31].

The importance of these results lies not only in the deeper understanding ac-
quired of the thermal poling process but also in the specification of the poling pa-
rameters (temperature and time) necessary for an enhanced efficiency of the SON
in waveguide devices. Indeed, the overlap between the nonlinear and waveguiding

regions, along with the dyz optimisation, is of major importance. This issue will be
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discussed in more detail in chapter 4.

| S— |1mm|05mm |01 mm |

F(0) (pm) | -3.1 -1.26 0
oy (pm) 9 9.39 10.87
Br (s71) | 0.045 | 0.044 | 0.046

Table 3.1:  Values for the parameters & and 3 used in the fisting function f(0) + a(1 —
ePt) for L for all three sample thicknesses (3).

3.8.2  Surface-voltage measurements

In figure 3.4 we show the calculated evolution of the internal frozen-in voltage.
The internal voltage is difficult to measure experimentally but the sample surface-
voltage can be directly measured using a fieldmeter [65]. We used a ”field-mill”
instrument, JCI 140CF, which has a conducting sensing surface on which the elec-
tric field (given by the voltage gradient between the sample surface and the earthed
fieldmeter) to be measured induces a charge. The "field-mill” is so called because
it uses an earthed chopper to modulate the electric field at the sensing surface thus
improving sensitivity and eliminating the need to "zero” the instrument hefore each
measurement (as has to be done with the simpler induction probe meters). The field
meter was initially calibrated by placing the same electrode used for thermal poling
at a 1 cm distance with 1 kV applied. We noticed that thermally poled samples
show a high (kV') surface voltage straight after poling and that this voltage decays
slowly with time, most probably due to the formation of a shielding surface film
(made of charged atmospheric particles and ions). Reheating of the sample was
seen to regenerate this externally measurable voltage. Therefore we first charac-
terised this regeneration process. A 1 mm thick Herasil glass slide poled at 280°C,
4 kV for 10 minutes, was heated at successively higher temperatures and both an-
ode and cathode-surface voltages were measured. Figure 3.8 shows the results of
these measurements. Both the anodic and the cathodic surface voltages follow the
same behaviour: below 150°C no voltage is measured but above this temperature
the isolating film evaporates "releasing” the internal electric field. For temperatures
higher than 200°C the signal decreases rapidly and disappears completely above the
poling temperature (280°C). This decay at high temperatures is also observed in
the SH signal and is due to ions migrating under the effect of the high temperature
and internal electric field.

Figure 3.10a) shows the expected electric field from a free poled glass sample.
When the cathode is earthed and the (earthed) field-meter is placed above the
anode sample face then the measured electric field and surface potential will be

positive, as in b), and negative values are found when the anode sample face is
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Figure 3.9: Measured anodic surface-potential for poled Herasil samples of different
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Figure 3.10: a)-configuration of the electric field formed by a free poled glass sample.
b)-configuration of the electric field measured by the field-meter when the the cathode
face is earthed and c)-when the anode face is earthed.

earthed, as in ¢). Such a charge distribution (positive layer at the anode and nega-
tive layer nearer to the cathode) confirms previously reported measurements using
a Laser Induced Pressure Pulse (LIPP) method [66]. Moreover, the surface voltage

may be directly related to the internal frozen-in voltage. Indeed, when one of the
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faces of the sample is earthed then only the charge distribution nearest to the field
meter gives a contribution to the surface potential which may, in a first approxima-
tion, be considered equal to the actual internal voltage. In other words, the total

internal voltage is given by V = (anodic surface-V') — (cathodic surface-V). In our

samples we also found |anodic surface-V| ~ |cathodic surface-V| so that we may
write V ~ 2 (anodic surface-V'). Taking the peak values measured from figure 3.9
we can see that the frozen-in voltage is nearly equal to the externally applied poling
voltage.

In order to measure the surface voltage from the poled samples characterised
using the NCMFT (section 3.3.1), we heated the samples to 210°C for two minutes
and measured the anode surface voltage as described above. The results are shown
in figure 3.9. The voltage rises with poling time as expected (see figure 3.4) but also
shows a marked dip before increasing once again. Furthermore, the dip is deeper
for thinner samples. This hehaviour indicates that there are different processes
occurring during the thermal poling process. Indeed it has already been suggested
that during the poling process a depleted region forins in which the electric field
is of the same order of the silica dielectric breakdown value [55, 43], i.e. 10° V/m
[64, 52]. On the basis of our results we suggest that during the first minutes of
poling a fast Nat migration takes place that creates a strong depletion region, a
peak in the internal (and surface) voltage and nonlinearity and finally an avalanche
electronic conduction near the anode surface. This avalanche of electrons partially
neutralises the internal voltage drop (thus the dip in the measured surface voltage)
and finally wears out, allowing the voltage to start increasing once again. This
model is further supported by the marked dependence on sample thickness. The
thicker samples have a lower externally applied field so that the internal electric
field shall also be weaker and the electronic migration less pronounced (thus the
smaller dip in the voltage for thicker samples).

These measurements are of great importance because they represent the first
measurement of the actual frozen-in voltage, they highlight the presence of an elec-
tronic contribution to the poling process and, most of all, they show that the nonlin-
earity that can be induced in silica glass seems to be intrinsically limited by dieletric
breakdown. It is also clear that the two-ion model described in the first part of the
chapter provided us with somne useful information but is also rather over-simplified.
Electronic conduction should be taken into account in future models although this
may be rather difficult due to the highly nonlinear nature of such migration under
electric fields of the same order of the dielectric breakdown limit.
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Chapter 4

Thermal poling of silica

waveguides

4.1 Introduction

In the general introduction I gave an overview of the status of research on thermal
poling and of its importance for optical telecommunication devices. The general
idea is that thermal poling will find applications mainly in fibre-based components:
in bulk and planar waveguides other materials such as LINbOj are able to cover most
needs for a second order nonlinearity. As we showed in chapter 3, the nonlinearity
induced by thermal poling has a rather limited extent inside the glass, typically
less than 20 pm for poling in air atmosphere. This limitation may beconie an issue
when poling waveguides if the nonlinearity does not overlap with the core region.
Indeed, as already pointed out in the general introduction, the effective nonlinearity

in a waveguide is given by

A
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and thus depends strongly on the overlap between the nonlinear layer and the two
(fundamental and SH) propagating modes. Table 1.2 shows that some good results
have been obtained in germano-silicate fibres indicating that, to some extent, the
nonlinearity does cover the core region.

