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Abstract

Abstract

This work concerns the application of scanning beam experiments and
luminescence techniques to the study of thin-film CdTe/CdS solar cells. Particular
emphasis has been placed on characterising the effect of the post-deposition
annealing of these devices with cadmium chloride.

Electron and optical beam-induced current measurements (EBIC and OBIC)
have been used to probe variations in the carrier collection efficiency of the solar
cells. Although the spatial resolution of OBIC is limited, removal of the glass
substrate has allowed EBIC to be carried out in the illumination geometry. These
measurements have shown that one effect of the CdCl, treatment is the passivation of
the CdTe grain boundaries.

EBIC measurements as a function of the electron beam current have shown a
dependence of the contrast on the carrier injection density. A model has been
proposed to explain this in terms of the onset of high injection conditions, and the
effect has been exploited to yield information about spatial variations in the
equilibrium carrier density in the device. This has shown that the regions near the
grain boundaries are more p-type than the grain interiors, and that the presence of the
sulphide layer increases the overall majority carrier concentration in the CdTe.
Measuring EBIC as a function of the beam energy has demonstrated the presence of
a buried homojunction, and has shown the chloride treatment to increase the spatial
extent of minority carrier collection in the absorber layer.

Photoluminescence measurements on chemically bevelled cells have been used
to probe the concentration of impurities as a function of depth, and this has been
complemented by the use of spatially resolved cathodoluminescence imaging. These
results support the EBIC data, with higher concentrations of shallow levels observed
near to the grain boundaries, and also show that the presence of sulphur increases the

concentration of optically active centres.
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Chapter 1

Chapter 1: Intfroduction to photovoltaic

solar cells

1.1 INTRODUCTION: THE NEED FOR SOLAR CELLS

The rapid depletion of the earth’s fossil fuel reserves and concern over the
effect of carbon dioxide emissions on the environment have led to new energy
sources being sought to supply the world’s ever-increasing energy demand. Of the
various renewable alternatives, photovoltaic (PV) solar cells offer one of the most
versatile solutions, since they allow solar radiation to be converted directly to
electricity. This chapter aims to outline the physical principles behind these devices

and to review the currently established and emerging technologies.

1.2 PHOTOVOLTAIC EFFECT

The photovoltaic effect was first observed in 1839 by Becquerel [1], who
detected a voltage between two electrodes in an electrolyte solution under sunhight.
The subsequent discovery of a similar effect in selenium [2] led to the development
of the first solid-state photovoltaic cells, used for many years in photographic
exposure meters [3]. Whilst these devices exhibited conversion efficiencies of less
than 1%, the same junction phenomena are today exploited in modern devices.

The photovoltaic effect in semiconductors is the result of two processes taking
place concurrently. The first is the interaction of incident photons with the crystal
lattice to produce pairs of charge carriers. Electrical current is then generated via the
second process, whereby the electrons and holes are accelerated in different

directions due to the presence of an electric field. These processes are explained in

greater depth in the following sections.

1.2.1 Photo-generation of charge carriers

When photons with an energy of at least that of the bandgap are incident on a

semiconductor, they have a probability of interacting with the lattice, resulting in the
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promotion of a valence band electron to the conduction band. This results in the

photon flux /" varying exponentially with distance z through the material:
'(A,z)=I,(4)e % (1.1)

where the absorption coefficient « is a function of the wavelength A.
This process results 1n excess carriers being injected, and the mass action law
np =n.p. (1.2)
which relates the carrier concentrations » and p at thermal equilibrium to the intrinsic
concentrations, no longer applies. Unless collected by an electric field, these excess
carriers will then recombine to give a steady state.

If the energy of the incident photon is greater than the semiconductor bandgap
E,, the electron excited from the valence band will have an energy above that of the
conduction band minimum. This excess energy is usually subsequently lost via
phonon interactions. However, if the initial photon energy is greater than 2E,, then
the newly excited conduction band electron may produce another carrier pair by the
process of impact ionisation. This effect has been found to cause a measurable

improvement in the performance of some crystalline Si and SiGe solar cells [4].

1.2.2 Carrier collection

Carrier collection in solar cells is achieved by creating a built-in electric field.

Such a field arises when a semiconductor is placed in intimate contact with a metal (a

Schottky barrier), or another semiconductor. In the latter case, the semiconductors
may be either differently doped examples of the same material (a homojunction) or

different compounds (a heterojunction). All three of these systems are used 1n solar

cells.

Schottky barrier Figure 1.1a shows a band diagram before the formation of a

Schottky contact between an n-type semiconductor of bandgap E, and electron
affinity 7, and a metal with a work function ¢, When these two materials are placed
in intimate contact (Figure 1.1b), the difference in carrier concentrations on either
side of the interface causes a flow of majority carriers (in this case electrons) from

the semiconductor to the metal. This creates a region of positive space charge in the

semiconductor, and a much narrower region of negative space charge in the metal.
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The net diffusion will reach zero when conditions for thermal equilibrium are met.
with coinciding Fermi levels and continuous vacuum level. This is shown in Fioure

1.1b.

n-type metal n-type metal

Figure 1.1 Band diagrams showing the formation of a Schottky barrier. a) Isolated

semiconductor and metal. b) Semiconductor and metal in contact and in thermal equilibrium.

The region of space-charge is referred to as the depletion region, and results in a
built-in electric field. This 1s manifested by the bending of the conduction and

valence bands of the semiconductor. The total built-in voltage, V,;, 1s determined by

the difference 1n the two work functions.

Figure 1.1b also shows the barrier to the flow of majority carriers which 1s
characteristic of metal-semiconductor contacts. The height of this Schottky barrier
determines whether the contact exhibits ohmic or rectifying characteristics, and has

important implications for the back contact of CdTe solar cells (see Section 2.3.5).

Homojunction Similar band bending arises from forming a junction between 7

and p-type regions of the same semiconductor. This is shown 1n Figure 1.2.



Chapter 1

# e et B B p———

3) b) /,f
Evac O ONTTTTRATTTTTTTS AN —777 L vac — == === ""f

| QZS qqoﬂ 965}9 __—j——

gV
EC .TL—_ EC
Ep —-feeee- Yoo . Er
E,
. /A EF EF __/—__

By —— E,

n-type p-type n-type p-type

Figure 1.2 Band diagrams showing the formation of a homojunction. a) Isolated n and p-

type semiconductors. b) n and p-type in contact and in thermal equilibrium.

The homojunction has the advantage that the energy bands of the two halves
are aligned. This avoids the formation of barriers or spikes, as seen in some Schottky
contacts and heterojunctions (see below). However, a disadvantage in the use of
homojunctions 1n solar cells is that the side of the junction on which the light falls
must be very thin to prevent the absorption of a significant part of the incident light.
This means that the collecting junction itself must be close to the device surface.
where surface recombination can result in current loss. Despite this potential

drawback, the currently most widely used solar cell, the crystalline silicon device,

uses this type of junction.

Heterojunction The problem of surface recombination can be reduced by using a
wider bandgap semiconductor at the front of the cell (the window layer), and a
narrower bandgap material beyond this (the absorber layer). Since the wide gap layer
will be transparent to most wavelengths of light, it can be made thicker than would
be tolerated for a homojunction.

The different bandgaps and electron affinities of the window and absorber
layers make the band diagrams less straightforward to determine than in the

homojunction case. However, the Anderson model, shown 1n Figure 1.3, 1s generally

used as a first approximation.
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Figure 1.3 Band diagrams showing the formation of a heterojunction. The two layers are in
contact and in thermal equilibrium.

Depending on the bandgap, electron affinity and doping concentrations of the two
semiconductors, a spike may appear in either the conduction band (as shown) or the
valence band. Such spikes will act as barriers to the flow of electrons and holes
respectively.

In reality, the above model 1s an oversimplified representation of a real device.
Intertace states in the middle of the junction may also contribute to a potential
barrier, and the presence of oxides and other contaminants at the interface may result
1n a thin insulating layer between the window and absorber. Both of these effects can

lead to non-ideality in the current-voltage characteristics of the solar cell, which are

described 1n the next section.
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1.3 FUNDAMENTAL SOLAR CELL CONCEPTS

1.3.1 Air mass

It direct comparisons are to be made between different solar cells, it is
necessary to define standard testing conditions. This testing standard varies
depending on the i1llumination conditions for which the device has been designed.

