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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS
SCHOOL OF ELECTRONICS AND COMPUTER SCIENCE

Doctor of Philosophy

by M. Akhtar Rind

This thesis represents a systematic study of amorphous silicon microcrystalline silicon

and germanium thin films, and a-Si:H thin film solar cells fabricated using an OPT
plasma lab 100 RF-PECVD system carried out with a view to studying novel light-
trapping structures for thin film solar cells and novel IR photovoltaic cells. The work
includes the optimisation of amorphous based single layers by optical and electrical
characterisation, their doping and the fabrication and optimisation of single junction

solar cells. These developments were extended to include deposition of microcrystalline
and germanium films with the aim of developing a range of multijunction and single

junction research devices.

The optical characterisation of intrinsic amorphous based layers shows that device-grade
layer fabrications are achievable with more than 90% absorption in the 450 to 550 nm
wavelength range which can be deposited at 4-54 /s with good thickness uniformity. The
bandgap of intrinsic amorphous layers can be tuned from 1.4 to 1.7 eV. Secondary Ion
Mass Spectroscopy (SIMS) depth profile characterisation has verified that doping levels
in p-type and n-type are in the range of 102! atoms/cm? which can maintain high open

circuit voltage of 0.83V in the single junction device.

Systematic single layers well as in-device optimisations lead to the best single junction
devices fabricated at a temperature of 250°C and at a pressure of 350 mT and of ini-
tially 8.22% efficiency. Initial quantum efficiency (QF) measurements show 75% photon
absorption at 550 nm wavelength. A novel technique of wavelength and angle resolved
scattering (WARS) measurements have been used to analyse the effects of textured TCOs
on light-trapping in single junction device. Showing Asahi-U to be the best substrate
with regards to light-trapping, although thicker films benefited more from TECS.

Deposition of microcrystalline silicon and germanium have also been reported. More
focus has been given to optical characterisation of germanium films whose absorption
has reached more than 70% in 400 to 1600 nm wavelength range with successful n-type
and p-type doping. Ohmic contacts with a low resistivity of 0.029 Q-cm for p-type Ge
with the usage of Ni have been achieved. The overall working capacity of the OPT
PECVD tool has been analysed and it was concluded that chamber design modification
are essential for the system to work in a multidisciplinary field to avoid serious chamber

contamination and 10% efficient a:Si:H benchmarks.
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Chapter 1

Introduction

Reliable energy supply has always been a core issue in human development. In to-
days modern world, it would be hard to imagine our lives without electricity and fuel.
At present, main conventional energy resources are petroleum, coal, natural gas, hy-
dropower and nuclear power. The world’s total primary energy consumption in 2010 was
estimated at 0.15 10" kWh; an increase of 50% with respect to the energy consumption
in 1990'!. The declining oil, natural gas and coal extractions and the environmental
impact of obtaining and using these conventional energy resources have changed our
thinking towards future of energy supplies. A large proportion of resources have there-
fore been put forward in to the research, development and deployment of alternative

energy.

A growth of interest in photovoltaics as a potential alternative source of energy has been
established since the 1970s. After the oil crisis it was realized that significant electrical
power could be obtained from sunlight as an alternative to burning fossil fuels or using
nuclear fission. Photovoltaics has been perceived as a reliable source of electricity for a
wide range of applications including remote area power sources, communications, peak
load assistance, and powering satellites orbiting in space and small electronic devices.
A key reason for implementing photovoltaic technology is the availability of solar power
all over the world in varying levels of irradiance. It is believed that in the long run,
photovoltaic technology could contribute to energy security and reductions in carbon

dioxide emissions

The first observation of the photovoltaic effect is attributed to Edmund Becquerel in
1839. Becquerel discovered that an illuminated platinum electrode immersed in a liquid
electrolyte produced an electric current. Although the magnitude of this effect was
too small to be useful for energy generation, this discovery motivated more research
into understanding the mechanism behind the illuminated current generation. The first
functional large area (30 cm?) PV device was made by Charles Fritts in 1883'2 using a

thin film of selenium on a metal substrate. The selenium based solar cell is an example

1
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of a barrier layer cell, because it contains an electrical barrier that is highly resistive to
current flow in one direction (a rectifying junction) while allowing free current flow in
the other.

Two other barrier layer cells, the thallous sulphide cell(1920) '3, and the copper oxide
cell (1927)', were developed during the 1920s. However, both types of cells had solar

very low (less than 1%) solar conversion efficiencies.

The modern era of photovoltaic began in 1954 in Bell Laboratories, USA with the discov-
ery of voltage generation under illumination of a p-n junction. Chapin et al'® reported
a p-n junction solar cell which achieved 6% energy conversion efficiency, and since then
many researchers have contributed to photovoltaic development by investigating new
materials and processes in order to enhance device understanding and improve the per-

formance of solar cell.

The crystalline silicon cell can be made from either single (c-Si) or multi-crystalline (mc-
Si) silicon material. These crystalline-based devices hold more than a 90% share of the
PV industry. The best efficiencies of ¢-Si and multi ¢-Si cells have been recorded as 25%
and 20%. Despite their longevity, reliability and environmental compatibility, crystalline
silicon cells remain relatively complex and heavy devices with significant material and

fabrication costs.

One drawback of c-Si devices is relatively poor light absorption, which means that
cells must be relatively thick to absorb entire enough visible and near-IR light with
reasonable efficiency. The thickness of the c-Si layer in a cell requires a substantial
volume of very pure, high quality solar-grade silicon with long carrier lifetimes. Solar
grade ingots are therefore expensive to produce, and the wafer sawing and and polishing
consumes lot of time and energy. To achieve lower costs at the commercial scale, there
is a need for different semiconductor technologies for photovoltaic applications like thin

film technologies.

In principle, thin film technology has significant fabrication cost advantages over c-Si
at large scale. Thin film solar cells are 100 times thinner than c-Si wafers and they are

generally deposited onto relatively low cost substrates at lower temperatures.

This technology can tolerate higher impurity concentration and thus need less expensive
purification of raw materials. Many materials are being investigated for thin film growth
historically three particular semiconductor system have attracted most research effort
thin film silicon, CdTe and Cu(In,Ga)Ses.

Other materials, including Se, CusS, CusO, InP, CdSe and ZngPs, have been studied, but
because of disappointing results or high cost are no longer intensively investigated '617.
Only GaAs is being developed and used for special applications where very high efficiency

is required in spite of high cost 8.
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More recently Dye-Sensitised Solar Cell (DSSC) and organic photovoltaics (OPV) have
been the subject of considerable research but DSSCs have yet to reach suitable module
efficiencies for commercial production while OPV has yet to achieve suitable efficien-
cies or sufficient device lifetimes. Most recently perovskite solar cells have shown huge

potential with lab device efficiencies rising from nowehere to 16% in a little over a year .

At this time, of all thin film technologies, it seems that only CdTe devices have any
commercial possibilities, as a result of ongoing efforts by First Solar, while in the medium
term it is perhaps the new perovskites devices that offer the most promise. Overall,
in spite of the inherent cost advantages thin film technologies have largely failed to
keep up with the continued efficiency enhancement and cost-reduction of wafer silicon

technologies.

The main disadvantage of thin film solar cells is that they have lower efficiencies and are a
less developed technology compared to ¢-Si. Thin film technologies are not fully matured
and experience although, often in fits and starts large-area semiconductor growth for PV

is developing constantly.

Best Research-Cell Efficiencies
50
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FIGURE 1.1: The NREL chart (2013) of on record cell efficiencies.

In the recent years, the photovoltaic world market has been increased by more than 60
% a year in terms of production. The estimated production in 2015 could be as much as
at 100,000,0 MW, with a thin film share of 22,000 MW as shown in Figure 1.2. It is very
likely that photovoltaic generation will become an important source of world electricity

in the next half century. We will move from a time when the market for PV will go
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from being dependent on subsidy and global environmental concerns time when PV is

the cheapest source of electrical energy for users and then producers.
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FIGURE 1.2: PV production capacities 2011/12 and planned production capacity in-

creases !

This work has focused on thin film silicon based photovoltaic devices. Although it is
clear that commercial thin film silicon PV manufacturers have suffered greatly in the
last few years, it is our belief that thin silicon perhaps within tandem or triple-junction
designs and with the deployment of advanced deposition techniques and sophisticated
light-trapping techniques could yet be the system to realise promise of thin film PV
technologies.

Unlike crystalline silicon (c-Si) which has a uniform crystal lattice structure, amorphous
silicon lacks long-range atomic order. It is a material which possess random or disor-
dered structure at atomic level but it also has similar short range order to single crystal
silicon?’. The lack of long range order within the atomic structure of unpassivated amor-
phous silicon has significant effects on the material properties and cannot conventionally
be used in electronic applications. Hydrogen is therefore incorporated into the silicon
material and electronic grade amorphous silicon is therefore called hydrogenated amor-
phous silicon (a-Si:H). Many authors simply use the term amorphous silicon to refer to

the hydrogenated amorphous silicon for use in electronic applications.

The simplest form of a-Si:H solar cell pin junction structure is shown in Figure 1.3. In
the pin configuration, the p-type a-Si:H is deposited on glass or other substrate followed
by intrinsic layer a-Si:H and n-type a-Si:H. This pin structure of a-Si:H is sandwiched
between a front transparent conducting oxide (TCO) and a back metal contact (such as

Aluminium or silver).
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Light
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N

Back contact (Al)

F1GURE 1.3: Sketch of single junction a-Si:H based PIN structure

The p-type and n-type layers along with an intrinsic (i-type) layer set up an electric
field and also determine the voltage of the cell or device. The electric field separates
the electron-hole pairs generated by the light. The most active layer in pin structure
device is the intrinsic layer in which photons are absorbed and from which the current
originates. The a-Si:H based solar cell can also be deposited by stacked pin structures
(called tandem) or three pin structures (called triple junction) for better performance

than single junction devices.

Amorphous based thin film solar cells can provide 11.9 % sub-module efficiencies on
1.227 cm? area and module efficiency of amorphous based tandem solar cells reached at
12.5 %2!. Figure 1.4 shows IV-characteristics of a single junction a-Si:H with stabilized
efficiencies of 9.47% by Neuchatel?. The thickness of intrinsic layer in this pin device is

only 250 nm which is far less than the standard ¢-Si which can be as thick as 250 pym.

In the current era, to compete within the photovoltaic market, amorphous based thin
film device technologies must address many important technology issues in order to
remain active in industry. In the broadest sense, those issues include enhancement of
conversion efficiency, elimination of light induced degradation, increased deposition rate
of the active absorber layer, the correct choice of mass production technique and the

reduction of the cost of materials used.

The first set of deliverable targets of this report is the enhancement of conversion effi-
ciency in terms of improved light management schemes. Light management comprises of
effective light trapping and reduction of absorption loses. Effective light trapping may
simply be defined as a technique to capture incoming light in the absorber layer of thin
film device and prevent it from escaping by transmission or reflection. By using light
trapping techniques, it is possible to increase effective optical thickness to incoming light
in the very thin absorber layer. The use of a thin absorber layer in the case of a-Si:H

based devices allows the minimisation of the impact of light induced degradation
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FIGURE 1.4: IV characteristics as measured by NREL of an a-Si:H p-i-n solar cell?.

The techniques used for light trapping are in-coupling of incident photons at the front
side, reflection at the back side, intermediate reflectors in tandem solar cells, scattering

at rough interfaces, and scattering at metal nano-particles (plasmonic effects)?2.

A further approach to increase the efficiencies of thin film solar cells is the use of multi-
junction structures. The active absorber layers in multi-junction devices mostly based on
a-Si:H, alloys of a-Si:H such as hydrogenated amorphous silicon germanium (a-SiGe:H)

and hydrogenated microcrystalline silicon (uc-Si:H) as a stack of two structures® or

more?*. In two-junction device structures commonly known as micromorph tandem,

uc-Si:H is the main material used as a bottom cell along with a-Si:H cell at the top.

Crystalline germanium (c-Ge) has a much narrower band gap of 0.67 eV compared to
silicon, which makes it very useful to convert near infrared radiation into electrical en-
ergy 2. The growth of highly crystallized germanium thin films at low temperatures is
attracting attention, because of its potential importance to reduce the contact resis-
tance and increase the carrier mobility for large-area electronic devices such as thin film
transistor and solar cells?6:27. Along with this germanium has emerged out as a strong
alternate candidate for complementary metal-oxide semiconductor (CMOS) technology,
as it has larger carrier mobilities as compared to silicon?®, Ge p-MOSFETs?" and for

infrared detection applications®. All these Ge application to different technologies are
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closely tied with reliable Ohmic contact which remained a challenged due to Schottky

behaviour and high contact resistance?!.

In the second set of deliverable targets, this report presents a systematic study of growth
processes and characterisation of intrinsic layers of a-Si:H anduc-Si:H, microcrystalline
germanium (mc-Ge:H) its Ohmic contact with metal and devices fabricated using plasma-
enhanced chemical vapour deposition. For this study, and Oxford Instruments Plas-
malLab System 100 PECVD tool is used. As the system was newly installed, initial
growth is dedicated to achieve optimized method for thin film growth. The grown layers
then characterised by various tools including dark and photo conductivity, ellipsometry,
Raman spectroscopy, SIMS measurement, AFM, SEM, and EQFE which are discussed in

coming chapters.

The third set of deliverable target consist of optimized TCO for the application of a-
Si:H on the bases of analysis done by novel WARS measurement with AFM and optical

characterisation of commercially available TCOs.






Chapter 2

Background Theory and

Literature Survey

This chapter introduces the solid state physics of amorphous silicon, and the structure
and operation of thin film silicon photovoltaic devices. The chapter concludes with a
detailed exploration of the techniques used to deposit silicon thin film and recent progress
of thin film a-Si:H based solar cells.

2.1 Solar Irradiance

The sun has a surface temperature of 5762 K and emits light with a range of wavelengths
covering the ultraviolet, visible and infrared segments of the electromagnetic spectrum.
The Earths surface receives a continuous supply of over 12x10'6J of energy from the sun
in the form of electromagnetic radiation each second?®?, which is sufficient to supply the
world’s entire annual energy requirement in less than one hour. Figure 2.1 shows the
solar irradiance (energy per unit area per unit time) as a function of wavelength. Sunlight
reaching the surface of the earth is assumed to be parallel as light has to cover a great
distance (93 million miles) and only the light in the direction of the earth is considered.
The extra-terrestrial spectrum can be approximated by a black body radiator at 5760
K which is also shown in Figure 2.1. The power density at the surface of the sun is 62
MWm~2 and at a point just outside the Earth’s atmosphere, the power density reduces
to 1353 Wm™2 because of the reduced angular range of the sun3. Solar irradiance
is largest at visible wavelengths (300-800 nm), peaking in the blue green region. The
spectrum that reaches Earth’s surface is attenuated due to absorption and scattering
by various atmospheric constituents such as atomic and molecular oxygen, ozone and
nitrogen.The optical path length between the Sun and the Earth depends on the Sun’s
declination angle.This angle is described by specifying a zenith angle of the Sun, the

angle between the Earth-Sun radius and the normal of the plane containing the horizon

9



10 Chapter 2 Background Theory and Literature Survey

2500 T
- 5762 K black body
2000 | .
AMO
AM1.5¢
5 — 1500 |-
z E
23
£ B
g E
= 1000 |~
500 |-
0 |
0.0 0.5 1.0 1.5 20

Wavelength
[m]

F1cURE 2.1: The radiation spectrum for a black body at 5762 K, the AMO spectrum,
and the AM 1.5 global spectrum

circle®*. Air Mass is a measure of atmospheric attenuation and is given by Equation 2.1

optical path length to sun

Air Mass = (2.1)

optical path length if Sun directly overhead

In outer space the solar spectral distribution is referred as air mass zero (AMO) radiation
spectrum. At sea level on clear day at noon at a latitude when the sun is directly over-
head, the radiation from the sun corresponds to airmass 1 (AM1). A typical spectrum
at Earth’s surface at angle of 48.19° on clear day is called AM1.5 or airmass 1.5 which is
the standard spectrum for solar cell operation comparison, normalized to a total power
of 1000 Wm~2. The real irradiance is always changing because of seasonal and daily

variations in the position of the sun and orientation of the Earth.

2.2 Atomic structure amorphous silicon

In order to understand the design and operation of a-Si:H solar cells it is necessary to
examine the differences between crystalline silicon and amorphous silicon. In order to
understand the design and operation of a-Si:H solar cells it is necessary to examine the
differences between crystalline silicon and amorphous silicon. In single crystal silicon

each atom is covalently connected to four neighbouring atoms with equal bond length
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O Siatom  — Covalent bond G\ = unpassivated
H passivated dangling bond
dangling bond

FIGURE 2.2: Schematic view of the atomic structure of (a) single crystal silicon, (b)
hydrogenated amorphous silicon (reproduced?)

and bond angle. This formation is called tetrahedral four-fold coordination as shown
in Figure 2.2. This regular atomic arrangement is known as long range order which is
present in c-Si. If there is no structural order over long range as compared to single
crystal silicon, that material is amorphous silicon. The atomic structure of amorphous
silicon is described as a continuous random network. However, there is similarity at the
local atomic level as shown in Figure 2.2. Amorphous silicon always lacks long range
order but it has similar short range order to single crystal silicon, therefore amorphous
silicon also possesses some of same qualities as single crystal silicon, including similar

energy state band configuration?.

A five-fold coordination in which an extra bond is connected is called a floating bond
the three-fold coordination in which there is an unpaired bond of silicon is called a
dangling bond as shown in Figure 2.2(b). Both floating bonds and dangling bonds are
considered defects in a crystal structure. Thermally deposited pure amorphous silicon
contains about 102! defects per cm?, and this high defect density material cannot be used
in any functional device®. However, hydrogen can play an important role in modifying
the opto-electronic properties of amorphous materials3®. During amorphous silicon de-
position if hydrogen atoms interact with the dangling bonds and create Si-H bonds, the
resulting material is called hydrogenated amorphous silicon (a-Si:H) and this material
is of central interest in this thesis. The defect density of a-Si:H can be reduced to 10%°
cm™> after a hydrogen passivation that also leads to wider band gaps and improved

optical absorption thus making the material suitable for electronic applications?.
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The bonding disorder caused by deviation in bond length and angle in a-Si:H broadens
the electronic densities of states and causes electron and hole localization as well as
strong scattering of charge carriers®®. Dangling bonds lead to corresponding electronic
states in the band gap while floating bonds lead to electronically induced metastable

states?6.

The potential energy function arising from the amorphous silicon structure
is not periodic, which causes perturbation in wave-functions and consequent scattering
in electronic states, which in turn causes a large uncertainty in momentum. Therefore
the energy bands are only described by the density of state distribution, and due to
uncertainty in momentum, the distinction between a direct and indirect band gap is
£ 36

lost®® and a-Si:H behave like a direct bandgap material.

2.3 Band structure and density of states

The concept of density of states (DOS), and their distribution is vital to understanding
the electronic and optical properties of a semiconductor. The idea behind is a simple
approximation that if a single electron is joined to a solid, it might be seen as occupying
a well-defined state at some distinct energy level. In a range of energies, the number
of such available states per unit volume per unit energy is referred to as the density of
states. For an ideal intrinsic semiconductor crystal such as silicon, there is a well-defined
gap between valence band and conduction band and there are no permitted energy levels
within the band-gap. In a-Si:H, due to non-periodic structure and long range disorder,
it is extremely difficult to determine complete density of state distributions. Due to the
long random networks, potential fluctuations in a-Si:H create an exponential distribution
of band tail states and the valence band and conduction band energy states are spread

into the band-gap. These extensions are called band tails.

Additionally, defects in amorphous material also create allowed energy states within the
region between valence band and conduction band states. These states are known as
localized states and due to this localisation, there is no well-defined band-gap in a-Si:H.
The regions where carriers are considered free are non-localized states or extended

states.

The mobility that characterises the transport of carriers through localised states is
strongly reduced. A sharp drop in mobility in localized state as compared to non-
localized states where carriers are considered free is used to define band-gap in a-Si:H.
The energy levels that separate the non-localized states from localized states are known

7

as conduction and valence band mobility edges3’. Therefore bandgap of a-Si:H is

explained in terms of a mobility gap.

As discussed, there is no clear method is available to determine the band-gap of a-

Si:H. There are various models developed to describe the optical properties related to



Chapter 2 Background Theory and Literature Survey 13

band-gap but the most versatile methods used are the Cody-Lorentz model®® and Tauc-
Lorentz model®®. In this report, the band-gap of a-Si:H determined by Cody-Lorentz
model. Typically a mobility gap of 1.70 eV is assigned to the a-Si:H but this value varies

substantially with the deposition conditions employed.
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FiGURE 2.3: The standard model for density of states in a-Si:H. The shaded areas
indicate extended states in the bands?)

Figure 2.3 illustrates the standard model of the density of states for a-Si:H characterised
by three regions including the non-localized states above the conduction band mobility
edge, the non-localized states below the valence band mobility edge and localized states
due to defects between two mobility edges. The charge state of deep lying dangling
bonds in the mobility gap depends on the location of Fermi energy in the a-Si:H. If the
Fermi energy is high in the mobility gap then the defect states are regarded as negatively
charged dangling bond states (D7); if the Fermi energy lies close to the valence band
edge, defect states are considered as positively charged dangling bond states (D) and
if Fermi energy lies close to the middle of mobility gap defect states are called neutral
dangling bond states (D?)%0.

These defect states are very crucial in the determination of the quality of material as
they behave as trapping and recombination centres which influence the collection of
photo generated carriers and the performance of a-Si:H solar cells. By optimising the
growth conditions, device grade a-Si:H material can be deposited whose defect densities

can be as low as 10'® cm ™3 with carrier life times in the range of 1078 to 1076 g4
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2.4 Doping

The conductivity of an intrinsic semiconductor can be altered by introducing specific
impurities with energy levels close to the conduction or valence band edge. This process
is called doping. The material is said to be n-type if it is doped to enhance the density of
electrons. For example an element from group V is phosphorus, which has five valence
electrons and in tetravalent silicon lattice configuration, the extra electron would be
loosely bound and therefore becomes ionized easily. Such impurity atoms are called
donors. A material is said to be p-type if it has been doped to enhance positive charge
density. In p-type material, atoms with fewer valence electrons compared to silicon are
added to the silicon lattice, causing a vacancy in the crystal. These impurity atoms are
called acceptors. A vacancy is the absence of an electron and assumed to have positive
charge, this is a hole. Atoms from group III such as boron are used in silicon for this

purpose.

A-Si:H can be doped both n type and p type whereas un-doped a-Si:H is purely intrinsic
or slightly n type in nature with Fermi energy level at mid of the mobility gap. In
order to manipulate the electrical conductivity and its magnitude, a controlled amount
of impurity atoms (from boron and phosphorus sources) are added in the a-Si:H during
manufacture. The electrical properties can be varied by shifting of Fermi energy towards
band edges, and this principal works differently in a-Si:H when compared to c-Si. By
doping the conductivity of a- Si:H can be varied by a factor of up to 10® and the activation

3

energy can be decreased to ~ 0.2 eV for n type film°. A phosphorus atom with five

(a) (b) (c)

O Si atom O P atom — covalent bond — dangling bond

FIGURE 2.4: Possible configuration of phosphorous atom in a-Si:H network: (a) the
non-doping state P3% (b) the defect compensated donor state P4+ + Siz™, (c) the
neutral donor P40 (redrawn?)

valence electrons can incorporate itself in the continuous random network by forming

three covalent bonds with neighbouring atoms, as shown inFigure 2.4.The phosphorus
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configuration involves the three valence electrons in the p atomic orbital, and the final
two electrons are paired in the s atomic orbital which do not participate in bonding and
remain tightly attached to the phosphorous atom. The notation T, is used here, where

T is the atom, z is the coordination and q is the charge state.

Most phosphorous atoms are incorporated according to the 8-IN rule and adopt the
optimal threefold coordination that represents the non-doping state and is thus elec-
trically inactive. The phosphorous atom can also be incorporated in the network by
forming P4° (a neutral donor) but this configuration is characterized by a much higher
energy than the optimal P3? configuration and so is unstable in the continuous random
network. Most atoms that contribute to doping are charged phosphorus atoms P4 with
the formation of a negatively charged dangling bond to preserve charge neutrality. This
configuration is more energetically favourable and is known as a defect compensation
donor. Excess doping in a-Si:H produces defect states near the mid-gap which limit
the doping efficiency and reduce carrier life times thereby severely effect device perfor-
mance?? as a result doped a-Si:H layers can not be used as an active absorber layer in

photovoltaic devices.

2.5 The Staebler-Wronski effect and metastability

A significant technological challenge in a-Si:H solar cell design is overcoming light in-
duced variations in electronic properties commonly known as the Staebler-Wronski effect
(SWE).*3. Tt was found that dark and photo conductivity of a-Si:H films decrease when
illuminated with sunlight over time. Moreover these light induced changes in the car-
rier transport of thin films are found to be metastable which means they are reversible
and can be removed by annealing at a temperature of 150 °C. Figure 2.5(a) shows the
decrease in photo and dark conductivity that occurs on illumination of a-Si:H. The re-
versible changes occur at an annealed state A and a light soaked state B. Changes in
the absorption coefficient measured by the dual beam photoconductivity method are
shown in Figure 2.5(b). Sub-band gap absorption increases with illumination time in
the photon energy range between 0.8 and 1.40 eV, which represents an increase in mid
gap defect density. The microstructure is also important in considering light induced
changes, as an important aspect of light induced defect generation in a-Si:H is that defect
density of dangling bond defects increases until reaching a saturation value after a long
time of exposure as shown in Figure 2.6. The saturation value near room temperature is
almost independent of illumination and also independent of the sample temperature up
to 70°C**. Therefore for commercial purpose, its vital that a-Si:H based devices always

go for light soaking stabilization prior to shipment.

Despite being widely investigated, there is no definitive conclusion for the reason of the

Staebler-Wronski effect (SWE). Most researchers agree that the principal cause of the
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FIGURE 2.5: (a) Photoconductivity and dark conductivity of an a-Si:H thin film as a
function of illumination time, (b) the changes in sub-band gap absorption coefficient of
a-Si:H due to light soaking.3*
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lines indicate the initial power measured for each device. (b) Plot of defect (dangling
bond) density during extended illumination of an a-Si:H film.°

SWE is the increase in the dangling bond density after light soaking®. These changes
or effects are a consequence of defect states created by the light and act as additional
recombination canters which reduce carrier lifetimes. Hydrogen plays a key role in
eliminating dangling bond defects as well as in SWE. The reasoning is that illumination
provides the energy required to shift hydrogen atoms away from their dilute phase site
and thus creating an additional dangling bond. There is no commonly accepted model for
explaining all experimental observation of SWE as the exact role of hydrogen, weak Si-Si

bonds and Si-H bonds in the creation of metastable defects are still under investigation.

2.6 Physics of the amorphous silicon solar cells

The basic solar cell structure in a-Si:H based devices is fundamentally different to stan-

dard crystalline silicon (c-Si) solar cells, which are based on p-n junctions. The carrier
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diffusion length of charge carriers in a-Si:H thin films are very short as compared to c-Si,
as they inherently contain higher defect densities. The diffusion length of minority carri-
ers in intrinsic a-Si:H is even shorter, and the majority of such carriers would recombine
in doped regions before reaching in the depletion region of a p-n junction. Therefore p-n
junction structure is found invalid for a-Si:H based solar cell devices which now require
three major layers: a p-doped a-Si:H layer, an intrinsic a-Si:H and an n-doped a-Si:H
layer. These three individual layers construct a pin junction, which in the form of solar

cell device are shown in Figure 2.7.

In devices the doped layers need to be very thin, typically as p-type layers are ~10nm
and n type layer ~20 - 30nm. The thickness of active intrinsic a-Si:H layers range
between 300 - 400 nm. Thin doped layers not only establish an internal field but also
arrange good ohmic contacts between a-Si:H and external electrodes which are added
during later processing steps. The intrinsic a-Si:H layer in pin devices acts as an absorber
layer, which generates electron-hole pairs when irradiated with sunlight and the internal
electric field facilitates the separation of electrons and holes to the external contacts.
The performance of a-Si:H solar cell is strongly dependent on the quality of the intrinsic
material and the magnitude of the internal electric field, which in turn depends on several

other interrelated factors which are discussed in this section.

Orms

Back contact

Thickness (hm) 900 10 350 20 80 300

P> 4+ Ft—Pt—>——— >

F1cUre 2.7: Band profile of p, ¢ and n-type semiconductors in isolation.

