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Chapter 1

Introduction

Over the last decades, mainly after the oil crisis in 19731 [1], energy supply has become a
top priority issue, not only for industries, companies and governments, but also for social
and ecological groups, as well as for consumers. The highly developed western societies,
just like the rest of the world, are now in a desperate need of a cheap, easy-scalable,
non-polluting and clean source of energy. Assuming the following facts:

• a run-out of fossil fuels is expected within the next decades,

• the effects of the global warming are becoming increasingly threatening, and

• the growth of the energy demand, not only in developed but also in developing
countries is booming,

renewable energy sources seem to provide an optimal solution to the global energy prob-
lem. Amongst them, photovoltaics (PV) offers a reliable, clean and easy-scalable way for
warmth- and electricity generation, transforming the energy received from the sun. PV
also provides cost-effective solutions to the energy supply problem in developing coun-
tries by means of the so-called stand-alone systems, not only providing electricity for
household applications but also for water pumping systems. It should not be forgotten
that according to the United Nations Development Programme (UNDP) and the World
Health Organization (WHO), in the year 2000, 2.2 billion people did not have access to
electricity and 1.1 billion did not have access to drinking water [2].

Due to their sustainable nature, renewable energy technologies are capable of pre-
serving resources, ensuring the security and diversity of the energy supply and providing
energy services virtually without any environmental impact. The increasingly growing

1The world oil shock of 1973 began in earnest on October 17 1973, when Arab members of the Orga-
nization of Petroleum Exporting Countries (OPEC), in the midst of the Yom Kippur War, announced that
they would no longer ship petroleum to nations that had supported Israel in its conflict with Egypt. The
effects of the embargo were immediate. OPEC forced the oil companies to increase payments drastically.
The price of oil quadrupled by 1974.

1



2 CHAPTER 1. INTRODUCTION

importance of the PV-market can be seen though some significant figures found in re-
cent studies: according to the Annual World Solar Photovoltaic Industry report for 2007
[3], world solar PV market installations reached a record high of 2.8 GW in 2007, rep-
resenting a growth of 62% over the previous year. Germany’s PV market reached 1.3
GW in 2007 and accounts for 47% of the world market. Spain soared by over 480% to
640 MW, while the United States increased by 57% to 220 MW becoming the world’s
fourth largest market behind Japan (230 MW). These four countries account for 86% of
the world market.

PV market is nowadays still strongly based on silicon technologies. Over 90% of the
market share is based on first-generation photovoltaics, mostly due to:

• a well-established knowledge of silicon material science and engineering, knowl-
edge that had a powerful puss-off thanks to the boom of microelectronics,

• an abundant supply of silicon raw material, since silicon makes up 25.7% of the
earth’s crust by weight,

• a uniform material quality,

• a technology involving no complex processing,

• a production that can be easily upgraded due to the modular structure of the pro-
duction equipment, and

• the advantages of a low ecological impact with high efficiencies and good stability
of the cells if they are properly encapsulated.

However, fabrication costs for crystalline silicon-based PV technologies are high,
mainly because of the relatively high price of the crystalline silicon and the need for a
large raw material consumption due to its low optical absorption, caused by the indirect
nature of the semiconducting material. This is the reason why relatively thick substrates,
which are cut from a Czochralsky ingot or from a cast block, are needed.

During the last decades, the main source of silicon for the PV market were the mi-
croelectronic companies, which sold the excesses that did not meet the given quality stan-
dards (much higher than those requested for PV applications). As the demand rapidly
raised, these excesses were not sufficient to satisfy it, thus leading to an increase of the
price of crystalline silicon. For this reason, PV is not a competitive energy source in
places where conventionally generated power is available and great efforts have been
made to try to minimize the fabrication costs. In fact, large cost reductions of nearly 70%
were achieved in the decade between 1980 and 1990 [4].