T'o a zeroth approximation, the sun can be considered to radiate as a black body
at a temperature of 5780K [5]. However, the average spectrum and intensity of
sunlight vary with both the latitude and altitude of the observer, due to the change in
the path length of the sun’s rays through the earth’s atmosphere. The air mass (AM)
value describes the spectrum of light after it has passed through a given multiple of
the earth’s atmosphere’s thickness. At sea level, therefore, it 1s defined as the secant

of the angle of the sun to the zenith (see Figure 1.4).
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Figure 1.4 Definition of the air mass nomenclature for describing different observed solar

spectra.

Thus AMO describes the spectrum in space, and AM1 that at the equator. The most
commonly used standard for solar cells is AM1.5, which corresponds approximately

to the light seen at temperate latitudes. The AM1.5 spectrum is shown in Figure 1.5.



Chapter 1

1400
1200 - /ﬁ\\
- fﬁ
£ 1000
'g v
=~ 800 | \
O
o
G
O \
£ 600
ﬁ Y J\ ‘
3
S 400
Z /
200 ’ /J
/
| -
) _
0 500 1000 1500 2000 2500

Wavelength (nm)

Figure 1.5 Spectrum corresponding to AM1.5 sunlight, as used in standard solar cell testing
conditions (from NASA data quoted by Fahrenbruch and Bube [3]).

The air mass value describes only the spectrum of the light; it does not define
the intensity. This is especially relevant when considering solar concentrators, which
can condense the sunlight by a factor of 1000 without significantly altering the
spectrum. It is therefore necessary when defining illumination conditions to state also
the power per unit area; the standard generally used is 100mWem™ for AM1.5, and
150mWem™ for AM1. The 100mWcem™ AML.5 standard, with a cell temperature of

25°C, has been used for all current-voltage measurements in this work.

1.3.2 Current-voltage characteristics

In the dark, the relationship between the current density (J) flowing through a

solar cell’s p-n junction and the voltage (V) across it is ideally given by Shockley’s

J = Jo{exp(%)-l} (1. 3)

equation for a diode:
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where Jy is the reverse saturation current density, a function of the material
properties, and » 1s an ideality factor which takes account of recombination in the
diode. For most diodes, this is a value between 1 and 2, depending on whether the
characteristics are dominated by the ideal diffusion current or the recombination
current, respectively [6]. However, for devices in which there is a non-uniform
spatial distribution of recombination centres across the depletion region, the junction
asymmetry can result in values of n > 2 [3].

Under 1illumination, another term must be added to equation 1 to take into

account the photocurrent, J;, that is generated, giving:

gV
J=J, <ex - —1%—J 1.4
0{ p(nkT/ } L (1. 4)

This characteristic, shown in Figure 1.6, allows power to be extracted from the

device at forward bias.

Current |
density
|
| Vo .
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Figure 1.6: Typical solar cell J-V curve, showing the point at forward bias where the device

yields most power

In real devices, the single diode description of the solar cell 1s a gross over-

simplification, and other parameters must be taken into consideration, such as:
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e Series resistance, arising from both the finite bulk resistivities of the
semiconductors and from the sheet resistances of any thin layers in the device

e Shunt, or parallel, resistance, due to pinholes in the window layer. This is a
particular problem with thin-film cells, where discontinuities in this layer allow
short-circuits to occur between the absorber and the front contact.

e The possible non-ohmic behaviour of the contacts made between the

semiconductors and the external load circuit.

Studying the deviations from ideality of the J-V curves can yield valuable

information about the device junction. This is described further in Section 3.2.1.

1.3.3 Solar cell parameters

Comparison of the electrical characteristics of different solar cells is commonly
carried out by considering various parameters extracted from the J-V curves. Four

such parameters are: efficiency; short-circuit current; open-circuit voltage; and fill

factor. These terms are detined below:

Efficiency The most important parameter of a solar cell in terms of its ultimate

function 1s clearly the photovoltaic conversion efficiency, n. This 1s defined as the
ratio of the output power (electricity) to input power (light). The output power per
unit area of the solar cell can be found from the J-V curve by evaluating the area ot
the rectangle formed between the operating point and the two axes. This operating
point will depend on the load impedance, and so a point is found at which the cell
provides maximum power. This maximum power point, denoted as (Vpp, Jmp), 18
shown with the J-V curve in Figure 1.6. The ratio of the area of this maximum power

rectangle to the illumination intensity therefore gives the cell’s etficiency.

i.e. under standard AM1.5 testing conditions:

J V
p = e (1.5)

] OOmW;:m- -
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Short circuit current The current density measured with zero voltage applied is

known as the short-circuit current density, J,.. This value is affected primarily by

series resistance losses in the device.

Open circuit voltage The open-circuit voitage is the applied voltage at which

no current flows through the device. This quantity is left unaffected by series

resistance losses in the cell, but is sensitive to shunt losses.

Fill factor Another device parameter determined from the J-V characteristics is the
Sill factor. This is a measure of how “square” the forward bias diode characteristics
are, and 1s defined as the ratio of the area of the maximum power rectangle to the
product of the short-circuit current and the open-circuit voltage:
- e XV

FF=-""__"
J.S'C X VGC

(1. 6)

Typical fill factors for solar cells range from 60 to 80 percent [3].

1.3.4 Quantum efficiency

The quantum efficiency, in contrast to the power conversion efficiency
described above, is defined as the number of electron-hole pairs generated per
Incident photon. As measured, this value is strictly referred to as the external
quantum efficiency. If corrections are made to allow for reflection losses at the front
of the cell, the quantity 1s then known as the internal quantum efficiency.

The quantum efficiency of a solar cell is strongly dependent on the energy of
the individual photon. This is due to both the wavelength dependence of the optical
absorption coefficients in semiconductors and also the depth dependence of the
carrier collection probability. The quantum efficiency is therefore measured as a
function of wavelength under monochromated light; this 1s referred to as the spectral
response of the cell.

The maximum quantum efficiency generally seen in solar cells 1s 100%.
However, due to the impact ionisation process mentioned in Section 1.2.1, quantum

efficiencies of greater than unity have been reported for photon energies above 2E,

for some materials [4].

10
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1.4 SOLAR CELL SEMICONDUCTORS

In this section, the major semiconductor PV technologies are reviewed, and the

advantages and disadvantages of each system are discussed.

1.4.1 Crystalline cells

The development of bulk crystal growth techniques for the microelectronics
industry has led to the availability of large semiconductor wafers with low defect
densities and well-controlled doping concentrations. These materials are used to
produce highly efficient photovoltaic devices, but are not currently considered viable
for large-scale terrestrial power conversion. This is due to both their high financial

cost (i.e. ECU/W,) and the long energy payback time.

Crystalline silicon Donors are diffused into p-type doped single crystal silicon
watfers, which are produced by either the Czochralski or float zone growth methods.

The resulting shallow homojunction has exhibited efficiencies of up 24.0%'.

Multicrystalline silicon A less expensive version of the silicon solar cell can be

made using lower-grade silicon. This is produced by casting in ingots of up to 500kg
In mass, resulting in a multicrystalline structure with grain sizes on the scale of 1-
10mm. This material is naturally p-type due to the presence of aluminium donor
impurities. Solar cells are then fabricated from this material using similar

technologies to those used for the crystalline silicon, resulting in a maximum

recorded efficiency of 18.6%0.6%.

l1I-V compounds The highest efficiency solar cells yet produced have been from

[II-V compound semiconductors. GaAs wafers are widely available, it expensive,
and lattice-matched ternary III-V materials can be epitaxially grown on these
substrates. The resulting junctions are relatively free of dislocations, and several such

systems have been exploited for photovoltaic applications. GaAs homojunctions

have been recorded with efficiencies of up to 25.1£0.8%, whilst even higher

' All efficiencies given in this section are quoted from reference [7].