There are, however, other rather concerning results which have emerged during the
last years. Indeed, it has proved very difficult to obtain efficient SH conversion from
the fundamental LPg; to the SH LPy mode [15]. In particular, three sets of fibres,
each with a different NA (0.32, 0.19 and 0.065) were periodically poled (so as to
create a nonlinear grating) and then tested [15]. However efficient LPy; —LPy;
SH generation was observed only in the NA=0.19 set. The NA=0.32 set showed
a marked LPgy;—SH-LP5; coupling between the pump and SH wavelength with
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no measurable LPy—SH-LP; conversion and the NA=0.065 set showed efficient
LPy —SH-LPy; conversion (see figure 4.2).

4.2 Thermal poling in Ge-doped planar waveguides and fibres

It has already been suggested that the generation of higher order SH waveguide
modes and the low d-values observed in our fibres can bhe explained by supposing
a non-uniform nonlinear layer in the fibre, most probably with a hole in the core
region ([15]). In other words, it would seem that the germanium in the core is af-
fecting in some way the poling process. In order to study more closely the problem
we have thermally poled a series of planar waveguide structures such as that shown
in figure 4.1. These waveguide structures, fabricated by D.W.J. Harwood (ORC,

Figure 4.1: Planar waveguide structure used for the investigation of the effect germano-
silicate layers on thermal poling. The synthetic-silica overcladding, the germano-silicate
core and the underlying synthetic-silica layer are each 5 pum thick. The structure is made
on a Herasil, ~200 pm thick, substrate.

Southampton University), have three layers deposited by chemical vapour deposi-
tion on a thick (200 um) low-grade silica substrate. The layers are: a synthetic silica
overcladding, a germano-silicate core and an underlying synthetic-silica layer and all
three are of the same thickness. The samples all had an NA=0.1 and were fabricated
with three different thicknesses, i.e. 20 pm, 5 pm and 2.5 pm (single layer thick-
ness). They shall be referred to simply as 20 pm-, 5 pm~ and 2.5 pm-waveguides,
respectively. All samples were poled in vacuum. As a general rule, thermal poling
in vacuum gives rise to deeper nonlinear regions compared to thermal poling in air
[43] and typically the nonlinear thickness (L) will be greater than 20 pm even for
short (5-10 minutes) poling times. First we poled three 20 pm-waveguide samples
at 310°C, 4 kV for 10, 30 and 70 minutes respectively. The samples were then
characterised using the one-beam Makers fringe technique [41]. For clarity, all the
results are sumarised in table 4.1. We found L = 22 ym and dss ~ 0.1 pm/V
in all three samples. This result is interesting for many reasons. Firstly, L = 22
(i implies that the nonlinear region is concentrated in the overcladding. How-

ever the dss-value is much higher than that expected from synthetic-silica which is
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Figure 4.2: Poled D-shaped fibre with maximum conversion efficiency from the funda-
mental LPy; mode to the SH LP; mode. Also indicated is a possible frozen-in charge

distribution that could account for this and other results described in the text.

waveguide poling Voltage | time layer L expected
type temp. (°C) | (V) | (mins) | depth (pm) | (pm) | L (pum)
20 um 310 4 10 20 20+ 2 30
20 um 310 4 30 20 2242 35
20 pm 310 4 70 20 204+ 2 40
5 pm 280 4 10 5! 5+1 30
5 pum 280 4 60 5 641 38
2.5 um 280 4 20 2.5 841 32
5 um 320 8 20 o 38+ 2 -
5 um 320 4 20 ) 20+ 2 -

Table 4.1: Nonlinear thickness (L) measurements on poled germano-silicate waveguides.
The L-values were obtained using the HF-technique: they are to be compared with the
expected values, i.e, with values obtained in bulk Herasil glass.

very similar to Suprasil-grade glass and normally shows a nonlinearity one order of
magnitude smaller than the value we measured. This enhancement of the induced
nonlinearity may be due to a possible contamination during deposition. The most
interesting result, though, is the constant L and dsz-values which are independent
of poling time. This can be only explained by assuming that the germano-silicate
layer is blocking the growth of the nonlinear region. This assumption was further
verified by poling two 5 ym-waveguides at 280 °C, 4 kV for 10 minutes. In these
samples the overcladding layer is only 5 pm thick and indeed our measurements
gave L = b pm with a high nonlinearity (dsz = 0.3 pm/V) in both samples. This
proves that the germano-silicate layer in some way blocks the ion-migration process.
We then poled a 2.5 pm-waveguide sample at 280°C, 4 kV for 20 minutes. In this
sample we found L = 8 pm: the nonlinearity extends through the cladding, the
guiding core, the underlying synthetic silica layer and into the Herasil substrate.
L is still definitely smaller than the expected 32 pm value but nevertheless this
result does provide a possible solution to the problems encountered so far. We
may speculate that it is a Ge-induced network modification which is inhibiting Na-
migration and that poling at a higher temperature and/or voltage could increase
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Figure 4.3: One beam MFT measurement on a 5 gm-waveguide, poled at 320°C, 8 kV
for 20 minutes. The nonlinear thickness is 38 pm.

