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Abstract

This thesis represents a systematic study of polycrystalline CdS thin films and their
role as an n-type window layer in CdS/CdTe photovoltaic devices. This work
encompasses the growth of CdS, primarily by the solution deposition method, and the
subsequent characterisation of these films in isolation and as part of thin film
CdS/CdTe device structures.

A novel solution deposition approach was devised in order to grow high quality CdS
thin films. Structural, electrical and chemical characterisation methods applied to
these have shown that in their as-grown state they are highly oriented (in either the
c[111] or h[002] direction), possess a small grain size of approximately 10-15 nm,
and contain a considerable level of compressive strain. Annealing treatments in the
presence of the fluxing agent CdCl, have been shown to strongly modify the
properties of these films, they are converted to a polycrystalline hexagonal structure
with a significantly reduced level of strain, possess a larger grain size (27-28 nm) and
a considerably enhanced crystalline quality.

Novel ‘hybrid’ films comprising two CdS layers grown by different growth methods,
one grown directly upon the other, have been studied. [t has been shown that there are
remarkable differences in morphology between these and films grown by a single
growth method alone.

Complete CdS/CdTe devices have been fabricated from several types of film grown in
this study. Cell efficiencies of 9.80% were attained for a limited batch of devices,
suggesting that these films possess good qualities for PV device fabrication.

Early results from a novel tubular photovoltaic device concept are presented. This
geometry has the potential to reduce manufacturing costs, may open up new routes to
enhance the efficiency of CdS/CdTe devices, and is an attractive candidate for

PV/solar thermal power generation.
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It is important to note that although the mean irradiance of the AM, s spectrum (total
energy summed over all wavelengths) is approximately 900 Wm™, this is generally
normalised to 1000 Wm for numerical convenience. When quoting efficiency values
for PV devices, the standard spectrum used is AM,s normalised to 1000 Wm?
(equivalent to 100 mWem), this is generated in practise by using the approximately
blackbody spectrum of a tungsten halogen light source attenuated by appropriate

filters, refer to section 4.3.2 for experimental details.

1.3. Historical background

The PV effect was first discovered by Edmond Becquerel in 1839 upon observing
that the action of light on a 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, it nonetheless found many applications and as a
consequence stimulated much research work in order to further understand the effect.
The next significant development arose from the discovery in 1873 by Smith of the
photoconductive effect in selenium, closely followed three years later by the
discovery of the same effect in selenium by Adams and Day [9]. The latter experiment
consisted of a solid piece of selenium with heated platinum contacts, and was the first
demonstration of the PV effect in a solid-state system. In 1883 the American inventor
Fritts [10] produced the first thin-film PV device by applying a layer of gold leaf to a
thin layer of selenium; he was also one of the first to recognise the enormous potential
of PV devices, and took out many patents over his lifetime. In 1914 Goldman and
Brodsky were the first to relate the operation of this type of cell to a rectifying action,
however it was not until the 1930’s that the metal-semiconductor junction effect was
put on a firm theoretical footing by Schottky, Mott and others. In the 1950’s the
intense research interest in semiconductor materials and the production of high purity
silicon wafers for microelectronics applications brought about the development of PV
devices in which useful amounts of power could now be extracted. In 1954 Chapin
[11] produced a crystalline silicon device with an efficiency of 6%, closely followed
by an improvement to 11% one year later. At this time there was an intense research

effort in satellite technology, photovoltaic cells were found to be ideal satellite power









bandgap materials and the precise engineering of tandem and multiple bandgap
designs which now lend themselves to use in commercial scale concentrator systems.
The growth in these technologies and the associated understanding of the physics
involved will unquestionably lead to advances in PV device technology in the coming

years.
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2. Fundamentals of photovoltaic devices

2.1. Introduction

PV devices rely on the fundamental electrical and optical properties of their
constituent solid state materials; in this chapter an overview is given of the three
general classifications of materials: metals, semiconductors and insulators. The PV
effect is then introduced, focussing on common device configurations, and then the
physics of the device commonly used in this work, the p-n junction is explained in
detail. Finally, real-world PV devices are described, including common parameters
used in their characterisation, and real-world effects are discussed with emphasis on

the consequences that these have on device performance.

2.2. Metals, semiconductors and insulators

Solid state materials can generally be assigned to one of three categories: metals,
semiconductors or insulators, depending on the ease with which they conduct an
clectric current. Table 2.1 shows electrical resistivity values for three materials, gold,
silicon and polytetrafluoroethylene (PTFE), which belong to these groupings; their

resistivities span a huge 24 orders of magnitude.

Material | Resistivity (2 cm) | Classification
Gold 2.2x10° Metal
Silicon ~2.4x10° Semiconductor
PTFE > 1x10'® [nsulator

Table 2.1. Resistivity values for gold (metal), silicon (semiconductor) and PTFE (insulator) at room

temperature. For silicon the intrinsic donor concentration is 1.22x10'% cm™ [1-3].

This enormous range can be explained by band theory. In a crystalline solid the atoms

are packed into a regular three dimensional structure which is determined by the atom

10












2.2.1. Intrinsic semiconductors

The electrical properties of an intrinsic semiconductor are defined only by the
structure of the pure material. The properties of such a semiconductor will be
considered, and then extended to extrinsic semiconductors in which the presence of
dopant impurities substantially affect the electrical properties of the material.

An electron in a semiconductor will occupy the lowest available energy level, filling
up vacant states in order of increasing energy; the energy up to which states are filled
is called the Fermi energy (Er). At finite temperatures the electrons will possess
kinetic energy through thermal interactions, and therefore a proportion (with £ > E,)
will be excited into states above Er, leaving unoccupied states in the VB. These
unoccupied states are equivalent to the absence of an electron, and can be treated as a
positively charged carrier called a sole. In order to calculate the number density of
electrons (») in the CB (and analogously the number density of holes in the VB (p))

we first need to find the number density per energy interval dE, this is given by:
n(EYdE = g(E) f(E)dE 2.7

where g(E) is the DOS function and f(E) is the probability that a state at a certain

energy and temperature will be occupied. This quantity is integrated from the CB
edge to infinity to give us the electron density in the CB:

n= f 2(E) f(E)dE (2.8)

where the DOS function (cf. Equation 2.3) for the conduction band is given by:

1 (2m] i
g(E)=~ ( J (E-E)" 2.9)
T

where m, is the CB effective mass and E_ is the conduction band edge (where the

wavevector k is taken to be zero). The probability of state occupancy is given by the

Fermi Dirac distribution function:

14



f(E)= (2.10)

As the Fermi level Er lies in the bandgap we can assume that £ >> E ., thus equation

2.10 simplifies to the Maxwell-Boltzmann form:

E,-E
f(E)~exp[ T ] @.11)

In this form equation 2.8 can be evaluated using equations 2.9 and 2.10 exactly to

give:

E.-E
n=N, exp[ £ Cj (2.12)
k,T

where N, is the effective density of states in the conduction band:

3/2
kT
N‘_=2["’f B J (2.13)

The same process can be applied to holes in the valence band, to give:

E -F
=N_exp ——F 2.14
p=N, p[ T ] (2.14)

where N, is the cffective density of states in the valence band:

- 3/2
k,T
N, = 2('"—5] 2.15)

15



where m_ is the VB effective mass. Equations 2.12 and 2.14 show that the electron

and hole densities vary exponentially with the position of the Fermi level in the

bandgap. If we take the product of the electron and hole densities:

E.-E, E -E,.
np=N_N, exp[ = = ‘Jexp[ Vk Tf] (2.16)
B 8
E -E
np=NrN\,exp( . ‘j 2.17)
k,T
E,
np=NcN\,exp[— “j (2.18)
kT

[t is apparent that this is a constant for the material at a specified temperature, and is

often written as:
n’ =np (2.19)

E

n =(N,N)" exp(— 2kgTJ (2.20)
B

where n; is the intrinsic carrier density and is equal to the density of electrons which
are thermally excited into the conduction band of a pure semiconductor in thermal
equilibrium. As each excited electron leaves a corresponding hole, #; is also equal to
the number of holes left behind in the valence band. Often the electron and hole

densities are stated in terms of the intrinsic energy level E::

E. -E.
n=n, exp| —= E (2.21)
k,T
E -E,
=n. ex ! 2.22
p=n p[ kBTJ (2.22)
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where:

1 1 N
E =—\E,+E,)-—=k,TIn —= 2.23
i 2( c v) 2 B [N J ( )

v

In a pure semiconductor at equilibrium, £; is close to the centre of the bandgap and is

equal to the Fermi level.

2.2.2. Extrinsic behaviour

An extrinsic semiconductor is a material in which there is present an active dopant
species, whether present inadvertently or added deliberately; as a consequence the
electrical behaviour of the material is radically modified.

In a pure material the electron and hole concentrations are equal since a hole in the
VB can only be created by the excitation of an electron into the CB, however by
introducing an impurity this is no longer the case. Consider an infinite lattice of
tetravalent atoms, for example silicon. Each silicon atom uses its four valence
electrons to form covalent bonds with four neighbouring atoms. If a pentavalent
species, such as arsenic, is substituted into one of the silicon sites (replacing a silicon
atom), four of the arsenic valence electrons will be used for bonding, and there is one
additional electron that is weakly bound to the arsenic atom. The binding energy of

this electron is small compared to k,7 at room temperature, therefore it will be

ionised (the energy of ionisation can be calculated approximately using an
approximate ‘hydrogen like’ model) to the CB leaving behind a positively charged
arsenic ion; this electron is now available for conduction. The substitutional arsenic
atom is known as a donor, and a material containing donor species is known as n-type.
This process can be represented by a donor bound level in the band diagram of the
material (E,), refer to Figure 2.4a. Similarly, if a silicon atom is substituted by a
trivalent compound such as boron, then an electron from the VB will be used to form
a covalent bond creating a loosely bound hole in the VB. This will be ionised at room
temperature and therefore the hole will be available for conduction. This trivalent

atom is known as an acceptor, and a material containing acceptor species is known as
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2.2.3. Self doping and deficit semiconductors

Semiconductors may also contain intrinsic defects which introduce levels into the
bandgap and modify the electronic properties, this is termed self doping. This effect is
particularly common in the case of polycrystalline materials, where a large number of
defects present at grain boundaries may cause an otherwise intrinsic material to
become n-type or p-type.

Another effect which may be important in compound semiconductors is the deficit
effect, this may occur if one constituent of the compound is stoichiometrically more
prevalent than another; this imbalance can act as an impurity. This effect is especially
important in the principal material investigated in this work, cadmium sulphide, as
this semiconductor is typically cadmium rich (sulphur deficient) causing the material

to be n-type.

2.3. The photovoltaic effect

The PV effect is the direct conversion of light energy into electrical energy. It is the
result of two independent processes in a device, firstly the generation of mobile
charge carriers by the action of incident photons, and secondly the separation and
subsequent extraction of these charge carriers to an external circuit. If a photon of

energy hw is incident upon a semiconductor with a bandgap value E; and hw 2 £,

then an electron hole pair will be produced, this electron hole pair will eventually
recombine releasing energy in the form of heat (phonons) or light (photons), and
therefore must be separated before recombination in order to produce useful energy.
There are many types of PV device configuration which are capable of separating
charge carriers; in the following discussion two important classes will be qualitatively

discussed, metal-semiconductor and semiconductor-semiconductor junctions.
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2.3.1. Metal-semiconductor junctions

2.3.1.1. Schottky diode

A Schottky diode metal-semiconductor junction is one of the simplest methods of
inducing charge separation, and was one of the earliest PV device configurations to be

explored [7]. Consider a metal of work function @, and an n-type semiconductor of a
lower work function @, which are brought into intimate contact (Figure 2.5).

Because the semiconductor has a lower work function, there will be a transfer of
electrons from the semiconductor to the surface of the metal until the Fermi levels
equilibrate, thus creating an electric field in a layer close to the metal-semiconductor
interface. This leaves behind a region of positively charged uncompensated donor
atoms in the semiconductor; as there are no majority charge carriers (electrons) in this
region this is known as the depletion region. Any electron hole pairs created in the
depletion region or within approximately one diffusion length of this will be
influenced by this field, free electrons will be driven to the left, holes will be driven to
the right, and the net effect is that electrons will accumulate in the semiconductor and
holes will accumulate in the metal. This causes a negative potential to develop in the
semiconductor, and the potential difference across the junction will decrease. The
electron quasi-Fermi level in the semiconductor will increase, and the result is an
induced photovoltage which is equal to the difference in the Fermi levels in the
semiconductor and metal. The important point to note is that the junction is able to
develop a photovoltage provided that it presents a barrier to majority carriers, in this

case electrons.







2.3.1.2. Ohmic contact

Consider a metal-semiconductor junction where @ _<®_  for an n-type
semiconductor, or ® >® for a p-type semiconductor. The properties of this

junction will be very different to that of a Schottky junction as the band bending
which occurs will do so in such a way as to encourage the transport of majority
carriers across the junction. This has the effect that there can be no charge separation
and therefore this junction cannot be used as a PV device. This structure will
encourage the injection of majority carriers into the material and will therefore act as
an ohmic contact, such a contact is essential for efficient carrier collection from the
two metal contacts in a PV device, and the practicalities of this will be discussed in

section 3.2.2 and 3.2.5.