11
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performances have been measured for the multijunction GalnP/GaAs device
(30.3%). However, the high cost of these cells has restricted their use mainly to space

applications.

1.4.2 Thin film cells

Although the bulk cells described above have been used in an increasing
number of applications over the past few decades, power generation on the scale
needed to compete with conventional energy sources requires considerably cheaper
devices. For this reason, several low-cost thin-film devices are currently under

Investigation.

Amorphous silicon Silicon in the amorphous state exhibits electrical and optical
properties very different from those of the crystalline form. In particular, the
hydrogenated material (a-Si:H) effectively behaves as a direct bandgap
semiconductor, with an optical bandgap of ~1.7e¢V [8]. The resulting higher optical
absorption coefficient means that films as thin as ~0.5um absorb most of the incident
sunlight. This allows devices to be deposited on glass substrates, using considerably
less active material and thus saving on cost. This technology has been marketed for a

number of years and now accounts for around one third of all solar module sales [8].

Microcrystalline silicon  Silicon thin films can also be deposited on various

substrates in a polycrystalline form [9]. Because of the low optical absorption of
silicon, such films are generally thicker than other thin-film devices (up to 100um)
and also make use of optical confinement to absorb more light. 16% efficiency has
been achieved with such a structure, and the material 1s also being investigated for

use in a heterojunction device with a-Si:H.

Cadmium telluride Heterojunctions based on CdTe have been considered for use
in solar cells since the early 1960’s, and both bulk [10] and thin-film devices on a

glass substrate have been investigated. The near-optimum bandgap and high optical

absorption of CdTe make it an attractive material for the low-cost devices of the

12
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future, with efficiencies of up to 16% obtained to date. This solar cell will be
discussed in greater depth 1n Chapter 2.

Chalcopyrites The other main contender for large-scale terrestrial applications is

the family of I-III-VI chalcopyrite cells. The most promising of these devices are
heterojunctions comprising of an absorber of the type Cu(In,Ga)(S,Se), with a CdS
window layer. Efficiencies exceeding 16% have been reported for several such
materials [11]. Although further from production than CdTe cells, these devices have

the significant political and environmental advantage of lower toxicity [12].

1.5 AIMS AND SCOPE OF THIS WORK

This work 1s concerned exclusively with the polycrystalline thin-film
CdTe/CdS solar cell. Optical and electron beam techniques are used in order to
examine some of the many outstanding materials problems associated with this type

of cell. These include:

a) The effect of grain boundaries on device performance.

b) The mechanism behind the widely used efficiency-enhancing treatment using
cadmium chlornde.

c) The extent and effect of intermixing at the CdTe/CdS junction.

These issues, together with details of the cadmium telluride solar cell, are described

further in the following chapter.

13
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Chapter 2: Introduction to the CdTe/CdS

solar cell

2.1 INTRODUCTION

Thin-film cadmium telluride/cadmium sulphide solar cells are currently
considered to be the most promising candidate for large-scale terrestrial power
conversion. However, there are still several materials issues that remain unresolved.
This chapter i1s intended to provide an introduction to these devices and their
outstanding problems, in order to place in context the materials analysis work

presented later.

2.2 HISTORICAL OVERVIEW

The potential of cadmium telluride for use as a solar cell semiconductor has
long been recognised, due to its bandgap energy being almost ideally suited to the
solar spectrum. Early attempts to exploit this in the 1960s focussed on CdTe
homojunctions. However, the short minority carrier lifetimes and high optical
absorption meant that the collecting junction had to be very close to the surtace. This
led to excessive loss of carriers via surface recombination, limiting the efficiencies ot
such devices at the time to around 6% [1]. Whilst some research on these solar cells
has continued (with an efficiency of 11% achieved by 1982 [2]), a heterojunction
solution was sought to avoid the surface eftects.

The first heterojunctions to be made with CdTe were constructed from a thin
film of the n-type material and a layer of p-type copper telluride (Cu;.Te), producing
the first efficient CdTe-based thin-film device [3]. However, these devices showed
similar stability problems to those encountered with the analogous Cd,.,S/CdS solar
cell, which was the result of the diffusion of copper from the p layer.

The lack of suitable materials with which to form heterojunctions on n-type
CdTe, and the stability problems of the Cd,..S/CdS device, have stimulated
investigations into p-CdTe/n-CdS junctions since the early 1970s. Adirovich er al.

4] first deposited the films on TCO-coated glass; this is now used almost universally

16



Chapter 2

for CdTe/CdS cells, and is referred to as the superstrate configuration. In 1972,
Bonnet and Rabenhorst |[S] reported efficiencies of 5-6%, in what was intended as an
intermediate step in the development of a graded bandgap CdS,Te;., solar cell. Since
then, however, it has been shown that the presence of an alloy layer between the CdS
and CdTe has a deleterious effect on the quantum efficiency of the device at short
wavelengths. This fact, coupled with the difficulty of preparing continuously graded
compositions using materials with such a large miscibility gap (see Section 8.1.1) has
led to a decline in interest in this system in favour of the simpler CdTe/CdS junction.
Nevertheless, it is widely accepted that a small amount of S and Te interdiffusion at
the interface is beneficial in reducing dislocations caused by the lattice mismatch,
and 1s, moreover, inevitable to some degree.

Since these pioneering studies, continuing work on CdTe/CdS heterojunction
devices has led to a wide range of deposition methods being developed. This
apparent insensitivity to the deposition technique has proved to be a major advantage
when transferring the technology to large-scale production lines. However, each of
the methods which have yielded efficiencies in excess of 10% (reviewed in Section

2.4.1) has in common the introduction of both chlorine and oxygen impurities during

either the deposition or treatment stages.
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2.3 DEVICE LAYERS

Figure 2.1 shows the basic construction of a typical cadmium telluride/

cadmium sulphide thin film solar cell.

®

ohmic contact |
load

polycrystallme

CdTe @
polycrystallme
CdS
transparent
conducting ? S
oxide _—— substrate

incident light

Figure 2.1 Composition of the thin-film CdTe/CdS solar cell. Note that the layer dimensions

are not shown to scale.

The tunctions of each of the different layers are described in the following sections.

2.3.1 Substrate

The solar cell 1s produced on a substrate of glass, because it 1s transparent,
strong and cheap. Typically around 2-4mm 1n thickness, this acts as a substrate for
deposition, protects the active layers from the environment and provides mechanical
strength. Since the active layers of the device are those on top of the glass substrate,
this construction is referred to as the superstrate configuration.

Common types used are soda-lime glass, which 1s inexpensive, and borosilicate
glass. The latter has a higher softening temperature, and 1s often used for the higher
temperature deposition methods. Corning #7059 barium borosilicate glass 1s
particularly widely used, as its low alkali (0.3%) content lessens the diffusion of
acceptor atoms into the CdS layer. The outer face of the pane often has an anti-

reflective coating, such as magnesium fluoride, to enhance its optical transmission.
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2.3.2 Front contact

A layer of transparent conducting oxide (TCO) is used as the front contact to
the device. It 1s needed to reduce the series resistance of the device, which would
otherwise arise from the sheet resistance of the thin CdS layer. For high efficiency

cells, it 1s required that the sheet resistance of the front contact is no more than
~10€/L0 [6]. The most widely used material is tin oxide (SnO,), approximately
100nm of which is deposited onto the glass either by sputtering or atmospheric

pressure chemical vapour deposition. This material has an improved conductivity
when doped with indium to produce indium tin oxide (ITO). However, diffusion of
indium from the ITO has been implicated in reducing device performance in solar
cells where high temperatures have been used during manufacture. For this reason, a

layer of the more stable undoped SnO; is often included between the ITO and CdS

layers.

2.3.3 CdS window layer

The polycrystalline CdS layer i1s n-type (as CdS invariably is, due to native
donors and sulphur vacancies), and therefore provides one half of the p-» junction.
As a wide band gap material (£, ~2.42eV at 300K), 1t 1s largely transparent down to
wavelengths of around 515nm, and so acts as the window layer. Below that

wavelength, some of the light will still pass through to the CdTe, due the thinness of

the CdS (~ 100nm).
CdS material deposited by low temperature techniques 1s often treated with

cadmium chloride before deposition of the CdTe absorber layer. This process 1s

described further in Section 2.4.2. However, this treatment has been found to be less
influential for layers deposited by such methods as close-space sublimation, spray

pyrolysis and screen printing, where temperatures in excess of 500°C are used during

deposition.