the nonlinearity depth. Indeed, a 5 pm-waveguide was poled at 320° with 8 kV for
20 minutes and a nonlinear depth of 38 m was measured (see figure 4.3). Another
such sample, poled at 320° with 4 £V for 20 minutes, gave a depth of 26 pum so we
may conclude that higher poling temperatures do indeed allow the nonlinearity to
penetrate the core layer. The samples were all poled in vacuum and if one ignores
the limited number of H* ions present in the hydrated surface (the only source of
HY ions when poling in vacuum) then a one-charge ion migration model (described
in chapter 3) gives a rough estimate of the nonlinear-depth dependence on poling
voltage, i.e. L o v/V. This relation is verified by the two samples poled at 4 and
8 kV and indicates an unhindered ion migration through the Ge-doped layer. This
result is very promising but the fibre geometry is rather different and the Na ions
may still follow a path which moves around the core rather than through the core,
even at these higher temperatures and voltages. We therefore prepared a series of
fibre samples which can be divided into two sets (see figure 4.4):
1. the NA=0.32 fibre, with a 10 gm separation between the two electrode holes
and less than 2 pm between the anode and the core;
2. the NA=0.1 fibre with a 160 um separation between the two electrode holes
and 12 pm between the anode and the core.

After thermal poling under the conditions shown in table 4.2 we measured the
electro-optic coefficient (7) using a heterodyne Mach-Zender interferometer designed
and developed at Kent University by C. Pannell et al., shown in figure 4.5. A He/Ne
laser is used for the initial alignment whereas, for the actual measurement, the 1550
nm output from a diode laser is split into the two arms of the interferometer with
90% of the power in the sample arm (which has the highest losses) and 10% in

the reference arm. Polarisation controllers (PC) ensure that the polarisation is
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Figure 4.4: Twin-hole fibres used for electro-optic coefficient measurements. The elec-
trode spacing in the NA=0.32 fibre (a) is 10 pm and 160 pm in the NA=0.1 fibre (b).

1550 nm PC BC

<

PD

90/10 50/50
MU,

He/Ne

PC

Figure 4.5: Experimental layout of the heterodyne Mach-Zehnder interferometer used
at Kent University for our electro-optic measurements, PC - polarisation controller, BC
- Bragg cells giving the 50 kHz carrier frequency in the reference arm, He/Ne - visible
laser used for alignment, S - fibre sample, PD - photodiode, V(t) - electrodes supplying
the sinusoidal voltage, V(t), to the sample.

maintained in all stages. The reference arm is modulated by two inverted Bragg
cells (BC) which have their modulating frequencies slightly offset (by 50 kHz) so that
the overall effect is a 50 kHz frequency shift of the optical carrier. The sample, in
the other arm of the interferometer, is placed between two electrodes and modulated
with a sinusoidal voltage with a peak value of the order of 100 V and a frequency in
the 3-5 kHz range. The two arms are recombined with a 3 dB coupler and the signal
is measured with a photodiode connected to an RF spectrum analyzer. The ratio
between the peak value of the carrier frequency (50 kHz) and the sidebands (at 3-5
kHz to either side of the carrier frequency) is directly related to the electro-optic
coefficient. The underlying theory of this experiment is explained in more detail in
appendix B and the results of the electro-optic measurements are shown in table

4.2. The r-coefficient is related to d by the relation ([9])

d=—r (4.2)
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| NA | poling temp. (C) | voltage (kV) | time (mins) | EO-coeff. (pm/V) |

0.32 280 4 5 0.044
0.32 280 4 7.5 0.062
0.32 280 4 10 0.082
0.32 280 4 12.5 0.06
0.32 280 4 15 0.046
0.32 280 4 20 0.039
0.32 270 4 10 0.18
0.32 350 6.8 10 0.058
0.32 400 4 10 0.06
0.1 280 4 10 0.014
0.1 280 4 20 0.023
0.1 280 4 40 0.029
0.1 280 4 60 0.022

Table 4.2: Electro-optic coefficient measurements, made on fibres thermally poled under
various conditions.

003 -~ — o o
4 6 8 10 12 14 16 18 20

poling time [mins]

Figure 4.6: Measured electro-optic coefficient against poling time, for thermally poled
twin-hole NA=0.32 fibres. Poling was carried out at 280°C and 4 kV.

where n is the refractive index (in silica glass n'!/4 ~ 1.1). Figure 4.6 shows the
electro-optic coefficient for the NA=0.32 fibres poled at 280°C and 4 kV for dif-
ferent times. The dependence on poling time is very similar to that found in bulk
silica glass (see chapter 3) and a peak value of nearly 0.1 pm/V is obtained after
10 minutes poling. However, it is also important to notice that higher poling tem-
peratures and/or voltages did not increase the fibre nonlinearity (on the contrary,
the highest value was obtained at a slightly lower temperature of 270°C). Further-
more, the NA=0.1 fibre has always given lower nonlinearities. The main difference
between the two sets of fibres which seems fo be influencing the poling process is

the distance between the electrodes and the core. As confirmed in planar waveguide
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structures, it is very important that the core lies not more than 2 or 3 pm from the
anode. This may be explained by using the two-charge model for thermal poling
in air, developed in chapter 3. A very fast initial growth of the depletion region,
due to Na™ migration and extending only a few microns under the anode surface,
is observed in the first minutes of poling. Then a much slower migration process,
which involves also H* ions, takes over. The ions during the fast initial growth have
enough energy to penetrate the Ge-doped layer and extend the depletion region,
i.e. the nonlinearity, through the core. On the other hand, if the core is too far
away to be reached by the depletion region during this phase, then the migrating
ions, now slowed down by the in-diffusing H*, may be blocked at the Ge-doped
layer interface. It would therefore seem that whereas in planar waveguices both
the anode-core distance and the poling parameters (i.e. temperature and voltage)
can be varied to obtain a nonlinear core, in fibres only the anode-core distance is
important. This is confirmed by our experimental results and those obtained by
others ([32, 33]).