2.3.2. Semiconductor-semiconductor junctions

Schottky barrier type photovoltaic devices are limited to low photovoltages, as if the
barrier height becomes larger than E,/2 the minority carriers outnumber the majority
carriers near the junction, and an inversion layer is formed. A more effective type of
PV structure that can sustain higher photovoltages is the semiconductor-
semiconductor junction; two types are now bricfly discussed, the p-n homojunction

and the p-n heterojunction.

2.3.2.1. p-n homojunction

A p-n homojunction is formed by doping two regions of the same semiconductor
material differently; one side is doped with acceptor species (p-type) while the other is
doped with donor species (n-type). As in the Schottky junction discussed in section
2.3.1.1, there will be a transfer of carriers (in this case clectrons from the n-type
region move to the p-type region where they recombine with holes) which results in a
depletion region on both sides of the junction. This depletion region provides a barrier
to majority carriers, which is a prerequisite for PV action. In a PV device, the

minority carriers photogenerated in each side of the depletion region, or within one
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diffusion length of the depletion region, are driven to opposite sides of the junction
(electrons are driven to the n-side and holes to the p-side) creating a photovoltage.
The p-n homojunction is widely used in electronic and photovoltaic devices; in
section 2.4 a derivation and full explanation is given of the characteristics of this

junction.

2.3.2.2. p-n heterojunction

A p-n heterojunction is similar to the device outlined above, however two different
semiconductor materials with different bandgaps form the p-type and n-type layers.
The mechanism of photocurrent generation is the same, however there is an added
complication that the difference in bandgap between the two materials cause
discontinuities in the conduction and valence bands at the junction interface. The
CdS/CdTe device, the main device structure discussed in this work is a p-n

heterojunction device and will be discussed in detail in chapter 3.

2.4. p-n junction physics

The p-n homojunction is the most common type of structure used in PV devices, in
this section the behaviour of this junction is considered in detail under three

situations:

1) At equilibrium
ii) Under the influence of an external bias

i11) Under illumination.

2.4.1. At equilibrium

Consider an n-type and a p-type semiconductor in intimate contact (Figure 2.6a)
where N4 > Np and it is assumed that the abrupt junction approximation holds, that is
the transition from n-type to p-type material is instantaneous at the junction. For
thermal equilibrium to exist there must be a uniform chemical potential throughout

this region, this is achieved by a transfer of electrons from the n-type material to the
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By using Poisson's equation for the electrostatic potential:

d-? = _M (2.27)
dx” &g,

and noting that the electric field is related to the potential by:
E= _d¢ (2.28)

dx

it follows that by taking the integral of 2.27 using the charge densities 2.26 and

appropriate boundary conditions, the electric field in the depletion layer is given by:

-N,e
EE, (x+x/’) _xp<x<0
E(x)= (2.29)
NDe(x_x") O<x<x,
g,

This linear relationship is shown in figure 2.7a.
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2.4.2. Under external bias

The current-voltage characteristics of an ideal p-n homojunction as derived by

Shockley [8] is based on four assumptions:

e The abrupt depletion layer approximation holds (refer to section 2.4.1)

e The Boltzmann approximation is valid throughout the depletion layer (refer to
section 2.2.1)

e The low injection assumption holds, that is the injected minority carrier
densities are small compared with the majority carrier densities

e No generation current exists in the depletion layer (the electron and hole

currents are constant throughout the depletion layer).

First consider the Boltzmann relations for electrons and holes at equilibrium

(equations 2.17 and 2.18):

n=n, expl Er £, 2.17)
k,T
E -E,
=p.ex : 2.18
p=p; p[ KT j (2.18)

5= —Lr 2.31)
q

.,,E‘_E" (2.32)
q

equations 2.17 and 2.18 become:
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n=n exp(q (”’"‘”)J (2.33)

p=p, exp(q M] (2.34)

At thermal equilibrium it has been shown that the product of the electron and hole
densities are constant (equation 2.19), however, when a bias is applied to the junction
the minority carrier densities on both sides of the junction are changed and this

relation no longer holds. Under bias the carrier densities are defined as:

_ (v-4.)

n=n, cxp[q T (2.32)
_ (¢p _V/)

p=p exp[q KT } (2.33)

g, =y - [k—BT—Jln(iJ (2.34)
q n;

4, Et//—(k‘;TJln[fj (2.35)

(2.36)

It is apparent from this relation that under forward bias, where (¢p -4, ) >0:
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pn>n’ (2.37)
and under reverse bias, where (¢P -9, )< 0:

pn<n’ (2.38)
By using equation 2.32, the current density equation for electrons:

S, =qunE+qD,Vn (2.38)

where D, is the electron diffusion constant given by the Einstein relationship:

D, =(kBT]un (2.39)

and equation 2.28 in vector form:
E=-Vy (2.40)

it follows that:

J, = qﬂn[ng . MWJ (2.41)
q
k. T n
J,=qun(-Vy)+qu, -2 ["—(Vw—wn )J (2.42)
q kBT
J,==qu,nvg, (2.43)

Using a similar argument the hole current density is given by:

J,==q1,PVP, (2.44)
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Thus the electron and hole current densities are proportional to the gradients of the
electron and hole quasi-Fermi levels respectively. As the electron density # varies in

the junction from the n-side to the p-side by many orders of magnitude while J,
remains approximately constant, it follows from equations 2.43 and 2.44 that ¢, and
¢, must be approximately constant throughout the depletion layer. Therefore, as the

electrostatic potential is given by:

V= ¢,, -9, (2.45)

equations 2.36 and 2.45 combine to give the carrier densities at the boundaries of the

depletion layer region:

n’ qV qV
n =——exp| — |[=n,cxp| — at x = —x 2.46
P pp p( kBTj po p( kHT) 14 ( )
rI,2 qV qV
=——¢Xx = exp| —— at x=x 2.47
pn I’ln p(kBT] pn() p( kBTJ n ( )

These are the boundary conditions for the ideal diode equation, by using the
continuity equations for the steady state (refer to [9] for an in-depth discussion) under

low injection conditions in one dimension it follows that:

on oF 0*n
-U+u E—=+un —+D 2 =0 2.48
Hon Ox b Ox "ot (2:48)

op OF o'p
-U+u F—2~ —+D " =0 2.49
/’1/1 ax /j/)pn ax pP axz ( )

where U is the net recombination rate. It is assumed charge neutrality holds, therefore:

nn _nn() i pn - pm) (250)
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By multiplying 2.48 by 4,p, and 2.49 by x n,  and using the Einstein relation
(2.39):

_p"—p"0+Du a-p-’"_ ’7"—p” Eapn =0 (251)
. ox’ n p Ox
—_n
M, N,

where D, is the ambipolar diffusion coefficient:

p =_"n*tPs (2.52)

["_n+&J
Dp D,

and 7, is the ambipolar lifetime:

z_azpn_pno :nn_nn() (253)
U U

From the low injection assumption it follows that:

p,<<n, =n, (n-type region) (2.54)

and so equation 2.51 reduces to:

+

2
z, Poox? PToox

—pn_pn() D a_pn_ Eapn_O (2.55)

In the neutral region where there is no electric field, equation 2.55 reduces to:

0Py _PrZPu_ (2.56)
ox~ Dz,
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The solution to equation 2.56 with the boundary condition 2.47 and p, (x=0)=p,,

gives:

Po=Pu = pno[exp[ quT - IJGXP[-(X—ZX"—)D (2.57)

where the diffusion length L, is given by:

L =Dz (2.58)

P p-p

At x = x, the electron and hole current densities are therefore given by:

D
J,=-4D, P, _9 pPro exp v -1 n-side (2.59)
ox |, L, k,T
on | gD.n , qV
J =qgD —f| ="T""|ex -1 -side 2.60
»=9P ) L ( p(k,;r P (2.60)

qV
J=J +J =J |expl — |-1 2.61
ptn [ p[kBTJ J (2.61)

where the saturation current density J, is given by:

= qupnO + annpO
L L

14 n

Jo

(2.62)

The Shockley equation (2.61) gives the behaviour of an ideal p-» junction under bias,

as shown in Figure 2.8.
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Figure 2.8. JV characteristic for the ideal diode law.

When reverse biased the current saturates at Jp (in a real device this relationship
would eventually break down at a high bias value) and when forward biased the
current gain is exponential. This behaviour closely resembles the operation of real p-n
junctions, including the case of a p-n junction based PV device which is not under

illumination.

2.4.3. Under illumination

When a p-n junction is illuminated, a photocurrent is generated due to the separation
of electron hole pairs in the junction region, the magnitude of this photocurrent can be
estimated by modelling, however due to the complexity of real devices and materials
it is more commonly a measured parameter. The JV behaviour of a PV device under
illumination can to a first approximation be modelled by superimposing the dark JV
characteristics (equation 2.61) with a photocurrent assumed to be constant with
applied potential:

J=J,, —J (2.63)

ph

qV
J=J,|ex -1{-J 2.64
OL p[kBTj J ph ( )

here the negative sign of J,; is necessary as the two currents have opposing directions.
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2.5.1.2. Open circuit voltage (V,.)

The open circuit voltage is the bias voltage at which the current flowing in the cell is
zero; no power is extracted from the device operating at V,,.. By rearranging equation

2.64, for an ideal device V. is proportional to the logarithm of /:

J
V. = ("BT jm[nj—""] (2.66)
q 0

2.5.1.3. Maximum power point (P,,)

The maximum power point is the point on the JV curve where the power output is at a
maximum. As the power is equal to the product of the current through the device and

the potential difference across it:

=1V (2.67)

mp mp” mp

P =AJ V (2.68)

The point at which P,,, is attained is indicated by the maximum power rectangle in the

third quadrant of Figure 2.9.

2.5.1.4. Fill Factor (FF)

The fill factor (FF) is defined as the ratio between the power output of the cell at the
maximum power point to the product of the short circuit current and open circuit

voltage:

FF :1—""/"— (2.69)

s¢ oc

It is a measure often expressed in percentage terms, effectively describing the

‘squareness’ of the JV curve.
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2.5.1.5. Efficiency (n)

The efficiency of a PV device is defined as the ratio of the power output of the device
at the maximum power point (P,,) to the incident power of light impinging on the

surface of the device:

Pmp (2 70)
n= P :

n

or equivalently:

VI
= FF| —oesc 2.71
n [ P j (2.71)

n

Efficiency is commonly expressed in percentage terms.

2.5.2. Non ideal effects

Real PV devices show deviations from the ideal diode equation (2.61) as they are not
ideal diodes and do not contain ideal current sources. Additionally, there are terms
which deal with material imperfections and electrical resistances inherent in any
practical structure. Therefore, to model the behaviour of a PV device more
realistically, several non-ideal effects must be taken into account, in this section these
are analysed and the effects on device performance are treated qualitatively. An ideal
PV device can be modelled as an equivalent circuit (Figure 2.10) containing a current

source representing the photocurrent (J,;) and a diode representing the p-n junction:
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performance of the device. These ideas will be related to real CdS/CdTe photovoltaic

cells in chapter 7.
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3. The CdS/CdTe photovoltaic device

3.1. Introduction

In order to make a practical CdS/CdTe PV device, in addition to the main p-n
heterojunction there are several additional functional layers and intermediate
treatment steps that need to be applied. In this chapter the individual components of a
CdS/CdTe device will be introduced and each growth and treatment step fully
described. This is followed by a discussion of the health and safety issues regarding

the use of cadmium.

3.2. Device components

3.2.1. Substrate

The functions of the substrate are to provide rigidity to the device, both during
fabrication and in use, and to protect the sensitive semiconductor layers from moisture
and contamination when in their working environment. Two device configurations are
commonly employed, the substrate and superstrate configurations, as shown in
Figure 3.1. In the substrate configuration a metal (often a flexible metal foil) 1s used
as the growth platform and the semiconductor layers are sequentially added, with the
final layer being a transparent conducting oxide (TCO) material used for front surface
current collection. In the superstrate configuration a rigid transparent material, most
often glass, is used as a growth platform and the final step is to deposit a metal which

is used as current collecting back contact.

44







tin oxide doped with indium oxide, known as indium tin oxide (ITO) and fluorine
doped tin oxide (FTO). ITO is the more common material in research scale devices as
is has a better transmission in the visible region, however as FTO is significantly
cheaper to produce (owing to indium being a very expensive metal) it is often used in
production PV device modules. Common FTO growth methods are spray pyrolysis
and chemical vapour deposition (CVD) of which van Mol gives a comprehensive
treatment [4], and ITO is commonly deposited by RF sputtering. Films produced by
all these methods are typically polycrystalline.