We start from the internal electric fields, which also termed as built-in electric fields. In
isolation, the Fermi energies of p-type, n-type and intrinsic materials are very different
to each other as shown in Figure 2.8. In p-type layer, the Fermi energy (Er) is close to
the valence band edge (Ey) and in n-type it is close to the conduction band edge (E¢).
When these individual layers are combined as a pin structure, their Fermi energies are

aligned at create thermal equilibrium. Electrons migrate from the n-layer to the p-type
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FIGURE 2.8: Schematic structure of single junction p-i-n a-Si:H solar cell.

layer, which creates an internal electric field. In this situation, band-edge energies vary
in the device but the Fermi energy itself remains constant. The original difference in
Fermi energies is converted into the built-in potential across the device as illustrated in
Figure 2.9(a).
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Ficure 2.9: Calculated energy level profile position and electric field for a single
junction p-i-n solar cell. (a) Profile level in dark. (b) Profile level under illumination.
(c) Electric field in short circuit.©

The higher gradient of band banding creates higher a built-in potential, which is why
higher doping levels in the n and p-type layers of a-Si:H solar cell are required to establish
large built-in potential. The typical built-in field is illustrated in Figure 2.9(c) labelled
as dark. A large built-in potential not only allows higher built-in electric fields but also
helps to establish high open circuit voltages V¢ across cells when illuminated. Photo-

generated carriers (electrons and holes) will drift due to the built-in electric field in their
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respective direction as shown in Figure 2.9(a). Figure 2.9(c) presents the calculated
open circuit profile of band edge levels for uniformly absorbed illumination. Under
illumination a cell is no longer in the state of thermal equilibrium therefore no Fermi
energy profile is shown. Due to the photo-generated population of carriers, two separate
quasi-Fermi energies of electrons Er, and holes F'r), are now shown. The separation in
two new quasi-Fermi energies looks constant in the middle but these energies combine
with the p-layer and the n-layers at the edges. Thus in a-Si:H, V¢ is determined by

the splitting of quasi-Fermi levels.

In a-Si:H, electron and hole mobilities and diffusion lengths are low as compare to c-
Si. The higher built-in fields help photogenerated carriers to overcome such inherited
limitations. The efficient collection of photo-generated carriers in the intrinsic layer
purely depends on the drift current which is generally established to be the result of
the magnitude of electric field across the intrinsic layer, mobility and the lifetime of the
carriers. This field-assisted carrier collection is very sensitive to the thickness (L) of
intrinsic layer of a-Si:H being approximately proportional to 1/L2%°. To determine the
optimal thickness of intrinsic a:Si:H is vital part in solar cell design. This thickness
is delicate trade-off between absorption which is higher in thicker layer and carrier

collection which is more efficient in the thinner layer.

The electric field produced by the doped layer across the intrinsic layer is not uniform
but greatly depends on the spreading of space charge. This space charge is produced
when photo-generated carriers are trapped in the gap states. These gap states are the
result of native and light induced defects in a-Si:H solar cells which severely affect their
carrier collection. At first defects act as recombination centres which eliminate photo-
generated carries and secondly these defects cover the electric field profiles produced by

the doped layers make them non-uniform across the thickness of intrinsic layer.

The random network disorder in the a-Si:H atoms obstruct the electron motion and it
is the reason that electrons in a-Si:H have mobility of about 2 cm?/Vs, about 500 times
smaller than for c-Si®. The holes in a-Si:H are slower still and only travel 200nm in 1 js
which is 1000 times longer than it takes electrons“%. This slow motion of holes in a-Si:H
is attributed to trapping by valence band states in bandtails*”. In 1 us a hole can be
trapped and released by valence band states many times and this severely slows down
its motion 6.

Under dark conditions, the electric field across an a-Si:H pin junction is near constant as
illustrated in Figure 2.9(b) but this will change when cell is illuminated. At large photo-
generation rate, slow moving holes accumulate and re-establishes the built-in electric
field profile illustrated in Figure 2.9(c) where under illumination, the electric field profile
is higher near the p-layer but very low near the n-layer. The combination of low hole
drift mobility and the reduced field near the n-layer noticeably affects the functioning

of a solar cell*8
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The photo-generated carrier collection in the intrinsic layer also determines the short
circuit current densities Jg¢c in the solar cells, which depends on both the thickness of
the intrinsic layer and the absorption of sunlight in that layer. A thicker intrinsic layer
will absorb more sunlight but this has an adverse effect on carrier collection and Jg¢.
Another parameter which is most sensitive to thickness is the fill factor since during
illumination internal electric fields are significantly reduced. In a-Si:H solar cells, it is
customary to obtain higher optical absorption with efficient carrier collection without

making thick intrinsic layer by using light-trapping techniques.

Doped layers specially at the p/i interface also have profound effects on the stability and
performance of a-Si:H solar cells**%°. Defect densities at this interface are much higher
than in the bulk intrinsic layer. Despite of the relatively thin region, these densities
can have a large effect on both carrier recombination and electric field distribution of
the device. As the p/i interface is located immediately next to the p-layer, it also has
influence on the open circuit voltage and fill factor of the device®®. This low open circuit
voltage is a result of a low built-in potential arising from narrowing of the band-gap of
the p layer*®. Though light induces defects in the p/i interface have pronounced effects
on the device. Optimized p/i interfaces with the correct boron profiles will raise the

open circuit voltage and not degrade in sunlight 920,

Summarising, we can say that low mobility limitation of charge carriers in a-Si:H device
can be compensated by increased optical absorption and low space-charge densities in the
intrinsic layer. This will allow the generated electric field profile to collect free carriers
before recombination occurs. Carrier lifetimes and electric field profiles mainly depend
on the defect state types and their densities and these must be carefully controlled in

an optimised device.

2.7 Deposition of amorphous silicon

Amorphous silicon can be deposited onto a number of different substrates using a vari-
ety of widely available techniques. The first film growth was reported in 1965 by silane

growth in RF glow discharge®!

. In its un-hydrogenated form, amorphous silicon pos-
sesses a high defect density («~ 1012 cm™3) because of atomic departure from local tetra-
hedral coordination between four silicon atoms. These defects are called dangling bonds
and serve as recombination centers which drastically reduce carrier lifetime and diffusion
lengths. They also pin the Fermi energy so material can not be doped. Incorporation
of hydrogen during amorphous silicon growth greatly reduces the defect density which

was first discovered by Chittick in 196972,

The first a-Si:H solar cell was reported by Carlson and Wronski in 1976 with 2.4 %
efficiency®. After that amorphous silicon solar cell technology showed considerable

improvement and today it is a mature technology which is simpler and less expensive
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FiGURE 2.10: Optical absorption coefficient as a function of the photon energy for
typical a-Si:H, ¢-Si and pc-Si. The vertical axis is calibrated in penetration depth, i.e.,
layer thickness within which 63% of the corresponding photons are absorbed”

when compared to silicon wafer technology. A-Si:H has a higher absorption edge and
a larger optical absorption coefficient in the solar spectrum than crystalline silicon.
Absorption depends simply upon the availability of photons and the density of states
in the valence and conduction bands. The absorption coefficient is roughly an order of
magnitude greater than c-Si at visible wavelengths. A-Si:H has a well defined band gap
(~1.75 eV) and a thickness of only 0.5 to 1 pum is required for efficient absorption.

2.7.1 Growth mechanism of a-Si:H

Amorphous silicon is most commonly deposited by Plasma Enhnaced Chemical Vapour

Deposition (PECVD) using silane (SiHy) as the source gas. The deposition mechanism

can be described as a four step process:®?.
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1. The first stage is the dissociation of SiHy into a partly ionized reactive mixture.
The SiH4 molecules are decomposed by electron impact excitation by an RF glow
discharge which generates neutral radicals and molecules, positive and negative

ions, and electrons.

2. Secondary reactions in the plasma between molecules and ions and radicals result
in the formation of reactive species and eventually large silicon hydrogen clusters
as a powder or dust particles. Neutral species diffuse to the substrate, positive

ions bombard the growing film and negative ions are trapped within the plasma.

3. Interaction of radicals with the surface of growing film. this results in radical
diffusion, chemical bonding, hydrogen sticking to the surface or abstraction from

the surface.

4. The sub-surface release of hydrogen and relaxation of the silicon network.

The low-temperature decomposition of silane using highly energetic RF plasma pro-
duces silicon thin films on the substrate whose optical and electrical properties depend
heavily on growth parameters. The growth or deposition process is controlled by the
chamber pressure, gas flow rate, substrate temperature and RF power. The gas pressure
determines the mean free path for collisions of the gas molecules and influences whether
the reactions are at the growing surface or in the gas3%. The residence time of the gas
species in the reactor chamber is determined by the gas flow rate and high flow rate will
cause the chamber pressure to increase. The RF power controls the rate of dissociation
of the gas and also the film growth rate and while substrate temperature controls the

chemical reactions-nucleation and crystallinity on the growing surface?6:5°.

In the deposition chamber, the first step is the electron-impact excitation, dissociation
and ionization of silane source gas by the plasma. The plasma consists of neutral rad-
icals, molecules, electrons, positive and negative ions which are sustained by an RF
electric field. The dissociation mechanism in molecules takes place through the elec-
tronic excitation by inelastic collision of high energy electrons in the plasma’®. The
energy of electrons in plasma usually range from 10-30 eV. The high energy electrons
cause gas ionization and release additional electrons that maintains the plasma during

deposition®. The ionization energy of molecules are typically in the range of 10-20 eV.

Along with ionization, the other important process is the dissociation of the source gas
molecules. For example, excitation of SiH4 can lead to spontaneous dissociation to SiHg,
SiHy, Si, Hy and H%0. In the same way hydrogen molecules also decomposed to atomic

hydrogen. These dissociation reactions are3°

SiH4 — SiHy + Ho (22)
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SiHy —» Si+ Hy (2.4)

These generated radicals can be further modified when they undergo secondary reactions
with parent SiH4 and Hs. For a given set of conditions a plasma will find steady state
conditions shortly after a deposition is initiated. The growth of a-Si:H film involves two
further process after primary excitation and secondary reactions. The first process is
the adsorption of silicon radicals on the growth surface and the second process is the
release of the atoms or molecules from growing surface®®. Many researchers believe that
most dominant radical involved in the growth of a-Si:H film is SiHj3. It is proposed that
during the growth of a-Si:H, when SiHj radicals arrive on the growth surface, they start
to diffuse and adsorb onto the surface thereby covering the bonded hydrogen by forming
SiH4 and leaving a dangling bond on the growth-site, where other SiH3 radical diffuses
towards the dangling bong site on the growth surface and makes the Si-Si bond and thus

film growth continues®”%%,

2.7.2 Radio frequency plasma enhanced chemical vapor deposition

Radio frequency plasma enhanced chemical vapor deposition (RF-PECVD) is the most
widely used method for deposition of high quality hydrogenated amorphous silicon at
both laboratory and industrial level. An RF (typically 13.56 MHz) electric field is
used to excite the plasma. Energy transferred to silane molecules during collisions with
electrons is radiated as visible light, causing the deposition method also referred as glow
discharge deposition method. A schematic view of a typical RF-PECVD reactor is shown
in Figure 2.11. The system consist of a gas delivery system which contains gas cylinders
or lines, pressure regulators, mass flow controllers and several gas valves to handle gas
flow. A stainless steel vacuum chamber with capacitatively coupled parallel electrodes,
substrate holders, substrate heaters and the RF power feed through. A pumping system
that usually consists of a turbo molecular pump backed with a mechanical rotary pump.
An electronic and control system that consists of a DC or RF power generator with
matching box and vacuum, pressure and temperature gauging and control. An exhaust

system with a scrubber or a burn box to process the outlet gases.

The pressure range for a-Si:H deposition is normally between 200- 1000 mTorr. Low
pressure is desirable for uniform deposition whereas higher pressure is more desirable
for preparing microcrystalline silicon films®?. The RF power should be set at between 10
and 100 mW /cm? for a capacitively coupled reactor. Below 10 mW /cm?, it is difficult
to maintain a plasma. Higher powers are required for high deposition rates but above
100 mW /cm?, the reactions in the gas can create a silicon poly-hydride powder that can
contaminate the growing film. This problem can be handled by using a low pressure
or strong hydrogen dilution. The substrate temperature is usually set between 150 and
350 °C.
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FIGURE 2.11: Schematic of typical RF-PECVD chamber

At lower temperatures, more hydrogen is incorporated in the film and this will increase
the bandgap of a-Si:H slightly. At higher substrate temperatures less H is incorporated
and the bandgap is slightly reduced. The electrode spacing is usually set between 1
and 5 cm for a-Si:H deposition. A smaller spacing is useful for uniformity and a large
spacing is set for the ease of maintaining a plasma. The flow rate is set between 0.002 to
0.02 scem/cm?. The flow rate required depends on the deposition rate and area of the
reactor plates and this in turn depends on the reactor and chamber size. Thin film growth
by PECVD can be monitored by different tools such as optical emission spectroscopy,

optical absorption spectroscopy, in situ ellipsometry and residual gas analysis©.

2.7.3 VHF plasma enhanced chemical vapor deposition

Curtins et al. ®! of University of Neuchatel examined the impact of increasing the plasma
excitation frequency in PECVD from 13.56 MHz up to 150 MHz. It was found that by
increasing the frequency from 13.56 MHz to 70 MHz at a constant plasma power, the
deposition rate increased from 3 to 10 A /s whilst maintaining a good quality of a-Si:H
as shown in Figure 2.12. The reason for the high rate of powder free deposition is

suggested to be related to the shift towards higher excitation frequencies which modifies
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FIGURE 2.12: Deposition rate for a-Si:H films as a function of RF excitation frequency

at constant power?.

the electron energy distribution function in the plasma. This leads to a faster dissociation

rate of source gases and thus higher deposition rates.

Using this technique it was possible to fabricate a pin a-Si:H cell with a stabilized
efficiency of 9.5%. There are two principal challenges in applying VHF deposition at
an industrial level. (i) the non-uniformity of the deposited layer on large substrates
when the effect of standing electrical waves at high frequencies (> 60 MHz) limits its
application. (ii) Effective VHF coupling of power to the plasma.

2.7.4 Hot-wire chemical vapor deposition

The schematic view of HW-CVD is very similar to RF-PECVD (Figure 2.11) except
that the RF electrode is replaced by a heated filament. In the HW process, gases (SiHy
or a mixture) are catalytically excited or decomposed into radicals or ions by a hot
filament at a temperature of 1800 - 2000 °C%2. The resulting silicon radicals diffuse
inside the chamber and deposit onto a heated substrate placed several centimetres away.
Low hydrogen content has been observed in deposited films which suggests that they
should be stable against light induced degradation. HWCVD is considered promising
because of the ability to deposit at very high rate (150 - 300°A /s)%%. Uniformity of HW
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films is poorer than RF-PECVD films and filaments need to be improved to reduce the
maintenance time in production. HW-deposited solar cells have not yet achieved the

same performance as cells prepared by RF-PECVD 4,

2.7.5 Microwave glow discharge deposition

Higher deposition rates are obtained when using a glow discharge deposition at a mi-
crowave frequency(MW) of 2.45 GHz%. When MW plasma is in direct contact with the
substrate the deposited films show poor optoelectronic properties when compared with
RF-deposited films, and are not suitable as an intrinsic layer for high efficiency solar
cells. Generally, the structural properties of MW-deposited a-Si based films are also
poorer than RF-deposited films. However, at a very high deposition rate («~ 50 °A/s),
the MW-deposited films will be superior to films made by RF and VHF deposition.

2.7.6 Remote plasma enhanced CVD

The remote plasma technique works on the basis of external thermal plasma chemical
vapor deposition, and consists of three chamber system called CASCADES®S. This sys-
tem consist of three vacuum chambers: a load lock, an RF-PECVD chamber for the
deposition of the doped layers, and an extending thermal plasma chemical vapor deposi-
tion (ETPCVD) chamber for the growth of intrinsic layers. The setup consists of a high
pressure plasma source and a low pressure deposition chamber. In the cascade arc a
power source in the range of 2-8 kW, the plasma is generated by DC discharge in a mix-
ture of a non-depositing gases such as argon or hydrogen. The plasma expands quickly
from a high pressure region (200 - 700 mbar) to a low pressure region (0.1 - 0.3 mbar).
SiHy is injected at this point and dissociated by the reactive species coming from the
plasma source”. Hydrogen flow plays an important role in high quality film deposition.
The deposition rate depends on gas flows, current flow, and substrate temperature®®.
amorphous films and solar cell with remote PECVD method yielded poorer in quality
and performance compared with RF PECVD deposited films and devices. They also
could not be easily scaled up to provide large-area uniform films or for large-scale a-Si

PV production.

2.8 Hydrogenated amorphous silicon solar cell configura-

tion and structures

Amorphous silicon based solar cells can be deposited in different types of structures.
These device structures are single junction cells, Schottky barrier cells and several types

of multiple junction cells. A variety of different substrate materials including glass, metal
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foils and plastics can also be used depending on the application. Any substrate can be
used for a-Si:H cells with conditions that it should not contaminate the amorphous

silicon film and must be able to endure temperatures of 150 °C- 300 °C.

2.8.1 Single junction solar cells

Single junction a-Si:H solar cells are classified into two structures which are the pin con-
figuration and the nip configuration. These structural configuration are actually based
on the deposition sequence of a-Si:H on the substrate. In the pin configuration, p-type
a-Si:H is deposited first followed by intrinsic a-Si:H and then n-type a-Si:H deposited
last. The nip configuration is the reverse of pin configuration, where n-type a-Si:H is

deposited first, intrinsic a-Si:H second and p-type a-Si:H last.

The pin configuration is also referred as superstrate configuration and this requires a
transparent conductive substrate carrier. The thicknesses of the three thin layers are
typically 10 nm for p-type, hundreds of nm typically for the un-doped intrinsic layers
and 20- 40 nm typically for the n-type layers. These are deposited on a transparent
substrate as shown in Figure 2.7. A transparent conducting oxide (TCO) film on glass
is used as a substrate carrier which provides a platform where these layers are being
deposited. During operation sunlight enters into the device through the glass and the
TCO film which also serves as the front contact. There are some requirements for TCO
film to work with solar cells, such as it should have high optical transmission in 350 nm
to 950 nm wavelength range, low sheet resistance, temperature stability and chemical
longevity. Further properties of TCO films are discussed later in this chapter. The back
contact of this configuration is on the n-type layer and usually formed by evaporation

or sputtering of around 500 nm of aluminium.

The nip configuration is known as the substrate configuration in which nip structure
of a-Si:H is deposited on an opaque substrate. This opaque substrate works as back
reflector which is again a two-layer structure with textured silver or aluminium and
textured TCO%6. The front contact in substrate configuration is a TCO film and is the
first layer in the device to receive light. This opaque substrate material can be stainless
steel or a temperature resistant flexible polymer, however, a textured surface is essential

to scatter incoming and back-reflected light.

Generally glass plates are used for the superstate configuration while flexible metal or
polymer foils are used in substrate configuration. In both configuration nip and pin
structures become sandwiched between front and back contacts. Sunlight enters from
the front contact and propagates to the thicker intrinsic layer where most of the light
is absorbed. Each photon that is absorbed will generate one electron and one hole% .
The photo-generated charge carriers are collected by the built-in electric field, which

causes the drift of holes and electrons into the p-type and n-type layers, respectively.
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Some charge accumulates in these regions and increase the potential dropped across the
junction while many photogenerated carriers form a photocurrent and thus electricity is

generated by the solar cell.

2.8.2 Multijunction solar cells

A solar cell with two or more junctions is called a multijunction solar cell. The first
multijunction cells were used to enhance the output voltage of a-Si:H solar cell”'. Soon
it was realised that a-Si:H solar cells can be stacked to build multijunction cells for
improved output voltage and stabilized performance”. The main benefit of amorphous
silicon usage in multiple junction cells is that there is no need for lattice matching as
would be required in a crystalline heterojunction. The fundamental concept behind
multijunction solar cells is spectral splitting, but their design is more complex than
a single junction cell. There are two requirements for a multiple junction cell to be

successful.

e Clurrent matching: The current generated at the maximum power point has to be
equal for each component cell as the minimum current density cell will limit the

total current flow of the device.

o Tunnelling matching: The internal series connection between the component cells

has to feature low electrical losses.

Ideally, stacked based configuration approach has few advantage which are; (a) the opti-
cal absorption of sunlight can be enhanced by combining the materials having different
bandgaps; (b) it is possible to obtain a higher open circuit voltage and, at the same time,
work with lower current densities, so that the problems for electrical series resistance
are relatively reduced, and (c) it is possible to reduce light induced degradation by the

use of a thin amorphous top cell®.

2.8.2.1 The Micromorph solar cell

The concept of micromorph first materialised by the Neuchatel group my making an
a-Si:H pin junction as the top cell and a nc-Si pin as the bottom cell. A sketch of
such device is shown if Figure 2.13. From computer modelling, it is determined that
a bandgap of 1.7 eV for the top cell and 1.1 eV for the bottom cell would make near
ideal combination for double junction configuration®%"*7. In order to obtained current
matching requirement, both top and bottom cell have to generate same amount of current
which enforces to make the absorber layer of the bottom cell more thicker than top cell
as it has low bandgap. On the other-hand light induced degradation also forced to make

top cell as thin as possible. Due to these constraints and to get higher currents, the
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FI1GURE 2.13: Schematic device structure of the micromorph tandem cell in the super-
strate configuration (glass/TCO/p-i-n a-Si:H/p-i-n c-Si:H.

bottom cell is usually kept 1.5-2.5 um thick where as top cell thickness kept at 250 to
300nm.

For the stabilized efficiencies in micromorph tandem cells, an approach of highly trans-
parent but semi-reflective dielectric layer can be inserted at the tunnel junction between
the top and the bottom cell ™ is used. The semi-reflective dielectric layer such as ZnO or
SiO9 enables current matching by increasing the current by interface reflection, without
increasing the thickness of absorber layer of top cell. Current stabilized performance of

micromorph cells have efficiency up-to 12% 6.

2.8.2.2 The triple-junction solar cell

The addition of third layer in tandem cell makes is triple junction solar cell. In this

design approach, with 1.8 eV bandgap, a-Si:H based top cell with a 1.6 eV a-SiGe as
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FIGURE 2.14: Structure of a a-Si:H/a:SiGe:H /a-SiGe:H triple junction with corre-
sponding band gaps

middle cell and a pc-Si cell 1.1 eV bandgap as bottom cell are used””. For current
matching, the short circuit current density can only be used as a rough guide. A triple
junction cells, the top cell normally has a high FF, whilst the bottom cell has the lowest
FF. As a result Jg¢ for the bottom cell needs to be be greater than Jgo for the middle
cell, which in turn should be slightly greater than Jg¢ for the top cell. The intentionally
mismatched value of Jgc normally lies in the range of 0.5 - 1 mA /cm?. The presence of

a back reflector in a multi-junction cell is most beneficial for the bottom cell.

2.9 Optimisation of solar cells

Since 1976, when the a-Si:H solar cell was first reported®3, every effort has been made
to improve its performance. There are many research tracks where improvements have

been sought, particularly light degradation, material optimisation, structure engineering
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and new amorphous alloys. In a-Si:H based solar cells either as single junction or multi-
junction, absorption of incoming sunlight always takes place in the undoped intrinsic
region regardless of the configuration. This absorption of incoming light carries provides
current generation. Therefore a key requirement in a-Si:H device optimisation is to
extend absorption in the intrinsic layer and at the same time minimize any photon
or carrier loss. There are many other inter related parameters upon which solar cell
performance depends and we will discuss one by one mainly focusing on single junction

structures.

For an a-Si:H device to work properly and efficiently, its intrinsic layer must have suffi-
ciently high optical absorption coefficient in the AM1.5 spectral range. The absorption
coefficient of a-Si:H as a function of photon energy is shown in Figure 2.10. For photon
energies above the bandgap, the absorption coefficient of intrinsic a-Si:H layer is signif-
icantly higher. For energies more than 2eV, a-Si:H is superior in absorption coefficient
compared to c-Si and pc-Si as both materials are crystalline in nature and have indi-
rect bandgap. Long range structural disorder of a-Si:H helps it to behave like a direct
bandgap but still this is from being a real direct bandgap semiconductor in terms of
absorption coefficient. Nevertheless the relatively high absorption occurs primarily by
the transitions between valence band and conduction band extended states in a-Si:H.
The penetration depth of a-Si:H is still very large at longer wavelengths specially in the
red and infra-red regions of the spectrum, and to absorb this part of spectrum an in-
trinsic layer must be very thick. This will create serious carrier collection problems, so a

compromise has to be found and light trapping techniques can provide real advantages.

The Conduction band tail distribution is narrower than the valence band tail distribu-
tion; and the slope of the absorption edge is evidence that there are band tails in the
material. These in turn are the measure of structural disorder. The slope of exponential
absorption edge determines the Urbach energy, and for a-Si:H, device grade material

should have an Urbach energy less than 45meV".

In the low energy region, the absorption coefficient is relatively very small and is asso-
ciated to transitions related defect to states such as dangling bonds and recombination
centres. For device grade material, defect passivation is necessary for a-Si:H and it

should have low defect absorption.

Device grade intrinsic a-Si:H layers must have sufficiently high carrier mobility and life-
time for photo-generated charge carriers. For intrinsic a-Si:H mobility-lifetime products
have been calculated in the range 1x1077 - 1x107% ¢cm?/V™ 8! which are relatively
high, and according to these values an a-Si:H solar cell with 1000 nm thick intrinsic
layer should collect significant photo-generated charge carriers without recombination
loses”. However, in practice actual a-Si:H devices are unable to collect sufficient charge

carriers, and device performance is seriously degraded. Actual mobility-lifetime product
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is found much lower than above mentioned values®?], so is recommended that the intrin-
sic layer in a-Si:H solar cell should be kept under 400 nm to prevent severe recombination
losses after light soaking stabilization. This poor charge collection is partly attributed

to non-uniform electric field profile in the intrinsic region.

It is also essential that intrinsic layers must hold a high and uniform electric field profile
created by doped layers. However charged dangling bonds, band tails states, and defect-
rich interface regions are always present within the device which causes deformation
of the internal electric field within the intrinsic a-Si:H layer. Direct measurements of
the non-uniform electric field profile in the intrinsic regions are difficult to obtain, but
an indication can be estimated using the time-of-flight technique®*®*. The information
about the spatial collection efficiency in a-Si:H solar cells is also be obtained from the
Dynamic Inner Collection Efficiency (DICE) technique where influence of i-layer deposi-
tion parameters, such as the temperature and deposition time, on the spatial collection

efficiency have been investigated®

The p-type layer in a a-Si:H based solar cell is called a window layer as sunlight enters
through it into the intrinsic layer, preferably without being absorbed. High V o¢ values
can be partly obtained by optimizing p-type layer. The dopant incorporation into the
intrinsic layer introduces extra defect states and additional dangling bonds which act as
recombination centres®®. As a result, doped layers cannot be used as an active absorber
and any carriers that result from absorption in doped layers will be lost. Therefore
window layers are always kept as thin as possible to reduce the levels of optical ab-
sorption. When illuminated, most of the photo-generated carriers are created near the
surface of the solar cell and therefore holes have to travel less distance through the cell
for collection. This is also beneficial due to the fact that holes have significantly lower
mobility as compared to electrons, so hole collection efficiency can be increased by using

this topology.

Even with smaller thickness, there is still considerable absorption in the p-type a-Si:H
layer as boron doping introduces more defects. The alloying of carbon content into a-
Si:H can tune its bandgap which can decrease the absorption in the p-type layer20:87.
This carbon alloyed a-Si:H layer is denoted by a-SiC:H and its bandgap can be tuned up
to 2.3eV. This boron doped pc-Si:H layers have also been used as window layers and it
is argued that Voc, FF and Igc can be improved®88?. Use of a double p-type window
layer composed of pc-Si:H and a-SiC:H has been reported in order to improve the p/i

interface?.

The a-Si:H based solar cell in any configuration always uses a wide band-gap window
layer and narrow band-gap layer(s) in the absorber regions. This band offset at the P/I
interface plays a crucial role in device performance as it creates a barrier in valence band
for photo-generated holes to the doped layer. To hold back diffusion of electrons into the
p-type layer and to optimise the electric field profile, generally a thin, wide band-gap,
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high quality intrinsic film or lightly doped a-Si:H or a-SiC:H buffer layer is deposited
at the p/i interface®!. These buffer layers also prevent boron diffusion from p-type into

the intrinsic layer?2.

The a-Si:H based solar cell optimization proceeds to the use of double and triple junction
technologies but we will focus on textured TCO usage which is discussed in next section

as well as in Chapter 5.

2.10 Transparent conducting oxides and light trapping

Thanks to great technological interests in both, a wide variety of materials available for
photovoltaic and related technologies have been created. In case of a-Si:H based devices,
efficient light trapping is an active research area. Efficient light trapping enables us to

enhance optical path-lengths for the light within the absorber layer of the device.