The high cost of crystalline silicon wafers (up to 40-50% of the cost of a finished mod-
ule) has led the industry to look for cheaper materials to produce solar cells. This second-
generation materials have been developed to address energy requirements and production
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costs. Alternative manufacturing techniques such as vapour deposition or electroplat-
ing are advantageous since they reduce high temperature processing significantly. The
most successful second generation materials are amorphous and micromorphous silicon,
cadmium telluride (CdTe) and the chalcopyrite family Cu(Inx,Ga1−x)(Sy,Se1−y)2. These
materials are applied as a thin film onto a supporting substrate such as glass, ceramics,
stainless steel, or even polyimide thus reducing material costs and final weight. Addition-
ally, the pay-back time of Si-based solar cells is on the scale of 2-3 years, and therefore,
10% of the expected lifetime of a Si-solar module is lost [5]. Thin film solar cells are less
demanding and have the potential to achieve payback times of one year [6].

Chalcopyrite-based thin film devices contain a so-called buffer layer, made of cad-
mium sulphide (CdS). Cadmium is highly toxic and therefore, alternative materials are
being sough that can replace CdS without losses in its performance. The preparation and
the performance of ZnS as an alternative to CdS will be studied throughout this work.

After a description of the basics of chacopyrite-based thin film solar cells and mod-
ules and current voltage characteristics in chapter 2, the chemical bath deposition (CBD)
of nominal ZnS layers2 will be described (Chapter 3). In this chapter the main nucleation
processes (heterogeneous and homogeneous) in CBD will be explained before describing
the standard CBD process used in this work for the deposition of nominal ZnS buffer lay-
ers. The use of a novel optical set-up to monitor the formation of particles in the solution
during the deposition process is presented. A model aiming to explain the behaviour of
the turbidity (or the transparency, defined in this case as the inverse of turbidity) of the
chemical solution during the deposition process is discussed and the conclusions applied
to study the effects of varying the CBD conditions (temperature, time, concentration of
chemical precursors, etc.).

A morphological and structural study of nominal ZnS buffer layers deposited on
CuInS2 (CIS) and Cu(In,Ga)(S,Se)2 (CIGSSe) chalcopyrite absorber materials as well
as of the precipitates obtained during the deposition process follows in chapter 4 where
important issues such as the deposition rate, the coverage of the underlying absorber layer
and the crystalline structure of the buffer layer will be addressed, and correlated with the
results previously extracted from the CBD analysis.

Further information about the microstructure of the buffer layer, obtained by means of
photoelectron spectroscopy (XPS) is presented in chapter 5. The coverage of the absorber
layer and the chemical composition of the buffer layer are discussed. As in the previous
case, the correlation of the results found with those obtained from the analysis of the CBD
will be highlighted.

In chapter 6 the results obtained by means of XPS are combined with those obtained
by ultraviolet photoelectron spectroscopy (UPS) to investigate the band alignment at the
CuInS2/ZnS interface and the influence of a heat treatment on the valence band and con-
duction band offsets.

2The composition of the buffer layer is a priori considered to be ZnS but the actual composition will be
investigated and determined in this work.
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Additionally, the photovoltaic performance of ZnS-buffered CuInS2 and Cu(In,Ga)(S,Se)2
devices will be studied in chapter 7, including current-voltage characterization (also as a
function of the temperature) in order to find out which are the dominating recombina-
tion mechanism that govern the performance of these devices, both under illumination
and in the dark. The results obtained from this analysis will be used, together with the
schematic band diagram estimated in chapter 6, to proposed a complete model regarding
the band alignment in CIS/Zn(S,O)/ZnO solar cell devices, whose accuracy will be tested
by simulating these conditions with the simulation software SCAPS 1D.

Finally, the steps followed towards the up-scaling of the studied process, together
with the successful results obtained on pilot-line and production scale absorbers provided
by the industry will be presented, before ending this work with the conclusions and a brief
outlook.