3.2.3. Cadmium sulphide

In order to maximise PV efficiency, as much incident radiation as possible should
reach the p-type CdTe absorber layer; therefore it is beneficial for the n-type window
layer to have as wide a bandgap as possible in order to reduce these absorption losses.
CdS possesses a favourably wide bandgap of around 2.42 eV (508 nm) at room
temperature [S], however as this absorbs the blue portion of the spectrum, it is
advantageous for the CdS layer to be made as thin as possible in order to reduce blue
absorption losses. In typical CdS/CdTe devices this layer is around 100 nm thick; it is
found that if this layer is made any thinner then incomplete coverage of the substrate
tends to produce shunts in the device (refer to section 2.5.2.2). CdS can be grown by
numerous techniques including chemical solution deposition, Hodes gives a
comprehensive treatment [6], physical vapour deposition (PVD), electrodeposition
(ED), metal-organic chemical vapour deposition (MOCVD), sputtering, laser ablation,
screen printing, spray pyrolysis and close space sublimation (CSS). The main growth
method used in this study, chemical solution deposition (note that the alternate term
chemical bath deposition (CBD) is often used in the literature), has been shown to
produce the most efficient devices to date [7], however it is generally regarded
necessary to apply a post-growth annealing treatment in order to improve the
crystalline quality of these films; this topic will be treated comprehensively in chapter
6.
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3.2.4. Cadmium telluride

A polycrystalline CdTe layer forms the p-type absorber layer of the CdS/CdTe device.
CdTe possesses two properties which make it close to ideal as an absorber material:
firstly the room temperature bandgap is very close to the calculated theoretical
maximum figure of 1.5 eV for a single junction absorber under AM, s radiation.[8},
and secondly CdTe possesses a direct bandgap and therefore has a high absorption
coefficient, absorbing 99% of all incident radiation of energy greater than the bandgap
in a path length of only 1 micron. This allows the absorber layer to be made very thin,
decreasing the amount of material needed to make the device. As a comparison, a
typical silicon PV device is approximately 200-250 microns thick, compared to 8
microns in a commercial CdS/CdTe device. Note that 8 microns of CdTe is used in
order to compensate for material defects in this layer; it is envisaged that when these
problems are better understood thinner devices of the order of 1 micron thickness (of
the order of the depletion width) will be feasible. CdTe can be grown by many
methods including PVD, ED, MOCVD (9], sputtering, laser ablation, screen printing,
spray pyrolysis and CSS. It has been found that the CSS method produces devices of
consistently high efficiency, and this is the method used in this study.

It has been found experimentally that in order to generate respectable efficiencies
from CdS/CdTe devices, it is necessary to perform an annealing treatment. A CdCl;
layer is generally applied to the surface of the CdTe layer and then an anneal is
performed; typical device improvements of a factor of five (2% efficiency without
treatment to around 10% upon treatment) are commonly found. Although the
mechanisms involved are still being investigated it is thought that the improvement is
due to three factors, i) the conversion of the material from n-type to p-type, i1) the
intermixing of CdS and CdTe in the junction region reducing recombination centres
[10] and iii) an improvement in carrier collection due to CdTe grain boundary

passivation.
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3.2.5. Back contact

The back contact is a crucial element of any PV device, however this is especially the
case in CdS/CdTe. As discussed in section 2.3.1.2, in order to make an ohmic contact
to a p-type semiconductor the metal must have a larger work function than the

semiconductor:

® > 3.1)

or alternatively the height of a Schottky barrier of a metal to the material should be

less than or equal to zero:
Eg
&, =7+Z-¢m (3.2)

@, <0 (3.3)

where @, is the barrier height, y is the electron affinity of CdTe and ¢, is the metal

work function. For CdTe there is no metal with a work function high enough, and
therefore a barrier will be formed by a contact of this type. One way around this is to
create a p+ layer on the CdTe surface, this has the effect of reducing the work
function at the surface, and thus it is then possible to produce a quasi-ohmic contact
with a metal. In practice this is done by etching the CdTe layer with an acid that
leaves a tellurium rich layer at the surface. Another approach is to apply a copper
doped graphite paste to the CdTe layer and then perform an annealing step; the copper
ions diffuse into the CdTe layer and again produce a p” surface layer. Finally, another
method which has been applied to a set of device structures in this study involves
depositing antimony telluride (Sb,Te;) onto the CdTe layer before applying the metal
molybdenum, Sb;Te; is a semiconductor which has a higher work function than

CdTe; this contact this has been shown to produce devices with notable efficiencies

[11].
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3.3. Growth and treatment methods

In the following section, the practical details of all preparation, growth and treatment

steps are outlined.

3.3.1. Substrate and front contact

Glass substrates with TCO layers were purchased direct from suppliers; three types

were used in this study:

Supplier Glass Substrate TCO Sheet Resistivity (€2/7)
Merck Soda-lime (0.75 mm) | ITO (100 nm) 15
VisionTek | Soda-lime (1 mm) ITO (100 nm) 12
Pilkington | Soda-lime (3 mm) FTO (500 nm) 8

Table 3.1. TCO substrates used in this study, data are manufacturer’s specification.

Additionally, where plain glass slides were used, these were commonly available 1
mm thick soda-lime glass microscope slides. The following standard cleaning

procedure was applied to all substrates:

Rinse and ultrasonic treatment (10 minutes) in 4% Decon 90° soap solution in
18 MQ deionised water

e Rinse and ultrasonic treatment (10 minutes) in 18 MQ deionised water

e Ultrasonic treatment (10 minutes) in acetone

e Reflux (minimum of 5 cycles) in isopropyl alcohol (IPA).

These were then stored in individual petri dishes under moderate vacuum

(approximately 1x102 mbar) in a desiccator jar until ready for use.
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0.1 mbar, and the partial pressures of the ambient gasses hydrogen, nitrogen and
oxygen can be accurately controlled by individual mass flow controllers connected to
cach gas line. The assembly is heated from above and below by two separately
controlled lamp sources. The substrate is placed above the powder CdS source (5N
purity), the temperature of source and substrate are set and then the quartz shutter is
removed. After a controlled period of time (typically of the order of minutes) the
heating is switched off and the system is cooled down rapidly by flushing with pure

nitrogen gas.

3.3.2.2. Anneal

After growth, a separate annealing treatment is often performed on CdS films; this is
carried out by placing the CdS film onto a quartz substrate holder and then inserting it
into a preheated quartz furnace tube at the required temperature. The gas ambient can
be set to air, nitrogen or a hydrogen forming gas mixture (4% Ha, 96% N3). After
annealing for the required time interval the holder is moved to a cool part of the

furnace. Three variables can be controlled in this treatment:

e Ambient gas (air, N,, forming gas)
e Annealing temperature (~ 100-600 °C)

e Annealing time (~ 5-30 minutes).

Additionally, it is common to add a layer of the fluxing agent CdCl; to the surface of
the film before the anneal is performed, this is done by evaporating the required
thickness of CdCl, onto the film using PVD. In PVD the sample is placed in a
vacuum chamber and the pressure is reduced to around 1x10° mbar with rotary and
diffusion pumps. The temperature of the source, in this study 5N purity (99.999%)
CdCl, powder contained within a ceramic crucible, is slowly ramped up to 400 °C,
when this temperature is reached the shutter is opened and deposition will start. The
CdCl, film thickness is monitored by a calibrated quartz crystal monitor; after the
required thickness is reached the shutter is closed, the source heater is switched off

and the apparatus is left to reach room temperature before it is opened to air.



3.3.3. CdTe

3.3.3.1. Growth

In this study CdTe was grown by CSS, the apparatus and technique used was identical
to that described in section 3.3.2.1. A 5N purity powder CdTe source was used
throughout and several calibration runs were performed in order to ensure the film

thickness could be controlled to reliably over the range 4-10 um.

3.3.3.2. Anneal

The post-deposition anneal of the CdTe layer was performed as follows:

e A 100 nm layer of 5N purity CdCl, was evaporated on to the CdTe surface
e Annealed at 400°C for 20 minutes in air
e Rinsed in boiling 18 MQ deionised water

e Dried in nitrogen gas.

After this anneal an etching step was then typically applied.

3.3.3.3. Etch

The etching step was performed as follows:

e Sample is placed in a nitric-phosphoric acid (NP) etch solution (1% nitric acid
by volume, 70% phosphoric acid (85% wt) solution by volume, 29% deionised
water by volume). The samples are immersed for 10 seconds, measured from
the moment when bubbles of gas start to form on the surface

e Rinsed in DI water

e Dried in nitrogen gas

e Immediately put into a vacuum dessicator to stop oxidation of the CdTe/Te

surface.
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3.3.4. Metallisation

The required metal contacts were applied by PVD. The principle of operation is the
same as that described for CdCl, (section 3.3.2.2), however the metal (gold or indium
are used in this study) is placed in an electrically heated molybdenum boat rather than
a ceramic crucible, requiring the charge of metal to be replaced after each deposition
run. In order to make a back contact for a CdS/CdTe PV device (refer to section 3.2.5)
or a Schottky contact for a CdS film, a gold film of approximately 100 nm thickness
was applied; to produce an ohmic contact to CdS an indium film of approximately

100 nm thickness was used.

3.4. Health and environmental issues

Elemental Cd and many of its compounds are known carcinogens, therefore the
question of health and environmental impact must be addressed if this technology is to
be commercialised on a large scale.

Cd metal is a by-product of existing zinc, lead and copper production, the amount
produced globally is of the order of 20,000 tonnes [12], around 65% of which is used
in NiCd batteries; although it is possible to recycle these after their useful life the vast
majority (around 95% [13], corresponding to 12,350 tonnes of Cd) are disposed of in
ordinary landfill sites. It is interesting to compare this level of Cd waste to the amount
of Cd that would be required to build a 1 GW PV power facility (the equivalent output
of a medium sized conventional power station): 10,000,000 one square meter panels
(equal to an area of approximately 3.2 km square) with an efficiency of 10% would be
required, assuming each module contains approximately 10 g of Cd (equivalent to
three AA NiCd batteries), this corresponds to 70 tonnes of Cd, only 0.5% of the
amount of Cd that is disposed of in landfill sites each year. It is also important to note
that at the end of the life of such a facility, likely to be in the region of 30 years, this
Cd would certainly be recycled, and so in effect the net Cd use is close to zero.
Another factor is that fossil fuels contain high Cd levels themselves, which when
burnt release significant Cd pollution. It is estimated that for every GWh of electricity
generated by a coal fired power station, as well as generating 900 tonnes of CO,, 7.2
tonnes of SO, and 2.7 tonnes of NO,, 142 g of Cd is released from the coal in the

process (2 g in the form of escaped gaseous emissions and 140 g in recovered ash).
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Therefore, producing electricity using Cd based PV would actually substantially
reduce Cd emissions to the environment. This argument of course does not deal with
the energy required to manufacture these modules, the majority of which will be
derived from burning fossil fuels, however the estimated energy pay-back time for a
CdS/CdTe module is calculated to be under one year [14] and so this is not considered
to be a major factor.

Another important consideration is the risk that Cd from PV modules may find its
way into the environment. The possibility of release by three scenarios, 1) accidental
module breakage, ii) leaching by water and iii) exposure to fire has been studied by
Steinberger [15]. It was concluded fire was the only scenario for potential exposure;
further more in-depth work by Fthenakis [16] concluded the same resuit by
performing fire tests, that during fire the present encapsulation schemes prevent any
considerable release of Cd.

The concern regarding cadmium exposure to staff working in the PV manufacturing
industry has been studied by Bohland [17]. In this study the levels of Cd present in
blood tests carried out at Firstsolar, the largest CdS/CdTe module manufacturer were
monitored. No Cd presence above normal background levels were found, concluding
that careful manufacturing procedures are adequate to prevent adverse health effects

to staff.
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4. Characterisation techniques

4.1. Introduction

In this chapter the characterisation techniques used in this work are described in
detail. For each technique it is explained what information is acquired about the
material or device, on what physical principles the technique is based and also the
practical experimental apparatus used in this study. The techniques have been split
into two sections, those which deal with the properties of thin film materials in

isolation, and those that are more often used to characterise full PV device structures.

4.2. Characterisation of thin films

4.2.1. Optical methods

Optical methods characterise materials by their interaction with electromagnetic
radiation, they are gencrally non-destructive and do not require sample preparation or
contacting. In this work photoluminescence spectroscopy and optical transmission

spectroscopy have been used extensively.

4.2.1.1. Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is an optical characterisation tool that is
commonly used to probe many key material parameters. Some typical properties that

can be investigated include:

e Bandgap

e Impurities, type and concentration
e Crystallinity

e Strain

e Surface behaviour, including trapping states
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high temperature instance) will subsequently recombine, thus releasing a photon via
one of several radiative routes dependent on the material; here only radiative routes

are considered:

e CB to VB transition

e Donor/acceptor to VB/CB edge transition

e Donor-acceptor pair transition

e Free exciton recombination

e Donor bound excitons (D°X, D*X) or acceptor-bound excitons (AOX, AX),
formed when a donor or acceptor state (which can be ionised or neutral) traps

an exciton and this subsequently recombines.

Each of these recombination pathways will have an associated characteristic photon
energy which can be thought of as a fingerprint for the recombination route, therefore
the PL spectrum can be used to identify many of the states responsible for the
transitions. Donor and acceptor levels, trapping states and recombination centres can
originate from many sources, in CdS, the main object of study in this work, these

levels may be present due to the following:

e Extrinsic dopants species, for example indium (donor) or copper (acceptor)

e Lattice vacancies, for example sulphur Vs (donor) or cadmium V¢q (acceptor)

e Lattice interstitials, for example cadmium I¢4 (donor) or sulphur Is (acceptor)

e Surface defects, due to the presence of broken bonds or extrinsic impurities
which may occur at the sample surface er concentrated along grain boundaries

e Line defects such as screw and edge dislocations.