The main aim of light trapping is to absorb as much as light as possible and prevent
it from escaping from the device. In a-Si:H based solar cells, light trapping is based
on the principals of light scattering at rough surfaces, usage of highly reflective back
contacts, and refractive index matching layers within the device. Light scattering at
rough surfaces enables longer average optical paths in the absorber layers. Repeated
reflection of scattered light between the back reflector contacts and front contact creates
multiple passes of light through the absorber layer and thus prevents the light from
escaping. The process of light trapping considerably enhances the optical absorption
in absorber layers, and increases the photo-current of the device. Textured transparent
conducting oxide layers (TTCOs) play a vital role in the light trapping in both super-

state and substrate configuration of a-Si:H based devices.

In the superstrate configuration, it is the TTCO film which introduces a rough surface
interface to the absorber layer of the device. This TTCO film also serves as the top
contact of the device. In case of substrate configuration, a textured back reflector
introduces the rough surface. However in some circumstances current enhancement can

be limited by surface plasmon absorption in the back reflector metal%3.

For TCO materials to be considered as devices grade, they should qualify following

fundamental requirements”.

e Exhibit a large enough bandgap so that absorption due to band-to band transitions

is limited to the ultraviolet regions and will not diminish cell current.

e Have suitable extrinsic or intrinsic dopant that form shallow states and can be

introduced in a sufficient quantity.
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e The material should not be liable to formation of compensating defects upon shifts

of the Fermi level

The band-gap requirement of TCO is based on the minimum of luminosity function of
the human eye, which is 380 nm. The corresponding band-gap is about 3.3eV which is

a suitable minimum band-gap for photovoltaic applications.

The optical transmission in TCO devices as function of wavelength can be distributed
into three regions. In first region, photons with energy larger than the band-gap (short
wavelength) of TCO film are absorbed. In the second region, photons with visible
wavelength are transmitted through the TCO. In this high transmitted region, optical
absorption is low but not negligible. In the third region infra-red photons are reflected
by the TCO.

The electrical properties of TCO layer are defined by its conductivity (o) which is
determined by the free carrier concentration and the carrier mobility. The reciprocal of
the conductivity is called resistivity (p). The sheet resistance (Rg,) TCO film is given
by

Rh=" (2.5)

Where ¢t is the TCO film thickness.

A high doping level is essential for TCO films, as at high doping levels films are metal-like
in behaviour. This can be done by achieving doping levels above 10?0 cm™3. In addition
to these electrical and optical properties, TCO films require other considerations such
as surface morphology, in-process physical and chemical stability, and toxicity. The
formation of compensating intrinsic defects can severely limit oxides applicability as

transparent semiconductors.

In TCO material selection, there is delicate trade-off between film optical absorption
and sheet resistance. The sheet resistance of a film at given resistivity can be decreased
by increasing the film thickness but it will decrease the optical absorption. Therefore
optimal film thickness is essential in TCO films in order to minimise the total power

loss.
In photovoltaic application most commonly used TCO materials are described below.

ZnO: The transparent conductive zinc oxide is usually prepared by sputtering or by
LPCVD with Al or Ga doping. The ZnO TCO has optical transmittance over 85% with

resistivity 3x10~* Q-cm, and higher mobility of 44 cm?/V-s%.
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Sn0sy: Tin oxide TCOs are usually deposited by APCVD in which doping element
Fluorine (F) is used. The SnOs:F films have sensitivities in 5-8 x10™* Q-cm range, with

carrier mobility of 70 cm?/V-s%.

Iny O3: The popular method for Indium(III) oxide as a TCO material is with Tin dopant
in e-beam evaporation. This TCO material has very lowest resistivity 0.44 x10™% Q-cm
and higher mobility value 103 cm?/V-s°7.

Generally for a-:Si:H based solar cells, TCO films made with fluorine-doped tin oxide are
used with thickness 550-900 nm range whereas the sheet resistance 8-16 /0 range. As
the absorption coefficient in a-Si:H based thin film solar cells is low in the near infrared
region, light trapping by textured TCO is essential. A textured TCO film has ability
to scatter light and enhance the optical path-length, therefore TCO morphology has
considerable effects on the performance of thin film solar cells.”®. The light scattering
capability of a TCO material is determined by the a parameter called Haze which is the
ration of the diffuse transmittance to the total transmittance of the the film. Addition-
ally surface features play very important role in the determining the capability TCO

film generating light trapping®”.

To summarise, the detailed information to understand a-Si:H material, its atomic and
band structure with density of states are discussed. The absorption capability in a-Si:H is
much stronger that c-Si and a thin layer of a-Si:H can absorb more than 90% of available
incident light. The deposition parameters can be used to control certain properties of
a-Si:H such that material’s bandgap can be tuned to particular application requirement
such as single junction or multijunction device. The a-Si:H can easily be doped n-type
or p type and its allows can be grown accordingly. Low temperature growth capability
enables a-Si:H to be deposited virtually on any substrate such as from expensive glass to
low cost opaque or flexible materials. We have also discussed solar cell configuration as
a single junction, double junction and triple junction devices, and device requirements.
At the end textured TCO films are briefly discussed which are integral part of a-Si:H
based devices. In the next chapter this information has been used to fabricate device

grade a-Si:H layers, their optical and electrical properties are extensively discussed.
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Experimental details

In this chapter, the fabrication methods and characterisation techniques used in this
work are presented. The techniques have been broadly split into two sections, optical

and electrical characterisation.

3.1 Film Deposition and Device fabrication

3.1.1 Sample preparation

In this report, plain soda lime glass and various types of TCO coated glass are used as
substrate materials for films and devices. To remove dust and organic contaminations,

substrates were cleaned using the following steps.

1. Each substrate was washed in de-ionized water with 4% of Decon-90 detergent for

removal of any finger grease and other organic contaminations.
2. Drying with nitrogen and cleanroom soft tissue paper.
3. Pressurized wash with de-ionized water and dried with nitrogen.
4. 15 minutes ultrasonic bath in acetone and dried with nitrogen.

5. 15 minute ultrasonic bath in isopropanol and dried with nitrogen

Gloves are used in all processes and finally all sample substrates kept in clean boxes for

a-Si:H growth steps. All substrate dimensions are 50 x 50 mm.

37
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3.1.2 PECVD procedures for deposition of films and devices

The detailed growth mechanism of a-Si:H by a typical PECVD system is discussed in
section 2.7. This section provides additional operational information about the plasma
deposition tool. All intrinsic, doped a-Si:H films and solar cells produced in this work
were deposited by an Oxford Instruments PLasmal.ab System 100 capacitive PECVD
system. This system is also able to deposit micro, and poly-crystalline silicon/germa-
nium. It has a heated stage which allows growth of semiconductors from the amorphous
to the poly-crystalline phase up to a maximum temperature of 650°C. A dual frequency

mix of low frequency (LF) and radio frequency (RF) for plasma excitation is available.

This system features 7 input gases including silane, phosphine, diborane, germane, argon,
hydrogen, and nitrogen for use during film deposition and 2 additional gases tetra-
fluoromethane and oxygen for chamber cleaning. This system uses 100% silane as the
silicon source for the growth of basic intrinsic amorphous deposition while the p and
n-type doping of deposited layers is achieved using diborane and phosphine supplied as
process gases diluted in argon. Pure hydrogen was connected to the system to enable

dilution of silane.

TABLE 3.1: The list of the gases available to the PECVD system with dilution and
MFC maximum flow

Gas Dilution | MFC Max (%)
- (%) (sccm)
SiHy4 0 100
PH; 10 50
ByHg 10 50
GeHy 10 50
H, 0 100
Ar 0 500
N>O 0 500
CFy4 0 500
Os9 0 100

The PECVD system is fully automated and operated via a PC2000 user interface running
on a desktop PC. A typical process control screen window is shown in Figure 3.1. The

PECVD system configuration incorporates:

Full-diameter gas inlet shower-head

Edwards EH250/E2M40 pumping system

Heating table with "PID” controller

10-300 W, 13.56 MHz solid state RF generator

Digital close-coupled automatic impedance matching unit
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e Automatic process pressure control unit.
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To deposit a typical amorphous film, a combination of various gases, and selection of ap-

propriate control parameters were required. A typical base process recipe for amorphous
film is:

e 100% SiH, 25sccm

e Ar flow 475 sccm

e ByHg flow 5-15scem (p-doping option)

e PHj3 flow 5-15scem (n-doping option)

e Pressure 1000 mTorr

e R.F. power 10 Watts @ 13.56 MHz

e Temperature 250°C

Process optimisations for amorphous films with specific properties to suit photovoltaic
applications is discussed in chapter 4. A Leybold Optics BAK600 e-beam evaporator
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was used to deposit the aluminium contact grid for electrical characterisation of a-Si:H
devices and films. A chamber at a pressure level between 107° and 10~% mbar was
required for evaporation, evacuated using a rotary pump and pumped further using a
diffusion pump prior to deposition. During its operation, the generated electron beam
is directed at the aluminium source material where its energy in converted into heat.
The beam power can be controlled by an Inficon IC-5 Deposition Controller to provide
variable heating energy. The aluminium is vaporized to produce an evaporation cloud
which rises and then condenses on the substrate, forming thin layers of the material.
Layer thickness is built up over a period of time and measured by a quartz crystal
thickness monitor, located at the substrate level. The deposition rate is directly related
to the evaporation rate which is controlled by adjustment of the cathode filament supply.

Most of the time, 500nm of layer was deposited on substrate as back contact.

3.2 Optical characterisation

Ellipsometry was chosen as the primary method to determine the optical properties of
a-Si:H based thin films. A J.A. Woollam variable angle M-2000D Ellipsometer system
was used fitted with deuterium and tungsten halide light sources. This dual beam con-
figuration allowed fast spectroscopic measurements across the 200-1800nm wavelength
range. The ellipsometric optical analysis technique is a non-contact and non-destructive
method for the characterization of thin films and multi-layer semiconductor structures.
Ellipsometry determines the change in polarization state of light reflected from a sample,
and uses a model based technique to characterize film thickness and complex refractive

index. The film can be transparent or absorbing on a transparent or opaque substrate.

Linearly polarized light Elliptically polarized light

E ,P-plane p-planes+E

s-plane

FiGURE 3.2: In Ellipsometry characterisation, interaction of polarized light with a
sample to determine optical parameters.

There are two polarization directions for reflected light as shown in Figure 3.2. The plane

of incidence of light is the plane containing the incident beam and the normal to the
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surface of the sample. Light polarized parallel (p-plane), and perpendicular (s-plane)
to this plane will remain plane polarized upon reflection. The ellipsometer measures
the polarization change of reflected light in terms of the ratio of the reflected p- and
s- components (¢) and the phase difference (A) between these two components. These

two parameters are related by:

tan(¢).e(m) .

. (3.1)
Where r), is the reflectivity of the p-polarized light and r; is reflectivity of the s-polarized
light. Both parameters are used to build an optical model that represents the nominal
structure of the sample. This model is used to generate the material data. Model fit
parameters are defined and then automatically adjusted by the software to improve the
agreement between the measured and model-generated ellipsometric data. This is known
as fitting. Various optical functions or oscillators are available for data extraction such
as the Cody-Lorentz oscillator to model absorption in an a-Si:H film. The quality of
the fitted data is quantified by the mean squared error (MSE) which summed over all
the measurement wavelengths and represents the differences between the measured data
and the model-generated data. The lower the MSE value the better the fit or agreement
between the measured and model generated data. The data obtained from ellipsometry
consists of film thickness, roughness, bandgap energy, refractive index and extinction
coefficient. This data is then used to calculate the absorption coefficient a(\) of the
deposited layer. The absorption coefficients of the intrinsic a-Si:H films as a function of

photon wavelength which determined by the equation:

_Amk(N)
D)

a()) (3.2)

Where kis the extinction coefficient that describes the attenuation of light in a medium
(thin film). The absorption in the intrinsic layer is calculated by a Matlab program
using data obtained from ellipsometry with equation 3.3 in which d,, d;, o, and «; are

the thickness and absorption coefficient of p and intrinsic layer respectively:

(%) = e~ (1 = V) (3.3)

3.3 Transmittance and Reflectance

The direct measurement of transmittance and reflectance spectra were carried out using
Bentham PVE 300 system as shown inFigure 3.3. This system uses an integrating
sphere which is coated with Barium Sulphate which provides highly diffuse reflection. A
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monochromatic probe based on a Bentham TMc300 single monochromator and typically
a Xenon/Quartz halogen light source, was directed onto the sample under test, giving

coverage over the spectral range 350-1800nm.

Entrance/
Transmittance
Port

Diffuse Spin/SEPX
reflection port

Specular

reflection

Detector
Port

FIGURE 3.3: Bentham system for optical measurements. (b) The integrating sphere
with sample and detector mount port for measurements. (c) typical sketch of reflectance
measurement inside integrating sphere.

The reflectance of film is made with respect to a reference standard of reflectance.
The sphere is positioned so that the probe beam is focussed onto the plane of the
reflectance sample port as shown in Figure 3.3-(c). There are two selections available
for the measurements, specular and diffuse reflection. The specular reflectance can
be measured by placing a reflective plug at the SPIN/SPEX port, while the diffuse
reflectance can be measured by mounting light trapping port at respective positions in

the integrating sphere.

The transmittance measurement is done with respect to system default measurement
with no reference sample in place. During this measurement, transmitted light is col-

lected through 27 steradians behind the device in integrating sphere.

3.4 Raman spectroscopy

Raman spectroscopy was used to determine he structural information of intrinsic micro-
crystalline silicon and germanium films. Raman spectroscopy is the shift in wavelength
of the inelastically scattered radiation when sample is illuminated by laser beam. This

scattered light is shifted in energy from the laser frequency due to interactions between
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the incident light and the vibrational energy levels of the molecules in the sample. Plot-
ting the intensity of this shifted light with respect to frequency results in a Raman
spectrum of the sample. The Raman data was then processed and fitted to extract film
information which is explained later in chapters 5 and 7. In this work Renishaw inVia

microscope Raman system was used.

3.5 Atomic force microscopy

The surface morphology of TCO materials were determined by atomic force microscopy
(AFM). A three dimensional profile of film surface can be generated measuring force
between a probe (scanning tip) and the sample. A general working principle of AFM is

shown Figure 3.4. The image is obtained by measuring the vertical and lateral deflections

Feedback o Detector
Electronics

cantilever

Laser

Scanning tip

Sample stage

FIGURE 3.4: The block diagram of AFM principle of operation.

of the tip. A laser beam reflected off the cantilever and operate the optical lever. The
reflected laser beam strikes a position and photo sensitive detector. In this work, Veeco
Calibre SPM system was used for AFM characterisation of TCO materials.

3.6 Electrical characterisation

In this work, two types of electrical measurement were performed. For a-Si:H solar
cell performance, I'V-characteristic measurements were used and for single layer, room
temperature electrical conductivity was used to determine the film quality and doping

levels.

Under dark conditions, the current and voltage of a p-njunction are related to each other
by an exponential expression which can be used to determine the performance of a solar
cell. When the solar cell is illuminated, light creates electron-hole pairs. The electric
field at the junction separates these charges and drives them in opposite directions. The

1V -characteristic of solar cell is given by
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I = Iy — I,(e?/mFT _ 1) (3.4)

Where I, is the photo-generated current, [, is the diode saturation current in the dark,

T is absolute temperature, k is Boltzmann constant and n is diode ideality factor.
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FIGURE 3.5: Typical current-voltage-characteristic curve of an ideal diode (red line)
and ideal solar cell (blue line).

The current voltage curve of a solar cell (Figure 3.5), provides important parameter
information. When there is no resistance in the external circuit (short circuit), there
would be maximum current and this current is called the short circuit current (Ig¢) or
short current density (Jgc) . At this point, the voltage is zero in the circuit. If circuit
is open there would be no current, and the voltage would be maximum. This voltage is
called the open circuit voltage (Voc¢) and at this point the load resistance is maximum.
These two extreme conditions are shown in Figure 3.5. At any point along the curve,
the product of current and voltage will gives the power output. At both short circuit
and open circuit conditions, the power output is zero. There is a point where there is
a maximum power. The current and voltage densities at this point are called J,; and

V ar respectively. The parameter Fill Factor FF is given by:
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JMVm

FF = ——
JscVoc

(3.5)

The fill factor describes the squareness of JV-curve. The efficiency of the solar cell is
defined as the ratio of the power delivered at the maximum power point to the incident

optical power density Pry,

IV
= 3.6
1 Pry (36)

As the efficiency is related to Jgo and VIpc, we can write,

g = 50T (3.7)

IN
The standard test conditions describe the conditions for P;y and the temperature of the
solar cell during the JV measurements. The temperature of solar cells under standard
test conditions is determined to be 25°C. The solar spectrum has the spectral shape of

AM1.5 and a total irradiance rounded to 1000 Watts per square meter.

Air mass 1.5
1000 W/m?

P

:

|

L EY

Solar cell
| ®

temperature at 25 C

F1cUrE 3.6: Block diagram of solar cell simulator system to measure current-voltage
characteristics of a solar cell.

In practice, the efficiency of a solar cell is measured by solar cell simulator system as
shown in Figure 3.6. A typical solar cell simulator consists of a light source which
simulate both the AM1.5 solar spectrum and the irradiance of 1000 W /m?.
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The system has a source-meter which can apply voltage and measure the photo-generated
current. Additionally system is also temperature controlled which maintains the stan-
dard room temperature during measurement. In this work, all solar cells were charac-
terised with an Abet Technologies SUN-3000 Class AAA solar simulator. I'V-characteristics
were recorded by biasing devices with a Keithley 2400 source meter. The sub-module
size of solar devices were kept 50x50 mm and each device had 9 cells in 3x3 array as

shown in Figure 3.7

&
«

v

50 mm

50 mm

v

Front
Contact

a-Si:H
Cell

Back Contact

FIGURE 3.7: (left) Sketch of solar cell sub-module which consists of 9 cell of size 1x1
cm. (right) a custom build solar cell stage mount of IV measurement. It has 9 gold
pallet spring mount connector for front and back contact.

2. A customized stage mount was built for the

Each cell has a standard area of lcm
measurement which consists of 12 gold plated spring mount connectors for current col-
lection as shown in Figure 3.7. Every data set measured for specific cell is automatically

recorded by the LabVIEW software written by the author.

3.7 Quantum Efficiency

The performance of a solar cell can also be understood by its ability to convert light into
current at various wavelengths. This kind of measurement is called Quantum Efficiency
(QFE) which is defined as the ratio of the number of charge carriers collected by a solar cell
to the number of photons incident on the solar cell at each wavelength. If the optical
losses such as transmission of light through the device or reflection of light from the

device are included in the QF measurements, then it is called external quantum efficiency
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(EQFE) which are present in this work. By adjusting transmittance and reflectance of
solar cell, the QF can also be corrected to obtain internal quantum efficiency (IQFE).
The QF measurements require a calibrated reference device. Results presented here use
a general purpose UV-enhanced silicon photodiode over the wavelength range of 300-
1100nm whose QF is referred here as QFE () and the current response is I,¢¢(A). The

QE of the solar cell is obtained from equation:

QEcell()‘) = QEref()\)

(3.8)
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B Monochrometer

Chopper
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[

[
Lock-In Current | *‘ |

Amplifier Preamplifier

FIGURE 3.8: Schematic diagram of QE measurement apparatus

In this work, QF measurements are obtained using the Bentham PVE300 system (Fig-
ure 3.8). A monochromatic probe source capable of providing a wavelength range of
300-1800nm, is assembled from a dual Xenon/ quartz halogen light source at the input
slit of the monochromator. This is a device which permits the determination of the spec-
tral output of a source by separation and measurement of the component wavelengths.
The component wavelengths have been achieved by reflection diffraction gratings using
single Bentham TMc300, 300mm focal length monochromator. The beam passes a mo-
tor driven chopper with a fifteen slot chopping blade, the beam is then collimated and
focussed into a 2x2 mm spot on the solar cell under test. The solar cell is connected a

Bentham 477 current pre-amplier which converts the photocurrent into 0-10 V output
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voltage. The output of the current amplifier is connected to input of the lock-in ampli-
fier (Bentham 485 module) which measures the output voltage. The lock-in reference
input frequency comes directly from the chopper control module (Bentham 218 Chopper
controller), and a time-constant of 100 ms is generally used for data acquisition. The
quantum efficiency measurement is computed by the LabVIEW Benwin+ software. The
data of the QF measurement is measured over the range of 350-11000 nm with 5 nm

intervals.

Evaporated contacts

a-Si:H

glass

|
active a-Si:H volume

FIGURE 3.9: Sample set-up of conductivity measurement of intrinsic/ doped amorphous
layer deposited on glass.

3.8 Electrical Conductivity

In this report, the electrical properties of intrinsic and doped a-Si:H were characterised
in terms of dark conductivity and photoconductivity which is a general way to acquire
information about the quality of thin film obtained via PECVD. The dark conductivity
of a-Si:H films is measured in room temperature under dark condition. A Keithley 2400
SourceMeter is used to apply voltage and measures the output current. This process
carried out immediately after PECVD film deposition in order to avoid any moisture in
the films.

A voltage of 10V is applied to L = 1 mm wide and W = 5 cm long intrinsic a-Si:H
film deposited on soda lime glass as shown in Figure 3.9. The contacts are deposited via

thermal or electron beam evaporation. Generally the dark conductivity of device quality
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intrinsic a-Si:H is less than 1x101° Q=1 e¢m™!

is needed for efficient solar cell applica-
tions. The photo-conductivity of intrinsic a-Si:H film is determined by illuminating the
AML1.5 light to same samples which are used for dark conductivity measurement. The
Photoconductivity is measured again at room temperature with 100 mW /cm? of power

from the Abet Sun 3000 Solar Simulator. The conductivities of the measured devices is

()

Where L is the length, W is width and ¢ is film thickness.

given by:






Chapter 4

Amorphous and Microcrystalline

layers

In this chapter, PECVD deposition of single layers of a-Si:H and microcrystalline (uc-
Si:H) is described, with details of growth procedures the optimisation of device-grade
optimization intrinsic, and doped a-Si:H layers. Each layer is characterised using optical
and electrical techniques. The principal aim is to find optimum deposition parameters
for layers that would eventually form the component layers of high efficiency thin film
solar cell. At the start of this study, Southampton University had recently re-opened
its Nanofabrication Facility after the significant fire of late 2007, the new facility was
built with investment in a suite of multi-purpose PECVD deposition tools including one
Oxford Instruments Plasma-Lab System 100 tools intended for Si and Ge deposition for
a variety of purposes. In the initial commissioning phase it was felt that the development
of a pin and nip a-Si:H solar cell fabrication capability would provide a valuable resource
for various ongoing photonics and plasmonic light-trapping projects. It was also a project
of device grade single layers, measured before any light induced degradation and every
effort was made to ensure all fabrication, characterisation and fitting procedures were

performed consistently.

4.1 Optical properties of intrinsic a-Si:H

The refractive index, absorption coefficient, and the bandgap are key optical parameters
used for characterisation of thin films. The JA Woollam spectroscopic ellipsometer with
multiple angle capability was used to determine the bandgap energy (£,) and Urbach
energy (Ey) with refractive index n and extinction coefficient k& for absorption. The
extracted data is used in a MATLAB simulation to investigate the layer absorption and

transmission which are discussed below.

51
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4.1.1 The thickness and uniformity

The intrinsic a-Si:H thin films were fabricated usingusing the Oxford Instruments Plas-
malab System 100, under constant RF power of 10 W and constant source gas flow of
500 sccm. The source gas was a mixture of silane 25 sccm and argon 475 sccm as recom-
mended by the system suppliers In the first experiments the other growth parameters
were varied in the first phase of experiments to determine the optimum deposition pro-
cess and proceedures. Film uniformity, was also verified by ellipsometry. The thickness
profile of an intrinsic layer is shown in Figure 4.1 which is determined by ellipsometry
using the graded layer technique. This intrinsic a-Si:H film is 360 nm thick and apart
from few small segments in the edges, almost all of the film shows good uniformity which
certainly helps in maintaining device performance. The average roughness in the film is
3.14 £+ 0.132 nm.

Thickness # 1 in nm vs. Position
3.0 374.51

370.06

365.60

361.15

356.69

352.24

-3 347.79

.0
30 20 10 00 10 20 3.0
X (cm)

F1GURE 4.1: Thickness profile of an intrinsic a-Si:H film deposited on 5x5 cm glass

substrate. The deposited film scanned at 4 cmx4 cm by ellipsometry. The deposited

film is relatively uniform in thickness for most of the substrate. There is some non-
uniformity at the corners or edges due to sample hight.
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4.1.2 Film deposition rate

The intrinsic a-Si:H deposition rate was studied under constant RF power and constant
gas flow, with increasing chamber pressure. The RF power used is 10W and of 500 sccm
of source gas (silane and argon) at constant temperature of 200°C. It is found that at
lower pressures (40-100 mTorr) film quality is poor and non-uniform, and in some cases
the low pressure is not enough to maintain the RF plasma. Deposition rate as a function

of pressure in the range 250 to 1500 mTorr, is shown in Figure 4.2.

Deposition Rate (A/s)

250 500 750 1000 1250 1500
Chamber Pressure (mT)

FIGURE 4.2: The Deposition rate of intrinsic a-Si:H as a function of pressure.

The deposition rate is found to be at its highest and relatively constant at around 6A/ S
in the 750 -1000 mTorr pressure range and decreases at higher pressure ranges. Thus
the optimum pressure for film growth at 1000 mTorr, this was initially fixed for future

work.

At every point the deposition rate is measured by average thickness of the film and time
of deposition. The average thickness is provided by ellipsometry. The error in thickness
and deposition rate were estimated from standard deviation of data points in each film

but found to be small.

4.1.3 Absorption coefficient

The absorption coefficient of intrinsic a-Si:H deposited at various chamber pressures
and temperatures are shown in Figure 4.3 and Figure 4.4, respectively. The absorp-

tion coefficient over various wavelengths can be divided into three segments for better



54 Chapter 4 Amorphous and Microcrystalline layers

understanding.

In the region below 688 nm, the absorption coefficient relates to a band transition such
as transition between the extended states of the valence band and conduction band. In
this region the absorption coefficient is marginally higher at lower chamber pressures

and higher temperatures.

The absorption coefficient of deposited intrinsic a-Si:H at various chamber pressures
and deposition temperatures are shown in Figure 4.3 and Figure 4.4 respectively. At
lower pressure the absorption coefficients in the visible range is are better than that at
higher pressure Figure 4.4 shows absorption coeflicient obtained over different substrate
temperatures during film deposition The absorption coefficient of intrinsic a-Si:H is found
to increase with higher substrate or stage temperature. The absorption coefficient over

various wavelengths can be divided into three segments for better understanding.
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FIGURE 4.3: Absorption coefficient of intrinsic a-Si:H layers deposited as a function of
deposition pressure. The absorption coefficient is calculated from the optical data of
films analysed by ellipsometry.

In the region below 688 nm, the absorption coefficient relates to a band transition such
as transition between the extended states of the valence band and conduction band. In
this region absorption coefficient is marginally higher at lower chamber pressures and

higher temperatures.
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FIGURE 4.4: Absorption coefficient of intrinsic a-Si:H layers deposited as a function
of deposition temperature. The absorption coefficients are calculated from the optical
data of film analysed by ellipsometry.

In the region 688-826 nm, transitions involve the valence and conduction band tails and
this region is known as the Urbach edge. In this region, the absorption coefficient at
lower temperatures is decreasing. Similarly the absorption coefficient of films fabricated
at higher pressure have significantly lower absorption coefficients at the Urbach edge.
At higher wavelengths (above 826 nm) transitions involve the defect states (dangling
bonds), and at this region the absorption coefficient of film fabricated at 250 °C show
the highest absorption.

The substrate temperature is an important parameter in determining the quality of
silicon thin films because temperature controls the rate of surface reactions and the
growth rate, as well as the mobility of adatoms and thereby the crystallinity of the
silicon. Hydrogen incorporation can also be controlled by substrate temperature, and
this is also critical factor for surface mobility of the precursor. Substrate temperature is
often a trade-off between any increase in surface diffusion and the desorption of hydrogen
that leaves behind the un-passivated dangling bonds*?. We have carried out thin film
fabrication over a wide range of temperatures and found that 250 °C is the optimum

balance of deposition rate and hydrogen incorporation.
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FIGURE 4.5: Calculated optical absorption in individual intrinsic a-Si:H thin film de-
posited at different chamber pressures. A 10 nm p layer effect on absorption is included
in this data as in real pin device is always present.