2.3.4 CdTe absorber layer

The CdTe layer is, like the CdS, polycrystalline, but is p-type doped. Its energy
gap (1.45eV) is ideally suited to the solar spectrum, and it has a high absorption

coefficient for energies above this value. Because it is less highly doped than the
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CdS, the depletion region 1s mostly within the CdTe layer. This is therefore the
active region of the solar cell, where most of both the carrier generation and
collection occur. The thickness of this layer is typically 1-30um, with grain sizes
strongly dependent on the deposition technology used.

2.3.5 Back contact

The role of the back contact is to provide an electrical connection to the CdTe
without adding excessively to the series resistance to the device. Fahrenbruch [7] has
estimated that the specific contact resistivity R, of the back contact should be kept to

a maximum of 0.3Qcm?, where

.. 2.1)
dJ |,

However, p-type CdTe 1s a notoriously difficult material on which to produce an
ohmic contact, due to its high work function [8]. This can be seen in Figure 2.2,
which shows a simple model of the band structure of a metal contact on p-type CdTe

at thermal equilibrium.

metal p-type CdTle

emEmm S A---- vacuum level

| |
l Z. , conduction bana

Figure 2.2 Band diagram for an ideal metal/p-CdTe contact
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During normal device operation (i.e. at forward bias under illumination), majority
carriers will be moving from the CdTe to the metal. These holes will encounter a
barrier, as shown on the diagram, over which they must pass via a thermionic

emission process. The height, V;;, of the barrier will be equal to the difference of the

two work functions:

Vbi = @s — Om (2. 2)
The work function of a semiconductor depends on its doping concentration, but for
highly p-type semiconductor its limiting value will be given by:

On ~ }s T E, (2.3)
where y; is the electron affinity of the semiconductor.

For there to be no potential barrier to the majority carriers leaving the CdTe,

the Mott-Gurney condition must therefore be met:

Om 2 E; + 7 (2. 4)
or, for p-CdTe On = 1.45eV +4.28eV [9]
>5.73eV

The absence of any commonly available metals with a high enough work function
means that a simple Schottky junction will therefore not be sufficient to produce an
ohmic contact. Instead, two different methods of producing pseudo-ohmic contacts
are commonly adopted.

One approach to overcoming this problem has been to make contact with the
CdTe using a more conductive p-type semiconductor, with a higher electron affinity,
to which a metal contact can more easily be made. Materials such as ZnTe [10] and
HgTe [11,12] have been used with some success, with a value of R~=0.1Qcm’
reported for HgTe [11].

The second, and more widely used, method of contacting involves chemically

treating the CdTe to leave a p"-type layer at the surface. The higher acceptor density
results in a narrower depletion region when a metal contact 1s subsequently applied.
This allows the thermally assisted tunnelling of holes through the barrier. The contact
resistance 1S then related to both the barrier height and the doping density by the

thermionic-field emission theory [13].
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Various chemical etchants may be used to provide the p” layer. One approach
is the reduction of telluride ions to leave a tellurium rich (and hence more p-type)

layer at the surface. For example, this can achieved using alcoholic solutions of

bromine [14] via the reaction:

Br, + Te*” = 2Br™ + Te° (2.5)
The use of this etch followed by the evaporation of gold is widely used for making
contacts for research purposes, despite reported resistances of ~20Qcm?” [7]. Other
etchants commonly used include acidified dichromate [15] and nitric/phosphoric acid
solutions [16]. These have both yielded satisfactory contacts even when the gold is
replaced by either nickel or a Ni/Au alloy, which have lower work functions but are
considerably cheaper.

Another contacting process involves the deposition of a graphite paste, by one
of a variety of techniques including painting, screen printing and spraying. The major
advantage of this technique, besides that of cost, i1s that it allows the addition of
dopants directly into the contact material before deposition. When the complete
structure is then annealed, the impurities diffuse into the CdTe to produce a p" layer.
Depuyt et al. [17] have compared various impurities and found that the lowest

resistance contact was formed using Cu 1ons, which act as acceptors in CdTe.

2.4 DEVICE FABRICATION

24.1 Deposition techniques

Physical vapour deposition PVD (otherwise referred to simply as vacuum

evaporation) involves the vaporisation in a vacuum of a source of either the
compound (CdS or CdTe) or a mixture of the separate elements (Cd + S or Cd + Te).
The resulting vapours recombine on the surface of the substrate (which can be
heated, but is still much cooler than the source) to deposit the required
polycrystalline material. The stoichiometry of the deposited layer 1s difticult to
control accurately, as it depends strongly on the equilibrium vapour pressures of the

elements, as well as the stoichiometry of the source material [18].
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Close-space sublimation CSS, which has been used to produce the highest

efficiency cells so far [19,20], is based on the reversible dissociation of the

semiconductors at high temperatures, i.e. [21]

2CdS(s) < 2Cd(g) + Sy(g) (2. 6)
2CdTe(s) <2 Cd(g) + Tex(g) (2. 7)

The source 1s of a large area and is positioned a short distance (0.5-2mm) from the
substrate. The substrate is maintained at a high temperature (but below that of the
source) such that the elemental vapours will not condense on the substrate. The
compound form, however, is deposited due to its lower equilibrium vapour pressure.

A major advantage of this technique is the high deposition rate, which is typically
] um/min.

Chemical vapour deposition CVD can also be used to deposit both
semiconductors. It involves chemical reactions between precursor vapours to
produce the required species, which condense on the substrate to form the
compound. A variation of this method, metal-organic CVD (MOCVD), is widely
used for depositing CdTe. This makes use of metallo-organic precursors, such as
dimethyl-cadmium as a source for cadmium and diallyl- [22], diisopropyl- [22], or
diethyl- [23] telluride for tellurium. Despite the slow deposition rate (~1um/hr), this
technique 1s suitable for scaling up for commercial production, due both to its low
cost and to the high degree of control over stoichiometry and doping which is

possible.

Solution growth  This is sometimes used for depositing CdS films [24], and
involves producing the required ions in a solution by chemical means, which
combine and precipitate out onto the substrate if the required equilibrium conditions

are met. For example, cadmium ions can be produced by the hydrolysis of Cd(OH);:

Cd(OH), < Cd*" + 2(OH) (2. 8)

and sulphide ions from an alkaline aqueous solution of thiourea:
(NH,),CS + OH = CH;N; + H,O + HS’ (2. 9)
HS + OH = H,0 + S§* (2. 10)
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CdS then precipitates onto the substrate when the concentration product of the

sulphide and cadmium ions exceeds the solubility product of CdS;:
Cd*" +S* = 2CdS (2. 11)
However, this method can not be used for CdTe, due to the difficulty of synthesising

tellurnides [25]. This process is also referred to as electroless or chemical bath

deposition (CBD).

Electrodeposition The electrodeposition technique is widely used to deposit

CdTe films [24], and in general uses an acidified solution of a cadmium salt and

tellurtum oxide. A negative potential is applied to the substrate, allowing cathodic
deposition to take place via firstly the reduction of tellurium:

HTeO, +3H" +4e = Te + 2H,0 (2. 12)
followed by the reaction of the deposited tellurium with the cations:

2Te + Cd** + 2¢” = CdTe (2. 13)

The use of CdCl; in the solution to supply the cadmium 1ons means that no chloride

need be added later during the post-deposition annealing (see Section 2.4.2).

Screen printing Screen printing can also be used to produce both semiconductor

layers. High-purity elements are milled into a fine powder, to which typically 10%
by weight [26] CdCl, is added to act as a fluxing agent. Propylene glycol is used as a
binding agent to produce a slurry, which is printed onto the substrate through a fine
mesh. After drying, the layer is sintered at 600-700°C for around 1 hour. Thicker
layers are required than with other techniques in order to avoid the effects of

pinholes, and the grain sizes following sintering are also correspondingly larger, with

20-30pum commonly observed [21].