The above transitions can also couple with lattice vibrational modes, or phonons, to
create phonon replicas, this effect is manifested by the appearance of additional peaks,
these are positioned at energies equal to an integer number times the characteristic

phonon energy (ha) ) The most common type of coupling is found to be due to

phonon
longitudinal optical (LO) phonons, when this effect is strong there can be several
peaks present due to one optical transition, with LO phonons they are denoted LO,,

LO,, LO; etc. PL is generally carried out at low temperatures to minimise thermal
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broadening and also minimise non-radiative transitions, thus sharpening and
maximising the signal, however by investigating the temperature dependence of
emissions this can also give information on the centres responsible for recombination.
The temperature dependence of excitons bound at trap centres to a first approximation

are related by:
[0

1+ 4 exp(— kEaTJ
B

where 1, would be the intensity of the emission peak at absolute zero, A is a constant

1=

(4.3)

and E, is the activation energy of the trap centre. Therefore by plotting an Arrhenius
plot of In(l) against 1/T the energy of the centre responsible for the transition can be
extracted.

Figure 4.2 shows a schematic of the apparatus used in this work. A Coherent Innova
90 argon ion laser was used as the excitation source, this water cooled continuous
wave laser has a power consumption of 50 kW and a total output power of 250 mW at
the sample. Four main laser lines were available (457.9 nm, 477.2 nm, 488.0 nm and
514.5 nm), however only the 457.9 nm line (a deep violet colour) was used in this
study, as this is the only line with an energy great enough to excite PL from CdS and
also be significantly far away from the band edge (approximately 512 nm or 2.42 ¢V),
not to interfere with the CdS band edge PL signal. A tuning prism and a further line
filter were used to select only this laser line, this beam was then directed and focused
using two mirrors and a lens onto the sample. The 70 mm diameter custom made
aperture in the cryostat was made of water-free fused silica which has excellent
transmission in the 200-2000 nm range. At the sample the beam was incident at
approximately 30° to the normal perpendicular to the plane of the sample, and the
circular beam diameter was approximately 1 mm, corresponding to a power density of

up to 8 W/em’.
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proportional integral derivative (P1D) temperature controller programmed externally
from a PC via a general purpose interface bus (GPIB). The cryostat sits on a
precision-controlled xz-stage to cnable two dimensional surface scans, this was
actuated by two independent stepper motors computer controlled via a serial port.
Additionally, eight electrical feed-throughs were fitted to the cryostat to enable
electrical connections to the samples, however this feature is not used in the work
presented here. The PL signal emitted from the sample is collected by a lens (lens B)
which forms a parallel beam to a subsequent lens (lens C) which focuses the light onto
the slit of a monochromator. The Bentham TM300V monochromator is PC controlled

via a serial connection, which encompasses:

e Manually adjustable input slit
e Two diffraction gratings, 150 and 1200 lines/mm giving a spectral range of
approximately 550 nm and 60 nm respectively
e Filter wheel comprising interchangeable filters:
o Order sorting filters, 0S400 and OS700
o Long wavelength pass filters, 457.9 nm and 514.5 nm cut-off
o Shutter, 0% transmission

o Empty slot, 100% transmission.

The output of the monochromator is incident upon a 1024 element EG&G PARC
1453A silicon photodiode array; this is peltier cooled with cooling water assistance to
220 °C with a flow of N, gas to avoid internal condensation. The data from this
photodiode is captured by an EG&G PARC 1471 detector interface via a GPIB
computer link. To certify the wavelength accuracy of collected data, it was necessary
to fully calibrate the monochromator and photodiode system; two calibrations were
performed, one to ensure that the diffraction gratings were showing true wavelength
positions, and another to normalise the intensity of the PL peaks. The wavelength
position calibration was carried out by using a series of laser lines and spectral lines
from halogen lamps (13 lines in total, covering the wavelength range 457.9-1029 nm),
ecach diffraction grating stepper motor was moved over its maximum range to give
accurate centre wavelength values as a function of steps. This was then adjusted by

the spectral range of the grating at each centre wavelength, and finally this function
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There are eight sections of the software controlling various aspects of the apparatus:

1. Software revision version and brief usage instructions
2. Device connection management
3. XZ- stage
¢ Manual movement
e XZ-scan control
4. Monochromator
e Initialisation
e Filter wheel
e Grating selection
e Grating central wavelength
5. Cryostat temperature controller
e Manual control
e Temperature scan
6. Diode array peltier cooler
7. Diode array data acquisition and file output
8. Initialisation conditions, calibration parameters and system response

normalisation parameters.

The output of the software is a delimited text file containing the fully normalised PL
intensity data with respect to wavelength (and corresponding photon energy). Peaks

were fitted using the Peakfit software program using a Gaussian lineshape:

oN27 20°

G(x;x,,0) = — exp[— (L‘ﬂ] (4.4)

where, xo is the mean, ¢ is the standard deviation, with the full width half maximum

(FWHM) equal to 20',/2]ni2 ).
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/ 1, (4.6)

measured

I (g, +1s+1,) 4.7)

measured = incident
where Lyeasured i the intensity measured at the detector. As there is no facility to
integrate over a sphere, it is not possible to give absolute values for the reflected or
scattered beams, and therefore the assumption is made that both I and Is are zero and

that any loss in the incident beam is due to absorption:

-1, (4.8)

measured lincidenl

This assumption is satisfactory as long as both I and Is are wavelength independent,
if this is the case then only the magnitude of Imeasured Will be lowered by scattering or
reflection, whilst it is the change of Iiyeasurea With wavelength that is the most important
parameter in this experiment. The absorption coefficient of the material is then given

by:

a= %ln[ Iincidcm ] (49)

measured

where d is the thickness of the film. As discussed in section 2.2 the absorption

coefficient in a direct bandgap semiconductor is given by:

a=0 for ho< E, (4.10)
ax(ho-E):  for ho2E, (4.11)

Therefore by plotting @® versus huv, the resultant graph should be a straight line

which intersects the hvaxis at hv = E_, thus giving a measure for the bandgap. In

addition, the gradient of this intersecting line is a measure of the number density of

trapping states which exist near to the CB and VB edges, giving a qualitative measure
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5.810 A, aper = 4.136 A and cpe = 6.714 A [2]. Note that planes with a zero structure
factor (for a fcc structure A, k and / are a mixture of even and odd integers and for a
hexagonal structure / is odd and A+2k is 3 times an integer) have been omitted, the
relative intensities, obtained from the structure factor, are also included as percentages

of the highest intensity peak.

h | k | 1 | d-spacing | Peak Position | Relative Intensity
A) ) (%0)
1|11 3.354 26.573 100
21010 2.905 30.779 40
21210 2.045 44.086 80
3111 1.752 52.218 60
21212 1.677 54.729 10
4,00 1.453 64.113 20
3131 1.333 70.673 30
41210 1.299 72.797 10
41212 1.186 81.089 30
51111 1.118 87.176 30
31313 1.118 87.176 30

Table 4.1. Expected d-spacings, peak position and relative intensity values for crystal planes in a cubic

structure.
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h | k | L | d-spacing | Peak Position | Relative Intensity
A) ©) (%)
1100 3.582 24.858 62
010¢}2 3.357 26.552 91
110]1 3.160 28.238 100
1102 2.449 36.690 29
11110 2.068 43.775 48
1103 1.898 47.930 50
21010 1.791 50.993 8
1|12 1.761 51.933 31
2101 1.730 52911 15
0(0|4 1.679 54.683 5
2102 1.580 58.403 3
11014 1.520 60.957 3
2103 1.398 66.915 15
21110 1.354 69.442 5
2111 1.327 71.028 8
111]4 1.303 72.532 4
1{0]5 1.257 75.632 9
2104 1.225 78.023 2
31010 1.194 80.434 9
21113 1.158 83.445 14

Table 4.2. Expected d-spacings, peak position and relative intensity values for crystal planes in a

hexagonal structure.

After obtaining an x-ray diffraction spectra for our material, in order to extract data a
fit is made to each identifiable peak using a pseudo-Voigt line shape, along with an
exponentially decaying background peak to eliminate the amorphous signal from our
glass substrate. The pseudo-Voigt peak shape which fits our experimental data well,

takes the form:
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PV (x;x,,0,7) =aG(x;x,,0) + (l - a)L(x;)c0 3 4.19)

This is a linear combination (a is a constant) of a Gaussian G(x;x,,0) and a

Lorentzian L(x;x,,7) (also known as a Cauchy-Lorentz) function:

o2 20°

G(x:x,,0) = — exp(—(:x?—)-] (4.20)

L(x;x,,7) = /4 (4.21)

zﬂ((x_xo y {g”

where x, is the mean, o is the standard deviation of the Gaussian (with the FWHM
=20+4/21n(2) as stated in equation 4.4).and y is the FWHM of the Lorenizian. By

performing this fit using the PeakFit software program we can extract the following

data for each peak:

e 20 position, and standard error
e Amplitude
e FWHM peak width.

The procedure for analysing the material is then as follows:

e Any peaks due to the substrate (for example InO; or SnO; peaks) are removed
from the analysis

e By comparing the measured 20 positions of the remaining peaks and the data
in Tables 4.1 and 4.2 the crystal phase of the material is identified

e The lattice parameter is calculated (assuming either cubic or hexagonal phase)
by computing the error between the observed and expected peak positions, and
then minimising the sum of these errors by solving for the lattice parameter in

the appropriate dy equation (equation 4.17 or 4.18).
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e If the material is polycrystalline then the grain size can be calculated using the

FWHM peak widths. Peak broadening is described by the Scherrer formula:

po— A
A(20)cos b

(4.22)
where D is the grain size, x is the Scherrer constant which deals with
geometric factors and is usually taken to be equal to unity, 4 is the x-ray
wavelength, and 4(26) is the width of the diffraction peak (in radians). It is
important to note that additional broadening of diffraction peaks is caused by
strain within a material, this is often resolved by plotting a Williamson-Hall
plot [3], however in this work on CdS there are insufficient diffraction peaks
to use this method. It is also important to note that the instrument itself will
cause peak broadening, however the magnitude of this term is considerably
smaller than the other factors mentioned, and therefore this is not considered
in the analysis.

e By comparing the measured peak intensities with the intensities in table 4.1 or
42 (cubic or hexagonal phase must first be assumed), the preferential

orientation or texture of the CdS can be determined.

It is important to note however that to fully determine the texture of a sample it is
necessary to perform x-ray diffraction in more than one geometry. Due to the thin
nature of typical CdS films used in this study (< 100 nm) it was not possible to
perform conventional Bragg-Brentano XRD, and only grazing incidence x-ray
diffraction (GIXRD) was carried out. This is because when performing conventional
XRD on structures which are extremely thin two problems are present: firstly, the
signal strength of the refracted x-ray beam is generally very small as the path length
of the beam is short in the thin film, and secondly the signal from the substrate will
tend to dominate; these problems can be overcome by utilising the GIXRD geometry.
In this modification the x-ray beam is incident at a shallow angle of incidence (Figure
4.9), this creates a significantly longer path length in the material which is essential
for maximising signal intensity, and also the x-ray beam does not penetrate as far into
the substrate due to total internal reflection within the film, and therefore the signal

from the substrate is greatly reduced.
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e Liquid to be analysed is fed into the apparatus using a capillary tube

e It is then passed into a stream of argon gas where it is made into a fine mist

e Mist passes into a radio frequency coupling coil where the elements are
separated from their constituent molecules and ionised

¢ Plasma then passes through a small aperture, into a high vacuum system where
it travels through a quadrupole magnet which selects the desired mass to
charge ratio

o Signal is detected by an electron multiplier

e Quadrupole can be scanned in order to produce a complete mass spectrum.

In this study both the liquid chemicals that are used in the production of thin film PV
devices and also in the solid semiconductor layers themselves are of interest. To
analyse solid semiconductor layers they must first be dissolved in a suitable medium.
In this study CdS samples were dissolved in a high purity trace metal free 3%
hydrochloric acid solution, and then diluted down with DI water to an appropriate
concentration in order to be analysed. It is important to note that when using the ICP-
MS technique, that each element in the periodic table has a detection limit which is a
lower bound to the concentration (normally expressed in parts per trillion (ppt) or
parts per billion (ppb)) that can be detected; Figure 4.11 shows these detection limits
for the instrument used in this study; the elements indicated in white are not
detectable at all, sulphur is detectable at concentrations of > 1 ppb and the elements in

dark purple (B, Si, P, Br and I) are detectable at > 0.1 ppb.
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Py = 273% (4.23)

[5] where s is the probe spacing. This model assumes that the sample is of semi-
infinite volume, in practice two correction factors are applied, C; which accounts for
the edge effects due to the sample being finite in extent in the plane of the sample and
C, which accounts for the finite sample thickness (7). The true resistivity is then given

by:

p= ?C, C, (4.24)

and therefore the sheet resistance is given by:

R=£ (4.25)
t

R =—C,C, (4.26)

Correction factors for many different geometric configurations exist in the literature
[6]. The apparatus used in this study consisted of four moveable spring-loaded gold-
plate tipped probes, the current source (Keithley 2400) and electrometer (Keithley
6487) were controlled by a Labview software system. Contacts were verified as being

ohmic by performing an [V sweep prior to measurement.

4.2.3.5. Van der Pauw

The van der Pauw method [7] is a variation on the four point probe technique
mentioned above. It is attractive as it does not require the application of correction
factors due to edge effects, and also the geometry lends itself easily to Hall effect
measurements (Section 4.2.3.6). An arbitrary shaped sample can be used, however in

practice this is usually a square with four small ohmic contacts at the perimeter, most

¥3






This can be solved numerically to give Rs, and then the corresponding bulk resistivity
of the sample is given by equation 4.25. In this study the sample was placed in a
custom made PTFE holder containing four spring-loaded gold tipped probes, each one
making contact to the ohmic evaporated contact at each comer. The current was
sourced and potential measured by two Keithley 2400 digital multimeters and a
switchbox was used to speed up the process of taking multiple readings; a full detailed

account of the technique and switchbox is given by Zoppi [8].