Optimisation of the deposition conditions, to a first approximation, should focus on
maximising absorption in the intrinsic layer of a pin device. Figure 4.5 shows the calcu-
lated absorption in individual intrinsic layers deposited at different chamber pressures
whereas Figure 4.6 shows the calculated absorption as a function of the temperature
at which each layer is deposited. The absorption of p layer (window layer) was taken
into account as in real pin device and devices used in this report, always had p-layer.
Figure 4.5 shows that absorption at 1000 mTorr is higher, so this was determined as the
optimum value for future growth. With increasing substrate temperature absorption in

the resulting intrinsic film increases, (Figure 4.6).

Using optimum growth parameters, a thin intrinsic layer (for example 360 nm) shows
more than 90% absorption in the blue - green region (400 nm to 475 nm), while at higher
wavelengths in the visible range, there is noticeable decrease. In the yellow to red region
(570 nm to 650 nm) absorption reduces from 75% to 20% and lower. We could use a
100 nm thick layer in a multijunction device to collect the blue region effectively, but
100 nm cannot be used in a pin or nip device. A thick intrinsic a-Si:H layer (300 nm to
500 nm) can achieve more than 90% absorption in the green region. In the 650 nm to
800 nm range, intrinsic a-Si:H only absorbs 25% or less of light regardless of thickness,

this is the most challenging region for a-Si:H solar cells.
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FIGURE 4.6: Calculated optical absorption in individual intrinsic a-Si:H thin film de-
posited at different substrate temperatures. Absorption of a 10 nm p layer on absorption
is included in this data.

4.1.4 Bandgap and Urbach energy

The optical band-gap in intrinsic a-Si:H varies substantially with deposition conditions
and alloying. Deposition at low substrate temperatures can increase the bandgap in
a-Si:H, as a result of increased hydrogen incorporation in the film 9101 This effect is
shown in Figure 4.7. However, lower substrate temperature (<150°C) can form silicon
polyhydride powder due to the thermal enhancement of the surface diffusivity of adatoms
during growth, especially at higher temperature, where the silicon network is more ideal
and binds less hydrogen[98]. However higher temperatures (>350°C) can damage the

102

underlying layers of the solar cells'’* and damage the quality of material. This is due

to loss of hydrogen passivation of dangling bonds.

Figure 4.8 shows the optical band-gap of intrinsic a-Si:H as a function of chamber pres-
sure during PECVD growth. The band-gap increases slightly with increasing pressure.
The exponential slope of the The Urbach energy for device quality a-Si:H is 50 meV or
less. In this work, the Urbach energy is calculated from ellipsometric fitting model with

bandgap of the film.

Figure 4.9 shows the Urbach energy calculated from ellipsometry data. The Cody-

Lorentz oscillator is chosen to model absorption to determine Urbach energy. In this
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F1GURE 4.7: The optical bandgap of single intrinsic a-Si:H layers deposited as a function
of deposition temperature. Error bars are calculated from the fitting parameters of the
ellipsometric Cody Lorentz oscillator.

report Urbach energy for the sample is higher than the optimum value.

4.2 Electrical properties of intrinsic a-Si:H

In this report, the electrical properties of intrinsic a-SiH thin films were characterised
in terms of dark conductivity and photoconductivity, which is a general method to
understand information about the quality of thin films obtained by PECVD. The dark

conductivity of a-Si:H films is measured at room temperature under dark conditions.

A Keithley 2400 SourceMeter is used to apply voltage and measures the output current.
This process is carried out immediately after PECVD film deposition so represent initial
values. A voltage of 10V is applied to 1 mm wide and 50 mm long intrinsic a-Si:H film.
Generally the dark conductivity of device quality intrinsic a-Si:H should be less thanl x

10710 O~ tem™! for efficient solar cell application.
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FI1GURE 4.8: The optical bandgap of intrinsic a-Si:H layers deposited as a function of
chamber pressure. Error bars are calculated from fitting parameters ellipsometric Cody
Lorentz oscillator.

The photo-conductivity of intrinsic a-Si:H thin films is determined by illuminating the
sample under AM1.5 illumination. The Photoconductivity is measured at room temper-
ature with 100 mW cm2 of power from an Abet Sun 3000 Class AAA solar simulator.
For the solar cell device quality, the photo-conductivity of intrinsic a-Si:H film should
be greater than 1x 107° Q@ tem™!.

Figure 4.10 shows the dark photoconductivity and photoconductivity of a-Si:H as a
function of pressure. It is seen that the photo conductivity and dark conductivity of the
thin film show a linear decreasing with increasing pressure, although this slight change
is very small in both curves. However the dierence between dark and photoconductivity
is almost constant at every pressure, which suggests that the chamber pressure does
not significantly affect the photo-response (the ratio of the photoconductivity and dark
conductivity) of the film. The maximum photo-response is shown when 1000 mTorr

pressure is used during film growth. .

Figure 4.11 shows the dark and photo-conductivity as a function of temperature. It is
found that both dark and photoconductivity significantly increase with higher tempera-

ture. This increase is not linear but a clear trend can be observed. At low temperature,



60 Chapter 4 Amorphous and Microcrystalline layers

0.12
—
= 0.10
(O]
g
~
> ~
(®)) E \\i L)
= ~
(O] ~
C  0.08 + ~
(O] ™~
™
e
3] [ R
® ~.
o)
—~ 0.06 A E
-
0.04 T T T T T
100 150 200 250 300 350 400

Temperature (°C)

F1GURE 4.9: Urbach energy of intrinsic a-Si:H layers as a function of substrate tem-
perature. Single point are linearly fitted.

the dark conductivity and photo-conductivity are very close to each other and hence
photo- response of the film is very small. It is likely that at low temperatures the film
quality starts to deteriorate due to void fraction and defect density. The photo-response
is constant in the temperature range of 200-300°C but higher temperatures degrade the

material quality as a result of the loss of hydrogen passivation of the dangling bonds'%°.

4.3 Optimisation of doped a-Si:H layers

Doping of a-Si:H layers has been optimised in two stages. In the first stage, initial
depositions are made to check the doping efficiency of dopant gas. Both p-type and
n-type films were deposited using the conditions established for intrinsic a-Si:H but
with the addition of dopant gases. So, each doped film was deposited under 1000 mTorr
pressure at 250 °C and with 10 watt of RF power. The first experiments were carried out
before argon was found to be detrimental to film deposition. So, in this case although
a flow of 25 scem silane and 475 sccm of Argon was used. A number of n-type doped

films are deposited with different phosphine ratios from 0.4% to 12% to determine the
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FIGURE 4.10: Dark conductivity and photoconductivity of intrinsic a-Si:H films de-
posited as a function of pressure.

quality doping. The room temperature electrical conductivity measurements of n doped

films are shown in Figure Figure 4.12.

We have observed that conductivity of n doped films increases when there is a decrease
in phosphine ratio in phosphine ratio in the source gas. The high value of 4.8 x 1073
photoconductivity is found at 0.4% phosphine to silane ratio. At one position on a 50
by 50 mm film was found to be as high as 1.6 x 10~! which is in close agreement with
published work '3, The value of dark conductivity at 0.4% phosphine ratio is measured
at 2.41 x 1073,

The room temperature conductivity of p-type doped films is shown in Figure 4.13. Unlike
n-type doped film, p doped films shows higher conductivity at high doping concentration
which is found at 2% diborane ratio. The highest photoconductivity found was 1.5 X
1073, At this point, the dark conductivity is almost same at 1.4 x 1073,

In the second stage, more detailed study of the doped layer have been performed. The
amount of silane gas is increased from 25 sccm to 50 sccm and Instead of Ar, Hy is
used. The 5 minutes of deposition time for n-type layers is kept constant. The dopant

gas is varied from 1 sccm to 10 scem at different deposition pressures while keeping RF
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FIGURE 4.11: Dark and photoconductivity of intrinsic a-Si:H films deposited as a
function of temperature.

power and temperature constant. The dopant gas percentage in comparison with silane

is explained in following table(4.1).

Silane Used (sccm) Doped Gas Used (sccm) Doping Percentage (%)

50 1 0.2
50 2 0.4
50 3 0.6
50 4 0.8
50 5 1.0
50 6 1.2
50 7 1.4
50 8 1.6
50 9 1.8
50 10 2.0
50 11 2.2
50 13 24

TABLE 4.1: Doping gas percentage during PECVD deposition of p-type and n-type
a-Si:H layers

The dark conductivity measurement of for all n type layers is shown in Figure 4.15. At

lower PH3 dopant percentage, the dark conductivity of the n-type layers is almost the
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FIGURE 4.12: Room temperature conductivity of n-type a-Si:H layers as a function of
doping ratio.

same as for the intrinsic regions. At higher PH3 percentage, , the dark conductivity is
dependent on chamber pressure. At lower pressures, dark conductivity is higher and at
higher pressures, it is low. At lower pressures, dark conductivity is roughly uniform for
increasing dopant ratio, at higher pressures it is uniformly decreasing. It is observed that
chamber pressure during deposition is an important factor controlling the conductivity

of n-type layers.

The photoconductivity of n-type layers is shown in Figure 4.15. The photoconductivity
also seems to be dependent on chamber pressure. Overall photo-conductivity is lower
for higher pressures and found higher at lower pressures. Lower dopant percentages and
higher dopant percentages both produce low photo conductive layers. At 0.4% of PHs,

the photoconductivity is the same for all layers at every pressure value.

It can also be observed in Figure 3.14 and Figure 3.15 that dark and photoconductivity
of n-type layers overlap each other and their photoresponse is very low. Therefore these
doped layers cannot participate in photo generation when used in a solar cell device.

The conductivity of n-type layers is very high as compared to intrinsic layers; therefore
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FI1GURE 4.13: Room temperature conductivity of p-type a-Si:H layers as a function of
doping ratio.

they are suitable for use on the back contact and will contribute to forming the built-in

electric field for carrier collection.

It can also be observed in Figure 4.14 and Figure 4.15 that dark and photoconductivity
of n-type layers overlap each other and their photo response is very low, in the order of
1000 or less. Therefore these doped layers cannot participate in photo generation when
used in solar cell device. The conductivity of n-type layers is very high as compared
to intrinsic layers; therefore they are suitable for use on the back contact and will also

contribute in built-in electric field for carrier collection.

As n-type layers will always be the cause of parasitic absorption, the thickness is very
important in device formation, the optimum process should provide maximum control
of thickness parasitic absorption while ensuring that the electrical properties are main-
tained. The deposition rate of n-type layers for different PH3 dopant ratio is shown in
Figure 4.16.

At low chamber pressures, the effect of increasing the dopant content is relatively small.
However this effect is large at high pressure. At low pressure, the dark conductivity

is roughly proportional to the boron concentration which is shown in Figure 4.17. At
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FIGURE 4.14: Room temperature dark conductivity of n type layers deposited with
increasing dopant percentage at four different pressure points.

higher values of chamber pressures, dark conductivities only gradually increase, The
value of dark conductivity levels at higher boron dopant levels this suggests the doping

limit of boron.

The photoconductivity of p-type layers does not vary significantly with boron dopant
concentrations. The photoconductivity of p-type layers lies between 10 = and 1074
~lem ~!. Chamber pressure is the parameter upon which the photoconductivity of the
p-type mostly depends, however at very low pressure some slight variations with dopant
content can be observed. We can also see that boron doping is efficient, resulting in
p-type layers which are very active so that normal room temperature photoconductivity
measurements are unable to determine any noticeable change or variations in the layers
As the thickness of p-type film is one of the most decisive factors, therefore it is the

optimisation of thickness control that is most important.

We know that in an operational device, light enters through the p-type layer. Thicker
layers can absorb a large proportion of the incoming spectrum, it is therefore an essen-
tial requirement that thickness of p-type layer should be kept as low as possible without
compromising its conductivity. We have already found that at every doping concen-

tration, photo-conductivity is similar. The actual test of p-type layer in device is only
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F1GURE 4.15: Room temperature photoconductivity of n type layers deposited with
increasing dopant percentage at four different four pressures.

possible when checked in an actual device.

The quality of doped a-Si:H layers has also been tested through Secondary Ion Mass
Spectrometry (SIMS) measurements, which provide accurate depth profiles. Substrate
and surface roughness play a large role in aecting the depth resolution of SIMS depth

profiles 194

. Therefore doped layers with different film thicknesses were deposited on plain
glass substrates which have negligible roughness. The SIMS Measurement was carried
out by Loughborough Surface Analysis Ltd and the SIMS data of n-type film is shown in
Figure 4.20. The SIMS data shows identical initial noise at zero depth. The phosphine
concentration through the entire film thickness is found to be constant. At 0.8% of
phosphine flow, the atomic concentration is found in the range of 110%! atoms/cm? is
slightly improved when the phosphine flow is increased to 1.2%. As expected, high
concentrations of phosphine are found when dopant flow is high which in our case is 2%.
The n-type film thickness for each substrate independently measured using ellipsometry

also is now verified by SIMS profile depth.

The SIMS depth profile of boron in p-doped a-Si:H films deposited on glass substrates

with three different film thickness is shown in Figure 4.20. The distinct concentration
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FIGURE 4.16: Deposition rate of n-type layers at various pressures mapped with respect
to increasing dopant percentage.

profiles of the p-type layers with different boron dopant flow is clear. With higher dopant
flow, the atomic concentration is increasing to higher level. All three p doped layers show
atomic concentration in the range of 10%° and 102! atoms/cm?. Independently measured
film thickness is also verified by the SIMS depth profile. The noise at the higher depth

simply verifies that doped film thickness has been crossed.

4.4 Intrinsic Microcrystalline Silicon layers

Microcrystalline silicon (pc-Si:H) entered in photovoltaics due to drawbacks in stan-
dard silicon photovoltaic technology. Those drawbacks are high energy manufacturing
processes, material wastage during processing, much thicker absorber materials than
are needed optically, and the difficulties in large area module fabrication. However, for
standard crystalline silicon photovoltaics, the conversion efficiencies are high and based
on a well advanced technology that is already commercially established. A series of
difficult challenges must be met in order to significantly reduce the cost or increase the
efficiency of crystalline silicon modules. The thin film silicon solar cell on glass is a strat-

egy to address many of the issues effectively. By using thin film technology, the material



68 Chapter 4 Amorphous and Microcrystalline layers

104
N A
£ A 87 N
o - B e
7 ©) =)
Q o v o /}z o
; O _.//
E 10-5 Ao O ............................. v ‘//. .................................................................
s : 77 T
5 v g
c Ve g
8 // — -0 —  325mT
o / P Type layers O 350mT
— ./ v 375mT
CDU — = —  400mT
10-6 T T T T T T T
0.2 0.8 1.2 1.6 20 2.2 24

BoHg - Dopant ( %)

FIGURE 4.17: Room temperature Dark conductivity of p-type layers deposited with
increasing dopant percentage at different four pressure points.

quantity can be reduced significantly. The thin film technology could be sufficient to
complete with standard crystalline silicon in respect to solar light absorption. The ma-
terial consumption can reduced along with the process temperatures and can therefore
allow low-cost substrates which in turn allow easy large area fabrication and integration
into different modules. A-Si:H and its alloys with germanium and carbon are already
commercial materials in microelectronics, and thin film technologies associated with this
materials is mature but also has far to go to capture a significant share of PV market.
Currently the best way of using pc-Si:H in photovoltaics is in a tandem or multijunction
solar cell with amorphous silicon. The current approach is to use pc-Si:H as a low band
gap red absorber together with an amorphous silicon in a tandem (or triple) cell de-
sign. To be able to reduce the layer thickness further, light scattering and light trapping
techniques gained much importance in pc-Si:H based solar cells and an active subject
of current research'%. Advanced light-trapping in combination with novel recrystalliza-
tion schemes could provide thin deposited silicon layers with optoelectronic properties
similar to those of C-Si. This convergence of C-Si and thin film silicon technologies is
perhaps one of the most likely disruptive PV technologies that could ultimately replace

C-Si as the commercially dominant technology.
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FIGURE 4.18: Room temperature photoconductivity of p type layers deposited with
increasing dopant percentage at four different pressures.

4.4.1 Deposition techniques

The technology for manufacturing microcrystalline silicon layer and solar cells is virtu-
ally the same as for amorphous silicon which is discussed in (section 2.7). Using this
same technology a different quality material can be obtained. The pc-Si:H deposition
technologies are PECVD, VHF-glow discharge, microwave plasma deposition and hot-
wire deposition. As pc-Si:H solar cells need a thicker layer of several micron as com-
pared to a-Si:H, the high deposition rate is a crucial industrial demand which should be

fulfilled in order to be successful in photovoltaic market.

The technology for manufacturing microcrystalline silicon layer and solar cells is virtu-
ally the same as for amorphous silicon which is discussed in (section 2.7). Using this
same technology a different quality material can be obtained. The uc-Si:H deposition
technologies are PECVD, VHF-glow discharge, microwave plasma deposition and hot-
wire deposition. As uc-Si:H solar cells need a thicker layer of several micron as compared
to a-Si:H, the high deposition rate is a crucial industrial demand which should be fulfilled

in order to be successful in photovoltaic market.
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FIGURE 4.19: SIMS depth profile of phosphine in n-doped a-Si:H films deposited on
glass substrates.
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F1GURE 4.20: SIMS depth profile of boron in p-doped a-Si:H films deposited on glass
substrates.
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4.4.2 Growth and micro structure of uc-Si:H

The atomic hydrogen plays an important role in the growth of puc-Si:H as high hydrogen
dilution increases the crystallinity of the film®®. Since high hydrogen dilution induces a
slow deposition, a different interpretation of pc-Si:H formation mechanism is very essen-
tial. The microstructure of puc-Si:H is composed of nanocrystals of diameter ranging 10
to 20 nm embedded in amorphous silicon. This combination of uc-Si:H with amorphous
silicon is separated by grain boundaries and/or cracks as shown in Figure 4.21. Optical
emission spectroscopy measurements confirm that there exists a threshold for atomic
hydrogen flux density to the growing surface but its amount depends on other depo-
sition conditions'? therefore the microstructure of pc-Si:H depends on the fabrication
conditions and ultimately on the underlying substrate on which nucleation and then

growth take? 107,

FI1GURE 4.21: Schematic evolution of the microstructure of microcrystalline silicon lay-

ers as a function of crystallinity. Nanocrystallites of silicon are white in this sketch,

whereas amorphous silicon is grey. The increasing thickness is a schematic represen-

tation of the increasing growth rate of microcrystalline silicon with decreasing crys-
tallinity .

The growth of pc-Si:H can be controlled by an important parameter called the nucleation
density which mainly depends on the chemical nature of the substrate and local epitaxy?.
Like a-Si:H, the radical SiHg is the mail film precursor in the formation of uc-Si:H.
Atomic hydrogen plays a vital role in the crystal formation of uc-Si:H and at higher

%6 The sticking probability of SiHs does not

56

temperature films become amorphous

depend on temperature but reflection probability does depend on temperature

Three models have been proposed to explain the specific phenomenon in the formation
of pc-Si:H, as no single model sufficiently explains all formation mechanisms!%®. The
first model is the surface diffusion model'*? and according to this, a high atomic hydro-
gen flux from the plasma results in full surface coverage by bonded hydrogen and this
creates local heating through hydrogen-exchange reactions on the film-growing surface.
This develops the surface diusion of film precursors SiHs and as a result, SiH3 adsorbed
on the growing surface always find energetically favourable sites, leading to the forma-
tion of atomically ordered structure (nucleus formation). After the formation of nuclei,

epitaxial-like crystal growth takes place with enhanced surface diffusion of SiHz?%:!19.
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The second is the etching model''! which explain that puc-Si:H film-growth rate is re-
duced with an increase of the hydrogen dilution. Atomic H reaching the film-growing
surface breaks Si-Si bonds, the preferentially weak bonds involved in the amorphous
net- work structure, leading to a removal of Si atoms that are weakly bonded to other
Si atoms and this site is replaced with a new film precursor, SiHg, which forms a rigid
and strong Si-Si bond, giving rise to an ordered structure®®.

The third model is the chemical annealing model ''? which suggests that crystal forma-
tion during hydrogen plasma treatment as due to many hydrogen atoms permeating into
the subsurface (growth zone) and causing the crystallization of the amorphous network
through the formation of a flexible network, when there is a sufficient amount of atomic

hydrogen in the subsurface region, and without significant removal of Si atoms?S.

In this report, all intrinsic c-Si:H film were fabricated on PECVD system and now
we will discuss some data and results. These depositions were the first carried out at
Southampton using the OPT PECVD tool.

4.4.3 Deposition rate

The deposition rate is one of the crucial factors which limits the wide industrialization
of pc-Si:H based solar cells. In in very advanced research facilities current deposition
rate falls in 5-10 A /sec category and normal PECVD growth rate is 1-5 A /sec range.
Figure 6.2 and Figure 4.22 show the deposition rates for intrinsic pc-Si:H grown for
this report as an initial study. The deposition rate during constant temperature of 250
°C and pressure of 1000 mTorr with increasing power does not vary significantly and
remains in 1.40-1.41 A/ sec range. When plasma power of 30 W, substrate temperature
of 250 °C, and chamber pressure of 1000 mTorr and 7% silane concentration are set, the
deposition rate goes to the higher value of 3.63 A/sec. The second highest deposition

rate of 2.66 A /sec is achieved at 5% silane concentration as shown in Figure 4.23.

The deposition rate is one of the crucial factors which limits the wide industrialization
of pc-Si:H based solar cells. In in very advanced research facilities current deposition
rate falls in 5 - 10 A /sec category and normal PECVD growth rate is 1-5 °A /sec range.
Figure 4.22 and Figure 4.23 show the deposition rates for intrinsic pc-Si:H grown for

this report as an initial study.

This variation in deposition rate might be influenced by the ion bombardment by the
plasma in certain situations. It is found that for some time ions play a beneficial role
and sometime its plays as disruptive role during the growth of pc-Si:H'%6 The deposition
of puc-Si:H deposition by PECVD is slow as compared with the VHF growth technique ,
because the excitation frequency for growth is increased from 13.56 MHz to a range of 30-

300 MHz. Its seems that due to softer but more intense ion bombardment on growing
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FI1GURE 4.22: The deposition rate of intrinsic pc-Si:H as a function of increasing RF
power during deposition in PECVD. The dashed line is a linear fitting to scattered data
points to view the general trend of deposition rate.
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FIGURE 4.23: The deposition rate for intrinsic uc-Si:H as a function of silane concen-
tration during deposition in PECVD. The dashed line is a linear fitting to scattered
data points to view the general trend of deposition rate.
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surface , the VHF process favours the c-Si:H as compared to conventional PECVD

deposition?.

4.4.4 Bandgap Energy

The bandgap energy of intrinsic pc-Si:H is shown in Figure Figure 4.24 and Figure 4.25.
In the first films deposited films it is found that there is constant change in bandgap en-
ergy when the RF power is increasing from 30 to 40W as the material is varying mixture
of amorphous and microcrystalline silicon. Initial growth at low power is also showing
a high band gap. The possible reason for this behaviour is the improper ellipsometry
model from which optical data has been calculated as at the start it was very difficult to

find the correct model for pc-Si:H because of the complex mixed nature of the material

Bandgap (eV)

0.8 A

24 26 28 30 32 34 36 38 40 42

Power (watt)

FIGURE 4.24: Bandgap energy of intrinsic pc-Si:H as a function of increasing plasma
power.

The bandgap energy is found to increase with silane concentration though this change
is not linear. At 4% silane concentration, the material is found to be more crystalline

in nature.

4.4.5 Electronic properties

The dark conductivity and photoconductivity are measured at room temperature shortly

after the deposition and results are shown in Figure 4.26 and Figure 4.27 as a function
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FI1GURE 4.25: Bandgap energy of intrinsic puc-Si:H as a function of increasing silane
concentration. The bandgap data points are linearly fitted to indicate trend-line to
generalized bandgap dependency on silane gas during deposition.

of plasma power and silane concentration, respectively.

It is found that the photoresponse of uc-Si:H is constant for plasma powers from 25 W to
40 W, while the magnitude of the photoresponse found to be smaller. The dark and pho-
toconductivity both are decreasing with increasing power. This decrease could be due to
local temperature increase because of increasing plasma power. Similarly the photocur-
rent was found to be similar for different silane concentrations, while photoconductivity

and dark conductivity show a slight increase in magnitude.

4.4.6 Raman Spectroscopy

The Raman spectra of the grown intrinsic puc-Si:H films at wavelength of 532 nm are
obtained using Renishaw inVia Raman Microscope system and are shown in Figure 4.28
and Figure 4.29. All spectra show a sharp peak at 520 cm ™! suggesting that all grown
layers are strongly crystalline in nature. It is found that increasing power, produces
longer and sharper peaks in spectra as shown in Figure 4.28. With every sharp peak,
there is one additional broad peak associated at 480 cm™!, this suggests the presence of
a-Si:H in the thin crystalline film. One spectra from the intrinsic a-Si:H film is showing

a broad peak near 480 cm™! which is also included for reference. We can observe the
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FI1GURE 4.26: The room temperature dark and photoconductivity of intrinsic pc-Si:H

as a function of plasma deposition power in PECVD.
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same kind of behaviour in films fabricated with different silane concentrations as shown

in Figure 4.29.
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FIGURE 4.28: The Raman spectra of intrinsic pc-Si:H thin film deposited as a function
of power in a PECVD system identify the crystal nature of the film. These spectra are
generated at laser excitation wavelength of 532 nm.
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FIGURE 4.29: The Raman spectra of intrinsic pc-Si:H thin film deposited as a function
of silane concentration in a PECVD system to identify the crystal nature of the film.
These spectra are generated at laser excitation wavelength of 532 nm.

The measured Raman data is used to calculate the crystal volume present in film and this

is done by fitting spectra using a Gaussian fitting method 3114, as shown in Figure 4.30.
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FIGURE 4.30: Gaussian fit to the Raman spectra of intrinsic pc-Si:H thin film. The
doted line shows the original Raman data, pink line shows the overall fitting and red
lines show individual Gaussian

The fitted data has been divided into three park peaks as shown. The first peak near
521 cm~! indicates crystalline features. The second peak at 510 cm™! represents a
mixture of amorphous-crystalline features in film. The third broad peak near 480 cm ™!
represents the pure amorphous in the film, where the breadth of the feature is indicative
of a diversity of Si-Si bond lengths and bond angles. It is noted that the presence of a
broad amorphous peak is a dominating feature in the film. The degree of crystallinity
in pc-Si:H film is estimated by the crystal volume fraction (X.) from the Raman spectra

using the equation 4.111°:

I
Xe= 5D (4.1)

Where I, is the combined area of sharp peaks at 520 cm™! and 510 cm ™' and I, is the
area of broad peak at 480 cm~!. The table (4.2)shows crystal volume of of pc-Si:H thin

films at various silane ratio during PECVD deposition.

Silane Ratio (%) Crystal Volume (%)

7 34.18 £ 1.99
6 33.60 £ 0.93
5 32.20 £ 1.90
4 18.36 £+ 2.50
3 25.33 £ 2.10

TABLE 4.2: Estimated crystal volumes of pc-Si:H thin films at various silane ratio
during PECVD deposition
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The results in table (4.2) are in close agreement with the result published elsewhere !14:116,

It is noted that bandgap of pc-Si:H has correlation with crystal volume as shown in Fig-
ure 4.31. It is may have indicated that crystallinity of pc-Si:H may increase with decrease

in the bandgap.

4.5 Summary

The device-grade single a-Si:H layers have been characterised optically and electrically,
using different characterisation methods. It is found that thickness profile of PECVD
deposited single layers is uniform and deposited layers have good uniformity. Deposition
rates can be effectively controlled by chamber pressure, RF power and gas flow. It is also
observed that intrinsic a-Si:H layers showed excellent optical absorption in the visible
range. The optical absorption is also tested for chamber pressure and table temperature
variations in order to get optimised control parameters. The simple simulated absorption
spectra confirmed that intrinsic layers can absorb 90% of incoming visible spectrum.
The band-gap and Urbach energy of intrinsic layers can be tuned accordingly. It is also

verified that chamber pressure has little effect on band-gap to intrinsic layers.

The room temperature conductivity measurement verified that deposited intrinsic layers
are device grade as photoresponse (ratio of the photoconductivity and dark conductivity)
is found in the order 103 - 10* at different deposition conditions. The dark conductivity
of deposited intrinsic layers measured in ranges which are less than 1 1010 lcm 1
requirement. Similarly photoconductivity of deposited intrinsic layer found the range 1
x 107* ©Q ~lem ~! which is higher than the required x 1075 Q ~!cm ~L

The p-type and n-type a-Si:H films are found highly doped such as 10?! atoms/cm?® and
10?2 atoms/cm3 respectively which are in excellent agreement required for device grade
doped layer. The thickness of thin doped films are independently verified by ellipsometry

and SIMS and demonstrated effective control which is essential for device fabrication.