Spray pyrolysis A similar slurry to that used for screen printing can also be

sprayed onto a heated substrate, in a technique known as spray pyrolysis. As well as
the CdS and CdTe thin films, the ITO layer can also be deposited with this method.
This makes the process highly suitable for upgrading to commercial production, and

this has already been exploited. However, the use of proprietary techniques means

that few experimental details are reported in the literature.
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24.2 Post-deposition processing

The presence of chloride ions has been found to be essential to create a high

efficiency (7~10%) CdTe solar cell [27]. The introduction of these ions is usually
achieved using cadmium chloride, which is often applied after completing the layer
deposition by either evaporation or coating with an aqueous solution. However, in
some deposition methods the chloride ions are introduced during the layer growth, as
seen 1n the previous section. TouSkova et al. [28], for example, have shown the
presence of chloride 1ons in the electrolyte solution during electrodeposition to be
essential in order for the later post-deposition treatment to be effective.

Whether the cadmium chloride is introduced during or after the initial layer
deposition, it has in most cases been found necessary to apply some heat treatment to
the cell. (This is with the exception of the screen printing and spray pyrolysis
techniques, in which the layers have already been subject to high temperatures in the
presence of this chloride.) This treatment typically consists of subjecting the cell to a
temperature of ~400°C for 20-30 minutes in an oxygen-containing atmosphere, and
often results in an improvement in the device efficiency of an order of magnitude.

Many different mechanisms have been implicated in this processing step. The
most widely cited effect is the type conversion of the CdTe from » to p-type. It is
known that CdTe is difficult to extrinsically p-type dope, due to its tendency to self-
compensate. However, by comparing the temperature dependent J-V data to
simulated curves, Niemegeers et al. have shown that the CdCl, treatment causes an
increase in the acceptor density in space-charge region [29]. This causes a narrowing
of the depletion layer, so increasing the electric field and therefore decreasing the
recombination rate in this region. J-V results have also shown a decrease in the

resistivity of the CdTe, which is likely to be due to the increase in the doping

concentration [30].

The origin of the acceptors remains unclear. Photoluminescence measurements

as a function of processing conditions have shown an increase in the density of
shallow-level states following chloride treatment, which may be responsible [31]. A

possible centre may be a cadmium vacancy complex which is known to form 1n

chlorine-doped CdTe, and acts as an acceptor [32].

25



Chapter 2

A further contribution is likely to be that of isoelectronic doping with oxygen.
which also forms a shallow acceptor in II-VI materials [33]. T'yan et al. have used
junction capacitance and cross-section EBIC measurements to measure the acceptor
density and junction position as a direct function of the amount of O, present during
CSS growth [34]. This showed that the oxygen increases the acceptor density,
ensuring the formation of a heterojunction rather than a buried homojunction.

Passivation of the CdTe grain boundaries, and thus reducing recombination
losses, 1s thought to be another effect of the post-deposition processing. Cahen and
Noufi [35] have implicated oxygen in this process. Further evidence of such
passivation is seen 1n the high-resolution beam-induced current results of Galloway
et al. [36].

In films with small CdTe grains, such as those produced by electrodeposition
(a few hundred angstroms), grain growth is known to be an important factor in the
post-deposition processing. Since band bending at grain boundaries acts as a barrier
to the tlow of majority carriers, a lower density of such boundaries will decrease the
resistivity of the device. Levi ef al. have observed PVD grown CdTe grains to grow
by a factor of 5 following treatment, but saw no measurable growth in CSS deposited
films [37]. This latter result has been independently verified by Cousins [38].

A further major effect of CdCly/heat treatment concerns intermixing at the
CdS/CdTe interface. This has been shown to occur following treatment using various
techniques, including Auger electron spectroscopy, secondary ion mass spectrometry
(SIMS) and optical transmission measurements [39]. SIMS studies by Dhere et al
have also shown that chlorine i1s transported during the processing via the grain
boundaries, accumulating at the interface region [40]. The same study showed that
there 1s a greater degree of diffusion of sulphur into CdTe than tellurium into CdS.
The resulting anion vacancies in the CdS layer then result in the formation of a one-
sided n"-p junction and improved collection from the CdTe.

X-ray diffraction studies have indicated that the presence of CdCl, during
annealing increases the amount of CdS/CdTe intermixing [41]. This may be
explained to some extent by the CdTe-CdCl, and CdS-CdCl, phase diagrams, which

show eutectic lines at the relatively low temperatures of 508°C and 525°C
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respectively [42]. This suggests that at 400°C the species at the interface would

perhaps be more mobile with CdCl, present.

In addition to its effect on the optical absorption of the cell layers, it has been
reported that interdiffusion causes a reduction in the lattice mismatch at the
CdTe/CdS junction [43]. The resultant reduction in the density of misfit dislocations
leads to an increase 1n the carrier collection length, as observed in spectral response
measurements |[44]. This same reduction in the number of recombination centres is

also manifested through a change in the dominant dark current transport mechanism,
from interface recombination to depletion region recombination. This information

was derived from temperature-dependent J-V data for PVD [30] and molecular beam
epitaxy [44] cells, but was not observed for CSS devices [29].

It 1s clear that more than one mechanism contributes to the efficiency-

enhancing influence of the chloride/heat treatment on these solar cells. It 1s also
evident that the extent by which each mechanism affects a device depends on the

deposition method used.

2.5 CURRENT STATUS

2.5.1 The state of the art

The maximum verified conversion efficiency for a small area CdTe/CdS solar
cell is currently 16.0+0.2% [20]. This was fabricated using MOCVD-grown CdS and

CSS CdTe, although a CSS cell approaching the same efficiency has also been
produced using CBD-deposited CdS [19]. The most efficient modules have also been

produced using the CSS technique for the CdTe, in this case also using the same
process for the CdS deposition. These were produced by ANTEC, with etficiencies

measured at 10.6+0.3% for 10cmx10cm submodules [45]. The current work

examines material produced by this company.

Production status

2.5.2

Several companies have already begun the commercial production of Cdle
modules, and others are currently in the pre-production stage. The technologies being

used widely vary, and include: CSS (ANTEC GmbH, Solar Cells Inc.);
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electrodeposition (BP Solar); screen printing (Matsushita); and spray pyrolysis
(Photon Energy Inc.).

The production costs for a CdTe solar cell plant with an annual output of
60MW,, have been estimated by BP Solar to be around 0.6 ECU/W,, [46], falling to a
predicted 0.28 ECU/W, for a 500MW,/year plant [47]. Such a cost would be

sufficiently low to compete with conventional power generation. The particularly
short energy payback time of around 1.6 months (mostly due to the energy used in

the glass production) is also highly competitive by comparison with silicon solar

cells [47].

2.5.3 Current research issues

In order to further increase the efficiency of CdTe solar cells, research is
currently focussed on three main issues:
a) Determining the exact mechanisms behind the effect of the CdCl, treatment. This
should allow greater control over the post-deposition processing, without the
necessity of relying on empirical methods.
b) Examining the extent and effect of the sulphide/telluride interdiffusion at the
device junction.

c) Development of a cheap, stable and low-resistance back contact.

2.6 SUMMARY
The science and technology of CdTe/CdS thin film solar cells have been

reviewed. It has been shown that the optical and electrical properties of CdS and
CdTe are well-suited to use in PV, and that the flexibility of the system in terms ot
the wide range of deposition methods available make the technology highly
promising for large-scale production. However, a greater understanding of the
materials issues is required in order to further improve device performances. This

thesis will address these issues, using the techniques outlined in the following

chapter.
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Chapter 3: Experimental methods and
observations on their previous application

fo solar cells

3.1 INTRODUCTION

The experiments presented in this thesis include not only the standard solar cell

characterisation methods (such as I-V and spectral response), but also several

microscopic and spectroscopic techniques not universally associated with the

characterisation of solar cells. The latter include the beam induced current
measurements (OBIC and EBIC), luminescence studies (PL and CL), and GDOES.
In this chapter, a description will be given of the methods and experimental
apparatus used, although where appropriate a more detailed description will be
deferred to the relevant results chapter. For OBIC, EBIC, PL and CL, a brief review
of the previous application of these techniques to the study of CdTe/CdS solar cells
will be given. In the case of GDOES, this review will be extended to semiconductor
applications generally, as the technique has not previously been applied to CdTe.
Also included in Section 3.2.1 is a brief description of illustrative temperature

dependent I-V studies done in this work but which do not belong in any major results

chapter.