4.2.3.6. Hall effect

The Hall Effect in semiconductor materials [9] is a consequence of the Lorentz force
acting on mobile charge carriers in the material. The force on the charge carriers is
directed normally to both the applied magnetic field and the velocity of the charge
carrier and as a consequence a Hall voltage is generated. The polarity of the Hall
voltage tells us the type of charge carrier (electrons or holes) responsible for
conduction thus giving the type of the semiconductor (n-type or p-type) and the sheet

carrier density can be calculated from the relations:

n, = 1B (n-type) (4.30)
CI|VII|
B
Py =—— (p-type) (4.31)
q|Vu|

with the bulk carrier density given by:

n= 7;— (n-type) (4.32)
_ P,
p="r (p-type) (4.33)

Then the Hall mobility can be calculated:
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n= (n-type) (4.34)

n= (p-type) (4.35)
qps R

In practice the experiment is commonly applied using the van der Pauw geometry as
described in section 4.2.3.5 with the addition of an applied magnetic field
perpendicular to the plane of the sample. In this work the sample was subject to a
magnetic field of approximately 3,000 Gauss (0.3 Tesla), generated from an iron core

electromagnet; a full detailed account of the technique is given by Zoppi [8].

4.2.3.7. Electrolyte-based measurements

A series of electrolyte-based spectroscopy measurements were carried out at Bath
University. These differ from the aforementioned electrical measurements in that the
front contact used was not a metal but instead a liquid electrolyte solution, designed to
give an ohmic or a Schottky contact dependent on the type of measurement desired.
Three measurements types were performed, i) electrolyte-electroabsorbance (EEA)
modulation spectroscopy, ii) photoresponse iii) and Mott-Schottky capacitance-
voltage measurements. For a full treatment of these methods refer to Bard and

Faulkner [10].
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5. Solution deposition of CdS

5.1. Introduction

The main body of this work focuses on the growth and characterisation of CdS grown
by the solution deposition (SD) technique. In this chapter the fundamentals of the
technique are described, a review on the subject is given with reference to the
conditions that control deposition and then the novel SD method devised and used in
this work is outlined in detail. In the final section the results of an ICP-MS impurity

analysis are described.

5.2. Fundamentals

5.2.1. Chemical route

SD is a simple, low cost method of preparing thin films. The technique involves the
controlled precipitation of material onto a target substrate which is typically immersed
in a heated liquid solution; the solution is in general aqueous and contains the
precursors for the growing film. Many substances can be grown using SD, here the
discussion will concentrate on CdS which was one of the first materials to be grown

using the technique [1]. Typical solution components are:

e Cadmium source, typically a salt such as cadmium chloride (CdCl.)

e Sulphur source, often thiourea (SC(NH);)

e Complexing agent for the metal, often an amine ligand such as ammonia
(NHs) or ethylenediamine (NH»(CH;),NH>), this is important in controlling

the free metal ion concentration and hence the reaction rate.
Here the process is described briefly, the sulphur source in this example is thiourea,

and the complexing agent used is NH3. The process proceeds by the following steps,

firstly equilibrium is set up between the complexing agent and water:
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2NH, +H,0 - 2NH; +20H" (5.1)

This has two consequences, firstly the ammonium ion is able to complex the free

cadmium ion thus making it unavailable for immediate reaction:
Cd* (ag)+4NH, — Cd(NH,)." (5.2)

and additionally the presence of the hydroxide ions bring about the hydrolysis of the

sulphur source:
(NH,),CS +OH™ — S* (aq)+ H,NCN +2H,0 (5.3)
Thus when the metal ligand complex disassociates:
Cd(NH,)Y — Cd** +4NH,(aq) (5.4)
the CdS solid is formed in a controlled manner:
Cd* (ag)+S* — CdS(s) (5.5)
It is important to note that there is almost no dissociation of this CdS by the reaction:
CdS(s) < Cd* (aq)+S* (aq) (5.6)
as the solubility product (Kp) of the compound is extremely low:
K, =|ca*|s*] (.7)

K_=107* (5.8)

sp
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The chemical route presented above (termed the simple ion-by-ion formulation) is
almost certainly a simplification of the actual mechanism that occurs in reality. Hodes

[2] gives an in-depth description of other proposed mechanisms.

5.2.2. Nucleation

Nucleation refers to the process of atomic and molecular species (Cd*" and S” ions in
the simple description outlined above) crystallising to form bulk material. There are
two methods of nucleation pertinent to the formation of CdS, homogeneous (cluster)

and heterogeneous (ion-by-ion) nucleation.

5.2.2.1. Homogeneous

Homogeneous precipitation takes place within the bulk of the solution and not on the
substrate or reaction vessel, as such it is an undesirable process and steps are taken to
minimise this type of nucleation. CdS will precipitate from solution when the product
of the concentrations of Cd®>" and S* exceed the solubility product of CdS, this is
known as supersaturation. Homogeneous nucleation is thought to occur by the
formation of initial small CdS particles, or embryos, by the collision between free
Cd*" and S* ions. These embryos will tend to dissolve immediately as they have large
surface areas and corresponding high surface energies and so are thermodynamically
unstable (Govendar gives a full treatment [3]). However, they can increase in size by
further collisions with ions or by coalescescing with other embryos, and in so doing
increase their size to a critical radius. A particle of this size is referred to as a critical
nucleus and is stable due to a balance between the surface energy required to form the
embryo and the energy released when the embryo is formed [2]. This will occur more
often in solutions with higher levels of supersaturation, and therefore this process can
be controlled by modifying the deposition conditions, in particular the free ion
concentration. If a substrate is present in the reaction solution, it is possible that some

of the clusters will migrate and adhere loosely to the substrate (Figure 5.1).
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In this way a film is grown from K sites outwards along the plane of the film, thus
producing long range crystal order. The adsorption process will continue until all the
ions of any one type are used up or the growth is blocked by an irregular growth unit
or a foreign adsorbed species. The growth may also be stopped and subsequently
continue in a different geometric orientation, giving rise to a polycrystalline film, as is
typically the case for SD films. Other growth mechanisms that may also occur include
aggregation and coalescence; here two particles attract one another by the van der
Waals force and can either coalesce to form a single particle, or aggregate to form a
cluster of particles. These mechanisms are treated in detail by by Hodes [2].

It should be noted that typically films are grown on substrates having surface
morphologies with features significantly larger than the grain size of the growing film,
therefore the idealised discussion mentioned above is substantially modified, this is

the case in this study and will be explored in section 5.5.3.

5.2.4. Kinetics

Solution deposition as a function of time is thought to proceed via three steps, 1)
induction, ii) linear growth and iii) termination; Figure 5.4 shows these three phases
for a typical deposition. In the induction phase the sulphur concentration is increasing
(via the disassociation of the sulphur source) but is still too low to allow initial
nucleation to occur, this represents a delay between the start of the experiment and the
onset of film growth. In the growth phase (which is often found to be approximately
linear with time) growth occurs on these nuclei, and finally the reaction terminates

when the reactants are depleted.
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that the stability of deposition temperature also has an effect, and that films grown
with a good temperature stability are stoichometric, and show good adhesion

properties.

5.3.2. pH

The pH of the chemical solution determines the extent to which the metal complex is
formed and also is important in determining to what extent the undesirable
precipitation of cadmium hydroxide occurs. A higher pH (more alkaline) will
generally increase the rate of deposition (as the thiourea decomposition rate will be
increased, by equation 5.3), however increasing the reaction rate too far will increase
the likelihood of homogeneous deposition which will reduce the final film thickness.
Studies have shown that solution pH can have a marked effect on the optical and
structural properties of solution grown CdS [5, 8], however it is often found that by
moving too far away from an optimum pH a film is no longer produced, either no
reaction occurs, the reaction is homogenous or cadmium hydroxide is precipitated
rather than CdS. There have been studies of CdS grown from acidic baths [9],
although this deposition type was not attempted in this study.

5.3.3. Cd salt

Several different salts can be used as the cadmium source, common choices are
cadmium chloride (CdCl;), cadmium acetate (Cd(CH3COO);), Cadmium sulphate
(CdSO,) and cadmium nitrate (Cd(NOs),). Studies have investigated the properties of
films grown using these different sources (for example [10]), however no appreciable

trend has been observed.
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5.3.4. Concentration of Cd and S sources

An increase in the cadmium and thiourea concentrations (with constant complexing
agent concentration) will lead to an increase in reaction rate as expected; this has been
shown to have major effects on film formation and quality. Guillen and Martinez have
studied the optical properties of CdS films with changes in the concentrations of the
cadmium salt and thiourea [11, 12], they found that good optical transmission, most
likely due to heterogeneous film formation, was sensitive to these concentrations and
an optimal Cd to S source ratio value was determined for their chemical route. Other
studies have found variations in the bandgap energy as a function of source

concentrations [5], as well as grain size and photoconductivity values [13].

5.3.5. Complexing agent

The complexing agent is used to buffer the concentration of the free metal ion,
therefore limiting global precipitation of CdS in the bulk solution; it follows that if a
different complexing agent is used then the reaction chemistry will be modified. The
typical complexing agent used is ammonia (NH;), however many others have been
used such as sodium citrate [14], potassium nitrilotriacetate [15], potassium cyanide
[16], triethanolamine (TEA) ([17], ethylenediamine (EN) [18] and
ethylenediaminetetraacetic acid (EDTA) [19]. Other authors have used additional
complexing agents with ammonia such as ammonium sulphate [20] and EDTA [21]
and found the resulting films to have superior optical transmission than with ammonia
alone. This effect has been ascribed to stronger complexation leading to a reduction in

homogeneous growth.

5.3.6. Magnetic field

Vigil et al have explored CdS film growth under the influence of a (0.077 Tesla)
magnetic field [22, 23]. They studied optical transmission, dark resistivity, surface
morphology and x-ray diffraction patterns as a function of magnetic field; preliminary

results found that the presence of the field produced thicker films with lower
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resistivity (as would be expected from thicker films when measured in the coplanar
contact geometry, refer to section 5.5.5.3) and a smaller grain size. It is not clear by

what possible mechanism these modifications may have occurred.

5.3.7. Ultrasonication

Choi et al [24] have studied the growth of CdS under the influence of ultrasonic
agitation. Compared to no agitation they found a marked difference in surface
morphology, growth rate and optical properties. It was also found that colloidal
particles were not present, which is a sign of homogeneous growth, and surface
roughness was found to be reduced by a factor of two. Zhu [25] also found a strong

improvement in surface morphology with ultrasonic treatment during growth.

5.3.8. Stirring

The reactant solution is generally stirred using a PTFE coated magnetic follower
immersed in the solution, this mixing action is thought to decrease the homogeneous
growth in the solution by reducing inhomogeneous temperature variations, and also
increasing the growth rate on the substrate surface by transporting a greater flux of
precursor material to the substrate. There have been some notable variations on this,
Sasikala et al [26] devised apparatus which stirred the substrate itself by using a
substrate attached to the axle of an electric motor , whilst Boyle et al [27] used a novel
approach designed to reduce the waste incurred by homogeneous reaction by
circulating the reactant solution over a heated substrate. This latter geometry was

further studied by Archbold et al [28].
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500 times less than ammonia due to it being a far stronger complexing agent than
ammonia. The enhanced properties of EN as a complexing agent has been discussed

by Bayer and Boyle [27, 30].

5.4.1.4. Cd concentration

The Cd concentration used in typical NH;3 based SD deposition solutions is between 2
and 4 mg per ml [14]. The majority of this is precipated homogenously as CdS in the
reactant solution and therefore if it is not recycled (which is typically the case in
research laboratory work) the majority of Cd will be disposed of as waste. Modelling
of six different complexing agent strengths (EN, 1,2-diaminopropane, NH;,
ethanolamine, TEA and hydrazine) for cadmium has been performed by Boyle et al
[27], this work showed that EN is a better complexing agent than ammonia for
cadmium, as it allows far lower Cd concentration to be used. In this study the EN
chemical route is employed, this uses Cd concentrations of around 0.1 mg per ml of
starting solution, between 20 and 40 times less than that used by the conventional NH;
based chemistry. Assuming small batch production methods are used, this
concentration reduction would typically corresponds to an actual reduction in Cd
usage of around 200 g for every 1 m’ of 100 nm thick research scale CdS that is

deposited,; this clearly has beneficial environmental consequences.

5.4.1.5. Uneven film coverage

As discussed in section 5.3.1, high temperatures promote the disassociation of the
stable cadmium metal complex, thus increasing the rate of reaction. Therefore if a
temperature gradient exists in either the SD solution or substrate, then this may
encourage inhomogeneous CdS growth giving an uneven CdS thickness. This is an
undesirable effect and so every effort is made to ensure there are no temperature
gradients present. In this study a deposition bath was constructed (described further in
section 5.4.2) utilising a large surface area in contact with the solution, thus
maximising the heat conduction to the solution. Also, by using a water bath with a
large reservoir to heat the walls it was ensured that the walls of the reactor are kept at

a constant temperature throughout the deposition.
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Another common problem often results from over-vigorous stirring of the solution. If
rapid currents are present then this may enhance or depreciate growth rate on certain
areas of the substrate; therefore ideally the solution should flow smoothly over the
substrate. This is performed in this study by utilising only stirring due to the flow of
nitrogen gas over the substrate (as described in 5.4.1.1), no magnetic stirring was

employed.