4.3 Thermal poling of holey fibres

There may be other solutions to the problem. For example a different doping
element could be used for the core such as phosphorous or tin. The latter is partic-
ularly interesting due to the fact that, with respect to germanium, a much smaller
concentration of tin is necessary to obtain an NA=0.1 fibre. Specially designed de-
pressed cladding fibres with a pure silica core surrounded by a thick cladding layer
of boron or fluorine doped silica could also prove effective. However, a more elegant
solution is to use microstructured fibres, also known as photonic crystal fibres or
holey fibres. The core is surrounded by a periodic array of holes which create an
effective refractive index that is lower than that of the glass centre-rod. In this way,
light is guided by total internal reflection as in a normal fibre, but the core and
surrounding glass are all made of the same silica and no Ge-doping is required. The
outer supporting structure had holes which are typically 30 um in diameter so that
25 pm electrode wires can be inserted for thermal poling. The internal structure is
made from Herasil-grade silica: figure 4.8a) shows an SEM picture of this region.
The fibre is multimode but we were able to efficiently couple light into the fibre in
such a way that at least 80% of the power was in the fundamental imode, shown in
fugure 4.8b). It is important to note that the distance between the core and the
nearest outer hole, used to house the anode wire, is 27 pm. If such a large distance
were to be used in standard fibres the nonlinearity would not overlap with the core.
Moreover the air:silica structure is rather complex and it was impossible to predict

if thermal poling, which relies on ionic migration, would take place at all.
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Figure 4.7: Experimental layout used for testing SHG in thermally poled holey fibres.

Thermal poling was carried out in air atmosphere at 280°C, 4 AV and 30 minutes
and the samples were then tested for SHG. The SHG experimental setup is shown
in figure 4.7: the CW tunable output from a semiconductor laser (Photonetics
Nanotunics) passes through a polarisation controller (PC) and is then modulated
in amplitude by an acousto-optic modulator (AOM). The resulting 200 ns pulses
(at 1 kHz repition rate) are amplified in an Er*-doped amplifier, focused into the
sample with a x40 microscope objective and collected at the fibre output with a x20
objective. A Fresnel reflection from a glass slide is used to monitor the pulse peak
power (measured with a fast InGaAs photodiode) and the SH signal is collected by
a photomultiplier tube. The pulses at the fundamental wavelength are eliminated
by a broadband RG9 (Schott) filter and by the photomultiplier itself which is in-
sensitive to wavelengths above 900 nm.

The pulses coupled with a 30-40 % efficiency into the fibre had a peak power of

Figure 4.8:  a) - core region of the thermally poled holey fibre. b) - mode profile at
1550 nm and c) - at 775 nm.
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Figure 4.9: Dependence of the second harmonic (SH) on the fundamental power: the
points are the experimental data and the solid curve is the best quadratic fit.

~ 5 W (measured with the InGaAs photodiode) and an average power of ~ 1 mW¥.
Second harmonic generation was observed in the poled holey fibres and the average
conversion efficiency was estimated to be of the order of 1078/W. This efficiency is
very low but we must bear in mind that the process wasn’t phase-matched. Indeed,
we poled three different samples and the conversion efficiency varied greatly from
one sample to the other. The SH was also polarisation dependent with a ratio, in
the measured SH power, of 1:4 between the two orthogonal polarisation states and
figure 4.9 shows the quadratic dependence of the SH signal as a function of the
fundamental pump power. It is impossible to estimate the actual y{? value on the
basis of these results and we therefore measured the electro-optic coefficient. This
was done using the heterodyne Mach-Zehnder interferometer described in appendix
B and previously used for the characterisation of poled germano-silicate fibres. We
found r to be 0.02 pm/V. Although this value is lower than that found in germano-
silicate fibres, it must be emphasized that this is a first demonstration of thermal
poling in such complex structures and that the actual fibres did not have an optimal
design for the poling process. Moreover, a systematic study of the poling param-
eters proved essential for the optimisation of the nonlinearity in germano-silicate
fibres and is also necessary in holey fibres.

In general, holey fibres are very attractive for nonlinear applications for a nmnber
of reasons in addition to the possibility to use the optimun glass composition in
the core:

1. single mode operation can be obtained over a broad band of wavelengths [67].
This is of great importance both for SHG and when pumping a difference
frequency generation process at 755 nm with the generated signals in the
1550 nm region,

2. it can also be shown that the fundamental modes at the different wavelengths

have a better overlap than in standard fibres. This factor alone will increase
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the conversion efficiency by an order of magnitude.
3. very small mode diameters (~ 1 gm) can be achieved, thus greatly increasing
the pump intensity and the overall conversion efficiency.
4. the fibre geometry can be tailored so as to minimise dispersion [68] and thus
greatly increase (by at least a factor 10) the frequency generation bandwidth.
This is very important due to the fact that, as pointed out in the general
introduction, the SHG bandwidth in a standard fibre is very small (~0.2 nm)
and any fluctuations in the fibre parameters or environmental conditions will
severely limit the conversion efficiency. Furthermore, wavelength conversion
of ultra-short pulses require higher bandwidths - the shortest pulse duration
which can be converted with a 0.2 nm bandwidth and without actually length-
ening the pulse is ~ 40 ps.
In conclusion, in this chapter we have analysed the problems encountered in poling
optical waveguides. The low effective nonlinearities found in fibres have been at-
tributed to a greatly reduced or completely absent nonlinearity in the core region.
Studies in planar waveguides showed that this problem can be overcome by poling
at higher temperatures and/or voltages and by placing the core region very close
to the poling anode. Indeed, the latter solution proved very efficient and allowed
us to measure an electro-optic coefficient of 0.12 pm/V in an NA=0.32 fibre which
had the core less than 2 pm away from the anode. Another solution to the problem
could be to use fibres with a pure silica core, e.g. holey fibres, Thermal poling of
holey fibres has been demonstrated for the first time and is attractive not only for
the possibility to use the desired glass composition in the core but also for other fea-
tures such as endless single mode operation and a greater bandwidth for frequency

generation processes.
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Chapter 5

Second-order nonlinearity

enhancement in silica glass

5.1 Introduction

In chapter 3 we described how the induced nonlinearity in silica-glass may be op-
timised by using the right poling parameters, i.e. temperature, voltage and poling
time. Research has also been carried out to search for ways to enhance the nonlin-
earity by modifying in some way the actual glass.