3.2 CURRENT-VOLTAGE AND SPECTRAL RESPONSE

3.2.1 Currenidvoltage

As described in Section 1.3.2, illuminated current-voltage (/-V) measurement 1s
the technique most directly relevant to solar cell operation. However, 1n addition to
their use in determining the basic photovoltaic parameters, /-7 characteristics and
their variation with temperature can also yield information about materials properties

of the devices. This is commonly carried out by fitting experimental data to an

equivalent circuit model of the cell.
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The simplest such equivalent circuit [1] consists of a non-ideal diode.
representing the p-n junction, coupled with a current source J; to account for the
collection of light-generated carriers under AM1.5 illumination. In addition, a shunt
resistance Ry, 1S included to model current losses due to carrier recombination and
the effect of pinholes; and a series resistance R,.,... sSimulates the finite conductivity

of the semiconductor layers and the device contacts. The complete equivalent circuit

diagram 1s shown in Figure 3.1.

| J
2,
*— —

Rseries
___L__l |
Rshum
V
O <4 —_— — — — O

Figure 3.1 Single diode equivalent circuit for solar cell.

Use of the well-known diode equation [2] and a consideration of currents at the

nodes then yields the following expression relating the current density J through and

the voltage V across the cell:

4V ~Ryeries/ ) _
J:JO[e nkT _1\+uﬁﬁ_.]£ (31)

shunt

The dark characteristics are similarly modelled, by neglecting the light-generated
current term.

Although this expression is suitable for many applications, a more accurate
representation of a solar cell’s /-7 characteristics has been found to be the double
exponential model. This uses two diodes 1n parallel, 1n place of the single component
in Figure 3.1, and allows the diffusion current and recombination current in the cell

to be considered separately [3-3].

36



Chapter 3

Fitting experimental data to the chosen expression is then carried out in one of

two ways:

Analytical methods  Although the equation is not analytically soluble in its
complete form, analysis of different parts of the /-7 curve in turn allows considerable
simplification of the expression. For example, terms in ¥ or J can be eliminated by
considering the short-circuit and open-circuit cases respectively. Consideration of
these and other points on the curve yields a series of equations which are used to

calculate each term separately [3,6].

Numerical methods The other widely-used approach is to evaluate a numerical

solution to the equation. This is then fitted to the data by adjusting the various

parameters 1n turn using iterative techniques and suitable error criteria [7].

The I-V measurements made in this work were carried out using existing

apparatus, shown in Figure 3.2.

Dark enclosure

Light source

L R

Water outlet PC |~

|IEEE-488
' Interface

Lyt

Electrometer

1 andvoltage
l source
. Peltller\ / Vacuum e
Water flow SOSt : =
T T
=5 == =

Heatsink

e —————————— e C—_— — - - - — —_— R ——— . —

Figure 3.2 Solar simulator used to carry out illuminated /-V measurements.
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The light source was a 1500W tungsten halogen lamp fitted with a diffuse reflector,
with atmospheric absorption simulated by a 2cm deep container of water. The sample
was mounted on a Peltier effect heat pump and water-cooled heatsink, to allow
control over the temperature. The use of a vacuum chamber prevented the
condensation of moisture from the water tray onto the solar cell. Simple two-probe
contacting connected the sample to an electrometer, which provided the voltage bias
and measured the resultant current. Computer software was written to control the
electrometer via an interface bus and to log the measured data.

Some of the device parameters measured using this equipment are shown later
in Table 4-1. However, although the /-7 measurements carried out in this study were
mainly to allow correlation to be made between the materials properties and the
photovoltaic performance of the cells, they also reveal further interesting aspects of
the devices. As an example, Figure 3.3 shows the I-V curve of a chloride treated

CdTe/CdS solar cell as a function of temperature.

140 ———— - - _ _ I
120 - 333 K
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100 313 K
O'JE 80
<
E 60 7 303 K
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S 40 |
- ] 203 K
-
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E 20 -
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20 L . ~
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Voitage (V)

Figure 3.3 /-V measurements as a function of temperature for a CdTe/CdS solar cell

showing the effect of the back contact.
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As well as showing the detrimental influence on the open-circuit voltage of
Increasing temperature (as expected from Equation 3.1), a pronounced flattening of
the curve 1s also observed at large forward biases. This so-called “roll-over” effect

has also been observed for CdTe/CdS cells by Stollwerk and Sites [8], who have
attributed the phenomenon to the rectifying nature of the CdTe back contact. This

interpretation suggests that the equivalent circuit in Figure 3.1 should also include a

second diode, back-to-back with the first, to represent the contact. Figure 3.4 shows

this arrangement.

e

Rseries
-
Rback Rshum
;W__J ;__V____/
back contact main cell

Figure 3.4 Equivalent circuit for a solar cell with a non-ohmic back contact.

Although the shape of the I-V curves is consistent with this equivalent circuit, the
circuit parameters cannot be extracted without making signiticant assumptions, and
no further I-V measurements have been made in this work to examine contact aspects
of CdTe/CdS solar cells. However, as the back contact diode can have a significant
effect on the photovoltaic properties of a device, its influence on the results of
electrical measurements must be considered. In particular, the possible contribution

of back contact effects on OBIC and EBIC results will be discussed in later chapters.

3.2.2 Speciralresponse

Spectral response measurements are used to determine the wavelength
dependence of the quantum efficiency of solar cells, as defined in Section 1.3.4.
Comparison of this data with simulations of ideal devices allows information to be

ferred concerning the origin of losses in the cell, and indicates the nature of the
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collecting junction involved [9]. This is possible because varying the energy of the
incident photons changes their penetration depth, and therefore measuring the current
induced as a function of the illumination wavelength allows the position of highest
carrier collection to be estimated. In this way it is possible to distinguish between
heterojunctions and buried homojunctions from the spectral response data, provided
that the absorption spectra of the materials in the device are known.

This technique has been widely used to study the interdiffusion of CdS and
CdTe at the device interface [10-13], an effect which causes a decrease in quantum
etficiency near to the CdS absorption edge. In this study, the spectral response data is
used primarily for comparison with the results of an analogous EBIC experiment, to
be presented in Chapter 7.

In order to carry out these measurements, the experimental arrangement shown

in Figure 3.5 was constructed.

\
Y
DV S S

e
A Filament lamp E Beam Splitter J Sample
B Computer-controlled F Lens K Electrometer

power supply G Photodiode L Computer

C Monochromator H Current amplifier
D Order sorting filter |  Mask

Figure 3.5 Experimental arrangement used for spectral response measurements.
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A quartz halogen lamp and grating monochromator were used as the light source,
with a removable filter used at long wavelengths to remove second order light. The
light 1ntensity was monitored using a calibrated photodiode; this was used in a
teedback loop to control the intensity of the lamp in order to maintain a constant
photon flux at all wavelengths. The current generated by the sample was monitored
using an electrometer. The whole experiment was controlled by a computer,

including wavelength scanning, data logging and light intensity monitoring.

3.3 OPTICAL BEAM-INDUCED CURRENT (OBIC)

In order to obtain spatially resolved information about the photocurrent in a
solar cell, a light beam can be scanned across the sample and the induced current
measured at each point to build up a map of photovoltaic performance. This
technique has long been used 1n the PV industry for the quality control of large-scale
solar modules [14]. Higher resolution scans have also been used to characterise grain
boundary effects in multicrystalline silicon cells, where the grain dimensions are of
the order of millimetres [15-17]. Techniques of this resolution are usually referred to
as scanning light spot (SLS) or light beam-induced current (LBIC) methods.