It is observed that pc-Si:H deposition can be achieved using the deposition parameter
baseline of a-Si:H. It is found that bandgap of intrinsic uc-Si:H can be tuned heavily by
using appropriate silane concentration with low dependency to RF power. It is found
that electrical conductivity of puc-Si:H films loosely depend on silane concentration but
heavily depend on RF power. The photoconductivity to dark conductivity ratio always
remains in the same range, which suggests that those layers are device grade. The
Raman spectroscopy data and their Gaussian fitting demonstrate that 18 to 34% crystal
volume is present in each film and this crystal nature depends on silane ratio. This
crystallinity percentage of puc-Si:H suggest that, there is still room for improvement
in this regards. Nevertheless the capability has been of value to the Southampton
Nanofabrciation Centre, particularly in the study of light-trapping effects for C-Si like
thin films.



Chapter 5
Single Junction Devices

In this chapter, the effects of varying the deposition conditions on the energy conver-
sion efficiencies of single junction thin film silicon solar cells are discussed. The single
layer deposition parameters from previous chapters are applied in complete devices as a
starting point to device optimisation. Solar cells devices are deposited using the Oxford
Instruments Plasmal.ab System 100 on to Pilkington TEC-8 TCO glass, and thoroughly
investigated by electrical characterisation. For device performance, the deposition condi-
tions, including substrate temperature, gas flow rates, RF power, chamber pressure and
film thickness are all interrelated and here all are explored to determine the optimum

cell performance.

In this chapter all measurements for single junction devices are initial properties of cells,
measured before any light induced degradation and every effort was made to ensure all

fabrication, characterisation and fitting procedures were performed consistently.

5.1 Chamber pressure effects

The deposition parameters for initial single junction pin a-S:H devices based on single
layer optimisation processes described in chapter 3. It was decided to use following

parameters (table 5.1) while varying the chamber pressure.

TABLE 5.1: Initial deposition parameters for single junction pin a-Si:H devices

Layer type | RF Power | Temp. | Thickness | Silane Flow | Argon Flow
- (W) (°C) (nm) (scem) (scem)
P 10 250 10 25 475
I 10 250 370 25 475
N 10 250 45 25 475

81
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The chamber pressure was varied between 300 m'T and 1000 mT and the result of these
experiments are shown in Figure 5.1. It observed that the variations in chamber pressure
affect every characterisation parameter specifically short circuit current density (Jsc),
fill factor (FF), open circuit voltage (V oc) and efficiency. Improvements to all device
characterisation parameters are observed when the deposition chamber pressure is at
lower values. At higher pressure such 1000 mT, 370 nm of an intrinsic layer takes 11
minutes which is relatively fast when compared with same thickness deposited under low
chamber pressure such as 300 mT which takes 16 minutes. In industry, lower deposition
rate may not be beneficial in terms of time but in this case it has positive effects on
device performance. As shown in Figure 5.1, the short current density photo current
has been enhanced by 7 times. There are also considerable improvements in FF, V¢

and the final efficiency of the device.

During the deposition of a-Si:H , the initial growth process that takes place, is the
electron-impact dissociation of source gas material into monosilane (SiH4) and monosilane-
hydrogen glow discharge plasma in excited state which spontaneously dissociate to rad-
icals such as SiHs, SiHs, SiH, Si and others®®. The higher order silane radical SiHj
is the dominant chemical species for a-S:H growth®6. At higher chamber pressure, the
deposition rate of the film also tends to increase. When silane pressure is increased, the
amount of those higher order radicals in the plasma is known to increase, while short
life-radicals SiHs, SiH, Si contribute to the film growth under silane depletion conditions
in such a way that it cause changes in film growth precursor and on the growth surface
resulting in inferior film properties''”. There are other related deposition parameters

aecting device quality in addition to the higher deposition rate.

5.2 The effect of hydrogen and argon

In the previous section, during device deposition only argon was used with silane source
gas to assist plasma generation. In this section, devices with and without argon and
hydrogen dilution are discussed. The Hy dilution is defined as R = [Ha]/[SiH4], where
brackets indicate flow rate of the gas. The gas flow rate arrangements for the deposition
of the intrinsic layer of the single junction pin a-Si:H devices are shown in the table 5.2,

whereas the rest of the deposition parameters are provided in table 5.3.

TABLE 5.2: Dilution ratio of silane and hydrogen with argon flow for the deposition of
the intrinsic layer in the single junction pin a-Si:H devices

Silane Flow | Ho Flow | Argon Flow | Dilution Ratio
(scem) (scem) (scem) R
50 50 0 1
25 25 100 1
25 0 475 0
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TABLE 5.3: Deposition parameters for single junction pin a-Si:H devices deposited with
varied Ho dilution and argon

Layer type | RF Power | Temp. | Thickness | Silane Flow | Hy Flow
- (W) (°C) (nm) (scem) (scem)
P 10 250 10 25 25
I 10 250 400 - -
N 10 250 45 25 25

The resultant solar cell characterisation parameters are shown in Figure 5.2. Hy dilution
and argon dilution both have altered the short-circuit current density of the device. In
the presence of both Ho and argon short-circuit current density is enhanced while if
argon is completely removed from the chamber and the Hs is not changed, the short-
circuit current density is further increased. This is an indication that argon plasma is

detrimental to the film growth process.

Argon plasma has a strong effect on the FF of the device however, the level of dilution
with Hy does not alter the FF' of the device significantly. Ho dilution does not change
the F'F. While the absence of argon during the deposition process, increases the FF' from
0.53. On the other hand V¢ remains unchanged for both levels of argon dilution but
decreases from 0.81 V to 0.75V when argon is removed. The reduction in V oc may be
attributed to the properties of the doped layers which are discussed later in this chapter.
Device deposited with argon have maximum efficiencies of 2.5%. In the presence of both
Hs and argon diluted silane the devices efficiency goes to 3.5%. The devices deposited in
the absence of argon in the source gas increases the efficiency to 4%. This indicates that

just by removing argon, device efficiency increased almost double of its original value.

It is a well-known fact that during a-S:H deposition, Hy diluted silane source gas mixture
has been found to reduce the density of defect state and also improve the stability of

6,118,119

material against light degradation effects These effects of Hy dilution during

growth are due to some interactions which are:

1. Atomic hydrogen tending to remove weaker bonds which are not bonded in ener-

getically strong locations;

2. The surface diffusivity of adatoms is promoted by high stream of atomic H2 so

that they can occupy electronically stable positions;

3. Reconstruction of the atomic network due to the diusion of atomic H2, with a

strong and more stable structure.

The devices discussed in this section may not be showing that strong effect of Ho dilu-
tion as here only one kind of dilution is mentioned which is 1R (where R=[Hz]/[SiH4]).

The strong effect of Hy dilution is more visible when dilution value goes to more then
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10R'2%121 " On the other hand, in this work, it was found that argon dilution actually
deteriorates the FF and Jgo of single junction pin a-S:H solar cell. Some experimental
work by others clearly show that the introduction of argon deteriorates the crystallinity
of nanocrystalline silicon (nc-Si:H) and increased flow rate adversely affects the crys-
tallisation of films''”. The basic principle of the deposition of nc-Si:H film and a-Si:H

is the same, therefore a similar kind of mechanism may also be applied to a-S:H films.

5.3 RF power effects

In PECVD, a higher RF power increases the plasma excitation which in turn increases
the deposition rate, but this also results in higher defect densities in the film. By staying
within the ideal range, and obtaining higher deposition rate, it is essential to find the
safe range of RF power levels where the lowest defect densities are produced in the film
occur. In this work, during a-Si:H solar cell growth, RF power was varied from 10W to

25W, while other deposition parameters remained unchanged as described in table 5.4.

TABLE 5.4: Deposition parameters for single junction pin a-Si:H devices deposited with
varied RF Power

Layer type | Pressure | Temp. | Thickness | Silane Flow | He Flow
- (mT) (°0) (nm) (scem) (scem)
P 350 250 10 25 25
| 350 250 400 50 50
N 350 250 45 25 25

The resultant performance of a-Si:H devices, fabricated with RF power variations are
shown in Figure 5.3. One thing which is clearly shown in these results is that higher
RF powera degrades the device performance in accordance with the likely degeneration
of high defect densities in the intrinsic layer. It is concluded that at the deposition
temperate of 250°C, the maximum RF power must be less than 25W if using other

similar deposition conditions.

As mentioned earlier, during plasma deposition, silane molecules decompose into rad-
icals SiH3, SiHy, SiH, Si and H, and SiH4 is the most predominant film precursor in
PECVD process'??. The contribution of other radicals to the main deposition process
may be small but they do influence electronic properties remarkably %6, The relation-
ship between deposition rate of the intrinsic a-Si:H film on the F'F' of the device is shown
in Figure 5.4, It is observed that as deposition rate is increased, the FF' of the device

decreases.

On the basis of results shown in Figure 5.3 and Figure 5.4, and experimental work

106,117,122,123 " one can argue that SiHy radical density increases with higher

by others
deposition rate under conventional PECVD method resulting in a decrease in the solar

cell efficiency. The V¢ seems to be unaffected during RF power variations. It suggested
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that high RF power has no effect on doped layers. If SiHs radicals could be suppressed
by proper deposition conditions, the PECVD tool could grow high quality a-Si:H devices
at higher deposition rates without upgrading the system.

5.4 Intrinsic layer thickness

The intrinsic layer thickness is fundamental in determining the performance of the pho-
tovoltaic device. It is this layer in which, the absorption of photons occurs and so the
layer must exhibit exceptional intrinsic properties such as a small dark/photo conduc-
tivity ratio. A peak in performance with layer thickness will exist for this layer; if it is
too thin then absorption will be reduced and Igc will suffer, whilst if it is too wide then
the electric field will be reduced causing impaired V¢ and reduced carrier collection

and Igc.

Contamination of amorphous silicon with impurities can also detrimentally affect the
performance of this layer, resulting in significantly impaired photocurrents, regardless
of other conditions. It is therefore essential that the deposition chamber is clean of all
metal and other contamination, and dopant gases sufficiently cleared from the chamber

using flows of inert gas after the doped layers.
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TABLE 5.5: Deposition parameters for single junction pin a-Si:H devices deposited with
varied intrinsic thickness
Layer type Pressure | Temp. | RF | Silane Flow | Hy Flow
- (mT) (°C) | (W) (scem) (scem)
P,Tand N 350 250 10 50 50

To see the effect of intrinsic layer quality on overall device performance and individual
characterisation parameter, devices were made according to deposition parameters de-
scribed in table 5.5. One can immediately find from results shown in Figure 5.5 that for
single junction pin a-Si:H cell, the maximum intrinsic layer should not be more than 400
nm where short-circuit current density is at maximum value. Under normal conditions,
without employing light capturing techniques, or a buffer layer, for these particular set

of devices it was found that intrinsic thickness from 350 nm 400 nm works best.

The FF of a-Si:H solar cell in intrinsic thickness variation drops just below 0.5 for
thinner layers, for all other thickness it remained more than 0.5 and rose to a maximum
of 0.622 which is the second highest achieved during this work. The V¢ of devices
mostly depends on the doped layers which were kept constant during all experiments
on the intrinsic layers, however V¢ is weakly dependant on absorber layer thickness as

mentioned in chapter 2.

In this section, we have found that the V¢ of devices varied between 0.75 V and 0.81 V
for different thicknesses. These variations could be attributed to deposition conditions,
deposition chamber contamination or thickness uncertainties with the doped layer which
are deposited for very short time due to higher deposition rate. The uncertainties in

thickness of doped layers are further discussed later in this chapter.

As expected the efficiencies of the single junction a-Si:H devices vary significantly with
thickness. We have found that at intrinsic layer thicknesses of 300 nm, the device
efficiency is a little over 3%, the efficeny increase to 6.23% at 370 nm of intrinsic layer

thickness, and from there efficiency decreases with 5% at 450nm of intrinsic layer.

5.5 Doped layers optimisation

The a-Si:H solar cell is a sandwich of an intrinsic layer between two doped layers of are
p-type and the n-type a-Si:H. These highly conductive layers produce the electric field
required to collect the photo-generated carriers and also provide a suitable interface for
the formation of external contacts to transport current out of the cell. We will discuss

the optimisation of both layers in turn.



Chapter 5 Single Junction Devices 91

5.5.1 The p-type layer of the device

The p-type layer thickness is fundamental in determining the performance of the a-
Si:H based photovoltaic device. As light enters via this layer, the device performance is
very sensitive to any thickness variations. It is always recommended that p-type layer
must be kept as thin as possible whilst retaining an adequate ability to provide charge
carrier separation together with the n-type layer at the rear of the device. During a- Si:H
device fabrication, p-layer optimisation has been performed by varying dopant flow rates,
using different combinations of gases, and using different film thickness. During these
optimisations other parts of the device structure, namely the intrinsic layer, the n-type
layer and the front and back contacts were kept unchanged for all sets of experiments. In
this first set of experiments argon was still used in the gas mixture during the deposition.
The deposition parameters for single junction pin a-Si:H devices deposited with different
p-type layer thickness with argon presence during deposition are shown in table 5.6. The

characterisation parameters of the device is shown in Figure 5.6

TABLE 5.6: Deposition parameters for single junction pin a-Si:H devices deposited with
different p-type layer thickness with argon presence during deposition.

Layer type | layer thickness | Pressure | Temp. | RF | Silane Flow | Hy Flow | Ar flow
- (nm) (mT) (°C) | (W) (scem) (sccm) | (scem)
P - 350 250 10 25 0 475
1 400 350 250 10 25 0 475
N 50 350 250 10 25 0 475

As discussed in the section (5.2), we have found argon to have a profound detrimental
eect on the properties of intrinsic layers and the performance of a-Si:H devices In the
results presented in Figure 5.6. we can see that the presence of argon continues to
adversely effect device properties, nevertheless useful data was obtained during this
exercise. The most valuable parameter in this case is V¢ is low but also demonstrates
trends that strongly suggest the appropriate thickness range for the p-type layer. It
is observed that a reasonable device thickness of the p-type layer lies between 7 nm
and 20 nm. We see that a higher V¢ is obtained at 16 nm of thickness where the
FF is reasonably good along with efficiency, but the short-circuit current is not at its
maximum at that thickness. This means that not enough light is reaching the absorber
layer of the device. The highest short-circuit current density is generated at around 10
nm. From single layer optimization which is mentioned in 4, we already know that boron
dopant flow between 6 to 16 sccm is sufficient, to get highly doped p-type layer. It is now
matter of selecting the optimum flow within the given thickness range. For this purpose,
initially, two different boron dopant flows were chosen at different film thickness. The
devices characteristics are shown in Figure 5.7. The deposition parameters for this set

of devices are described in table 5.7.



92 Chapter 5 Single Junction Devices
10 15 20 25 30 35
— 11 I ! I ! I ! I ! _.—J
IS || SC
& \ -
L 10 I/ -
< ]
= ]
~ 09 _
Q
g -
0.8 e a -
| 1 | 1 | 1 | 1 1 N
] —n—FF
042 /.\./ -
" 0.41 _
™ ]
0.41 _
0.40 m -
I 1 I 1 I 1 I 1 I 1
u —a—\oc
0.68 -
< 0.61 -
8 [ 1
> 0.54 / -
—
[
0'48 I 1 I 1 I 1 I [ I [ ]
—~ u —a— Efficienc
g\c: 0.28 ./ Y_
S 0.24 / -
qcJ ]
o 0.20 u -
= - -
W 916 T A

10 15 20 25 30
p-layer thickness (nm)

FI1GURE 5.6: The characterisation parameters of single junction a-S-:H solar cells with
p-type thickness variations deposited in the presence of Argon with fixed flow rate of 5

sccm of boron dopant.



Chapter 5 Single Junction Devices 93

TABLE 5.7: Deposition parameters for single junction pin a-Si:H devices deposited with
different p-type layer thickness.No argon is used during these depositions.

16

Layer type | layer thickness | Pressure | Temp. | RF | Silane Flow | Hy Flow | Ar flow
- (nm) (mT) (°C) | (W) (scem) (sccm) | (scem)
P - 350 250 10 50 50 0
I 400 350 250 10 50 50 0
N 50 350 250 10 50 50 0
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FIGURE 5.7: Born flow rate with P thickness.

The V¢ at lower dopant flow rates for thin p-type is high 0.84 V is in face the highest
achieved during this work. At 10 nm of p-type, both 7 sccm and 10 sccm of boron
dopant flow gave the same Vc. For the other p-type thickness, both dopant flow rate
gave the same value of Voo 0.81V. This behaviour of Voo suggests that the layer is
either non uniform or not as thick as predicted by our thickness tooling . The short-
circuit current for each dopant flow is identical which suggests that the intrinsic layer
is uniform and current collection is effective. The Jgo plot in Figure 5.7 suggests that
highest current collection has taken place at the thickness of 10 nm while the highest
Voc is generated at 8 nm. This suggests that the optimum thickness of p-type layer is
somewhere between 8 nm and 10 nm. At this stage, only two dopant flows are checked.

To confirm the dopant flow, an other set of devices deposited with fixed 10 nm p-type

16
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with different dopant gas flows were produced while the other deposition parameters are

kept constant as described in table 5.7.

The result of boron dopant variation at fixed p-layer thickness confirmed that both 7
scem and 10 scem dopant flows are roughly equal. The FF and V¢ values of the device
are also similar, but V¢ values at higher dopant flows are also higher but at this flow
the photocurrents collected are low. These low photocarrier collections were expected
as it is in the over-doped regions where device performance is low. These results also
confirm that for the specified thickness of the p-type layer, low boron dopant (between

7 sccem and 10 scem), the device performance is unchanged.
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FIGURE 5.9: The p-layers deposition rate at constant growth time and other deposition
parameters.

During ptype layer optimisation, some observations are made which highlighted some
ambiguity in the film thickness. It was found that for similar deposition parameters,
deposited devices gave different results. The thickness of device grade individual layers
deposited in the same conditions used for making a single junction a-Si:H device and
monitored closely. The deposition rate of thep-type layers are shown in Figure 5.9.
In total 10 devices (based on 3 layers) were deposited under exactly same deposition
parameters. One simulated device contains three layers which are p-type, i-type and n-
type. After completion of each layer, the substrate was immediately replaced for the next
layer deposition. The deposition rates for i-type and n-type were found similar all the

time but p-type rate was found to vary each time, which as described in Figure 5.9. The
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10 nm of thin p-type layer can be deposited in 10 to 18 second depending on the growth
parameters. During this time, first few seconds are devoted for plasma generation. After
4 to 6 seconds, the plasma is generated in the chamber, and growth process starts. In
such a short time, a thin film of 10 nm or less is really a challenge to deposit. The
deposition time could be prolonged by diluting the silane source plasma with argon,
but results in section (5.2) and argon based intrinsic layer suggest that argon usage in
dilution is not beneficial. The p-type layers are already being deposited at low pressure
350mT and the layers deposited at lower pressure gives non-uniform layer thickness.

The only choice left is to increase the hydrogen dilution to 2R to 3R.

5.5.2 The n-type layer of the device

The thickness of the n-type layer has less influence on the performance of the device as
compared to the other two layers since it is the final layer of the device. In a similar way
to the p-region, this layer only serves to create the electric field and external contacts,
and does not contribute to carrier generation but will be responsible for the parasitic
absorption of photons that would ideally be reflected from the rear contact reflector to
be absorbed within the intrinsic layer during subsequent passes through the device. In
order to reduce recombination losses, the doping levels in this region are lower than in
the p-type. Additionally, lower doping levels increase the silicon layer quality around
the interface between the intrinsic and amorphous material. The layer may be wider in

order to create an adequate electric field with very thin p-type layer.

The deposition parameters set for the n-type layer for device optimisation as a function
of layer thickness at 10 sccm of phosphine flow, are described in table 5.8. The device
characterisation parameters plotted as the n-type layer thickness was varied from 30 to

60 nm, in Figure 5.11.

TABLE 5.8: Deposition parameters for single junction pin a-Si:H devices deposited
with different phosphine flows for n-type layer thickness. No argon was used during
this deposition.

Layer type | layer thickness | Pressure | Temp. | RF | Silane Flow | Hy Flow | Ar flow
- (nm) (mT) (°C) | (W) (scem) (sccm) | (scem)
P 10 350 250 10 50 50 0
I 400 350 250 10 50 50 0
N - 350 250 10 50 50 0

It is observed that the n-type layer does not have a strong effect on current collection
in the 40 nm to 60 nm range. The device FF is decreased for the thickest layer though
only shows a small change in the 40nm to 50nm range. The V o¢ varies inconsistently,
between 0.78V and 0.81V, which may suggest non-uniformity in the p-layer. With 20

nm variation in the intervals of 5 nm in the n-layer thickness, all devices were found
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to have efficiencies over 6%. The highest efficiency devices are found at the n-layer
thickness of 45 nm. This layer was therefore chosen as the optimum layer for these

growth conditions.

The thickness optimisation of n-type layer was processed at phosphine flow rate of
10 scem. To understand the effect of dopant flow rate, three devices with otherwise
identical growth parameters were deposited with 3 different phosphine flow rates. The
characterization parameters of these devices are shown in n Figure 5.11. Within this
particular set, the device deposited with 6sccm phosphine flow were produced the best

devices in this experimental set.

Following the individual layer optimisation within the single junction a-Si:H based pin
device, optimised growth parameters were picked for best device deposition. It was
decided to deposit a pin device with p-type window layer 10 nm thick at a temperature of
250°C, by applying RF power of 10 W with gases flow rate of silane 50 sccm, Hs 50 scem,
and boron dopant 10 sccm. The optimised 370 nm intrinsic layer was deposited under
similar parameters with no dopant flow. The 45 nm optimised n-layer was deposited in

the same way just like window layer, with phosphine dopant flow rate of 6 sccm.

5.6 Towards optimized amorphous based single junction

pin device

This device work at Southampton University was based on a newly commissioned
PECVD system and inevitably started with many unavoidable problems. From the
first cell structures produced were of zero efficiency and without any verifiable initial
parameters. Reaching a respectable efficiency was never going to be an easy task. It
took a great deal of experimental and practical effort and resources to get the first device
with 0.1% efficiency after many non- functional devices. Some of early device progress
in terms of efficiency is plotted with respect to number of devices is shown in Figure
Figure 5.12, though even this plot does not contain many initial devices that were either
non-functional or of very low efficiency. The work of single layer optimisation is different
from functional device fabrication. As mentioned in Figure 5.12, cell progress had to be
carried out in three distinct phases. The first phase is where efficiency of the devices are
very low, with most devices less than 0.5% efficiency. In this region the gas deposition
parameters, gas flow rates and pressure play the most important role. After getting
the first optimisation in growth parameters, significant development was carried out so
that devices could reach 2% efficiency. In the second phase of activity, most work was
carried out on gas selection and doping optimisation. In the final optimisation stage,
devices were obtained with more than 4% efficiency and work on doped layer optimi-
sation, deposition chamber environment, and system stability was carried out therefor

these devices can be made with reproducibility provided identical chamber conditions.
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FIGURE 5.12: Device progress starting from very low efficiency of 0.1% and reaching
at some higher values. This plot consist of 60 devices.

The physical layout of a typical single junction a-Si:H solar cell is shown in Figure 5.13.
Most devices deposited in this work are deposited on commercially available Pilkington
TECS substrate. The thickness of glass is 3.3 mm and roughly 700nm to 900 nm of
textured TCO is deposited on the glass which also serves as the front contact. The
substrate dimensions are 50x50 mm, on which an array of 3x3 devices each with area of
1.05 cm? are formed. The back contact are deposited by the e-beam evaporation of 500

nm of Aluminium at vacuum of 1 x 10~° Torr.

The initial JV curve of the optimized device is shown in Figure 5.14. The characteriza-

tion parameters of this device are shown in table

TABLE 5.9: IV characterisation parameters of an optimized single junction a-Si:H solar
cell. The deposition parameters are: temperature 250°C, chamber pressure 350 mTorr,
50 sccm of silane and hydrogen

Voc= 0.8139 V Imax 12.199 mA
Iso= 13.813 mA Vmaz 0.645 C
Jsc= 13.813 mA/cm? Pmazx 7.869 mW
FF = 70.08 % Efficiency 8.22 %




Chapter 5 Single Junction Devices 101

front
contact

back

glass
contact

P-I-N structure
on glass

Back side Front side

FIGURE 5.13: The external physical layout the a typical single junction a-Si:H solar
cell deposited for this work.
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FIGURE 5.14: The IV characteristics curve of an optimized single junction a-Si:H solar
cell in pin measured under AM1.5 spectrum.
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FIGURE 5.15: The initial external quantum efficiency of this optimized single junction
a-Si:H solar cell.

The initial external quantum efficiency of this optimized single junction a-Si:H solar cell
in pin configuration is shown in Figure 5.15. Quantum efficiency of this device reaches
a level of reasonable 74 % in the important part of the cell absorption with out any
light capturing techniques. In the ultraviolet and the initial part of visible spectrum,
the device absorbs good 30% which is remarkable. In the green to yellow region (550
nm to 630 nm) it has absorption from 50 % to 70 %. The red part of spectrum shown
poor absorption as no back-side texturing modification has been done. This is a simple
device which has shown a good respectable performance in very important part of the

visible spectrum.

5.7 Light soaking effects

It is well known fact that the efficiency of a-Si:H based devices decreases during initial
stage of performance under illumination and this degradation has been link to light
induced effect?®. In many cases, this reduction in efficiency takes 15 to 30% of the
initial as-deposited efficiency. So far every efficiency mentioned in this work is initial
as-deposited efficiency. Every a-Si:H based solar cell requires a degradation test to get
a stabilised efficiency. In many cases, a degradation test requires a 300 to 600 hours of

light soaking under constant 50 °C under open circuit conditions.
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FI1GURE 5.16: The IV characteristic curve of single junction a-Si:H cell measured ini-
tially as-deposited and after 5 hour light soaking.

Due to unavailability of proper experimental set-up, it is difficult to run a degradation
test on every optimized device deposited for this report. However, one device has been
tested for 5 hours (300 minutes). The IV characteristics of the cell tested at 20 minute
intervals to record degradation effect. The initial as-deposited and stabilized efficiency

of one single junction a-Si:H solar cell is show in Figure 5.16.

The initial as-deposited efficiency of this device measured immediately after the growth
process and found 6.75%. After 5 hours of light soaking, its initial efficiency reduced to
5.64% with a change of 16%. The initial maximum power of the device was 6.759 mW,
which went down to 4.56 mW after 5 hours of light soaking. The 20 minute track record
of device efficiency and maximum power is shown in Figure 5.17. The major reduction
in the efficiency and power occur during first hour when a 15% change recorded in the
efficiency and over 29% change recorded in maximum power. After one hour of light

soaking, the degradation rate remarkably slows down.

The light degradation track record of Voo, FF and Jg¢ is shown in Figure 5.18. The
degradation of Vp¢ is unusual as compared to other characterization parameters. After
20 minutes, its value goes down from 0.8 V to 0.7 and then jumps to a higher value of
0.96 V. After further light soaking, the Voo stabilized to 0.71 V. This bump may have
been related to temperature as the device kept under illumination of AM1.5 without

any cooling system. Total 10% of reduction has been recorded for Voc. The FF of the
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device decreases from 0.6 to 0.56 with just 6% degradation. Total 11.9% degradation

recorded in photocurrent of the device.

In the chapter each deposition parameter is tried to get an optimised single junction
a-Si:H solar cell. To summarise all; the chamber pressure variation for the PECVD
system shows that higher efficient device can only me fabricated under lower pressure
which means that deposition rate for a-Si:H would be lower. It is found the presence of
argon gas is not as beneficial. The devices grown in the absence of argon have higher
efficiencies. The absence of argon mean, hydrogen gas must be present in the chamber,
otherwise plasma can be generated with silane only. The present of hydrogen is also
beneficial. The RF power create dust in the chamber and chances are that device would
be shunted. The optimum RF power is found 10 W but slightly lower efficient devices
were reported at 15 W of RF power.

It is noted that optimum intrinsic layer thickness in a-Si:H lie in range 350-380 nm.
The optimum p-type layer thickness is range of 7-10 nm and n-type layer thickness is in
35-45 nm range. The thickness of p-type layer been found very crucial in determination
of the final device efficiency. As p-type layer is kept very thin, small process or system
non-uniformity could result in more thin ot slighter thicker layer which drastically affect
the device efficiency. By using optimum deposition parameters, 8.22 % efficient device
has been reported in single junction pin configuration before light soaking. This using
a base-line single junction a-Si:H has been achieved. In the next chapter, this optimised

single junction device is used to determine the effect of textured TCO film.



Chapter 6

Single junction devices on

different Commercial TCO Layers

Unlike conventional ¢-Si devices, a-Si:H based thin film solar cells require totally different
contact design. The most common approach is to use transparent conducting oxide
(TCO) layers at the front or sometimes at the back and/or middle of the device. In this
chapter, a variety of different commercially available TCOs and devices are analysed in
detail using a range of techniques including a new technique developed at Southampton
that allows measurement of the wavelength and angle resolved scattering (WARS) of

layers and devices.