5.4.2. Deposition apparatus and conditions

The experimental apparatus used for the main body of this work consists of a reaction
bath with two parallel 20x20 cm square glass plates separated by 2 cm, the solution in
which the substrates are immersed during growth (maximum volume 600 ml) is held
between and heated by these plates. Each plate has a cavity in which heated water is
circulated; this is kept at the set temperature (20-90°C) to within a tolerance of 0.05°C

by a Grant GD100 water bath. The deposition process proceeds as follows:

e Water heating is turned on and the required temperature is set
¢ Nitrogen bubbling is turned on
¢ Chemicals are added to bath:
o DI Water (460 ml)
o CdCl; (43.8 ml of 0.05 M solution)
o EN (1751 pl of 15 M solution)
o NaOH (27.4 ml of 0.2 M solution)
e Substrates are placed in solution (supported by a PTFE holder)
e Solution temperature is left to equilibrate
e Thiourea is added (27.4 ml of 0.2 M solution) and timing is started
e After a set time, substrates are removed, rinsed in DI water and dried in a
stream of nitrogen gas

e All liquid waste is stored for safe disposal.

The final chemical concentrations used are:
e CdCl, (CdCl,, 0.004 mol dm™)
e EN (NH,.CH,.CH,.NH,, 0.048 mol dm™)
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e Silicon L, line - (1.74 eV)
e Sulphur L, line - (2.31 €V)
e Cadmium K, lines - (2.7 - 4.0 eV)

The glass substrate is responsible for the silicon signal, this is because the electron
beam energy used in the instrument (20 keV) has a corresponding penetration length
(simulated by the Casino Monte Carlo simulation software) of approximately 4 um,
significantly thicker than the CdS layer. By considering only the cadmium and
sulphur lines and assuming there is no cadmium or sulphur in the glass substrate, the
CdS stoichiometry results as calculated by the microscope software are presented in

Table 5.1.

S (%) | Cd (%)

Mean 48.32 51.68
Standard Deviation 0.88 0.88
Standard Error 0.40 0.40

Table 5.1. EDAX stoichiometry results (sample size of 5 measurements).

This shows that the film is cadmium rich in the proportion 1:1.07; this result is

commonly found in the literature 2, 11].

5.5.2. Carrier type

Thermally stimulated current, Hall Effect and Mott-Schottky measurements were
attempted, however due to the very high resistivity of as-grown CdS thin films, and
the inability to form a Schottky junction with SD grown CdS films in this study, no
carrier type information was possible. There exist no reports of p-type films in the

literature, and therefore n-type conduction will be assumed henceforth.

5.5.3. Nucleation
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continuous layer, but instead must arise from the complicated grain structure of the

film and is therefore suggested as a topic for further study.

5.6. ICP-MS impurity analysis

Solution deposition is a method which is typically carried out in a standard chemistry
laboratory environment and not under cleanroom conditions. As such it is possible
that impurities, whether from impure starting materials, dust contamination, unclean
glassware or other non-sterile laboratory practices, will unintentionally be
incorporated into grown films. As the vast majority of semiconductor devices are very
sensitive to impurities, it is therefore informative to investigate to what extent this
type of contamination occurs. In this study this has been done in the following way:
firstly the starting chemical solutions are analysed in order to assess their impurity
levels, and then secondly CdS thin films are grown by solution deposition and it is
investigated whether any of the impurities from starting solutions or impurities from

other sources have been incorporated into the films.

5.6.1. Starting solutions

The four chemicals used in the standard SD method in this study (as described in
section 5.4.2), including their source and manufacturers specification are shown in

Table 5.2.

Chemical Source Grade
CdCl, Acros Organics | 98.60%*
EN Fisher Scientific | 98%

NaOH Fisher Scientific | 99.02%*
Thiourea Fisher Scientific | 99.20%*

Table 5.2. Chemicals used in CdS growth starting solutions (* indicates the figure is from a certificate

of analysis (COA), no COA is given for EN).
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The relatively low grade chemicals are ones typically used in the growth of CdS by
SD. To analyse the impurity content of these starting chemicals, two samples of each
were added to 18 MQ deionised water in trace-metal free containers, taking care to
minimise cross contamination, ICP-MS data were taken on both sample sets to ensure
consistency. Table 5.3 shows the impurities present in the four starting chemicals,
bearing in mind the limitations of the 1CP-MS apparatus as mentioned in section
4.2.2.5. The figure is an average of the two samples. Note that DI water has been
omitted from this analysis as no trace of any impurity was found. The figures have
been normalised so that they represent the ppb concentration (equivalent to ng per ml)
that would be present in a typical SD starting solution from which CdS films are
grown in this study. The respective concentrations in the final solution are: CdCl,

0.001 mol dm™, EN 0.012 mol dm'3, NaOH 0.01 mol dm™ and thiourea 0.01mol dm™.

Element | CdCl; | NaOH | EN | Thiourea Total Impurity:Cd ratio
(ppb) | (ppb) | (ppb) | (ppb) (ppb) | of total (by atom)
in solution
Cr - - - 213.4 213.4 4.1x10”
Mn 5.7 - - - 5.7 1.0x10™
Cu - - 1.7 1.1 2.8 4.4x107
Zn 79.5 - - - 79.5 1.2x107
As - - - 6.2 6.2 8.3x10”
Sr - 8.0 - 479 55.9 6.4x10™
Sb - - - 1.2 1.2 9.9x10°
Ba 213.9 - - 7.7 221.6 1.6x10"
Tl 6.3 - - - 6.3 3.1x10”
Pb 1.0 . - - 1.0 4.8x10°
Total 306.4 8.0 1.7 2775 593.6

Table 5.3. Impurities present in a typical SD starting solution.
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The following conclusions can be drawn:

e The largest proportion of impurities originate from the CdCl, and thiourea
sources

e There are ten measurable impurities, in order of abundance these are Ba, Cr,
Zn, Sr, Tl, As, Mn, Cu, Sb and Pb

e The level of each impurity present is around 3 to 6 orders of magnitude

smaller than the atomic concentration of the Cd atoms in solution.

SD grown CdS film will now be examined to determine whether the above impurities

have been incorporated into CdS material, and if so to what extent.

5.6.2. CdS films

In this study two CdS samples were placed in a trace metal-free container and high
purity (spectrographic grade) hydrochloric acid (HCI) solution (3% in DI water) was
added for five minutes, this was sufficiently long enough to dissolve all the CdS film;
this solution was then diluted down and analysed using ICP-MS. One complication
that must be noted however is that it is inevitable extra impurities will originate from
both the HCI and the substrate (as a small proportion of the substrate will be dissolved
by the acid). By considering these interferences it was necessary to exclude the

following elements from the analysis:

e Cu, As - due to HCI

e Zn - due to substrate.
Table 5.4 shows the measured number density of impurity atoms present in as-grown

CdS films, this is presented alongside the Cd atom to impurity ratio and the

percentage of impurity atoms which have been incorporated into the CdS films.
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Element Measured impurity, Impurity:Cd | Percentage of starting impurity
shown as number density ratio atoms incorporated into film
in CdS films (cm'3)

Cr 1.8x10" 8.8x10” 2.1

Mn 7.3x10"7 3.6x10” 36.3

Cu - - -

Zn - - -

As - - -

Sr ND ND ND

Sb ND ND ND

Ba 7.8x10"° 3.9x10° 0.2

Tl 4.1x10"° 2.1x10° 6.6

Pb 4.0x10 2.0x10° 41.9

Table 5.4. Measured impurity values for CdS thin films. (Key: ‘ND’ = Not detected, ‘-* = unable to

conclude due to interference.

From these data it is possible to conclude:

Only impurity elements present in the starting solutions have been
incorporated into the films and no additional impurities were detected. This
strongly suggests that their origin lies in the starting chemicals. Assuming this
to be true it can be stated:
o High levels of Cr are present, however the level of Cr incorporation
(assuming the starting solution to be the source) is low at 2%
o High levels of Mn are present, the level of Mn incorporation (assuming
the starting solution to be the source) is high at 36%
o Pb incorporation (assuming the starting solution to be the source) is
high at 42%, however the impurity level in the film is relatively low as

the amount of Pb impurity in the starting solution is also low.

It must be noted that although these impurities are present in CdS films and evidence

suggest that their origin lie in the starting chemicals, it is not known whether they
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have been incorporated into the lattice proper as substitutionals, reside as interstitials,
or exist as particulates (whether in the film itself or on the surface). In chapter 6
intentional doping of CdS films with electrically active species is performed, and

again the ICP-MS technique is used to confirm the presence of dopant species.
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6. CdS post-growth treatments and alternate growth

methods

6.1. Introduction

In this section the structural, optical, electrical and chemical properties of four types
of CdS films are investigated. Firstly the results of an annealing treatment study
performed on standard SD grown films are presented, this is then followed by an
investigation into SD CdS films which have been doped in-situ with electrically active
species. Results from CSS grown CdS films are presented and finally work on two

types of novel bi-layer 'hybrid’' CSS and SD grown films are presented.

6.2. Annealed SD films

During the fabrication of CdS/CdTe PV devices it is common practice to anneal the
CdS layer, particularly if it is grown by a low temperature method such as SD, often
in the presence of CdCl, prior to CdTe deposition; it is therefore essential to
understand how this treatment affects the properties of thin film SD grown CdS. In the
following study films were grown on both FTO (Pilkington) and ITO (Merck)
substrates, cight sample types were produced, Table 6.1 shows the processing steps
used in each. They have been categorised into three groups, the reason for which will

become apparent as the characteristics of each are explained in detail.
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Sample Treatment Group
A None
80 nm CdCl»

N> anneal

H> anneal 2

80 nm CdCl, + N, anncal
80 nm CdCl> + H; anneal 3
80 nm CdC), + Air anneal

B
C
D
E Air anneal
F
G
H

Table 6.1. CdS sample types by treatment used in this study.

Group 1 samples (A and B) were not annealed (B is essentially a control, the purpose
of which was to verify that the CdCl, evaporation process itself did not affect the
sample), group 2 samples (C, D and E) were annealed with no CdCl; coating whereas
group 3 samples (F, G and H) were coated with an 80 nm evaporated layer of CdCl,
before being annealed. Where applicable the annealing step was performed in a quartz
tube furnace at 400°C for 20 minutes. The ambient atmosphere was either air,
nitrogen or 4% hydrogen (96% nitrogen), after annealing each CdCl, coated sample
(including sample B) was washed in methanol in order to remove any remaining
CdCl,. It was found that by applying treatment H the CdS layer was delaminated from
the substrate, this processing step was attempted several times with the same result
and the phenomena is currently being studied, however in the following work results

from H-type samples will not be discussed.
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recrystallisation occurring. There is also the presence of even larger fissures, again it
is hypothesised that the presence of these is due to the reduction in strain caused by

the annealing treatment.

6.2.1.2. GIXRD

GIXRD scans of all CdS films grown on ITO substrates, with a substrate for
comparison, are shown in Figure 6.2. In group 1 films (A and B) one clear peak can
be distinguished at 27.08°, this can be assigned to either the CdS hexagonal (h) (002)
or the cubic (c) (111) reflection, and a second considerably smaller shoulder at 28.87°
which is assigned to the h(101) peak. From these data it is not possible to determine
whether the film is present in the thermodynamically stable hexagonal phase,
metastable cubic phase, a mixture of these phases or a polytype [1], nevertheless it is
possible to conclude that the film is highly textured in either the [002] direction if in
the hexagonal modification or the [111] direction if in the cubic modification. With
only two diffraction peaks, it is not possible to distinguish between grain size and
strain within the film using a Williamson-Hall plot, therefore the Scherrer formula
was applied to the main h(002)/c(111) peak with the assumption that all of the peak
broadening is due to particle size alone. Using this assumption the grain size was
found to be 15 nm and 11 nm for A and B-type films respectively (refer to Table 6.2).
It is also noticeable that the position of both these peaks in these films are shifted to
higher detector angles than expected for CdS (it was first verified that the ITO peaks
were not shifted from their expected positions in order to exclude the possibility that
there was an offset in the detector angle), indicating qualitatively that there is a

considerable amount of compressive strain contained within the as-grown CdS films.

129






within the film, this confirms the findings of other authors [2]. Applying the Scherrer

formula this CdO has an approximate grain size of 25 nm.

Sample Grain

Size (nm )
1
11
16
[

N

ol Q) m| »

18

27
28

Q| m| m

Table 6.2. Grain sizes for all films in this study, determined by the Scherrer formula.