Due to the wavelength resolution limit inherent in optical microscopy, micron
scale resolution with these techniques requires the optics to be optimised. Such
systems have been assembled by several workers [18,19], with resolutions of up to
~0.4pum being reported [19]. At these resolutions, the technique is generally referred
to as optical beam-induced current (OBIC). In order to obtain a high resolution, this
technique uses a laser beam focused onto the sample using a microscope objective.
Scanning of the light spot can be achieved using a system of moving lenses, but more
often a confocal geometry is employed and the sample itself is scanned with respect
to a stationary beam.

This technique was first applied to thin-film solar cells by Galloway et al [20-
221, who used it to probe the effects of CdCl, treatment on CdTe/CdS devices. Their
findings showed that the post-deposition treatment acted to homogenise the
photovoltaic performance of the cell. In addition, a strong intensity dependence of
the photocurrent was observed, which was attributed to the onset of high injection

conditions in the device. Such effects were further studied in this work using both
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OBIC and 1ts electron beam analogue, EBIC, a technique which is described in
Section 3.5.5.

3.4 PHOTOLUMINESCENCE SPECTROSCOPY

3.4.1 Introduction

Photoluminescence  (PL), and its electron beam  equivalent,
cathodoluminescence, offer a way of investigating the various shallow impurity
levels present in a semiconductor. In CdTe solar cells, where the introduction of
electrically active levels is known to occur but is poorly controlled, this has proved to
be a useful technique, even though the quality of the spectra is degraded by the

polycrystalline nature of the material.

3.4.2

Principle

When excess carriers are generated in a semiconductor (e.g. under optical
1llumination), the carrier concentrations are no longer in equilibrium. Various
recombination mechanisms act to regain equilibrium, all involving the relaxation of
an electron from the conduction band back down to the valence band. One such
group of processes occurs via the emission of a photon with a wavelength determined

by the difference in energy between the two electronic states involved. Some of the

different possible transitions are illustrated in Figure 3.6 [43].

Ey

Figure 3.6 Possible radiative transitions: A Interband transition; B Intrinsic excitonic

transition: C-E Extrinsic impurity-related transitions.
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The transitions labelled A to D in the figure take place between various mid-band

states:

A Direct interband transitions between the bottom of the conduction band and the

top of the valence band are not commonly observed. If this transition were to occur,
the emitted photon would have a high probability of immediately being re-absorbed.
Excitonic and impurity-related transitions are also more probable.

B The highest energy transitions generally observed are between an excitonic
state and the valence band. Excitons are formed as the result of the Coulombic
interaction between an electron in the conduction band and a hole in the valence
band. The energy of this state is lower than the bottom of the conduction band by an
amount equal to the binding energy of this hydrogen-like system. Transitions
between this exciton state and the valence band are known as intrinsic transitions,
and such peaks are often labelled “X” on luminescence spectra.

At low temperatures, the observed light intensity from such free-exciton
transitions 1s low, due to re-absorption of the emitted photon. However, excitons can
also be trapped by impurities, and the energy levels of such states are reduced further
by an amount known as the /localisation energy. The excitons can be bound to either
donors or acceptors, and these impurities can be either neutral or 1onised. The peaks
involving these transitions are labelled “D”X” and “D"X” for neutral and ionised
donors respectively, and “A'X” and “A™X” for acceptors. At low temperatures, i.e.
when the impurities have not been thermally 1onised, neutral impurity-bound exciton
transitions will dominate the near-bandgap region of the spectrum.

C-E Transitions involving shallow impurity levels and the bands also occur. Donor-

acceptor pair (DAP) luminescence (often labelled “D° A”) results from the
interaction of donor and acceptor centres, which are initially both neutral. If the
radiative recombination of the donor atom’s electron with the acceptor’s hole then
occurs, the centres will then each become ionised. The resultant Coulombic attraction
between the ionised centres will depend inversely on their separation, and this will
affect the energy of the emitted photon. Since there is large number of different

distances separating all the various impurity atoms in the sample, this results in a

broad band typical of DAP luminescence.
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3.4.3 Application of PL to CdTe solar cells

PL 1s rarely applied to CdTe solar cells, presumably on account of the
complexities to be encountered in interpreting spectra from polycrystalline samples.
The potentials at the grain boundaries may be expected to influence the optical
transitions. For a review of luminescence in CdTe, the reader is referred to [23].

Halliday ef al. have carried out low-temperature PL. on CdTe/CdS structures
and have observed emission bands corresponding to bound excitons (1.59¢V), a free
to bound transition (1.55¢V) and DAP luminescence (1.45e¢V) [24]. This latter band
1s often observed in CdTe luminescence, and is usually attributed to a cadmium
vacancy complex. Further studies were carried out on chemically bevelled samples
[25,26], where the 1.55e¢V band was found to be of greater intensity nearer to the
device junction. It was speculated that this was due to the presence of 1soelectronic
oxygen on a tellurtum site, resulting in the formation of a shallow acceptor, as
suggested by Akimoto et al. [27,28]. Similar bevelled samples have been examined
in the present work (see Chapter 8).

Studies have also been carried out by Levi ef al. [29] to evaluate the effect of
the back contact on the PL spectra of CdTe/CdS cells excited through the tront wall.
[t was found that tellurium enrichment of the CdTe using the nitric/phosphoric acid
etchant, or the deposition of a wide variety of metals, influenced the PL spectra, even
though the CdTe was 8um thick. Although this study 1s not directly relevant to the
work in this thesis, it does serve to illustrate the sensitivity of PL, and also the
complexity of the CdTe/CdS solar cell materials system.

Comparison of the photoluminescence technique with the corresponding

electron beam technique (cathodoluminescence) will be made in the following

section.

3.5 SCANNING ELECTRON MICROSCOPY

3.5.1 Introduction

Conventional optical microscopy is limited in its resolution by the wavelength
of the light used, limiting the usefulness of such methods in sub-micron analysis. By

contrast, the scanning electron microscope (SEM) is capable of resolving spatial
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variations on a much smaller scale. A further advantage is that several different

modes of operation are available, the physical bases of which are examined in this

section.

3.5.2 SEM operation

The scanning electron microscope consists of a focused beam of electrons
which 1s scanned 1n a raster fashion across a sample. In this way each part of the
sample is probed in turn, with some electron beam-induced phenomenon measured at

each point; these measurements may then be reassembled to produce an 1mage of the

sample. Figure 3.7 shows the essential features of the SEM.

Electron gun
Condenser lenses
Objective lens

Scan coils

Scan generator
Specimen

Detector

Display/data acquisition
Vacuum system

—ITOMMOO >

l

Figure 3.7 Diagram showing the basic arrangement of the scanning electron microscope.

The electron gun contains a tungsten hairpin filament, through which a current

is passed to achieve thermionic emission. The emitted electrons are accelerated
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through a voltage of up to ~35kV, and the resultant beam is finely focussed by a
series of magnetic coils to form a spot on the specimen. A scan generator moves this
spot across the specimen via two sets of scan coils. One of various types of detector
1s used to monitor some emission from (or property of) the sample, and the resultant
signal 1s amplified and passed to the display device. Using information from the scan
generator, this display system then produces an image or linescan of the specimen.

Different modes of the SEM use different signals to produce the image, as

described in the following sections.

3.5.3 Backscattered electron mode

When an electron beam impinges upon a target, high energy beam (or primary)
electrons are elastically scattered by Coulombic interactions with atomic nuclei in the
sample. A significant minority of the primary electrons will be scattered through
large enough an angle (after undergoing either a single or successive elastic
collisions) that they re-emerge from the incident surface as backscattered electrons.
The rate of primary electron backscatter can be measured by the use of a scintillator
detector. This detector is shielded from the lower energy secondary electrons (see
section 3.5.4) by a wire mesh held at potential of around -100V [30]. Since the cross-
section for such scattering events is described by the Rutherford expression, which
includes a term in Z° (where Z is the atomic number), the rate of backscattered
electrons detected carries elemental information. However, the backscattered signal

is also dependent on the surface topology of the sample [31], as shown in Figure 3.8.
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Figure 3.8 The effect of surface topology on the rate of primary electrons backscattered

from the sample.
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Primary electrons backscattered from within a surface depression have a higher
probability of re-entering the sample than those that are backscattered from a
protruding feature. Having re-entered the sample, they then have a higher probability
of losing their energy via inelastic collisions rather than re-emerge as backscattered
electrons.