WARS along with the total and diffuse transmittance and reflection measurements taken
using an integrating sphere in the double-beam mode are used to fully analyse the
optical behaviour of TCOs and cells and evaluate the different TCOs light-trapping
performance. The surface topology of the commercially-available TCO materials are first
determined using Atomic Force Microscopy (AFM) measurements, which provide vital
information on the roughness of the material. The four different types of commercially
available TCO materials which are used in this investigation are summarised in the table
(6.1) below. The glass thickness of Asahi-U is 1.1 mm whilst TEC-8, TEC-15 and NSG

have similar glass thickness of 3.3 mm.

TABLE 6.1: The four different types of commercially available TCO materials which
are measured in this investigation are summarised in the table

TCO Sheet resistance | TCO thickness

type (Q/0) (nm)
TECS 8 600
TEC15 15 300

NSG 7 600
Asahi-U 9 900

107
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The TCO materials which are measured in this investigation are TECS8, TEC15, NSG,
and Asahi-U. Out of four, only one TCO TEC15 is flat and while all other TCOs are
textured. Now we will discuss optical characterisation of all TCO materials used in this

report.

6.1 AFM Analysis of TCO Materials

The surface structure and topology of each of the textured TCOs determined using
Atomic Force Microscopy (AFM) measurements, which provide vital information on the
roughness of the material. These measurements are carried out using a Veeco Caliber
AFM with specialised high aspect ratio tapping probes to ensure accurate characterisa-
tion of sharp features. The statistical roughness parameters of all TCOs used for this

investigation are summarised in the table (6.2).

TABLE 6.2: The statistical roughness parameters for four different types of commer-
cially available TCO materials obtained by AFM measurements.
TCO Ra | RMS | Max peak
type (nm) | (nm) (nm)
TEC-8 | 32.8 | 40.9 299.7
TEC-15 | 8.68 | 10.94 90.54
NSG 31.7 | 39.7 344.3
Asahi-U | 30.2 | 38.1 291.6

The topographical images of surface structure of the commercially available textured
TEC-8 material determined by AFM with three dimensional and top views is shown in

Figure 6.1.

The average roughness of textured TEC-8 material was determined as 32 nm and the
RMS value of roughness was determined as 40 nm. The vertical height of the surface in
terms of peak-to-valley roughness for TEC-8 was found to be 300 nm. This roughness
data describes TEC-8 as a good textured material that can provide effective light diffu-
sion and scattering. The four point probe measurements show that TEC-8 has very low
sheet resistance of 7 to 8 /0.

The average roughness of TEC-15 substrates was determined as 8 nm and the RMS
value of roughness was determined as 11 nm. The vertical height of the surface in terms
of peak-to-valley roughness for TEC-15 was found to be 90 nm. This low roughness
of TEC-15 will have a profound eect on the ability of the material to eectively scatter
light. The same trends are repeated for RMS values and peak data. The four point probe
measurements show that TEC-15 material has very slightly higher sheet resistance of 15
/0. The topographical images of surface structure of the commercially available non-
textured TEC-15 material determined by AFM with three dimensional and top views

are shown in Figure 6.2.
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FIGURE 6.1: The topographical images of surface structure of the commercially avail-
able textured TEC-8 material determined by AFM with three dimensional and top
views.

The NSG TCO material is very similar to the TEC-8 in almost every way when charac-
terized by AFM. The average roughness of textured NSG was determined as 31 nm and
the RMS value of roughness was determined as 40 nm. The vertical height of the surface
in terms of peak-to-valley roughness for NSG was found at 344 nm which is 45 nm higher
than that of found for TEC-8, therefore we may expect a better performance in terms
of effective light scattering. Just like TEC-8, the four point probe measurements show
that the NSG substrate has a very low sheet resistance of 7Q2/0J. In terms of surface
topology and textured structure shown in Figure 6.1 and Figure 6.3, it was confirmed
that the NSG TCO substrate is simply a alternate version of TEC-8 TCO with only

minor improvements.

Out of these four commercially available TCOs, Asahi-U has more textured profile as
compared to others. Asahi-U has low sheet resistance of 9 /] determined by four-point
probe measurement. The average roughness of highly textured Asahi-U material was
determined as 30 nm and the RMS value of roughness was determined as 38 nm. The
peak-to-valley roughness for Asahi-U was found at 291 nm which is slightly less than the
equivalent value found for TEC-8. The topographical image of surface structure of the
commercially available textured Asahi-U determined by AFM with three dimensional

and grey scale image is shown in Figure 6.4.
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FIGURE 6.2: The topographical images of surface structure of the commercially avail-
able non-textured TEC-15 material determined by AFM with three dimensional and
top views.

The average roughness of TEC-8, NSG, and Asahi-U as measured using the AFM have
very similar values while TEC-15 has material has very low RMS. It is therefore expected

that three identical TCOs to have similar light scattering performance as compared with
flat TEC-15 material.

6.2 Transmittance and reflectance analysis of TCO mate-

rials

The TCO materials used in photovoltaic application possess a much larger bandgap than
the absorber material, which is an essential requirement for optical transparency. The
transmittance curves of the four commercial TCO material used in this investigation are
shown in Figure 6.5. As mentioned previously, the average roughness of Asahi-U, NSG,
and TEC-8 as measured using the AFM have very similar values and are therefore have
similar light transparency. In fact at low wavelengths, all TCO films behave similarly
and their transmittance values range from 60% to 85%. Between 550 nm and 650 nm,

all three TCOs have identical transparency of 85% or more but for long wavelengths,
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FIGURE 6.3: The topographical images of surface structure of the commercially avail-
able textured NSG material determined by AFM with three dimensional and top views.

NSG and Asahi-U show similar behaviour over 85%, while TEC-8 lies between TEC-15
and the other two films at 80% to 75%.

The diffuse transmittance of the TCO films is shown in Figure 6.6. At lower wavelengths
TEC-15 exhibits a slightly higher transmission in comparison the other three TCOs,
however, as expected, TEC 15 exhibits very poor overall light scattering as shown in
the diffuse transmittance characteristics which is found less than 2% over all wavelength
range from 450 nm to 900 nm. Asahi-U exhibits the highest diffuse transmittance, whilst
the diffuse transmittance of TEC-8 and NSG appears to be almost identical as might
be expected from the AFM analysis.

The reflectance curve of all commercial TCO materials deposited on glass are shown in
Figure 6.7. It appears that throughout whole wavelength range, TEC-8, TEC-15 and
NSG reflect similar levels of incoming light which is 8% to 10%. One the other hand
Asahi-U reflects more light in the 400 nm to 700 nm wavelength range as compared to
other three TCO materials. Despite more loss in terms of reflection, there is higher light
scattering and transmittance in Asahi-U as compared the other three TCO material
which suggests that among all TCO films, Asahi-U appears to better optical layer in

terms of surface textures and optical transparency.
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FIGURE 6.4: The topographical images of surface structure of the commercially avail-
able textured Asahi-U material determined by AFM with three dimensional and top
views.

6.3 Wavelength and angle resolved scattering analysis of
TCO materials

The effects of haze on the light entering the amorphous silicon solar cell are well under-
stood 124, As the light enters the front surface of the solar cell, it does so at a particular
angle of incidence. A certain amount of this light is lost to reflection from the front
surface, and the remainder transmits through the glass surface, into the TCO material.
Texture in the TCO can then cause the light to scatter as it propagates into the absorb-
ing a-Si:H layer, effectively enhancing the path length of light within the amorphous
silicon absorber. This has the advantage of increasing the probability that a charge
carrier pair will be created near to the doped collection regions, and therefore increasing

the overall efficiency of the device.

The standard haze measurements determine the angular distribution of scattered light,
and angle resolved scattering measurements allow more in depth optical analysis for
specific wavelngths. This measurement technique has been enhanced at Southampton
University to include wavelength dependent detail, resulting in the ability to gather
wavelength and angle resolved scattering (WARS) measurements. These measurements

are carried out using a Fianium white light laser source together with a custom built
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F1GURE 6.5: The total transmittance of four TCO film deposited on glass, using an
integrating sphere

motorized goniometer system and B&WTEK spectrometer with a wavelength range
of 450 nm to 900 nm'?®. . The measurement process consists of illuminating the
sample at normal incidence and sweeping the detector from 85° to 0°, taking full spectral

measurements at 1° intervals.

The WARS results of TEC-8 and NSG TCO materials are shown in Figure 6.8 and
Figure 6.9. It is observed that, in terms of optical scattering, both TCO materials are
very much identical to each other. This result further confirms the conclusion made by
AFM and optical transmittance. In the wavelength range of 450 nm to 600 nm, strong
scattering exhibits in both TEC-8 and NSG. The most of light scattering occurs between

15° to 50°, while its decreases at lower and larger angles.

In the mid wavelength range from 600 nm to 750 nm, the scattering intensity decreases
for all angles between 10° to 70°. This uniformity trend with less scattering continue
at higher wavelengths from 750 nm to 900 nm. The identical diffused transmittance
curve of TEC-8 and NSG match with their WARS measurement and concur with the

similarity of the roughness parameters determined AFM measurement.

By analysing roughness parameters and optical transparency we have determined that
TEC-15 exhibits low textured profile and would scatter incoming light very little. This
low scattering behaviour is verified by WARS measurements and the data for TEC-15
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FI1GURE 6.6: The diffuse transmittance of four TCO film deposited on glass, measured
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FIGURE 6.7: The reflectance spectra of four TCO substrate.
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FIGURE 6.9: The WARS measurement of NSG, by illuminating it at normal incidence

and sweeping the detector from 85° to 0° with wavelength range of 450 nm to 900

nm. The blue colour on left scale shows lower scattering, while red colour show higher
scattering.
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FIGURE 6.11: The WARS measurement of Asahi-U, by illuminating it at normal inci-

dence and sweeping the detector from 85° to 0° with wavelength range of 450 nm to 900

nm. The blue colour on left scale show lower scattering, while red colour show higher
scattering.
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is shown in Figure 6.10. TEC-15 shows almost zero scatter when presented on the same
scale as the other TCOs due to its much lower surface roughness. In our experiments
TEC15 can be considered as a close-to planar equivalent of TECS, thought with some
antireflection properties that would not be expected of a truly planar device, it is felt that
This TCO would be most suitable for experimentation with plasmonic back-reflector cell
designs. The diused transmittance cure of TEC-15 matches with the TEC-15 WARS

data in terms of low or zero light scattering.

Further analysis through the use of WARS measurements reveals that Asahi-U not only
provides superior overall scattering intensity in comparison to the two similar TCOs,
TEC-8 and NSG but also predominately scatters to slightly larger angles, particularly
at wavelengths between 750nm and 780nm thus further increasing the path length of
these important near bandgap wavelengths within the absorber layer. The WARS data
of this excellent TCO materiel is shown in Figure 6.11. At lower wavelengths of range
450 nm to 550 nm, Asahi-U exhibits higher scattering intensity as compared identical
TEC-8 and NSG materials. Moreover, this higher intensity is uniform and spread all
over 10° to 60° under 525 nm. The diuse transmittance curve of Asahi-U shows an
excellent match with the Asahi-U WARS measurement.

6.4 Single junction pin devices on multiple TCO substrates

After the analysis of four different commercially available TCO materials, it was decided
to deposit a variety of different pin structures to investigate the effects of the different
textured TCOs on the performance of a-Si:H based devices. For this purpose, four
different intrinsic layers were selected with same doped layers. Each of the four devices
different thicknesses were produced on each TCO material providing a set of 16 devices.
The detail of individual thickness arrangements deposited on four different TCO s are
shown in table (6.3).

TABLE 6.3: The Detail of individual thickness arrangements deposited on four different
commercial TCO materials for a-Si:H based single junction pin devices.

TCO p-type layer intrinsic layer n-type layer
type (nm) (nm) (nm)
TEC-8 10 300, 350, 400, 450 45
TEC-15 10 300, 350, 400, 450 45
NSG 10 300, 350, 400, 450 45
Asahi-U 10 300, 350, 400, 450 45

All four devices for each thickness were processed simultaneously for each TCO, with
each device in close proximity the differences in device properties were expected to be

negligible so fair comparisons could be made
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6.4.1 at 300 nm of intrinsic layer

The characterisation parameters of single junction pin devices deposited at intrinsic
thickness of 300 nm on four TCO substrates are summarised in table (6.4 whereas, IV

characteristic curves are shown in Figure 6.12.

TABLE 6.4: The characterisation parameters of a-Si:H based single junction pin devices
deposited with 300 nm of intrinsic layer on four different commercial TCO substrates

TCOs Efficiency | Voo | FF Jsco
at 300 nm (%) (V) mA /cm?
TEC-8 3.25 0.83 | 0.47 8.13
TEC-15 0.35 0.23 | 0.27 5.50
NSG 3.30 0.81 | 0.50 8.05
Asahi-U 4.15 0.84 | 0.50 9.88
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FIGURE 6.12: The IV characteristic curve of a-Si:H based single junction pin devices,
deposited with 300 nm of intrinsic layer on four different commercial TCO substrates.

The identical performance of TEC-8 and NSG was anticipated before deposition. The
performance of the Asahi-U type based device with a thin intrinsic layer is outstanding
when compared to the two similar TCOs (TEC-8 and NSG), while TEC-15 shows very
weak performance. The effciency of the Asahi-U type based device was found to be the
highest in performance with a maximum energy conversion eciency of 4.15%, while the
TEC-15 based device had the lowest effciency of 0.35%. As compared to other devices,

the performance of TEC-15 is very low and the I'V characteristic curve is unlike any other
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solar cell in this series of experiments. This suggests that, there is some failure in this
device formation, perhaps a substrate or else localised contamination during deposition
or during back contact deposition. The Voo values of the other three devices are
identical so there is no change in the electrical properties of these devices and the FF
of both NSG and Asahi-U based devices are identical.
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FIGURE 6.13: The external quantum efficiency curve of a-Si:H based single junction
pin devices, deposited with 300 nm of intrinsic layer on four different commercial TCO
substrates.

The external quantum efficiency (EQE) curves of all devices deposited with 300 nm of
intrinsic material on four different commercial TCO substrates are illustrated in Fig-
ure 6.13. The Asahi-U based device has higher or equal quantum efficiency at all wave-
lengths compared to the other devices. Asahi-U also shows significantly better photon
conversion at wavelengths between 380 nm and 580 nm for the thinner 300 nm intrinsic
layer which is higher than 65%. Asahi-U based devices also exhibit higher EQE over all
wavelength range from 350 nm to 620 nm where it is similar to TEC-8 and NSG based
devices. This excellent photon conversion at lower wavelength and blue-green spectrum
may be attributed to the excellent light scattering property of Asahi-U determined by
WARS measurements (section 6.3). The TEC-8 and NSG based devices exhibit identical
conversion efficiency and their curves overlap each other at all wavelength range which
also supports the conclusions made in optical analysis of TCO materials. The conversion
efficiency of TEC-15 based device is low at all wavelengths but it does come close to

other devices at higher wavelength ranges, as even the relatively heavily textured TCOs
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have low haze values and poor light-trapping at these longer wavelengths,All four de-
vices deposited with the thin intrinsic layer, appears to be synchronised in terms of have
very similar quantum efficiency in the wavelength range from 650 nm to 800 nm. This
feature illustrates that the texture of the TCO s do not make a significant contributes
to scattering into the silicon layer at the higher wavelength ranges though the texture
certainly contributes at the lower wavelengths and the important blue-green region of

spectrum.

All four devices deposited with thin intrinsic layer, appears to be synchronised in terms
of have very similar quantum efficiency in wavelength range from 650 nm to 800 nm.
This feature illustrate that the texture of the TCO do not make a significant contributes
to scattering into the silicon layer at the higher wavelength ranges though the texture
certainly contributes at the lower wavelengths and the important blue-green region of

spectrum.

6.4.2 at 350 nm of intrinsic layer

All four devices deposited with 350 nm of intrinsic layer more efficient as compared to
the devices with the thinner intrinsic layers. The characterisation parameters of single
junction pin devices deposited at intrinsic thickness of 350 nm on four TCO substrates
are summarised in table (6.5 ), and the IV characteristic curves of those devices are

assembled in Figure 6.14

TABLE 6.5: The characterisation parameters of a-Si:H based single junction pin devices
deposited with 350 nm of intrinsic layer on four different commercial TCO substrates.

TCOs Efficiency | Voo | FF Jsc
at 350 nm (%) (V) mA /cm?
TEC-8 4.69 0.75 | 0.50 | 12.17
TEC-15 4.18 0.77 | 0.49 10.78
NSG 4.67 0.73 | 0.53 11.95
Asahi-U 5.71 0.75 | 0.56 13.40

In this set of experiments, the three devices, TEC-8, TEC-15 and NSG demonstrate
similar eciencies between 4 and 5% while, as expected Asahi-U provides the most efficient
device at 5.71%. The Asahi-U also generated the highest short-circuit current density
of 13.4 mA/em?. The FF values of identical trio TEC-8, TEC-15 and NSG determined
similar to each other are 0.50, 0.49 and 0.53 respectively. The V¢ values of all four
devices are similar as illustrated in the IV -characteristics curve. The overall performance
of the Asahi-U based device is higher than other three TCO based devices and TEC-15
is the least efficient device. In spite of the lowest current density the TEC-15 device
provides the highest V¢, this is a result of the improved device quality that can be

produced on planar substrates.
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FIGURE 6.14: The IV characteristic curve of a-Si:H based single junction pin devices,
deposited with 350 nm of intrinsic layer on four different commercial TCO substrates
measured at room temperature under AM1.5 illumination.
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FI1GURE 6.15: The quantum efficiency curve of a-Si:H based single junction pin devices,
deposited with 350 nm of intrinsic layer on four different commercial TCO substrates.
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The quantum eciency curve of a-Si:H based single junction pin devices deposited with
a 350 nm intrinsic layer on the four different commercial TCO substrates are presented

in Figure 6.15.

At 350 nm intrinsic thickness, the Asahi-U based device is shown to be superior to the
other TCO substrates. The peak QE curve for Asahi-U lies over 70% in the important
blue-green part of the spectrum between wavelength range of 500 to 600 nm. At lower
wavelengths, Asahi-U based devices exhibit significantly higher QE, often 15 to 20%
higher than the other TCO based devices, this we believe is as a result of reduced
parasitic absorption in the TCO. The performance of all four TCO based devices once
again have similar QE at wavelengths greater than 620 nm. The QE curve of TEC-8 and
NSG are close over entire wavelength range whereas TEC-15 QE curve remains below

the other TCOs for most of the wavelength range.

6.4.3 at 400 nm of intrinsic layer

In this work, fabrication with optimised growth parameters, and devices with intrinsic
layers between 370 nm and 400 nm always produced the best devices. This intrinsic
thickness optimization also shows that 400 nm produces the best devices. The char-
acterisation parameters of single junction pin devices deposited at intrinsic thickness
of 400 nm on each of the four TCO substrates are described in the table (6.6) we can
see that all four devices have reached highest values for each and every characterization

parameter. The IV -characteristics are presented in Figure 6.16

TABLE 6.6: The initial characterisation parameters of a-Si:H based single junction
pin devices deposited with 400 nm of intrinsic layer on four different commercial TCO

substrates.
TCOs Efficiency | Voo | FF Jsc
at 400 nm (%) (V) mA /cm?
TEC-8 5.90 0.75 | 0.56 13.70
TEC-15 4.88 0.73 | 0.53 12.40
NSG 5.64 0.73 | 0.54 14.02
Asahi-U 5.71 0.75 | 0.53 14.04

The Ve values for all devices are very similar to each other such that TEC-8 and
Asahi-U have 0.75V, while other two TCOs TEC-15 and NSG have 0.73V. The Asahi-U
based device has highest Jgc among all device as 14.04 mA /cm? but it is just behind
TEC-8 in terms of efficiency as it has slightly less F'F. The efficiencies of TEC-8, NSG,
and Asahi are 5.90%, 5.64%, and 5.71% respectively which are very close to each other.
The IV-characteristic curve of three TEC-8, NSG and Asahi based devices is more

similar than for other thicknesses.

The quantum efficiency curve of a-Si:H based single junction pin devices, deposited with

400 nm of intrinsic layer on each of the four TCO substrates are illustrated in Figure 6.17.
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FIGURE 6.16: The initial IV characteristic curve of a-Si:H based single junction pin
devices, deposited with 400 nm of intrinsic layer on four different commercial TCO
substrates measured at room temperature under AM1.5 illumination.

80 ——TEC
——TEC15
——NSG .
604 Asahi-U |
at 400 nm of

intrinsic layer

40

EQE (%)

20

400 500 600 700 800 900
Wavelength (V)

FIGURE 6.17: The initial quantum efficiency curve of a-Si:H based single junction pin
devices, deposited with 400 nm of intrinsic layer on four different commercial TCO
substrates.
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At shorter wavelengths, The TEC-8, TEC-15 and NSG show a close match. At longer
wavelengths, TEC-8, NSG and Asahi-U show similar QE regardless of intrinsic thickness.
At 400 nm wavelength, again there is 10-15% enhancement of photon conversion for the
Asahi-U based device and this enhancement is dominant up the wavelength of 580 nm
where it meets with QE curves of TEC and NSG based devices.

6.4.4 at 450 nm of intrinsic layer

This is the final set of devices, in which 450 nm intrinsic layers are used within single
junction a-Si:H based devices. This intrinsic thickness is relatively thick and all devices
demonstrate reduced performance. The characterization parameters are summarised in
table (6.7) and I'V-characteristic measured at room temperature under AM1.5 are shown

in Figure 5.18 QE curves are provided in Figure 6.18.

TABLE 6.7: The initial characterisation parameters of a-Si:H based single junction pin
devices deposited with 450 nm of intrinsic layer on four commercial TCO substrates
measured at room temperature AM1.5

TCOs Efficiency | Voo | FF Jsco
at 450 nm (%) (V) mA /cm?
TEC-8 4.95 0.77 | 0.52 12.13
TEC-15 3.89 0.77 | 0.45 10.97
NSG 5.97 0.75 | 0.49 12.13
Asahi-U 5.12 0.79 | 0.48 13.34

The results obtained with the 450 nm intrinsic layers illustrate many of the same general
features observation at 400 nm, though it is interesting to observe that Asahi-U appears
less dominant at the increased thickness, principally as a result of the reduced FF for
the Asahi device.

6.4.5 TCO performance summary

To summarise the performance of all four commercial TCO based solar cell devices, their

eciencies and J SC values are plotted with respect to intrinsic layer thickness.

The relatively flat profile of TEC-15 TCO material has the most profound impact on the
device performance as all TEC-15 devices exhibit lower photon absorption in the visible
spectrum. As a result, current generation ability has been suppressed at every intrinsic
thickness as illustrated in Figure 6.20. TEC-8 and Asahi-U show good performance
in every device parameter, thanks to the better TCO texture. Asahi-U based devices
have the highest performance, perhaps most importantly the efficiency values for 350
nm intrinsic layers are just as good as those at 400 nm, this represent a cost reduction
opportunity, at least in terms of device deposition, however, Asahi-U is more expensive

to produce TECS8 than NSG, so, in fact both have occupied commercial niches.
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FIGURE 6.18: The initial IV characteristic curve of a-Si:H based single junction pin
devices, deposited with 450 nm of intrinsic layer on four different commercial TCO
substrates.
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FI1GURE 6.19: The quantum efficiency curve of a-Si:H based single junction pin devices,
deposited with 450 nm of intrinsic layer on four different commercial TCO substrates.
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FIGURE 6.20: JSC and Efficiency of all TCO

6.5 Optical analysis of TCO based devices

In this section, the a-Si:H based single junction devices deposited with different intrinsic
layers on different commercial TCO substrates are optically analysed in order to provide
more insight on the efficiency of the texture based scattering and their connection to
photon conversion efficiencies. From section 6.3, the quantum efficiency curves of various
devices demonstrate that, photon conversion on the textured TCO based devices is very
high as compared with non-textured based devices. This textured profile based photon
conversion is high at short wavelengths, and at blue-green part of visible spectrum. It is
further observed that photon conversion at longer wavelength no more depends on the
textured profile of the device. To understand this phenomenon, textured based devices

were selected and examined optically using WARS measurements system.

When light enters into pin device with back reflector, either it will be absorbed or
reflected back. The light, reflected back out of the device is termed as photon loss. If the
device is textured based, the light will be reflected randomly in all directions and for this
case WARS measurements system is an ideal as it has capability to detect light between
10° to 80°. The WARS result are further simulated, in order to determine the three
dimensional prospect of the randomly scattered light. The WARS measurement system

in reflection scattering mode is illustrated in following block diagram in Figure 6.21.
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FIGURE 6.21: The WARS measurement system in reflection scattering mode. The
white light laser source is deflected on sample via mirror and reflected scattered light
is measured at detector which can sweep from 0° to 80° on source plane

For this optical analysis, two set of devices with 300 nm and 400 nm of intrinsic lay-
ers were selected. In addition to WARS measurements, total, diffuse and specular

reflectance were also carried to interpret the scattered results more effectively.

6.5.1 Devices with 300 nm of intrinsic layer

The reflected scattering from single junction pin based a-Si:H with a 300 nm intrinsic
layer deposited on Asahi-U TCO substrate is shown in top side of the Figure 6.22 whereas
the bottom graph of the figure shows the total, diffuse and specular reflection at the
same point of the device. The diffuse reflection curve of Asahi-U device with a 300 nm
intrinsic layer has two bumps. The peak of one bump appeared at wavelength of 650
nm and other bump is broad and spread is spanned from 700 nm to 900 nm at longer
wavelength region. This reflects that incoming photons have been scattered back and
this effect has been verified by WARS measurement. It is observed that there is a large
reflected scattering in all directions from 159 to 75° in longer wavelength regions between
700 nm and 950 nm and at 650 of wavelength regions. The WARS system detection
of high scattering at particular wavelength range matches with diffuse reflection high
points. As this scattering is in the reflected phase, it would not take part in active
absorption in the device. This is actually a loss of photons which have escaped from the

Asahi-U TCO device at large angles with respect normal incidence.

The reflected scattering from single junction pin based a-Si:H with 300 nm of on intrinsic
layer deposited on the non textured TEC-15 TCO substrate is shown in the top side of
Figure 6.23 whereas the bottom side graph the total, diffuse and specular reflation at
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FI1GURE 6.22: Amorphous based pin device with 300 nm of intrinsic layer deposited on

Asahi-U substrate. Top: WARS reflected scattering from amorphous layer with back

reflector; Bottom: Total, diffuse and specular reflection from pin amorphous device
with back reflector.

the same point of the device. In comparison with highly textured TCO based device,
TEC-15 based device has very low diffuse reflection and most light simply escapes via
specular reflection. This is the reason, we don’t observe any significant reflected scat-
tering during WARS measurement. Despite limited diffuse reflection, minor scattering
has been observed which appeared exactly on the same wavelength region where minor
diffuse reflection has been noted. This low intense reflected scattering by is spanned

over 20° to 75° at wavelengths of 675 nm and 800 nm.

Previously, TCO materials, The TEC-8 and the NSG which have demonstrated identical
textured profile in previous device optical analysis and similar performance during device

characterization, continued their matching scattering nature in post device analysis. The
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FI1GURE 6.23: Amorphous based pin device with 300 nm of intrinsic layer deposited on

TEC-15 substrate. Top: WARS reflected scattering from amorphous layer with back

reflector; Bottom: Total, diffuse and specular reflection from pin amorphous device
with back reflector.

reflected scattering from single junction pin based a-Si:H with 300 nm of intrinsic layer
deposited on TEC-8 TCO substrate is shown in the top side of Figure 6.24 whereas
lower graph of the figure illustrates the total, diffuse and specular reflection at the same
point of the device. The strong reflected scattering has been observed in TEC-8 device
above 650 nm which is spread at 15° to 75°. There is also higher reflected scattering
at shorter wavelengths from 450 nm to 600 nm which is also spanned uniformly at all
angles from 10° to 70°. This is the light which has been reflected whole pin device. It is
also observed that TEC-8 device does not scatter back the light which reflected at large

angles such as between 75° to 80°.

The reflected scattering from single junction pin based a-Si:H with 300 nm of on intrinsic
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FIGURE 6.24: Amorphous based pin device with 300 nm of intrinsic layer deposited

on TEC-8 substrate. Top: WARS reflected scattering from amorphous layer with back

reflector; Bottom: Total, diffuse and specular reflection from pin amorphous device
with back reflector.

layer deposited on NSG TCO substrate is shown in the top side of Figure 6.25 whereas
lower graph of the figure illustrates the total, diffuse and specular reflection at the same
point of the device where it can be observed that it behaves same like TEC-8 TCO

device.