As discussed in chapter 3 the main ion species involved in the thermal poling process
is Na*. It therefore seems reasonable that a moderate increase in the concentration
of this ion may enhance the nonlinearity. Experiments carried out towards this end
are described in section 5.2 of this chapter.

Section 5.3 describes nonlinearity enhancement through UV-treatment.

5.2 Na-injection

We investigated the possibility to increase the induced nonlinearity by injecting ions
from soda-lime glass into the poled sample. The steps followed are:
e maintaining the same configuration used for poling, a soda-lime glass slide was
placed on top of the sample (figure 5.1). The voltage used was still 4 kV but
the temperature was 320°C and the process time varied from 40 minutes to 4
hours. As expected, the ion injection cancelled out any SHG induced during
the first step. The current measured passing through the sample was in all
cases very high: between 100 pA and 200 pA. Tt is worth nofing that after
injection all samples showed a superficial white deposition on the cathode
side. This behaviour is very similar to that observed during soda-lime glass
poling ([69]).
o All samples were then poled as in the first step. The initial current was still

very high (=~ 1 pA) decreasing to ~ 100 nA

40



anode

Soda-lime slid :

Figure 5.1: Experimental layout for field assisted ion-injection from soda-lime glass into
Suprasil or Herasil glass samples.

100 | 20
~— 80 ¢ f— 15 { J
g J 210
E 40 %
8 s +

20| +

o L . A 0 - = ——
0 50 100 150 200 0 10 20 30 40 50
time [mins) time [mins]

Figure 5.2: The graph to the left shows a typical current vs time dependence during
ion-injection (@ 300°C, 4 kV) and, to the right, during poling (@ 275°C, 4 kV). The
sample, 070998C, was a 0.2 mm thick Herasil-silica slide.

It is worth noting that this treatiment was repeated on both un-poled and already
poled glass without noticing but no difference in the final behaviour was observed.
The procedure was repeated on both Suprasil and Herasil samples: a general two-
fold increase in the second harmonic was always observed in 1 mmn thick sample and
little or no enhancement in thinner samples (0.1 and 0.2 nun). The Herasil 1 mm
samples showed a nonlinearity amplitude similar to that seen in 0.1 mm samples
whereas Suprasil showed, as Herasil, a two-fold increase in the nonlinearity that was,
however, still 10% of the highest value attainable with Herasil. The high current
values observed in the final poling step show that some of the ions remain trapped
in the bulk therefore increasing the sample’s conductivity. Due to the high mobility
of Na ions in glass and the similarity of the injected sample behaviour to that of
soda-lime glass (for example the high current values and the white deposition) we
can conclude that the ions involved are mainly Na ions.

It is worth noting that the ion injection did not appear to act uniformly. Most
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samples showed an overall increase in nonlinearity with some small pm size grains
showing a 3 times (in one case four times) increase. The samples were checked
with a microscope but no visual evidence of a granular structure was found. The
nonlinearity in the ”grains” was very unstable and decayed along with the whole
average nonlinearity. After 48 hours the situation for the samples poled after Na-
injection became similar to that of samples poled without any injection.

These results may be explained by noting that the ion injection uniformly lowers
the glass resistivity (as is obvious from the high current values measured during
injection and the first minutes of the final poling step). However, during the final
poling step the depletion region rapidly forms and looses all memory of the ion
injection. The undepleted region still has a lowered resistivity due to the bulk
injected ions that haven't moved out of the glass (i.e. the depleted region will have
a higher resistivity) so a higher electric field (i.e. second order nonlinearity) will be
stored in the depleted region.

Unfortunately the enhancement is rather unstable and an immediate application of
this effect isn’t forseeable.

5.3 Thermal annealing and UV-treatment of Suprasil glass

Suprasil is typically the silica-glass with the highest purity commercially available
and is very similar to the synthetic silica which forms the cladding in standard
telecom fibres. The main difference hetween the two glasses is the OH content
which in Suprasil can be as high as 600-1000 ppm whereas it is kept as low as
possible in silica fibres. The main aim of the project is to produce a poled fibre
with a high second-order nonlinearity. However it is well known that Suprasil grade
silica typically gives a nonlinearity that is 10% of that in Herasil. For this reason

glass annealing uv shot | E | poling L das

type 900°C, 2 hrs | (mJ/em?) | # | (J) | (mins) (umﬂ (pm/V)
Herasil 1 X X X X 10 4 0.32
Herasil 1 X 55 10% | 28 10 4.2 0.37
Suprasil 1 X 55 10° | 28 10 . -
Suprasil 1 X 55 10 [ 0.28 10 - -
Suprasil 1 v 80 10% | 40 10 4 0.3
Suprasil 1 v 80 10* | 400 20 4.2 0.44
Suprasil 1 v X X X 10 - -

Table 5.1:  Summary of results obtained with thermal annealing and UV treatment in
Suprasil 1 and Herasil 1 glass slides. E is the total incident UV-energy delivered from a
pulsed excimer laser at 244 nm, # the number of shots at 20 Hz repitition rate, UV the
single pulse intensity. Poling was carried out at 280°C, 4 kV for the indicated time. L
and dsg are the measured nonlinear thickness and coefficient respectively. The ”-” sign
indicates that there was no detectable SH.
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all the fibres we have tested so far had a cladding especially made with Herasil
grade glass. In the past thermal poling has been carried out on thermally annealed
Suprasil finding an increase to Herasil values [70]. This enhancement was ascribed
to the creation of non-bridging oxygen hole centers which increage when hydrogen
is driven out (by thermal annealing) of the OH-rich glass. This would also explain
why no increase was observed in Herasil which has a much lower (200 ppm) OH
content.