In group 3 films (F and G), the h(002)/c(111) peak is found at 26.57°, the h(101) peak
is clearly observed at 28.25°, the h(102) at 36.69°, the h(103) at 47.90° and a peak at
51.91° which can either be ascribed to h(112) or ¢(311). The existence of several clear
hexagonal peaks suggests that these films are in the hexagonal phase and are
polycrystalline. It is also noticeable that the main h(002)/c(111) peak has a
considerably smaller width than for group 1 films, by applying the Scherrer formula
to this peak the grain size was calculated to be 27 nm and 28 nm for F and G-type
films respectively, inferring there has been considerable grain growth upon CdCl,
annealing. It is also noticeable that the main h(002)/c(111) peak has been shifted close
to its expected position, indicating qualitatively that the CdCl, anneal has significantly
reduced the level of compressive strain within the film. Taken as a whole this
evidence suggests that a complete recrystallisation has occurred in the CdCl; annealed
films. Additionally, the Scherrer relation can also be applied to the bare substrate to
calculate the ITO grain size; this was found to be 20 nm, of similar order to the grain

sizes of all CdS layers.
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It is proposed that these changes in bandgap are a direct consequence of the partial
recrystallisation to the polycrystalline hexagonal phase in group 2 films and a full
recrystallisation in group 3 films; this is in accordance with x-ray diffraction data and
also evidence from other authors [3-7]. It is also noticeable that the annealing
atmosphere does not appear to affect the bandgap value of the films, and in particular

the presence of CdO in film E does not have any perceptible effect.

Sample E,
(eV £0.01)
2.43
2.42
2.32

2.32

232

2.38
2.37

al m| o] o 0] w| »

Table 6.3. Bandgap values for all films.

6.2.3. Electrical

6.2.3.1. EEA

Electrolyte electro-absorbance spectra for samples A, C and F corresponding to
groups 1-3 respectively are shown in Figure 6.4. These have been fitted with the
model of Aspnes [8] from which it is possible to extract the bandgap value and the
broadening parameter (I') which is directly related to the crystalline quality of the

films (refer to section 4.2.3.7).
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and a bandgap of 2.58 eV. This bandgap value is considerably larger than that
observed by optical transmission results, however it must be noted that given the large
peak width in the EEA data it is likely that the errors in this data set are more
significant than for optical transmission results. In group 2 films the spectra have the
same general lineshape, however the curve has been shifted to lower cnergies,
indicating a reduction in bandgap (2.40 eV). The broadening parameter [ has also
increased slightly (220 meV) which suggests a small decrease in crystalline quality,
both these findings are in agreement with the work of other authors [9]. For group 3
films the curve has changed considerably to a double peak, when fitted the calculated
bandgap is found to be shifted to 2.42 eV, smaller than that observed in group 2 films
and consistent with results obtained by optical transmission, bearing in mind that EEA
bandgap values are in this instance higher than those obtained by optical transmission.
Another effect seen in group 3 films is the large reduction in the gamma parameter
(140 meV), this indicates there has been a significant improvement in crystalline
quality upon CdCl, annealing. Table 6.4 shows the bandgap and gamma parameters

for films A, C and F. Again these data are consistent with the work of other authors

[9].

r E,

Sample
(meV) (eV)
A (Group )] 2006 2.58
C (Group 2)| 220 2.40
F (Group 3)| 140 242

Table 6.4. Broadening parameter and bandgap values by the EEA technique for films A, Cand F.

6.2.3.2. Capacitance-voltage

Figure 6.5 shows a Mott-Schottky plot for a type A (group 1) CdS film grown on an
FTO substrate, a rectifying electrolyte configuration was used. It was found that all

other film types in this study produced similar curves.
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junction would form a structure where the depletion layer has been shifted farther into
the CdTe material, thus enhancing carrier collection. In addition, more conductive
CdS will also result in a reduction in the series resistive losses in this layer. The
motivation for the inclusion of p-type species is less clear. Previous studies have
shown Cu inclusion into CdS/CdTe device structures to be beneficial, this is thought
to be due to Cu being a quickly diffusing species in II-VI semiconductors, and
therefore the Cu diffuses into the CdTe layer resulting in enhanced p-type doping of
this region. The details of this process are however not well understood.

In this study six CdS samples were grown by the SD technique, five of these were
intentionally doped by simply adding an accurately controlled volume of aqueous
dopant containing solution directly to the chemical bath in order to produce a
Cd:Dopant concentration of 100:1. The dopant compounds used in this study are
shown in Table 6.5, these particular compounds were chosen for their ease in forming

an aqueous solution and their lack of toxicity.

Dopant | Doping | Compound
Type
In n In>(SO4)3
B n H>BO;
Cu P CuCl,
Ag n AgNO;
Mn Unknown MnCl,

Table 6.5. Dopant compounds used in this study.

It was found however that on addition of AgNO; and MnCl; to the chemical bath, a
precipitate was immediately formed (brown and orange for the respective chemicals)
which it is believed directly led to a greatly inhibited growth rate of CdS film on the
substrate surface. Ag and Mn doped films will therefore be excluded from the
following discussion. An appropriate growth time was chosen in order to produce CdS
films of approximately 100 nm thickness, after deposition these thickness values were
accurately measured using a surface profilometer. It was found that film thickness
values could be accurately controlled (+ 5 nm) for B and Cu doped films, however In

doped films were typically of the order of 40 nm thick, this was repeated several times
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and the same outcome was found in each run. It is likely that again a change in the
growth chemistry occurred, however the film was of good enough quality to perform
characterisation. Films were structurally characterised using GIXRD and SEM,
optically characterised by optical transmission and PL and a chemical analysis was

carried out by ICP-MS.

6.3.1. Structural

Grazing incidence x-ray diffraction scans were taken for all films, however comparing
these to undoped films no additional features or differences in crystallographic
structure were found. This suggests that i) no other compound is formed in percentage
quantities and ii) if any dopant has been incorporated into the lattice it has had no
macroscopic effect on the structure of the lattice. These facts are explained by the
extremely low concentration of any dopant present in the film as the dopant:Cd
concentration present in the starting solution was so low; this is confirmed by ICP-MS
results discussed in section 6.3.3.

SEM micrographs were taken for all films, however no difference was observed
between doped and undoped films, suggesting that the nucleation process is
unchanged by the presence of the dopant species. This is unsurprising for B and Cu
doped films where the growth rate is unchanged, however it is an interesting result for

In doped films where the growth rate has been more than halved.

6.3.2. Optical

6.3.2.1. Transmission

Figure 6.6 shows optical transmission spectra for all three films used in this study.

At energies below the bandgap region (< 2.5 V) all films have the same general
lineshape, however it is apparent that the B-doped film exhibits a marginally higher
transmission value, the source of this characteristic is not known and is suggested as a
topic for further study. At energies greater than the bandgap the In doped film has a
much reduced transmission level as would be expected for a much thinner film, this is

due to incomplete absorption.
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6.3.2.2. PL

PL scans were taken for all films at 3 K, it was found however that there was no
discernable difference between samples, Figure 6.7 shows a PL spectra for a Cu

doped film.

PL Intensity (arb. units)

2.6 24 22 2.0 1.8 16 1.4 1.2

Energy (eV)

Figure 6.7. A photoluminescence spectrum of a Cu doped CdS film taken at 3K.

All samples exhibited the broad luminescence feature located at around 1.2-2.0 eV,
this is typical for SD grown CdS and is referred to as the red band. The red band is

commonly ascribed to either sulphur vacancy states [10] or surface states [11].

6.3.3. ICP-MS impurity analysis

The ICP-MS technique was employed in order to assess the extent to which
intentional dopant atoms were incorporated into the grown CdS films. It is important
to note however that although this gives information on the presence of the species, it
does not give any information on whether the dopant has been incorporated into the
lattice proper forming an electrically active centre, for example in a substitutional or
interstitial position, or whether the dopant resides in a non-electrically active position,

for example in a cluster in either elemental or compound form.
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Table 6.7 shows dopant species incorporation data for both Cu and In. Data for Boron
is not available as the ICP-MS technique is insensitive to this element (as discussed in

section 4.2.2.5).

Element Number density Dopant:Cd ratio
(cm™)
Cu 3.73x10"” 1.87x10”
In 3.23x10" 1.62x10~

Table 6.7. Dopant impurity incorporation into CdS films.

Column 2 shows the number density of the dopant atoms incorporated into the grown
CdS film and column 3 is the ratio of the dopant concentration to the Cd concentration

(by atom) in the films.

From these data it is possible to conclude:
e Both Cu and In have been incorporated into the films
e For every Cd atom in solution incorporated approximately 20% of all dopant
atoms present in solution have been incorporated in each case (18.7% and
16.2% for Cu and In respectively)
e If these dopants are incorporated as electrically active species (within the
crystal lattice proper) then as a consequence these very high doping levels

would considerably alter the electrical properties of the CdS layer.

6.4. CSS and SD hybrid films

In this section work is presented on two types of CdS layer, i) films grown solely by
the CSS technique and ii) those grown by a novel ‘hybrid’ approach involving both
CSS and SD growth methods. To the authors knowledge this hybrid method is novel
and has not been reported elsewhere.

The motivation for investigating hybrid CdS films is to combine the properties of SD
and CSS CdS films with the anticipation that the resulting properties will be

advantageous to PV device performance. SD films generally give excellent substrate
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coverage with no pinholes on account of their small adherent grains, whilst CSS films
generally possess relatively large well defined polycrystalline grains (of the order of
hundreds of nm) with excellent crystallinity and little strain [12].

The two types of hybrid films are shown in figure 6.8, H1 films consist of a 300 nm
thick CSS CdS layer followed by a 100 nm SD layer, whilst type H2 films have
first{13] had a 100 nm thick SD CdS layer applied, followed by a 300 nm CSS layer.

SD CdS CSS Cds
CSS Cds SD CdS
FTO FTO
Substrate Substrate

Figure 6.8. Type H1 and H2 hybrid CdS films.

The three film types have been characterised by SEM and optical transmission.

6.4.1. Structural

6.4.1.1. SEM

SEM images of CSS films and hybrid type H1 and H2 films are shown in Figure 6.9.
As expected the CSS film possesses a much different grain structure to the SD films
discussed earlier, this is likely due to the nature of the high temperature nucleation
process [13]. The grains are much larger, of the order of 200 nm, and are regularly
shaped with sharp facets. It is also apparent that within the film there are small
fissures present between grains. If this is compared to type H1 films (CSS/SD) there is
a noticeable difference, although there is still evidence of grain regularity (this is
especially noticeable if compared to standard SD grown films) the surface grain size
is noticeably smaller, of the order of 100 nm. It appears as if the SD CdS has grown
conformally on the underlying CSS CdS crystal structure. In the case of H2 films
(SD/CSS), the surface appearance is rather surprising in that the surface morphology
resembles SD CdS rather that CSS CdS. This implies that the underlying SD CdS
influences the nucleation of CSS CdS to a high degree. This interesting effect is an

ideal topic for further study.
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Film E,
(eV £ 0.01)

SD 2.42

CSS 2.44

H1 2.44

H2 2.43

Table 6.8. Bandgap values for all films.

In chapter 7 CdS/CdTe photovoltaic devices are fabricated using the four growth
methods presented above, SD, CSS, H1 and HI; the IV and spectral response

characteristics are then compared.
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7. CdS/CdTe devices

7.1. Introduction

In this section the results of full CdS/CdTe PV device structures are described. Three
types of device are outlined, in each case the CdTe layer was grown by CSS and the
growth method of the CdS layer was varied. The types of CdS layer used were 1) SD
(section 5.4), ii) CSS (section 6.4) and iii) hybrid films (section 6.4).

For devices described in section 7.4, the CdTe layer was deposited by the CSS
method by collaborators at the University of Parma Italy according the procedure set
out in [1, 2]. For all other devices (section 7.3) the CdTe was grown at Durham by
CSS and following CdTe growth (8 pum thickness), the cells were CdCl, annealed
using four different CdCl, thicknesses: 150 nm, 100 nm, 50 nm and 0 nm as a control.
These were then NP etched and metallised with 1.5 mm diameter gold dot contacts as
outlined in sections 3.3.3 and 3.3.4 and subsequently characterised by IV and spectral
response. Typically on each 2.5 cm square substrate, 25 gold dot contacts were
applied in five rows (1-5) of five columns (A-E), these were then labelled from top
left (A1) to bottom right (ES). For each substrate the position of the gas inlet of the
CSS reactor during CdTe growth (and CdS growth where appropriate) was recorded,
this was done in order to ascertain whether any device trends were dependent on
orientation during growth. [V curves were recorded row by row (from row 1 to row 5)
and the contact to the FTO substrate was in each case made at the bottom left hand
comner (near cell ES).

It should be noted that the current collection area of dot contact devices are generally
underestimated due to additional current collection occurring from outside the dot
contact region, therefore Ji. values and therefore efficiency values may be

overestimated.

7.2. FTO substrate Hall measurements
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All devices fabricated in section 7.3 were grown on 5x5 cm square Tec-8 FTO
substrates, the electrical characteristics of these substrates were investigated using
Hall effect and Van der Pauw electrical measurements. Table 7.1 shows these results,

which confirm the manufacturers specification of better than 8 Qo' sheet resistance.

Sheet carrier density ns (cm™) | 2.73x 10°°

Bulk carrier density n (cm™) 5.47x 10
Hall mobility g, (cm™v's™) 29.43
Sheet resistance Q; (Qo") 7.77

Table 7.1. Sheet carrier density (n,), bulk carrier density (n), Hall mobility (1) and sheet resistance

(Q,) values for Pilkington Tec-8 FTO substrates.