6.5.2 Devices with 400 nm of intrinsic layer

The reflected scattering from single junction pin based a-Si:H with 400 nm of intrinsic

layer deposited on Asahi-U TCO substrate is shown in top side of the Figure 6.26 whereas
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FI1GURE 6.25: Amorphous based pin device with 300 nm of intrinsic layer deposited

on NSG substrate. Top: WARS reflected scattering from amorphous layer with back

reflector; Bottom: Total, diffuse and specular reflection from pin amorphous device
with back reflector.

the lower graph of the figure shows the total, diffuse and specular reflection at the same

point of the device.

In the diffuse reflection, one normal bump and one other broad bump can be observed
at 675 nm and 770 nm to 900 nm respectively. These peak diffused reflection spots have
been translated as high scattering regions in WARS measurement data at similar wave-
lengths. This is one major difference observed that intensity of this reflected scattering is
lower than the scattering intensity measured in Asahi-U devices with a 300 nm intrinsic
layer. This additional thickness of intrinsic layer does help to scale down the scattered
photons escape. In the shorter wavelength, overall reflected scattering intensity is low

and at the lowest intensity is found around the 600nm wavelength where the device
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FIGURE 6.26: Amorphous based pin device with 400 nm of intrinsic layer deposited

on Asahi-U substrate. Top: WARS measurement of reflected scattering from amor-

phous layer with back reflector; Bottom: Total, diffuse and specular reflection from pin
amorphous device with back reflector.

absorbs most incoming photons. At 400 nm intrinsic layer, the Asahi-U device still has
uniform scattered reflection spanned over all angles above 600 nm to long wavelength

regions.

The reflected scattering from single junction pin based a-Si:H with a 300 nm intrinsic
layer deposited on the non textured TEC-15 TCO substrate is shown in the top side of
the Figure 6.23 whereas the lower graph of the same figure shows the total, diffuse and

specular reflection at the same point of the device.

The diffuse reflection of TEC-15 based device with 400 nm layer has a very low a

similar curve as originated with the TEC-15 device with a 300 nm intrinsic layer. The
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FI1GURE 6.27: Amorphous based pin device with 400 nm of intrinsic layer deposited on

TEC-15 substrate. Top: WARS reflected scattering from amorphous layer with back

reflector; Bottom: Total, diffuse and specular reflection from pin amorphous device
with back reflector.

intensity of reflected scattering is low at 400 nm intrinsic layer as compared with intensity
measured at 300 nm, which again demonstrate that a thick intrinsic layer helps in
preventing light escape via reflection. The TEC-15 based device has low scattering
intensity at shorter wavelengths and at blue green regions of visible spectrum. The
diffuse reflection of TEC-15 device has a broad hump at 650 nm to 850 nm which has
been verified by WARS measurement with regions of high scattering intensity. The
TEC-8 based device with a 400 nm intrinsic layer has lower reflected intensity in the
visible spectrum as compared with the Asahi-U based device at same the thickness
shown in Figure 6.28 in which, the reflected scattering from single junction pin based
a-Si:H with a 300 nm intrinsic layer deposited on the textured TEC-8 TCO substrate
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FI1GURE 6.28: Amorphous based pin device with 400 nm of intrinsic layer deposited

on TEC-8 substrate. Top: WARS reflected scattering from amorphous layer with back

reflector; Bottom: Total, diffuse and specular reflection from pin amorphous device
with back reflector.

is shown in the top side of Figure 6.23. In the same figure, the lower graph of shows
the total, diffuse and specular reflection of same TEC-8 based device. After 700 nm
wavelength, TEC-8 TCO devices scatter the light uniformly but this has lower intensity
as compared with same TCO device with a thinner intrinsic layer. The bump in diffuse
reflection curve at 720 nm has been verified by WA RS measurement at same wavelength

all over angles.

The NSG based TCO device has similar scattering profile to TEC-8 which is shown
in Figure 6.29. It has low reflected scattering in short wavelength regions and strong
scattering in long wavelength region. The peak value of diffuse reflectance by the NSG

device has high scattering at 720 nm of wavelength.
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FIGURE 6.29: Amorphous based pin device with 300 nm of intrinsic layer deposited

on NSG substrate. Top: WARS reflected scattering from amorphous layer with back

reflector; Bottom: Total, diffuse and specular reflection from pin amorphous device
with back reflector.

So far we have observed that all textured based devices such as Asahi-U, TEC-8 and
NSG with 300 nm of intrinsic layer show strong reflected scattering at 600 nm wave-
length. This scattering is uniformly spanned over all angles and continues up to long
wavelengths of the incoming spectrum. The same scattering pattern has been repeated
by devices with 400 nm of intrinsic thickness deposited on these textured TCO mate-
rials, but intensity of reflected scattering is over all low as compared with intensity of
lower intrinsic thickness. This reflection based scattering at mid and long wavelength
regions are actually caused by those photons which are not absorbed by the device and
have escaped at various angles. This is the reason all these textured based TCO TECS,

NSG, and Asahi-U devices behave similar in quantum efficiency curves after 620 nm of
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F1GURE 6.30: The transmittance and reflectance curve from pin and the reflection

curve from pin back reflector from all commercial TCO material used in this report,
deposited with 400 nm of intrinsic layer.
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the wavelengths as shown in Figure 6.13 and Figure 6.17.

6.6 Optimised textured TCO for application in single junc-
tion a-Si:H cell

From the above discussion, we have seen that textured profile on a TCO film is crucial
to improve optical absorption, especially at longer wavelengths. Now question arises,
using WARS data with AFM analysis, can an optimized textured TCO be predicted
for single junction a-Si:H based solar cells? In this chapter, four different TCO analysis
already presented which are, AFM TCO analysis, WARS TCO analysis, PIN device
WARS analysis and PIN optical reflection analysis are reviewed in order to try and

predict the optimum TCO film morphology.

In a-Si:H based solar cells optical absorption is low in the near infrared region therefore
use of textured TCO is essential which not only reduce the reflection but also scatter
the light, thereby enhancing the optical path lengths and light trapping. The TCO light

scattering can be measured by the one parameter called Haze which is given by

Taizs(N)
Hpr = ————= 6.1
"= T o)
Where T'tot(\) is the sum of the specular transmittance and the diffuse transmittance.
Using the data presented in Figure 6.5 and Figure 6.6, the haze of four TCO used in
this study is plotted in Figure 6.31 and haze values for 550 nm and 800 nm are listed in

Table .

TABLE 6.8: Haze of TCO/Glass films at 550 nm and 850 nm.

TCO TEC-15 | TEC-8 | NSG | Asahi-U
Haze at 550 nm (%) | 1.9 199 | 188 | 221
Haze at 800 nm (%) 1.7 15.6 | 13.8 17.1

We can observe that scattering of the light has been reduced at longer wavelengths and
all TCO scatter strongly in short wavelengths. For optimized TCO, one of the main
goal is to get high haze value at longer wavelengths in addition to compulsory small
angle scattering at short wavelengths in order to be well suited for a-Si:H applications.
From Table 6.8 data of TEC-8 (Figure 6.8) and Asahi-U (Figure 6.11), one can see that
maximum light scattering takes place at 20° to 30°. A close comparison between the two
also indicates that Asahi-U has higher angle scattering as compared to TEC-8 which
suggests that higher angle scattering may give rise to longer optical paths. Therefore

Asahi-U would be expected to significantly improve the performance of an a-Si:H solar
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FIGURE 6.31: Haze of four commercially available glass/TCO films as a function of
wavelength.

cell with a thin absorber layer. AFM analysis tells that among all textured TCOs, Asahi-
U has lower statistical roughness parameters (Table 6.2) suggested that higher roughness
do not necessarily enhance the light scattering and this has been confirmed by a study on
morphological effects in a-Si:H devices”®. It was found that large roughness of TCO film
enhances the diffuse transmission in weakly absorbed region (700 nm) in a-Si:H devices
and if large TCO roughness is achieved by the increasing the TCO film thickness, it may
likely increases the optical absorption in TCO which is not beneficial in overall device
performance. This is also suggested that the ratio of the texture feature size to the light
wavelength in the material is a critical factor influencing its light scattering ability and
the grain size depends on film thickness!'?®. In this view we can suggest that optimized
TCO film thickness should be be between 400 nm to 900 nm which is concluded optical

data present in this chapter.

The topological morphology analysis of Asahi-U and TEC-8 along with scattering data
from WARS measurement suggest that medium order grain size enhance the scattering
over 500 nm of wavelength and also scatter weakly in longer wavelengths above 700
nm. The improved scattering performance of a TCO can also be demonstrated from
the reflection measurement as shown in Figure 6.30 where transmittance and reflectance
have been measured from pin device along with similar measurements from pin with

back reflector with a-Si:H cell with 400 nm of intrinsic layer. Increased reflectance from
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PIN and back reflector would indicates poorer light trapping within the cell. At short
wavelengths, all textured TCO posses similar reflectance but they behave different in
longer wavelengths. Asahi-U reflect more light in longer wavelengths as compared with
TEC-8 or NSG. This behaviour may have been attributed to grain size morphology
indicated in AFM analysis. In conclusion, for single junction a-Si:H solar cells, the
textured TCO optimisation depends on its optical and morphological properties (apart
from electrical) such that it should have a verity of grain sizes from large to medium in

order to scatter incoming light in short wavelength to long wavelengths.

6.7 Summary

As discussed earlier in sections 6.4.1 and 6.4.3 all textured based TCO devices have simi-
lar photon conversion efficiency between 600 nm and 850 nm and their QE curves overlap
each other. Post device WARS measurements analysis suggests that textured TCOs are
still scattering the incoming at large angles but these low energy photos manage to es-
cape via reflected scattering. This understanding of devices is more comprehensible if
we look at the transmittance and reflectance curves of pin textured TCO devices and

with 400 nm of intrinsic layer which is plotted in Figure 6.30.

It is evidently noticeable that all TCO based devices have no transmittance in the
wavelength range of 400 nm to 550 nm. In the wavelength range of 550 and 650, all
devices have zero to 20% transmittance. The same Figure 6.30 also demonstrate that all
devices have less than 10% total reflectance from 400 nm to 700 nm. We also know from
TCO materials transmittance which is shown in Figure 6.5 that all device less substrates
are around 80% transparent. Therefore it is suggested that photons with wavelength
range of 600 nm to 700 nm reach the pin structure and reflected back via scattering as

revealed by WARS measurements.






Chapter 7

Germanium layer and their

characterisation

Germanium is a group IV material which in crystalline form has a bandgap of 0.67
eV. Germanium has been successfully used in photovoltaic devices such as in thermo-

127 "as the bottom cell of tandem and multijunction devices?5128:129,

photovoltaic devices
Germanium has much higher optical absorption in the 1300 to 1550 nm wavelength
range, when compared to silicon and therefore germanium-based photodetectors are

30 and in

promising candidates in high speed photodetectors in telecommunication®
CMOS-compatible photodetectors and modulators operating in the C telecommunica-
tions band (1520 -1560 nm) 3. Despite this higher performance, expensive germanium
wafer substrates, result in overall fabrication process becoming very costly which is a

major problem in rapid economic commercialization.

There are number of methods employed for the deposition of poly crystallization ger-
manium (poly-Ge) and micro-crystalline germanium (c-Ge) thin films. These include
Short Pulse Excimer Laser deposition'3?, Ge-Powder Evaporation!3?, Molecular Beam
Epitaxy 139133 Ultra-high vacuum CVD deposition'3', VHF-ICP deposition?6. For this
work, it was decided to take the benefits from the PECVD deposition technique which
has been already been used for a-Si:H and c-Si:H by attempting TF Ge deposition, with
a particular objective of producing IR photovoltaic devices that could provide a method
by which wireless sensor nodes could be powered by lasers. In a brief germanium litera-
ture survey, it was found that researchers have not widely used the PECVD deposition

method for germanium thin films.

Large area electronics devices such thin film solar cells, and thin film transistors always
require lower contact resistance and higher carrier mobility. In terms of cost, highly
crystallized thin film Ge, deposited at lower temperature can serve this purpose2”127:134,
In this chapter, PECVD deposition of poly-Ge and micro-crystalline germanium (uc-Ge)

thin films and their characterisation are discussed. As there were no base deposition

141
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parameters were available, puc-Si:H deposition parameters with appropriate modifications

were employed.

7.1 Initial germanium deposition

For the early depositions of poly-Ge, deposition parameters were varied as shown in
Table 7.1. The 250°C substrate temperature, 1000 mT chamber pressure and 450 sccm
of argon flow were kept constant, while RF power, germane and hydrogen flow varied to

get a start point for poly-Ge layers.

The early stage deposition of poly-Ge, various deposition parameters are varied and
few kept constant as shown in Table 7.1. The 250 °C substrate temperature, 1000 mT
chamber pressure and 450 sccm of argon flow kept constant, while RF power, germane

(GeHy) and hydrogen flow varied to get base for poly-Ge layers.

TABLE 7.1: The initial deposition parameters for Ge layers deposited via PECVD
with film thickness and optical bandgap. The 250 °C substrate temperature, 1000 mT
chamber pressure and 450 sccm of argon flow kept constant, while RF power, germane
and hydrogen flow varied. The thickness and bandgap is determined by ellipsometry.

Sample | RF Power | GeHy flow | Hy flow | Dep. Rate | Bandgap
(W) (scem) (scem) (A/s) (eV)
ES1#A 50 5 50 0.83 0.98
ES1#B 75 05 50 0.83 1.13
ES1#C 50 50 0 2.45 1.00
ES1#D 50 03 50 0.51 0.93
ES1#E 75 05 50 0.32 0.90

The Ge layers are deposited on glass substrates and then optically characterised by
ellipsometry. The thickness and bandgap information of each layer is listed in Table 7.1.
The absorption coefficient of these germanium layers is calculated from the extinction

coefficient which is determined by ellipsometry illustrated in Figure 7.1.

The initial data suggests that bandgap of the Ge film is varied by changes in RF power,
germane and Hs flow. The higher germane flow give rise to faster deposition but layer
bandgap is relatively high. The lowest bandgap is found in sample ES1#E where higher
RF is being used with lower germane flow. These parameters suppress the deposition
rate but result in the layer which has the lowest bandgap. The absorption coefficient of
all samples looks identical in shape except ES1#C where higher germane flow is used.

Among similar shaped curves, ES1#FE has higher absorption coefficient.

To examine and verify the nature of the deposited layer, samples are analysed by Raman
spectroscopy. A 532 nm laser excitation wavelength is used. The output Raman curves

are illustrated in Figure 7.2. The Raman data shows that 4 out of 5 samples show a
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FIGURE 7.1: The absorption coefficient of PECVD grown Ge films deposited on glass
samples. The absorption coefficient of these Ge layers is calculated from the extinction
coefficient which is determined by ellipsometry.
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F1GURE 7.2: The Raman data of the initial Ge samples deposited on glass. These
curves are generated at laser excitation wavelength of 532 nm
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peak at 300 cm ™!, which means that these layers are either crystalline or some Ge poly-
crystal phase is present in each layer. However, the intensity of crystal peaks varies with
deposition parameters. The sample deposited with lower Germane to Hy ratio has no Ge
crystal peak. This sample appears amorphous in nature. The samples with 0.1 Germane
to Ho ratio shows a promising peak with variations caused by RF power. These initial
depositions have at least determined the starting points for more detailed studies in the

next phase both the RF power and the gas flow rates are studied.

7.2 RF Power

The deposition of Ge films with different RF power are investigated. The deposition

parameters of the Ge film with RF power variations are listed in Table 7.2.

TABLE 7.2: The deposition parameters for Ge layers processed with different RF powers

via PECVD with film thickness and optical bandgap. The 250 °C substrate tempera-

ture, 1000 mT chamber pressure and 450 sccm of argon flow kept constant, while RF
power, germane and hydrogen flow varied.

RF Power | GeHy flow | Hy flow | Thickness | Bandgap
(W) (scem) (scem) (nm) (eV)
50 5 50/100 100/94 | 1.09/1.24
100 5 50/100 97/97 1.13/1.09
150 5 50/100 94/92 1.09/1.07
200 5 50/100 87/91 1.07/1.04

As the deposition time is same for all layers, RF power dependent thickness variations
are present in film thickness. The higher RF power leads to thinner film deposition.
This may be related to a high energetic plasma, in which attachment process of reactive
particles to the underlying layer has been reduced as a result of high energetic collisions.
With these deposition conditions, there is no significant variation in the bandgap of Ge
film. This situation has repeated when Hs flow has been increased from 50 sccm to 100

SCc1m.

The absorption coefficient curves of these Ge films are shown in Figure Figure 7.3 which
are calculated from extinction coefficient (k), obtained from ellipsometric characterisa-

tion using the fitting oscillator model.

This data suggests that RF power has no significant effect on the absorption coefficient
from 300 nm to 950 nm. However, at longer wavelengths (950 nm to 1200 nm), the
On

the other hand, Hs variations from 50 sccm to 100 sccm do not contribute any significant

absorption coefficient is narrowly higher for films deposited at higher RF power .

changes in absorption coefficient curves.

Raman spectroscopy of Ge films deposited under various RF powers has been performed

and spectra are shown in Figure 7.5. For both 50 sccm and 100 sccm of Hoflow, a
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F1GURE 7.4: The Raman spectra of Ge films deposited on glass under various RF

powers. The top part of figure has spectra generated from the films deposited with 100

sccm of Hy, and lower part is from films deposited with 50 sccm of Hy flow. These
curves are generated at laser excitation wavelength of 532 nm.
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Raman peak emerges near 300 cm™! at every value of RF power from 50 W to 200 W,
which suggests that nature of deposited thin Ge films is highly crystalline. There is no
indication of of a sharp peaks at a Raman shift of 280 cm™!. This means that amorphous
phase in the deposited Ge film is not strong [30]. However a broad curvature is present
in films deposited at lower RF values. This also suggests that, the nature of Ge film can
be tuned from amorphous phase to crystalline phase with the usage of higher RF power

during film deposition.

The Raman spectra listed in Figure Figure 7.4 are based on as-measured, a comparison
of top part and bottom part of the figure suggests that Hs can only be determined,
when comparison is made between films deposited with high flow of Hy and no Hs at
all. The crystal nature of Ge films is also disc does not strongly contribute to formation
of crystallisation in Ge film when Hs flow changes from 50 sccm to 100 sccm. This also
suggests that the effect of Hy can only be determined, when comparison is made between
films deposited with high flow of Hy and no Hy at all. The crystal nature of Ge films is

also discussed in details later in this chapter.

7.3 Argon Dilution

In PECVD, for Ge deposition, a high dilution of source gas with Hs flow, enhances the
density of atomic He which provides the surface diffusion of film precursors to find en-
ergetically favourable sites for the formation of crystalline phase 35136, Similarly Argon
dilution also plays an important role in the growth of Ge film and its transformation to
being crystalline in nature. In this section, two sets of layers are discussed which are

grown under various conditions with and without argon Table (7.3)

TABLE 7.3: The deposition parameters for Ge layers processed with different RF powers

with film thickness and optical bandgap. The 250 50 °C substrate temperature, 1000

mT chamber pressure and Hy flow are kept constant, while RF power, germane and
argon flow varied in two sets of experiments.

RF Power | GeHy flow | Ho flow | Ar flow | Thickness | Bandgap
(W) (scem) (sccm) | (scem) (nm) (eV)
50 5 100 450/0 93/100 1.09/0.94
100 ) 100 450/0 91/118 0.98/0.92
150 5 100 450/0 99/137 | 0.94/0.89
200 5 100 450/0 92/174 1.02/0.86

The table 7.3 shows that, when Ar is present in the chamber, the deposition rate of
the film does not change with high RF power, but by removing Ar, the deposition rate
increases with high RF power. This shift can be attributed to presence of Ar when the
RF power is consumed by Ar itself for the excitation to higher states'®”. The other major

impact of Ar on Ge film is the bandgap. It is seems that the bandgap of Ge film can be
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tuned by RF power in the absence of Ar during deposition. The absorption coefficient
curves are calculated from values of extinction coefficient (k), which are obtained from

ellipsometric data

Raman spectroscopy reveals that these specific Ge films deposited with Ar have a higher
crystalline nature as compared with Ge film deposited with no Ar. But on the other
hand it is seems that the absorption coefficients of Ge films deposited without Ar are
higher in the longer wavelength region. The Raman spectra of these Ge films are listed
in Figure Figure 7.6. Apart from the strong Raman shift peak near 300 (1/cm™1!), there
are no apparent peaks in the other regions, which suggest that these films are high
purity Ge in composition. As-measured intensity count in Raman data suggests that Ar
usage during Ge film does give strong peak detection as compared with data of Ge film

deposited with no Ar.

7.4 The Thickness of Germanium and Textured Substrate
Effect

In this work, optical analysis of the deposited Ge films was carried out by means of spec-
troscopic ellipsometry whose brief detail is already mentioned in chapter 3. The thick-
ness, bandgap and refractive index were determined by the Cody-Lorentz model3®13%

as discussed in Section 3.2.

In literature, it is found that when Ge films are in amorphous phase, their bandgap de-

creases with increase in film thickness 38139

and this thickness dependent bandgap may
have been attributed to the influence of the Urbach band tails arising from the amor-
phous effect 0. It is also been observed that along with thickness, by tuning medium

range order amorphous network structure could vary bandgap of Ge film 39141142,

Figure 7.7 shows a modified Mott-Davis model of Ge film for the determination of
bandgap '3? In this figure shaded area indicates the region of localized states. Eq is the
gap between the localized states tail of the conduction band and the localized states tail
of the valence band, E,; is the gap between extended states of the conduction band and
the localized states tail of the valence band. Eg is the gap between extended states of
the valence band and the localized states tail of the conduction band, and E, is the gap
between extended states of the conduction and valence band, and this gap actually is

the mobility gap while optical band gap is equal to E,1 (or Egg) 143144,

It is suggested that E;1 and Ego tend to have same value and the normal transitions
between localized states are ignored due to their insignificance and it is also concluded
that the band gap narrows down with the increment of film thickness in some special

thickness region and related to continuous random network of the amorphous film 39145,
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F1GURE 7.5: The absorption coefficient curves of Ge film deposited with RF power

variations. The top part of the figure shows the Ge films deposited with Ar and lower

bottom part the figure show Ge film deposited with no Ar. The curves are calculated
from values of extinction coefficient (k), which are obtained from ellipsometric data.
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The Figure 7.7(b) represent that electrons in localized states of the valence band (LVB)
can transfer to extended states of the conduction band (ECB) by thermal activation,
and electrons in extended states of the valence band (EVB) can transfer to localized
states of the conduction band (LCB) by thermal activation3?. The electrons in ECB
and holes in EVB contribute most to the conduction of a-Ge films and the contribution
of holes in LVB and electrons in LCB to the electrical conduction is ignored due to their

very low mobilities 46,

The optical data obtained from the spectroscopic ellipsometry characterisation verify the
thickness dependent bandgap in amorphous phase of the film as mentioned above and
this is plotted in Figure 7.8. Table 7.4 shows the deposition parameters and bandgap of
Ge films deposited with number of different thicknesses and with and without Ar usage.
In the first set, a thin layer of Ge film of 97 nm and another of 650 nm are deposited
in the presence of 450 sccm of Ar in the PECVD chamber. The Hs flow and other
parameters are the same. It is found that bandgap of the thin film is higher than the
thicker film. Then same set of experiments are repeated without Ar and similar results

are found in terms of the bandgap of the film.

A clear trend in terms of the bandgap of Ge in the film thickness has been verified in the
presence or absence of Ar gas during deposition. For thin Ge films, Raman spectroscopy
suggests that deposited films are purely Ge in nature. It is possible that structural
nature of thin films are somehow different from thick films regardless of same deposition

parameters. This data also suggests that, in order to obtain optimum Ge with the
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FIGURE 7.8: Band gaps of the Ge layers deposited with PECVD with various thick-
nesses obtained from spectroscopic ellipsometry.

TABLE 7.4: The deposition parameters for Ge layers deposited by PECVD with film

different thickness and optical bandgap. Some layers are deposited without Ar and

some with 450 sccm of Ar. The other fixed deposition parameters are, 250 °C substrate

temperature, 500 mT chamber pressure. The RF power, germane and hydrogen flow
varied and listed accordingly.

Thickness | RF Power | GeH, flow | H, flow | Bandgap

(nm) (W) (scem) (scem) (eV)
With 97 100 5 100 1.09
Argon 650 100 5 100 0.75
No 91 100 5 100 0.98
Argon 833 100 5 100 0.68
Thick layer 3100 100 5 100 0.69
Very Thick 5200 100 5 100 0.65
layer
High RF 640 150 5 100 0.67
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optimum bandgap, it is necessary to deposit a film at least in the range of couple of

hundreds of nm in terms of thickness.

The absorption coefficient curves of these Ge films with different thicknesses are shown
in Figure 7.9. One can immediately notice that the absorption coefficient for thick film
is significantly higher than thin films in both cases. The other major difference is the
improvement on absorption coefficient of Ge film when deposited without Ar gas. It
seems that Ar gas may be beneficial in terms of getting higher deposition rates and

good crystal structure, but somehow Ar also reduces the optical absorption capability
in the Ge film.

The absorption coefficient curves of these Ge films with different thicknesses are shown
in Figure 7.9 in which the top part of the figure shows the Ge films deposited with 97
nm and 650 nm of thickness in the presence of 450 sccm of Ar. The bottom part of the
figure shows Ge films deposited with 91 nm and 833 nm thickness with no Ar presence
in the chamber. One can immediately notice that the absorption coefficient for thick
film is significantly higher than thin films in both cases. The other major difference is
the improvement on absorption coefficient of Ge film when deposited without Ar gas.
Its seems that Ar gas may be beneficial in terms of getting higher deposition rates and

good crystal structure, but somehow Ar also reduces the optical absorption capability
in the Ge film.

When the deposition time and thickness of Ge film increases from 800 nm to 3100 nm
or to 5500 nm, there is no apparent change in the bandgap of the material as shown in
table (7.4). The absorption coefficient of Ge film also seems to be least varying during
film thickness change as shown in Figure Figure 7.10. In accordance with our earlier
observation, one can conclude that after reaching the minimal film thickness, the ab-
sorption coefficient of Ge films remains unchanged with film thickness increases provided
that other deposition parameters remained unchanged. The optical characterisation of

Ge films shows that minimal film thickness lie between 100 nm and 500 nm.

As seen in chapter 6 the optical absorption in thin films can be enhanced by using a
textured TCO. Ge films have also show a similar response as shown in Figure 7.11. The
planar glass, a medium textured Asahi-U and highly textured ZnO substrates deposited
with 3100 nm and 5200 nm Ge films are produced with identical process parameters.
Optical absorption curves have been calculated from transmittance and reflectance in-

tensities.

The lower part of the Figure 7.11 shows 3100 nm Ge film, in which strong interference in
optical absorption in the longer wavelength region can be noticed. The Ge film deposited
on a higher textured ZnO surface shows virtually zero interference and strong absorption,
as a direct result of the textured TCO. When the thickness of Ge film is increased to
over 5000 nm, the textured substrate effect becomes less significant as shown in top

part of Figure 7.11. This suggests that textured substrate effect is only beneficial within
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are obtained from ellipsometric data.
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F1GURE 7.10: The absorption coefficient of Ge films with two different thicknesses.
These curves are calculated from values of extinction coefficient (k), which are obtained
from ellipsometric data.

certain range of film thickness. When Ge film is in the medium thickness range, a highly
textured surface can enhance the optical absorption up to 30% or more. Similar optical
absorption in two entirely different Ge films in terms of thickness suggests that textured
surface is very beneficial in terms of cost and energy as PECVD deposition of Ge layer
is very slow. Thus similar performance can be obtained by using half of thickness just

by using highly textured surface.

7.5 Crystallinity in Germanium

The crystal fraction in the Ge films is determined from Raman spectra. As we have seen
in this chapter that every Raman data has a sharp peak at determined near 300 cm™!
Raman shift indicates the strongest presence of microcrystalline Ge!3%147. In addition
to this, we have also observed that there is no separate sharp Raman peak for the
amorphous phase of the Ge at 280 cm! Raman shift, which indicates that deposited Ge
films are highly crystalline in nature or in mixed crystal phase. There is no indication of
the presence of pure amorphous phase as detected by Raman spectroscopy. To determine
the crystal percentage in the Ge film, a representative set of Raman spectra are fitted

with Gaussian fitting method near 300 cm™! and 290 cm ™! 137,148,149,
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To determine crystal fraction, one pair of films deposited at RF power of 150W are
selected which is mentioned in Figure 7.4 fitted with Gaussian method shown in Fig-
ure 7.12. The top part of the figure has Ge film deposited with 50 sccm of Hy and
bottom part of the figure is Ge film deposited with 100 sccm of Hy. In both cases, Peak
1 is fitted at 298 cm~! for pure crystal fraction, Peak 2 is fitted 291 cm™! for mixed poly
crystal fraction and Peak 3 is fitted at 240 cm™! to explain the ion damage by source

gases.