On the other hand, it is well known that UV-light, typically at wavelengths shorter
than 300 nni, interacts with site defects thus modifying the glass. This kind of
interaction is typically used for creating permanent refractive-index changes.

A series of Herasil and Suprasil-grade silica plates were thermally annealed in air at
900°C and/or UV-exposed (using a 248 nm excimer laser) before being thermally
poled. Table 5.1 is a summary of the results. No increase in the nonlinearity is
observed after thermal annealing and/or UV-treatment in Herasil glass. It is also
obvious that thermal annealing or UV-exposure alone did not produce a significant
enhancement of the nonlinearity in Suprasil glass. However, Suprasil glass shows a
surprisingly high nonlinearity after both thermal annealing and UV exposure. The
L and dj3 measured values are equivalent to those found in Herasil glass (see also
chapter 3). There is no immediate explanation for this enhancement which is very
probably related in some way to the creation of free H+ charges through interaction
between UV-light and previously thermally-enhanced glass defect states.

Suprasil samples have also been hydrogen-loaded but no enhancement was observed
even after UV-exposure. This could indicate that if the presence of H* is indeed
the main factor then, in order to be effective, the ions must originate from bonded
states (for example with O) and not from non-bonded interstitial states as is the
case with H* introduced by hydrogen loading.

The main application of such a UV-induced enhancement will be found in pure-
silica core fibres. As described in chapter 4, in order to observe dsz values in fibres
of the same order of those in bulk glass it may be necessary to use fibres with a pure
silica core surrounded by a depressed cladding (e.g. holey fibres or boron/fluorine
cladding-doped fibres): the synthetic-silica core fibre can be UV-treated in order
to increase the nonlinearity. Furthermore, the contrast between UV-exposed and
non-exposed regions is very high and this can be used to directly write the quasi
phase-matching grating (using the standard techniques used for writing long-period
gratings) before the sample is poled.
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Chapter 6
Conclusions and future work

The work described in this thesis has focused on the mechanisms lying behind
thermal poling in silica glass, on sample characterisation techniques and on the dif-
ficulties encountered in transferring the results obtained in bulk silica glass to silica
waveguides.

There still exists a certain confusion in literature regarding the profile and the
value of the nonlinearity induced by thermal poling. This is due mainly to the
difficulty in resolving nonlinear thicknesses smaller than the SHG coherence length
with an all optical measurement, such as the Makers Fringe Technique. For this
reason we developed the Noncollinear Makers Fringe Technique, described in chap-
ter 2, which proved invaluable for the characterisation of nonlinear layers as thin as
2 pm. Using this technique it was possible to precisely determine the nonlinearity-
formation dynamics (chapter 3) in thermally poled silica glass. In chapter 3 we also
show for the first time a direct measurement of the frozen-in voltage. For these
measurements we took the same samples used to study the nonlinearity formation
dynamics. This gave us a global view of the poling process and allowed us to con-
clude that in addition to ionic migration, electronic conduction also plays a very
important role and is probably the factor limiting (through dielectric breakdown)
the nonlinearity value in silica glass.

The study on the nonlinearity formation dynamics allows to optimise the overlap
between the nonlinear region and the guiding region in optical waveguides. Indeed,
it was using these results that we found the optimum poling conditions for our
NA=0.32 fibres obtaining an electro-optic coefficient of 0.12 pm/V, an order of
wmagnitude higher than that from previous experiments (see chapter 4).

However the results outlined in chapter 4 indicate very clearly that the presence
of a Ge-doped layer significantly hinders the penetration of the nonlinearity into
the glass and that use of a higher poling temperature and/or voltage can reduce
this limitation.

Another solution to the problem could be the removal of the Ge-doped layer by
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depressed cladding fibre holey fibre

pure silica
cladding,

boron/fluorine
doped cladding

pure silica core

Figure 6.1: New fibres for thermal poling. The fibre to the left has a depressed cladding
doped with boron or fluorine whereas the fibre to the right is a holey fibre. The large
holes in both fibres, placed either side of the core are for inserting the 25 yum electrode
wires.

using a depressed cladding geometry. Figure 6.1 shows two possible fibre geometries
which should be considered: the fibre to the left has a pure silica core surrounded by
a lower index boron- or fluorine-doped cladding. Problems may arise using boron
because the high concentrations needed to obtain an NA~0.1 render the preform
too fragile to drill the holes for the electrode wires. Another possibility (fibre to the
right in figure 6.1) is to use a holey fibre: no doping elements are necessary seeing
as the cladding refractive index is effectively lowered by the array of holes around
the core. In chapter 4 we gave the first experimental demonstration of therinal
poling in a holey fibre structure and measured the electro-optic coefficient to be ~
0.02 pm/V. As we pointed out in chapter 4, holey fibres are able to take advantage
in the best way of the potentialities offered by silica~-fibre wavelength conversion,
i.e. high damage thresholds and high intensities, increased conversion bandwidths,
longer interaction lengths and excellent overlap between interacting modes. Both
the holey fibres and the depressed cladding fibres also offer the possibility to use a
Herasil-grade rod for the core, i.e. the silica glass which so far has given the best
results. On the other hand, should the fibres be prepared with a pure synthetic
silica core then the results illustrated in chapter 5 show that we can enhance the
otherwise very low SON by at least a factor ten by thermally pre-annealing the
fibre and then exposing it to UV excimer-laser irradiation at 248 nm before poling.
The enhancement occurs only in the UV-exposed regions and we can take advan-
tage of this to write a quasi-phase matching grating (with a period typically in the
50-70 pm range for an NA=0.1 and fundamental wavelength of 1550 nm) using the

standard technigques for long period gratings in photosensitive fibres.