7.3. Durham devices

7.3.1. IV results

7.3.1.1. SD CdS

Figure 7.1 shows Vo, Js, FF and efficiency values for 126 PV devices utilising SD
grown CdS, the green and red lines represent the mean and one standard deviation
respectively, Table 7.2 shows the best, mean and standard deviation for each of these
parameters. The most obvious feature of these devices, and indeed all the devices with
CdTe layers and back contacts grown at Durham, is the poor efficiency values. If this
is contrasted with one of only two devices in which the CdTe layer and back contact
were grown at Parma (section 7.4), which possess identical CdS in some cases, this
has an un-optimised efficiency of 9.80%, compared to 0-4% for several hundred
devices fabricated at Durham, this is a clear indication that either the CdTe layer or
the latter processing stages have not been optimised. As well as low best values, the
standard deviations of all the parameters are also disappointing. If the best cell of this
group is considered, the Js value, and the V. to a lesser extent are respectable,
however the FF is very poor at 31.2%. This is indicative of i) a high series resistance
and/or ii) a low shunt resistance (refer to sections 2.5.2.1 and 2.5.2.2). The low V.

parameter indicates i) a low shunt resistance and/or ii) a high value of junction
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7.4. Parma devices

Two devices were fabricated using a 100 nm thick SD grown CdS [1] layer grown at
Durham and subsequent CdTe deposition (9 um thickness) and back contact
application at the University of Parma [2]. The characteristics for the best of these two

devices are shown in Table 7.6.

Cell Area (cmY) | Voc (V) | Jic (mAem™) | FF (%) | Efficiency (%)
M116-b 0.53 0.770 16.52 0.50 9.80

Table 7.6. Device performance characteristics for a CdS/CdTe PV device.

Despite a low fill factor, this cell has a notable efficiency of 9.80%. In contrast to
earlier devices the V. is excellent, and the Ji value is very respectable. These data
show that the likely source of cell non-performance in the devices presented in section
7.3 is due to either the CdTe layer or subsequent processing steps. This could be the
important CdCl, treatment and back contact application or a complicated interaction
between all these process steps. This data is good evidence that the SD method
developed throughout this work has potential for the production of quality CdS/CdTe

thin film photovoltaic devices.
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8. A novel geometry photovoltaic device

8.1. Introduction

In this chapter work is presented on a photovoltaic device structure which utilises an
innovative geometry. The idea was first presented by Weinstein and Lee as a U.S.
patent application in 1976 [1], however to the authors knowledge no material device
structure has ever been demonstrated and therefore this is the first practical
realisation, albeit at an early stage, of such a device. In this chapter the inspiration for
this work is presented, the structure is discussed and the motivation for the work is
outlined, this is followed by a description of the growth methods used and the

characterisation which has been performed.

8.2. Inspiration and device structure

The inspiration for this work was the realisation that the SD technique could be
carried out much more safely and effectively using a rigid structure as both a
container for reactant chemicals and as a substrate. The work in this chapter outgrew
this initial notion as it became apparent that there were numerous reasons why this
geometry could be used to successfully realise an improved PV device.

The PV device structure described in this work is composed of a tubular transparent
substrate in which the active photovoltaic layers have been grown onto the inside. The
layers used in this prototype device are identical to that used in the typical flat plate
geometry (TCO/CdS/CdTe), the novelty arises from the tubular geometry. Figure 8.1

shows a schematic of the device.
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Additionally this tubular structure lends itself to the exciting possibility of producing
a hybrid photovoltaic and solar thermal generation system by circulating a coolant

liquid through the tubular PV devices; this is discussed in section 8.3.3.

8.3. Motivation

Three main advantages that a tubular PV structure will have over conventional flat
plate designs are i) reduced complexity (and hence cost saving) in the manufacturing
process, i) the possibility of efficiency gains over conventional flat plate designs and
iii) the prospect of hybrid PV/solar thermal devices; these three factors are now

discussed.

8.3.1. Manufacturing process

All current CdS/CdTe device manufacturing schemes rely on high temperature growth
methods such as CSS or vapour transport. An alternative to this is the solution
deposition method which has been detailed throughout this work. It is possible to
deposit both CdS and CdTe using this method (although an electrodeposition (ED)
modification must be made for CdTe) however it is not generally held to be a viable
manufacturing process on a large scale due to the difficulty in confining large baths of
Cd containing compounds safely. In the novel geometry described above it becomes
possible to contain the growth liquids safely as the tubular substrate itself acts as a
reaction vessel, confining the liquid compounds and depositing semiconductor
material in one step. There are many potential benefits of this process: first the

advantages due to the SD growth method are considered:

e No complicated vacuum equipment is necessary

e The growth temperature will be low by conventional growth techniques
(~80°C compared to ~500°C), although some annealing steps will be required

e Solution deposition uses around 95% of the starting material, as compared to

around 75% for industrial scale sublimation [2]
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The advantages to the manufacturing process of utilising a tubular substrate geometry

arc:

e The process is self contained

e A one-step production process is possible, as well as a significant cost saving
this will minimise contamination to the device during fabrication

e Less module wastage, as complete modules will only be made from fully
functioning tubular cells

e The device is already partly encapsulated, it has been calculated that
encapsulation and modularisation are the major cost of production PV

modules [2].

Most of the points mentioned above will represent a significant cost saving. An in-
depth cost analysis study performed by Zweibel (2], concluded that there is a strong
economic case for using solution deposition (ED for CdTe) rather than high
temperature growth techniques.

[t should also be noted that other growth methods are compatible with the tubular
geometry, such as MOCVD, CVD and vapour transport, indeed the TCO layer in this
prototype device was produced using CVD.

8.3.2. Efficiency gains

It is envisaged that performing film growth and processing steps inside a well
controlled and highly symmetric tubular structure will result in several advantageous
effects on the semiconductor layers themselves. Firstly the uniformity of growth of
the layers may be better controlled due to the symmetry of the growth surface, largely
because of the lack of ‘edge-effects’. Secondly it will be possible to control more
accurately the temperature uniformity and ambient atmosphere of any annealing steps
that take place. As the tubular substrates are symmetric again their will be no edge-
effects, and accurately controlling the annealing gasses will be simplified as they can
be injected directly into the low volume tube. Thirdly, annealing will not result in any
loss of semiconductor material, this is because any material which is sublimed will be

immediately re-deposited elsewhere on the tube interior. This geometry also opens up
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the possibility of very high temperature annealing processes (> 750°C if using a
borosilicate glass substrate) that would not be possible in conventional flat plate
designs.

Considering all these factors together it is highly possible that some advance in

efficiency levels can be made with devices of this design.

8.3.3. PV/solar thermal hybrid devices

Solar thermal devices rely on the extraction of energy from the sun by circulating a
coolant fluid over a selectively absorbing material (for example CoO, NiO or CuO).
This layer absorbs infrared radiation from the sun, the coolant fluid then extracts this
thermal energy and transfers it to a domestic hot water system where it is used. By
integrating such a coolant system into a household PV array two benefits are realised:
firstly the infrared energy that passes through typical PV devices unused is recovered
and hence produces useful energy, and secondly the act of cooling a PV device
increases its efficiency significantly.

This type of system has been suggested previously (although the author cannot find
any example of an actual PV/solar thermal device on the market at the present time)
however the reason for making the suggestion here is that the tubular geometry device
outlined above lends itself perfectly to this scheme. If the PV device is sufficiently
isolated (for instance by adding an inner protective layer or an additional tube,
possibly made from a flexible non-reactive polymer) coolant fluid can simply be
pumped through the bore of the tube. This is an exciting possibility and is suggested

as a topic for future work.

8.4. Device growth

An early prototype CdS/CdTe device has been fabricated, however at the time of
publication no device characterisation parameters have been measured, this data will

be published at a later date. The fabrication techniques involved are described below.
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8.5. Characterisation

8.5.1. TCO

The SnO; films presented here were grown at a substrate temperature of 500°C for 6
minutes at a gas flow rate of 1000 sccm. These parameters were found to result in
films with thicknesses of the order of 1 um, with excellent transmission in the visible
region of the spectrum and adequate electrical conductivity; both these parameters are

critical for the fabrication of quality PV devices.

8.5.1.1. Optical transmission

An optical transmission spectrum for a typical SnO; film is shown in Figure 8.6, note
that the transmission has been normalised to one as the geometry of the measurement
precluded absolute transmission levels to be calculated. This exhibits a cut-off in
transmission around the 3.5-4.0 eV region. The corresponding bandgap (calculated

from the intersection of (ahv)’ with the energy axis, Figure 8.7) is found to be 3.96

eV, in accordance with commonly accepted literature values of 3.6-4.0 eV, dependent

on the method of deposition [8].
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Figure 8.6. Optical transmission spectrum for a SnO; film.
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8.5.2. CdS

8.5.2.1. Optical transmission

An optical transmission spectrum for a typical CdS film (grown on plain borosilicate
glass with no SnO, layer) is shown in Figure 8.8, note that the transmission scale has
been normalised to one as the geometry of the measurement precluded absolute
transmission levels to be calculated. This exhibits a cut-off in transmission around the
2.5 eV region as expected. The bandgap (calculated from the intersection of
(ahv)? with the energy axis, Figure 8.9) was found to be 2.34 eV, this is small in
comparison with bandgaps of other as-grown CdS films in this work. This difference
is likely to be due to modifications within the film (for instance a different level of
strain or a different crystalline phase) due to the rapid growth rate and the subsequent
modification in the nucleation process. This feature will be explored further in future

work.
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Figure 8.8. Optical transmission spectrum for a CdS film.
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9. Conclusions

9.1. Summary

This thesis has investigated how different growth methods can influence the
structural, electrical and chemical properties of polycrystalline CdS thin films. In
addition, the link between the properties of these films and the performance of
CdS/CdTe photovoltaic devices made from them has been investigated in detail.
During the course of this work a novel solution deposition method has been devised,
novel work has been carried out towards the first ever realisation of a tubular
geometry photovoltaic device, and many characterisation techniques have been both

improved and used in an original manner.

Chapter 1 explored the motivation and goals of the work as well as a discussion of
some historical background and a short synopsis of the current status of research into

thin film photovoltaics.

Chapter 2 gave a detailed account of the physics of semiconductor materials, the
photovoltaic effect and the operation of a p-» junction device. This was extended with
a discussion of the main parameters used to characterise photovoltaic devices and how

non-ideal junction behaviour affects these parameters.

Chapter 3 discussed issues regarding specifically the CdS/CdTe photovoltaic device,
including the components of a typical structure and the growth and treatment methods
used. Finally there was a discussion of the important environmental and safety

implications of using cadmium in production photovoltaics.
In chapter 4 the characterisation techniques used throughout this work were discussed

in detail, this included improvements and major modifications made to

photoluminescence hardware and software and IV characterisation software.
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In chapter 5 a novel thin film deposition system was described. This has several
advantages over conventional solution deposition methods: i) a novel nitrogen
bubbling system reduced the occurrence of pinholes in growing films, ii) a low
temperature EN chemical route was used in order to reduce homogeneous particle
formation, eliminate the use of hazardous ammonia and also reduce the amount of Cd
wastage by an order of magnitude (between 20-40 times) compared to conventional
ammonia based chemistries and iii) a rectangular bath geometry was employed in
order to ensure a uniform temperature distribution and therefore produce films with an
even thickness over a large area. Good quality films were then grown, and shown to
have stoichiometry close to unity, possess a clear bandgap of 2.42 eV (a value which
does not change with film thickness) and to be highly oriented in either the h[002] or
c[111] direction. A nucleation study was performed in order to investigate the process
of initial film formation, and an ICP-MS study showed that impurities present in SD
starting solutions are incorporated into growing films in significant amounts. This is

an important finding for these materials and devices

Chapter 6 showed that annealing treatments radically affected the properties of CdS
films. This is a key result as CdS/CdTe devices are generally subjected to a high
temperature CdCl, anneal in order to maximise performance. Examination by SEM
showed that significant modification to the surface morphology occurs upon
annealing with CdCl,; further examination by GIRXD showed that a definite
conversion to the polycrystalline hexagonal CdS modification occurs. This evidence,
along with optical transmission data also suggest a significant reduction in strain
within the films upon CdCl,, annealing, further supported by EEA spectra that show a
significant increase in crystalline quality. In addition, CV scans somewhat
unexpectedly showed that the films are either porous or contain some discontinuities.
A doping study investigated the inclusion of dopant species (In, B, Cu, Ag and Mn) in
CdS films, structural investigations proved inconclusive, however there was some
modification to optical transmission properties that warrant further study. ICP-MS
confirmed the presence of selected dopants in these films.

CSS films were then investigated alongside novel H1 and H2 type hybrid films. Major

differences in surface morphology were evident by SEM investigation.
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In chapter 7 the results of full CdS/CdTe PV device structures were described.
Devices were fabricated with SD, CSS and types H1 and H2 hybrid CdS. All devices
with CdTe and back contact grown at Durham showed generally disappointing
efficiency values in the region of 0-3.9%. Devices fabricated with CdTe and back
contact at Parma showed much better performance, with an un-optimised figure of
9.8% for one of only two devices produced. This device data suggests that the SD
method developed throughout this work shows good potential for the production of

CdS for thin film photovoltaic devices.

In chapter 8 novel work was presented on the first ever practical realisation of a
tubular photovoltaic structure. This was discussed in terms of its potential in reducing
manufacturing costs, realising efficiency gains and the exciting possibility of creating
PV/solar thermal hybrid devices. Growth methods used in this study were described
and then results of an early stage prototype were presented. Future work in this arca
will aim to produce the first operational, current generating photovoltaic device of this

class.
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