Although no direct use 1s made of backscattered electron information in this
study, the effect of this phenomenon on other SEM modes must be taken into
consideration. Since the backscattered electrons take with them a significant and
varying proportion of the electron beam energy, SEM modes such as EBIC and CL
that depend on the absorbed beam energy will be affected. A simple analysis of this
problem 1s presented in Figure 3.8, which shows a simulated absorbed current

linescan corresponding to a topological surface feature.
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Figure 3.9 Monte Carlo simulation of an absorbed current linescan across a surface feature.

The simulation used a 20keV electron beam scanning across a cadmium telluride sample.
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This data was simulated using the Monte Carlo software described in Section 3.5.5.
and the step-like appearance of the simulated surface feature is due to the finite
number of sample layers that the program allows. Despite this limitation, the effect
of the topology 1s clear, with a higher fraction of the beam energy deposited where
the surface 1s concave than where convex. These differences in absorbed energy are
attributable to variations in the number of primary electrons backscattered. For this
reason 1t 1S important that any samples to be examined using an SEM mode that

depends on the energy deposition in the sample (e.g. CL or EBIC) must be free of

topological surface features.

3.5.4 Secondary eleciron mode

The high-energy incident electrons can also interact with the loosely bound
conduction band electrons in the sample. The amount of energy given to these
secondary electrons as a result of the interactions is small, and so they have a very
limited (a few nm) range 1n the sample. Because of this, only those electrons excited
within a short distance ot the surface have sufficient energy to leave the sample. This
1s therefore the mode most commonly used for the analysis of surface topology.

A secondary electron micrograph obtained from the unpolished back surtace ot

a CdTe/CdS solar cell examined 1n this study 1s shown 1n Figure 3.10.
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Figure 3.10 Secondary electron micrograph of an untreated polycrystalline CdTe/CdS solar

cell.

This clearly shows the polycrystalline nature of the device, with CdTe grains
observable on the scale of 10um. Also visible on the grains are crystal terraces; this
1s characteristic of films grown by the CSS method, and similar features have been
observed elsewhere using atomic force microscopy [32]. This high degree of surface
topology will have an effect not only on the electron backscatter rate (as discussed in
the previous section) but also on any emitted photons. For these reasons it 1s vital

that a polished surface 1s first obtained before any back-wall EBIC or CL

measurements are carried out.

3.5.5 Eleciron beam-induced current (EBIC)

The electron beam-induced current (EBIC) technique 1s similar in principle to
OBIC, described in Section 3.3. In this case, however, the optical beam is replaced
by a electron beam by placing the sample in the SEM. Electrical connections are
made to the cell contacts in the conventional manner, and the measured current 1s
then amplified and used as the input for the SEM display. This section details the

physical processes involved in this experiment, and outlines what information this

technique can provide about a solar cell.
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Carrier generation Unlike OBIC, where electron-hole pairs are excited in a

semiconductor via band-to-band optical absorption, the process by which carriers are
generated under an electron beam 1s that of impact ionisation. In this process, a high-
energy electron interacts with a valence band electron, which, if sufficient energy is
transferred, is excited into the conduction band [30]. These high-energy electrons can
either be lattice electrons under the influence of a large electric field (as occurs in
avalanche photodiodes) or, as 1n this case, incident electrons from outside the
specimen. The carriers resulting from an incident electron beam are generated in a
finite volume of the material, referred to as the carrier generation volume. The basis
of the EBIC technique is that, once injected, these electron-hole pairs subsequently

behave 1n the same way as those injected by other means, such as photogeneration.

Application to solar cells The ability to inject a small volume of carriers into a
sample allows EBIC to be used to probe spatial variations in the collection
probability of a solar cell. This collection probability 1s a determined by the rates ot
several processes: recombination, drift and diffusion. Variations on the EBIC method

have been used to yield information concerning each of these processes.
a) Recombination The loss of carriers through recombination will clearly lead

to a decrease in the current collected by the electric field. This effect 1s exploited 1n
order to identify crystal defects in semiconductors. Such defects, such as grain
boundaries, inclusions and dislocations, are usually associated with enhanced
recombination (unless passivated), and therefore exhibit EBIC contrast.

This aspect of EBIC has been widely used in the characterisation of grain
boundaries in multicrystalline cast silicon solar cells [33,34]. Several theoretical
treatments have also be carried out, and provide methods of extracting the grain
boundary recombination velocity from experimental EBIC linescans [35-37]. For
thin film devices, however, where the grains are small compared with the minorty
carrier diffusion length, such treatments are more complicated [38]. McClure et al
[39] have modelled the effect of grain boundary recombination in CdTe/CdS solar
cells in an attempt to interpret the presence of notches in cross-section EBIC
linescans. Planar EBIC on these devices has hitherto only been attempted through the

CdTe side of the solar cell, due to the presence of the glass substrate on the front of
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the device. These results, some of which have been reproduced in Chapter 6, fit the

conventional view of grain boundaries as recombination centres by exhibiting dark

boundary contrast [20,21].
b) Drift EBIC linescans of solar cell cross-sections (i.e. perpendicular to the device

layers) are carried out within the depletion region as a method of determining the
position of the collecting junction in the device. Since this is the position of
maximum electric field, the carriers will be subject to the greatest drift at this point,
resulting in a peak in the induced current. Such measurements carried out on
CdTe/CdS cells by Galloway et al. (also reproduced in Chapter 6), show the presence

of a homojunction buried within the CdTe layer.

c) Difftusion  In the neutral region of the device, the probability of carrier
collection will decrease with distance from the depletion region edge. This is related
to a) above, but in this case relates more to the bulk recombination (as described by a
characteristic lifetime) rather than the recombination at a particular feature. Ideally
this decrease will be exponential with the minority carrier diffusion length L, i.e.:

[ =1, exp(—z—j (3.2)

but this 1s often an oversimplification as the carrier lifetimes (and hence diffusion
lengths) may vary spatially. Nevertheless, the measurement of diffusion lengths
using this principle is one of the most widely used applications of EBIC. Such
measurements can be carried out in the cross-section geometry [40] or in a planar
configuration.

The use of the cross-section method on CdTe/CdS thin-film devices has been
reported by Kenny et al. [41], who noted the non-exponential nature of the decrease
in EBIC with distance from the junction. Numerical modelling of the system was
carried out, taking into consideration finite surface recombination and high injection,
but 1t was found that these effects did not fully account for the shape of the observed
curve.

If the plan view injection method 1s used, the depth in the solar cell at which
the carriers are injected is varied by changing the accelerating voltage of the electron
beam. This has not previously been attempted in the illumination geometry for

CdTe/CdS cells due to the presence of the glass substrate, but the technique has been
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developed for chalcopyrite thin-films by Scheer. This work is further reviewed in

Chapter 7, where new results for CdTe/CdS films are also presented.

Limitations of EBIC  Although the probe size in EBIC is orders of magnitude
smaller than the wavelength-limited spot size in OBIC, this quantity is not the
limiting factor in the resolution of EBIC. The smallest volume that can be
interrogated by the electron beam in the EBIC mode will be equal to the carrier
generation volume. This volume is strongly dependent on the beam voltage, with
higher energy electrons producing generation functions with greater depth and lateral
spread (see the Monte Carlo simulations of Section 7.3.3). Increasing the beam
current will also have a detrimental effect on the resolution, since greater
electrostatic repulsion in the beam will result in a less finely focussed spot.
Moreover, the greater injection density will have the effect of increasing the lateral
diffusion of carriers away from their point of generation, effectively increasing the
volume of sample being interrogated. Such high injection effects are routinely
ignored, although they have been shown to be an important factor under the beam
conditions usually used for EBIC [42].

High injection conditions also influence EBIC experiments because of another
related phenomenon, the plasma effect. This occurs when a high density of carriers
injected <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>