Future work should therefore concentrate mainly on the fabrication of an ef-
ficient poling-induced nonlinearity in fibres. Most importantly, the initial results
obtained in holey fibres should be followed up by new samples with a geometry
dedicated to the thermal poling process and a thorough characterisation of ionic
migration in such structures. Other fibre geometries and new materials should also
be investigated. Of particular interest are new glasses possessing a high resistivity
(in order fo increase the breakdown threshold during poling) and a high refractive
index (in order to maximise the third-order nonlinearity which generally increases
with n). Another possibility may also be glasses with a resonant nonlinearity. A
recent result obtained by Arentoft et al. ([29]) shows what seems to be a resonant
enhancement, of the SON after injection of very large amounts of silver into the
glass during poling. The absorption losses are very high but this is only an initial
result which needs further investigation.
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Appendix A

Expressions for NCMFT

calculations

The actual calculations for the noncollinear makers fringes technique were carried
out using the sample reference system, i.e. a system with the z-axis defined by the

sample normal and the x-axis by the sample interface as shown in figure A.1. In

Figure A.1:  Angles used for calculating the SH-power angle dependence in the non-
collinear Makers fringe technique.

order to avoid confusion the angles and optical beams have been redefined using
different names to those used in chapter 2. A and B are the external angles of the
two incident fundamental beams with A’ and B’ their respective internal angles.
is the SH internal propagation angle and the SH propagation direction also defines
the 2/ axis.

The starting poiut is eq (2.3). The phase-mismatch is calculated along the second

47



harmonic propagation direction 2’ and is thus given by

Ak = Am (n(é) G (cos(A" — ) + cos(B' — ,)) (A1)

A 2 2

where n()) is given by the Sellmeyer equation (eq (2.6)). The propagation angle of

the polarization wave is

_cos(A') + cos(B')
B 2

5 (A.2)

thus, using the continuity of transversal E and H components at the boundary, the
SH propagation angle is

sin(6) (A.3)

The nonlinear film distribution is defined either as a square function or as a gaussian.

An truncated gaussian profiled film along x can be written as

dal) = eap - (° ’dﬁ)z (a.4)

where the offset A defines the position of the peak with respect to the air-glass
interface.

Finally, integration is carried out along the second harmonic propagation direction
and therefore from 0 to d/ cos(y).

As can be seen in equation (2.3), integration is also carried out along x and y in
order to include finite volume effects which may change the amplitude of the SH
power oscillation. However it is worth noting that this effect can be completely
ignored in the y direction: integration in this direction results simply in a con-
stant multiplication factor given by [ ezp(—y?®). Therefore, after taking the electric
flelds as plane waves, equation (2.3) can be written, along the second harmonic
propagation direction, as

00

wa X C((X)Pj/

i

d
cos{d) L
/ v AR (2, 1) de P de (A.5)
0
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z
Cos Yy

Changing variables and moving to the sample reference frame, using z’ = we

obtain the final equation for the SH generation efficiency:

2

d
W 1
e o) dop(z, x)dz| dp—ms—
/ (a)de| dros o)

TZw(Q’) 1 "
W'u“(a) ()T - ugp ()

-P2 3w
2w
w —

Jw

Cla) = den(er) -

C(a) includes
e The nonlinear tensor projection factor (along the second harmonic propaga-
tion direction), which can be calculated using figure (A.1).
For a material with Cy, (or Cy,, Cgy) symmetry the second order nonlinear
polarization tensor is defined, using the d tensor as

[ (E2)*

E¥)?
P2 0 0 0 0 dy O ( 4 )2
. (E%)
Pgw = €p 0 0 0 El31 0 0 L: w (A7)
P2 dyy dy dyy 0 0 0) |2E9EE
3 33 (a3 dag Yo do
\2 5 )
with dg3 = 3ds; in a perfectly isotropic medium. P-POL (TM) case:
Eg = E% cos(A’ &  Ef=E%cos(A
(4) £ = F3cos(4) as)

Eg = Ef) cos(B') & Eg = ES, cos(B')

are the fundamental internal beam components along & and 2. Using equation
(A7)

Pﬁw = 260(1’-31E5;E2
= 2¢9da1(csh® + csh® + E2EP sin(A’' + B'))

and

PﬁQw = Eo(dglEg + dggE‘g)
=¢o(da1 ((E)? cos®(A") + (E2)? cos*(B'YEXE? cos(A") cos(B')
+ daz(ES)* sin®(A') + (EL)? sin®(B')E*E® sin(A") sin(B"))

keeping only the mixed (noncollinear terms) and bearing in mind

P = P2 cos(y) + P2 sin(7) (A.9)
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we have

deoe =dgy sin( A’ + B’} cos(7) + day cos(A’) cos(B') sin(y)+
+ daz sin(A") sin{ B') sin(7) (A.10)

the Fresnel transmittivity, 7%%(a), for the fundamental beams at the input
face and for the SH, Ty, (), at the output face (this factor changes only the
maximum position and shape). As above, angles must be taken in the sample

ref. frame.

u (o) up o) usm(a) (A.11)

In eq.(2.5) these three terms are all contained in the term "u(©,«)”. This
factor arises from the fact that we measure the average powers outside the
medium and that the beam inside the medium has an ellipsoidal cross section

s0, if the external beam area A.; = mu? then the internal beam area will be
A = mw(wula)) (A.12)

from which follows I = L,su™'(c). The integral in eq (A.6) is valid for the
internal intensities and can be re-written using the external intensities and
multiplying the whole expression by eq (A.11). w43 s () are simply given by
the ratio of the input and output beains which is the ratio of the cosines of
the internal and exfernal angles,



Appendix B

Fibre electro-optic

characterisation using a
heterodyne Mach-Zehnder

interferometer.