The degree of crystallinity in the Ge film is estimated by the crystal volume fraction

(X.) from the Raman spectra using the equation 7.111°

I,
X, = (A (7.1)

Where I, is the combined area of sharp peaks at 298 cm™! and 291 cm~! and I, is
the area of broad peak at cm™!. By using this formula, the crystal volume fraction of
46.54% is found in the Ge film deposited with 50 sccm Hs and 46.63% in the Ge film
deposited with 100 sccm Hs. This identical crystal volume fraction on both Ge films
verify our earlier understanding that properties of Ge do not change when process flow

of Hy is changed from 50 sccm to 100 sccm.

To investigate the effect of Ar on the crystallinity of Ge film, one pair of films are
selected from the experimental set listed in Figure 7.6. One of the Ge film deposited
with Ar at RF power of 50 W and other deposited with Ar at 50 W. The Gaussian
fitting method has been fitted at Peak 1 on 298 cm™! for pure crystal fraction, Peak 2
is fitted 291 cm ™! for mixed poly crystal fraction and Peak 3 is fitted at 240 cm™! to
explain the ion damage by source gases as shown in Figure 7.13. The crystal volume
fraction in Ge film deposited with Ar is found at 44% while in Ge film deposited without
Ar is found 57.64%. This big change in crystal fraction with Ar flow actually verifies
our understanding described in section 7.3. The strong presence of Ar during Ge film
deposition actually prevents Ge becoming more crystalline in nature. This may be due
to fact that in the presence of Ar, most of RF power is consumed by Ar itself for the
excitation to higher states and this could influence the environment of H2 bonging as

well as ionic radicals!?7.

The Gaussian fitting method is also fitted on thick Ge film. The Raman spectra of two
thick Ge films Figure 7.14. One Ge film is with 3100 nm and other is 5500 nm. As
the Raman peak is very strong in 3100 nm film, this spectra is fitted with Gaussian
fitting, which is present in the top part of the Figure 7.14. One interesting thing in
Gaussian fitting with this Ge film is that, it is fitted in two peaks instead of three as
done previously. This time fitting is only done on 298 cm™! for pure crystal fraction,
Peak 2 is fitted 291 cm ™! for mixed poly crystal fraction. This means that when thickness

of Ge tends to increase in couple of thousands of nm, the whole film transformed into
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F1GURE 7.12: The Gaussian fitting of Raman spectra of Ge films deposited at 50 sccm

of Hy (top) and 100 scem of Hy (bottom). Peak 1 is fitted at 298 ecm~? for pure crystal

fraction, Peak 2 is fitted 291 cm™! for mixed poly crystal fraction and Peak 3 is fitted
at 240 cm ™! to explain the ion damage by source gases.
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a predominantly poly or microcrystalline phase. We have also seen this thickness effect
on the bandgap of Ge film. When Ge film is thin and under 100 nm, the Ge material
behaves more like amorphous film in nature. When, Ge film is thicker, its bandgap
decreases toward crystalline phase. By using equation 7.1, The volume crystal fraction
in 3100 nm thick film is found at 53%. The rest of volume fraction in this Ge film is not

amorphous but semi or poly crystal.

Thus we have found that thickness of the Ge film plays vital role in crystal formation
along with the absence of Ar. One drawback of not using Ar process gas is the slow
deposition of the film which is also a positive point for the commercialization of this

economical alternate of poly crystalline Ge deposition.

7.6 Ohmic Contact

Low resistivity Ohmic contacts for n-type and p-type germanium are required for most
Ge based devices. The poor solubility and activation of dopant, large diffusion coeffi-
cients and the presence of unstable native oxides are the main challenges in Ge contact
fabrication 210, In this work, nickel (Ni) has been developed as a basic n-type Ge con-
tact and also tried on p-type Ge film as well. The reason for the selection of Ni is that
it possesses a low sheet resistance ,it is also stable at elevated temperatures and it does
not easily oxidise, and has electrical resistivity phases that have comparable electrical

15L152 - The direct deposition of the Ni has been achieved by

values to nickel silicides
high vacuum evaporation at room temperature. In order to determine the appropriate
doping concentration, Ge films with a range of different doping profiles have been used
for both p-type and n-type Ge. To get the sense of lowest doping profile, one intrinsic
Ge film has also been produced. The table 7.5 shows the Ge films onto which 100 nm of
Ni has been deposited as Ohmic contact. In these Ge films, sample 1 is un-doped, while
the rest of films are doped with phosphine or diborane with three different dopant flow

rate.

TABLE 7.5: The list of the variable deposition parameters for intrinsic and doped Ge
film deposited on glass used for Ohmic contact. The constant parameters used are RF
power of 100 W, Chamber pressure of 500 mT, Temperature of 250 °C

Sample | GeHy flow | PHy flow | BoHg flow | Thickness | Film

(W) (scem) (scem) (nm) Type
1 05 - - 50 i
2 05 01 - 47 n
3 05 05 - 49 n
4 05 08 - 49 n
5 05 - 01 34 D
6 05 - 05 52 p
7 05 - 08 60 p
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The doping profile of the Ge films have been characterised by room temperature con-

ductivity measurements and the results are listed in table 7.6.

TABLE 7.6: Room temperature conductivity measurements, and doping concentration
of Ge film being used for Ohmic contact characterisation.

Sample | Film | Photoconductivity | Dark Conductivity

Type (1/Q-cm) (1/Q-cm)
1 i 1.16x1073 8.79x107%
2 n 4.0x107T 3.85x107 T
3 n 1.01 9.85%x107 "
4 n 8.48x107! 8.18x107!
5 p 9.41x1072 9.28 %1072
6 p 2.02x1072 2.02x1072
7 p 6.75x10~% 6.73x10~%

The undoped sample is here for reference purposes to see the dopant effects both in n-
type and p-type. The bulk concentration of undoped Ge film suggests that it is slightly
n-type in nature perhaps due to due to oxygen incorporation that commonly occurs
in PECVD film deposition'®. For doped Ge films, three different dopant flows were
used:1, 5 and 8 sccm, the effect is rapidly seen in carrier concentration and conductivity
values. For n-type Ge, the highest suitable conductivities are found in films deposited
with 5 sccm of phosphine, whereas, suitable p-type doping occurred at 1 sccm diborane.

The conductivities of undoped, and doped Ge films are plotted in Figure 7.15.

It is observed that saturation in n-type Ge conductivities occurs at between 5 sccm and
8 sccm of phosphine flow. However, in the range tested no saturation of conductivity is
observed for the p-type Ge film. When diborane flow increased, there is a reduction in
carrier concentration. The photoconductivity and dark conductivity of Ge with heavily
doped Ge is very much similar to an undoped sample. This effect may be attributed
to the observation that excess boron incorporation degrade the crystallinity of Ge films
and leads to general trend of reduction in mobility of free carriers'®*'%4. Thus, in terms
of conductivity, we have found that two suitable dopant flow ranges for both n-type and

p-type Ge films.

To determine the contact resistance between metal and semiconductor as well the sheet
resistance of semiconductor Ge film, Transmission Line Measurements (TLM) ! have
been used. For this purpose 5mm x25 mm strips of 100 nm of Ni are deposited on the

Ge films as described in table 7.5, in the configuration shown in Figure Figure 7.16.

For TLM measurement, a negative to positive bias is applied to each Ge sample in dark
conditions by a Keithley 2400 series source-meter with increasing distance of Ni strips.
The output current-voltage curves for each Ge samples are listed in Figure 7.17. It is
observed that all IV curves for Ge films are straight lines and each line extrapolates

through the origin, which suggests that all Ni contacts are Ohmic in nature.
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FIGURE 7.17: The current voltage curves of Ge film to determine the resistance. The
figure numbers (1-7) indicate the Ge samples listed in table7.5.

For each Ge film, the reciprocal of the slope of the straight line has been calculated
and plotted against each Ni contact strip separation distance where IV curve has been
generated in order to determine contact resistance Figure 7.18. The sheet resistance (Rg

of the Ge material has been determined by the following equation,

_ RoW (7.2)

R
S Ly

Where R¢ is contact resistance and Ly is transfer length. Both R¢ and Ly are deter-
mined from Figure 7.18. To determine the R¢ and Ly, a trend line has been applied on
data points of Figure 7.18. The intersection of trend line with vertical axis will give the

value of 2R and intersection of the trend line with horizontal axis would give the value

of 2LT.
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The specific contact resistivity (p.) and bulk resistivity (p) of Ge-Ni contacts have been

determined by the following equations respectively,

pe = Rg L? (7.3)

p=Rsg W
Where W is Ge film thickness.

TABLE 7.7: The Ohmic contact parameters of Ge film and Ni layer including sheet
resistance (Rg), specific contact resistivity (p.) and bulk resistivity (p) listed as pre-
annealed and post annealed. The sample were heated at 300 °C for 60 seconds

| |

Pre-Anneal ‘ Post Anneal ‘

Sample | Rg Pe p Rs Pe p
(©/0) (Q-cm?) | (Q-cm) || (©/0) (Q2-cm?) | (Q-cm)
1 22113475 | 635924 110 12072175 | 1164868 | 60
2 48975 2008 0.2301 | 37668 2048 0.1770
3 17888 826 0.0876 | 15294 933 0.0749
4 21025 1352 0.1030 || 18088 1006 0.0886
) 255575 39198 0.89 296975 23906 1.00971
6 6940575 | 1139 36 10558575 | 14630 54.904
7 5260575 | 10692747 | 31 7661900 | 3262898 | 45.971

With help of figures 7.17, 7.18 and equations 7.2, 7.3 and 7.4, as deposited and measured
(pre-annealed) contact properties of Ni-Ge interface are listed in table 7.7. As very
thick Ge films have been used for the characterisation of the Ohmic contact, the sheet
resistance of the material is expected to be high. For the undoped Ge, layer, the bulk
resistivity of the Ni layer is 110 Q-cm which is low for such thin layer. When 1 sccm
of phosphine has been introduced in the layer, the bulk resistivity decreases drastically
to 0.23 Q-cm which is a huge drop in resistance. Further usage of phosphine with 5
sccm flow rate, cause more reduction in bulk resistivity to 0.09 ©2-cm. This is the lowest
resistivity, which has been achieved in this group of n-type Ge layer films as more flow of
phosphine give rise to increased resistivity. This may have been attributed to the earlier
described observation that heavy doping gives rise to deterioration of crystal nature of

the film and introduces heavy defects 23156,

The characterisation of p-type Ge films with Ni interface with different doping concen-
tration reveals that relatively good contacts have been formed at lower diborane flow
rates of 1 sccm but it is far away from Ohmic contact.. The n-type Ge and Ni contact
interface parameters (Table 7.7) are found in agreement with conductivity and carrier
concentration data (Table 7.6). Its seems that a Ohmic contact with p-type Ge can

only be achieved if low diborane flows are used during film deposition as excess boron
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incorporation decreases the mobility and creates more defects in the layers. This also

indicates that Ni does not form a good Ohmic contact for p-type Ge films as the trend

line on Figure 7.18 (d), (e) and (f) are not straight lines.

This set of 7 Ge films have been annealed at 300 °C for 60 seconds to check the heat

treatment effects on Ge-Ni interface. The results of annealing of n-type Ge films have

been plotted in Figure 7.19 and all parameters are also listed in table 7.7.
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FIGURE 7.19: The sheet resistance (a) and the bulk resistivity (b) of n-type Ge films
before anneal and after 60 seconds anneal at 300 °C.

It has been observed that short annealing of Ge at lower temperature has positive

effects on the n-Ge-Ni surface and the sheet resistance and the bulk resistivity have

been reported as low after the anneal. The trend of data points for sheet resistance and
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bulk resistivity before and after anneal are very similar, and this reflects that the anneal

is applicable to all ranges of phosphine doping concentration.

TABLE 7.8: The Ohmic contact parameters including Sheet resistance (Rg), specific
contact resistivity (p.) and bulk resistivity (p) of both n-type and p-type Ge films, with
200 nm of Ni layer deposited and annealed at different temperatures for 60 seconds.

’ ‘ n-type Ge ‘ p-type Ge ‘
Sample | Rg Pe P Rs Pe p
(©Q/0) (Q-cm?) | (Q-cm) || (2/00) (Q2-cm?) | (2-cm)
250 | 3.66x10% | 2.30x10% | 0.03 2.56x10% | 4.55%x10% | 36.84
300 | 3.16x10% | 2.19x10% | 0.03 1.21x10% | 1.60x10° | 0.17
340 | 3.36x10% | 2.87x10% | 0.03 1.40x10° | 3.26x10° | 20.18
380 | 1.22x10* | 8.78x10% | 0.11 4.22x10* | 1.08x10% | 0.60

As we know from doping concentration and conductivity measurements n-type Ge de-
posited at 5 sccm of diborane provides a better n-Ge-Ni interface with lower sheet
resistance and bulk resistivity, this layer was chosen to see the further temperature
effects. For this purpose, four more n-type Ge layers were deposited with 5 sccm of
diborane and annealed at four different temperatures (250 °C, 300 °C, 340 °C and 380
°C) for 60 seconds. The resistance parameters for n-type Ge are listed in table 7.8. The
Ohmic contact parameters; sheet resistance (Rg), specific contact resistivity (p.) and
bulk resistivity (p) for n-type Ge film with 100 nm Ni are plotted as a function annealed

temperature in Figure 7.20.

The temperature based anneal of n-type Ge-Ni interface for Ohmic contact suggests
that every contact resistance parameter does change with the anneal temperature and
a good Ohmic contact has been found at anneal temperature of 300 °C. At this point
bulk resistivity is 0.03 ©-cm which is the lowest for any n-Ge film in this work. When
n-type Ge-Ni interface is annealed at an elevated temperature for a short time, a new
composite material Ni-germanide (NiGe) forms and different temperatures give rise to

different orientations of Ge-Nild7

. The literature suggest that Ni-Ge offers the possibility
of a low resistive contact on n-type Ge with low barrier heights'°%%. In this report,
the contact resistance tends to increase with temperature. This may be due to the fact
that, in this report only thin layers of n-Ge have been used and in the case of ohmic
contact formation there isnt sufficient Ge to form alternative orientations of the Ge-Ni

regions.

When the p-type Ge-Ni interface is subjected to 60 seconds of annealing at 300 °C, the
contact resistance parameters increase as compared to the pre-annealed samples. These
parameters are listed in table 7.7, while the sheet resistance (Rg) and bulk resistivity
(p) are plotted in Figure 7.21. The bulk resistivity of p-type Ge-Ni contact has been
increased from 0.9 to 1.0 2-cm for a Ge film which earlier showed lower resistivity before

anneal.
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FIGURE 7.20: [a] The sheet resistance (Rg), [b] specific contact resistivity (p.) and
[c] bulk resistivity (p) for n-type Ge film with 200 nm Ni plotted as a function anneal
temperature.

To fully understand the annealing effect on the p-Ge/Ni interface, four p-type Ge films
with 114nm thickness were deposited at 2 sccm of diborane flow using PECVD. High
vacuum, electron beam evaporation of Ni metal was carried out after the deposition and
then these films were annealed at different temperatures for 60 seconds. The results for
all contact parameters are listed in 7.8. Similarly, the sheet resistance (Rg), specific
contact resistivity (p.) and bulk resistivity (p) for p-type Ge film with 100 nm Ni are
plotted as a function annealed temperature in Figure 7.22. It is observed that resistance

parameters do vary with anneal temperatures.

Unlike n-Ge-Ni interface, there exist no definite trends in sheet resistance, specific con-
tact resistivity or bulk resistivity p-Ge-Ni. These parameters vary randomly. However
in one case, the p-Ge layer annealed at 300°C showed similar contact resistance a found
in non-annealed p-Ge sample. P-type Ge-Ni interfaces have similar contact resistance
when not annealed or annealed at 300°C. All other annealing at different temperature
ranges give rise to increased contact parameters but overall the p-Ge/Ni interface does

not behave Ohmic in nature.
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FIGURE 7.21: The sheet resistance (a) and the bulk resistivity (b) of p-type Ge films
before anneal and after 60 seconds anneal at 300 °C.

This annealing behaviour of p-Ge/Ni interface suggest that, when Ni metal is used as
p-type Ge Ohmic contact, an annealing step in not beneficial as is was in the n-Ge/Ni
case. This observation has also been seen in p-type Ge wafers when subjected to metal

contacts as p-Ge/Ni are always Ohmic in nature 2831160,

In semiconductor theory, Ohmic contacts or low resistive metal-semiconductor interfaces
are based on a general rule of selecting a low work function metal for n-type semiconduc-

tors and high work function metal for p-type semiconductors to establish a low barrier
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FIGURE 7.22: [a] The sheet resistance (Rg), [b] specific contact resistivity (p.) and

[c] bulk resistivity (p) for p-type Ge film with 200 nm Ni plotted as a function of

anneal temperature. Scattered data points in each figure are linearly fitted, in order to

determine the overall trend of anneal effect, although the samples set are too small to
draw strong conclusion.

heights®®. As we have seen the n-Ge/Ni possesses large contact resistance in its pre-
anneal state, which is attributed Fermi level pinning by the interface near the valence
band by creating a large Schottky barrier heights which are independents of metal work

functions 178161,

As we noticed above resistivity in metal contact has been reduced by annealing of the
n- Ge/Ni interface, which is due to the formation of NiGe film which offers a lower

162 For p-type Ge,

resistivity due to the favourable stoichiometry of nickel germanide
the Fermi level pinning of the interface state works the opposite to n-type Ge'®8. Those
may be the reason that after annealing of the p-Ge/Ni interface, the possible formation
of NiGe does not work well with nickel. As a result the pre-annealed state of the p-Ge/Ni

interface provides the most favourable contact resistance.

Bulk resistivity values listed in Table 7.8 and Table 7.7 can be used to estimate the

doping concentration present in Ge films. For this purpose, a mathematical relation is
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used which was calculated by D. B. Cuttriss' which is

1
==N"¢ 7.5
P=35 (7.5)
Where p is resistivity, N is impurity concentration, B and « are numerical approximation
constant whose values are list in paper!?. Using this approximation, Concentration in
n-type Ge film was calculated and listed in table. These values are only approximation
and real values may be larger if calculated directly. This bulk concentration values also

depends on goodness of Ohmic contact.

TABLE 7.9: Bulk concentration values of Ge film derived from constant and approxi-
mation values used in D. B. Cuttriss, Bell System Technical Journal '°

Sample | Resistivity || Concentration
(Q-cm) (cm-3)
1 110 out of range
2 0.23 8.06e15
3 0.08 2.88e16
4 0.10 1.80e15
5 0.89 3.95e15
6 36 4.07e13
7 31 4.73el3

In summary, a new alternate deposition method of microcrystalline germanium has
been proposed with the support of experimental results. It has been possible to tune
the bandgap of pc-Ge by the variation of deposition parameters such as RF power and
gas flow rate. A crystalline Ge film with optical absorption of more than 70% in the 400
to 1600 nm region has been achieved. As the PECVD method is slow for Ge deposition,
it takes a longer time to deposit 4 microns of film on glass. The use of a textured
substrate has shown promising results of high absorption using thin layers. The doping
of the Ge films to fabricate p-type and n-type layers are demonstrated to achieve bulk
concentration of 10 cm™3. The successful fabrication of Ohmic contacts on both p-type
and n-type Ge have been achieved. The lowest resistivity of 0.0291 Q-cm for n-type and
0.17 Q-cm for p-type Ge with the usage of Ni have been achieved.

Although there was insufficient time in this study, we now have all the component pro-
cesses required to form a Ge-pin photovoltaic cell or photocell with excellent absorption

in the communications band.



Chapter 8

Summary of Progress and

Suggestions for Future Work

The aim of this work was to explore the capabilities of the OPT plasma 100 RF plasma
enhanced chemical vapour deposition (RF-PECVD) system to fabricate device grade
layers and devices for thin film photovoltaics and related semiconductor applications.
Tuneable intrinsic and doped a-Si:H layers, intrinsic pc-Si:H layers, and microcrystalline
Ge layers with intrinsic and n and p-type doping have been successfully fabricated.
The deposition process of a-Si:H in this work showed promising deposition rate and
excellent uniformity (section4.1.2). The overall film thickness uniformity on substrates
such as 5x5 cm, or 100 mm wafer is excellent albeit with some edge effects. The
industrial requirement for a-Si:H is for rapid deposition rates (54/s)%, and in this work
we have successfully achieved high deposition rate for device grade layers. The controlled
deposition parameters makes it possible to fabricate tuneable a-Si:H film with choice of
bandgap and refractive index which opens a window for applications in active photonics
devices 103,

The optical absorption is also tested for chamber pressure and substrate temperature
variations in order to obtain optimised control parameters. The absorption spectra
confirmed that intrinsic layers can absorb 90% of the incoming visible spectrum. The
room temperature conductivity measurement verified that deposited intrinsic layers are
device grade and photoresponse is found in the order 10% - 10* at different deposition
conditions. The dark conductivity of deposited intrinsic layers measured in ranges which
have less than x 1071 Q ~!em ~! requirement. Similarly photoconductivity of deposited
intrinsic layer showed range 1 x 10™* ©Q ~!lcm ~! which is higher than the required 1
x 107° © “lem ~!. The p-type and n-type a-Si:H films are found highly doped such

022 atoms/cm? respectively which are in excellent agreement

as 10! atoms/cm® and 1
required for device grade doped layer. The thickness of the doped layers are thin and

are cross verified and showed effective control which is essential for device fabrication.
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One of the main goal of this work was to fabricate a highly efficient single junction device
with respectable efficiency. In this work, maximum efficiency of 8.22% has been achieved
and most devices reached more than 5%. Technically it is a reasonable efficiency base-
line in terms of simplicity and from there new areas of research can be addressed. The
use of plasmonics at different parts of a single junction device require such moderate
efficiency so that their eects can be verified and this is also applicable to the use of

anti-reection engineering '64:165,

As we know that light trapping is essential in a-Si:H based solar cells whose main aim
is to absorb as much as light as possible and prevent it from escaping from the device.
In light trapping, the transparent conducting oxides (TCOs) play a vital role in both
super-state and substrate configuration of a-Si:H based devices. In this work, the func-
tion of textured TCOs and textured devices have been analysed in detail to find out
their working mechanism. This is done by a new technique known as wavelength and
angle resolved scattering (WARS) measurements. Along with this, TCO materials and
devices are also analysed with Atomic Force Microscopy and optical characterisation
to support this new method. We have found wavelength regions where different com-
mercially available textured TCOs offer strong scattering when used in single junction

devices.

The baseline deposition parameters of a-Si:H have been extended to deposit pc-Si:H film
which has a complex microstructure. The lower bandgap (1.1- 1.2 V) of ¢-Si:H makes it
possible to use this layer to absorb incoming infrared wavelength spectrum which again
open new windows for more applications. As the crystallinity in pc-Si:H depends on
the deposition parameters, 34% crystallinity has been achieved which is beneficial for a

reduction in light induced degradation.

One of important finding of this work is to use the PECVD tool to its limits to fabricate
device grade microcrystalline germanium. As discussed in Chapter 7, Ge is very impor-
tant group IV material which has a narrow bandgap of 0.67 eV. It has been successfully
used in photovoltaic application, photonics and telecommunication. In this work, a new
alternate deposition method of microcrystalline germanium as has been proposed with
the support of experimental results. It has been possible to tune the bandgap of uc-Ge
by the variation of deposition parameters such as RF power and gas ow rates. A crys-
talline germanium film with optical absorption of more than 70% has been achieved in
the 400 to 1600 nm wavelength range. As the PECVD method is slow for germanium de-
position, its takes a longer time to deposit 4 micron of film on glass substrates. The use
of a textured substrate has shown promising results of high absorption using thin layers.
The doping germanium thin film to fabricate p-type and n-type layers demonstrated to

achieve bulk concentration of 1019 1/cm3.

A key challenge in Ge-based industry is the formation of low resistance Ohmic contacts.

This is one of the challenging fields of research in current germanium research. In this
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regard successful attempts on the fabrication of Ohmic contacts on both p-type and
n-type Ge have been done. The lowest resistivity of 2-cm for n-type and 0.17 Q-cm for

p-type germanium with the usage of Ni have been achieved.

With these all points, the PECVD system is also loaded with many issues which became
a hindrance in this work to explore new ideas. One main issue in the PECVD system is
the repeatability of certain deposition works and devices. For example, in many cases,
it was very difficult to repeat measured efficiencies after few runs. This can be best

explained in the selected device efficiency time-line listed in Figure 8.1

As one can see in top Figure 8.1, after reaching at high point in efficiency, there are
some drops and at the end there is a continuous state of lower efficiency. After spending
considerable time and effort, it is found that there is contamination issue in the system.
The bottom part of same figure shows the availability of PECVD tool to deposit a
functional solar cell with good device efficiency. In typical 4 years project time, this
PECVD system was only available for 15% of the time which is 8 months including
one Christmas break and heater replacement work. Every functional a-Si:H device work
reported in this work was processed during this green duration of the time line mentioned

in Figure 8.1.

Generally, a PEVCD system is designed as multi-purpose system in which one can
deposit intrinsic and doped amorphous silicon, microcrystalline silicon, poly and micro-
crystalline germanium or alloying by varying deposition conditions gas mixtures. As in
this work, we almost worked on every aspect of fabrication, sadly to report that Oxford
plasma system is unable to maintain repeatability when the system is being used from
amorphous silicon to germanium due to built-in faults in the design. We have encoun-
tered serious contamination after Ge deposition. It was very difficult to repeat good

efficiency levels in a-Si:H devices.

The degradation in solar cell performance and before and after heater change/Ge de-
position is further explained in terms of solar cell device parameters in Table 8.1. As

it is shown, FF and current density of solar cell has been reduced halfway. There is

TABLE 8.1: Solar cell characterisation parameters of solar cells before and after heater
change deposited under identical deposition parameters. Deposition parameters are:
temperature 250 °C, pressure 350 mTorr, Silane and hydrogen each flow 50 sccm, p-
layer thickness 10 nm, i-layer thickness 370 nm, n-layer thickness 45 nm. Similar dopant
gases are used for both solar cells which are 10 sccm of boron and 6 scem of phosphine.

Parameter Before contamination | After contamination
Efficiency (%) 6.5 2.729
Voc (V) 0.81 0.81
FF 0.62 0.47
Jsc (mA/cm?) 12.81 6.99

no apparent change in Voo which indicate that actual problem of device degradation

emerged from intrinsic layer which confirmed by conductivity the measurement whose
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result is listed in Table 8.2. The dark conductivity value for intrinsic layer is lower for
layers fabricated in contaminated chamber which lower the dark to photoconductivity

ratio which is higher for layers deposited before contamination.

TABLE 8.2: Photoconductivity and dark conductivity values for intrinsic thin films de-

posited under identical condition before and after chamber contamination . Deposition

parameters are: temperature 250 °C, pressure 350 mTorr, Silane and hydrogen flow
each 50 sccm.

Chamber status Photoconductivity | Dark conductivity | Dark to Photo Ratio
(1/Q-cm) (1/Q-cm) -

Before contamination 6.99x10~° 4.83x1077 1479

After contamination 4.47x107° 3.57x107°% 125

When the manufacturer (Oxford Instruments) upgraded the heating table of the PECVD
tool, supporting ceramic table clips created heavy chamber contamination. Usually
PECVD systems are designed to work with a high RF power environment but in the
Oxford system, higher RF usage created problems when the system was reconditioned
to lower power usage. It seems that current Oxford Plasma system design is only suit-
able for more simple applications than photovoltaics maintaining carrier lifetimes is not
possible, especially when the tool has multiple purposes. It is suggested that before any
film deposition chamber contamination should be removed either by changing chamber

cascade or by strong chamber clean.

For future work suggestions, this work can easily be extended to many areas The base-
line of amorphous based single junction devices has been achieved which can be used to
investigate plasmonic light-trapping as a demonstrator structure suitable for many PV
technologies. This work has shown that there is an enormous potential of Ge deposition.
This is very economical as compared to wafer based research. In this method crystal mi-
crostructure and bandgap can be tuned to a desirable requirement of research. Results
indicate that Ge based photovoltaic devices could be developed for remote laser-powered
systems. Optimisation of Ohmic contact to microcrystalline Ge is an active area and
this can be achieved very easily, as successful attempts have been made in this work.
This would open a window of opportunity to use germanium film in many semiconduc-
tor research areas such as telecommunication, photonics and in microelectronics as an

alternate to c¢-Si.
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