B.1 Introduction

In this appendix we shall describe in detail the heterodyne Mach-Zehnder interfer-
ometer used for the electro-optic characterisation of our fibre samples (see chapter
4). The importance of these measurements lies in the fact that the second-order
nonlinearity isn't directly measurable in a non-phase-matched SHG process in fibre
geometry. It is therefore necessary to measure the electro-optic coefficient » which
is related to the effective nonlinear coefficient by the relation

P = 1 d (B.1)

nd

The most popular method for doing this is putting the fibre sample in one arm of
a Mach-Zehnder interferometer and measuring the variation of power output as a
function of the voltage applied across the poled region. For clarity, in figure B.1
we reproduce the experimental layout (also shown in chapter 4) developed at Kent

University in Canterbury by C. Pannell et al.
Y Y D)

B.2 Experimental layout

A He/Ne laser source is used for alignment and launched into one end of a 90/10
splitter. The light from a 1550 nm semiconductor lager (~ 10 mW) is used for the
measurements and is launched into the other end of the 90/10 fibre splitter, whose

two outputs represent the upper and lower arm of the interferometer. The choice of



1550 nm PC _BC

PC ~PC

Figure B.1: Experimental layout of the heterodyne Mach-Zehnder interferometer used
for our electro-optic measurements. PC - polarisation controller, BC - Bragg cells giving
the 50 kHz carrier frequency in the reference arm, He/Ne - visible laser used for alignment,
S - libre sample, PD - photodiode, V(t) - electrodes supplying the sinusoidal voltage, V(t),
to the sample.

a 90/10 splitter is based solely on the consideration that the final output must be
balanced in power and that the lower arm in which the sample is placed has very
high losses (due to coupling into the sample) with respect to the upper arm. In the
upper arm a polarisation controller (PC) is followed by two acousto-optic Bragg
cells (BC) modulated at 40 MHz. These two cells are placed in such a way as to
induce opposite frequency shifts in the optical carrier. By driving the cells at slightly
different frequencies it is possible to induce a carrier at a modulation frequency w,,
in the 50 EHz range which can be easily detected with a photodiode (PD) at the
output. In the lower arm the fibre sample (S) is placed between two electrodes which
provide a modulation signal (V(t)) at frequency © and the modulating electric field
over a length L of the sample is given by E(t) = E,, cos({2t). The peak-to-peak
voltage is typically in the 100 V range and Q~3 — 5 kHz. the choice of Q is rather
critical: if the frequency is too low (smaller than 2 kHz) then very strong signals
are observed corresponding to mechanical resonances and not to actual electro-optic
effects. Light is coupled into and out of the fibre sample using x40 objectives and

the polarisation is controlled at both ends with polarisation controllers (PC).

B.3 Theoretical background

It is well known that the output of an interferometer depends on the phase difference
accumulated by the light traveling in the two arms. The input propagating electric

fields may be written as (using a plane wave approximation)
E = 2Aez‘(wt—konot) (BZ)

where A is the field amplitude, w is the field frequency, %, the corresponding vacuum

wave vector and n, the fibre effective refractive index. The fields passing through



the arms of the interferometer will be modulated so that they become (supposing

that the power is perfectly balanced between the two arms)

Epe = Agiet—honot—wni) (B.3)
in the upper arm and

Eg = AelwtFu(not+an)) (B.4)

in the lower arm, where An is a refractive index change induced in the fibre sample
by the electro-optic effect and is given by the relation [§]
k,n®

EAnL = 5

33 L En, cos(Qt) = ¢ cos(§2t) (B.5)
The total intensity at the output is given by

I = |Epc+Egl* = A*(1+cos(wt —k,AnL)) (B.6)
Putting together equations (B.5) and (B.6) we have

I = A*(14-cos(wpt) cos(¢ cos(Qt))+sin(wmt) sin(¢ cos(2t))) (B.7)

and if |¢ << 1| we have (using some trigonometric identities)

I= A2(1+cos(wmt)+%(sin(w.,,ﬁ—ﬂ)t—l—sin(wm—Q)t)) (B.8)
The first term is a DC component, the second is the carrier frequency generated in
our experiment by the Bragg cells at 50 kHz and the last term gives the two side-
bands induced by the electro-optic modulation in the fibre sample. These frequency
components may be visualised and measured with an REF spectrum analyzer. The
ratio R of the mean square current generated by the carrier frequency, < 2 >, and
either one of the sidebands, < %, >, is given by

<> ¢

_ < B.
<iZ > 2 (B.9)

and if the difference in dB between the two peaks is defined as Al;p then we have

Alyp
6=+2.100 20 (B.10)
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or, in terms of the electro-optic coefficient

Al

n3 ( }
P =/ ° 10 20 B.11
’ \/_QkOLE,,,l 0 (B.11)

By measuring the ratio between the carrier frequency and the sideband peak in-
tensities and using this last equation it is therefore possible to deduce r. A typical
measurement, obtained from our thermally poled holey fibres for two different (2
modulating frequencies (3.5 and 4.5 kHz), is shown in figure B.2. In this case,
Alyg ~ 60 dB and r ~ 0.02 pm/V.
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Figure B.2: Images taken from the RF spectrum analyzer showing the sideband peaks
for two different modulating frequencies (3.5 and 4.5 kHz).
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