Chapter 2

Basics of chalcopyrite-based thin-film
photovoltaic devices

In this introductory chapter, the fundamental concepts of chalcopyrite-based thin-film PV
devices are presented. The fabrication process of a thin film device is explained and the
function of each of the layers in the device is depicted with emphasis put on the buffer
layer. The reasons to replace the CdS layer used in state of the art chalcopyrite based thin
film devices are discussed. Finally, the electrical parameters involved in the determination
of the conversion efficiency are described.

2.1 Fabrication of chalcopyrite-based thin film PV de-
vices

Chalcopyrite-based solar cells have demonstrated the highest energy conversion efficiency
of thin film technologies, reaching 20% in laboratory scale Cu(In,Ga)Se2 absorbers [7].
In general, these devices consist of a stacked layer sequence of various compounds, as
shown in figure 2.1, with a total thickness (excluding the substrate) of a few microns (∼
2-4 µm).

Typically soda lime glass (SLG) is used as a substrate (see figure 2.1) but depending
on the desired properties of the device, other substrates can be chosen, such as titanium
foil [8] or polyimide films [9], which enable the fabrication of flexible solar cells. The
substrate is then coated either by evaporation or by dc-sputtering with a ∼0.5 µm thick
molybdenum film to provide the device rear contact (see figure 2.1).

On top of the rear conctact the chalcopyrite absorber (see figure 2.1) layer is de-
posited. The use of the Cu-chalcopyrite material Cu(InxGa1−x)(SySe1−y)2 allows the tai-
loring of the absorber’s energy band gap by changing the x=Ga/(In+Ga) and y=S/(S+Se)
ratios. Table 2.1 summarizes the various Cu-chalcopyrite materials used in thin film
photovoltaics with their corresponding band gaps, which may range from 1.04 eV (for

5
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Figure 2.1: Schematic diagram of the layer sequence in a chalcopyrite-based thin
film solar cell. The approximate thicknesses of the different layers are also indi-
cated.

CuInSe2) to 2.53 eV (for CuGaS2).

Table 2.1: Different Cu-chalcopyrite materials and corresponding energy band
gaps in eV at room temperature. Adapted from [10].

Material Energy band gap Eg (eV)
Cu(InxGa1−x)Se2 1.04 (x=0)→ 1.68 (x=1)
Cu(InxGa1−x)S2 1.51 (x=0)→ 2.53 (x=1)
CuIn(SySe1−y)2 1.04 (y=0)→ 1.51 (y=1)
CuGa(SySe1−y)2 1.68 (y=0)→ 2.53 (y=1)

Copper vacancies VCu have been proposed by different authors as the dominant defect
type in Cu-containing chalcopyrites, controlling its acceptor doping concentration (and
consistently its p-type), as inferred from first principle calculations [11].

Within this work, CuInS2 and Cu(In,Ga)(S,Se)2 absorbers have been used, delivered
respectively by Sulfurcell Solartechik GmbH [12] and AVANCIS GmbH & Co. KG [13].
The corresponding energy band gaps are approximately 1.5 and 1.1 eV respectively. The
preparation of the absorber is different in either case. Cu(In,Ga)(S,Se)2 absorbers are
prepared in a SEL-RTP (stacked elemental layer, rapid thermal process) line [14]. CuInS2

are prepared in an RTP line [15] by sulfurizing sputtered Cu and In precursors in H2S
atmosphere.
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In cases where SLG is used as a substrate, the Na content of the glass plays an
important role during the deposition of the Cu(In,Ga)(S,Se)2 absorber, where the high
temperatures activate Na-diffusion through the rear contact. It has been experimentally
observed that Na has beneficial effects on both electronic and structural properties of
Cu(In,Ga)(S,Se)2 compounds, increasing the efficiency of final devices [16]. Na-precursors
deposited on the Mo rear contact are also used in high efficiency devices, for a fine control
of its incorporation in the absorber film [17]. On the other hand, the beneficial effects of
Na are not noticeable in CuInS2 absorbers formed with excess Cu [18] like the ones used
for this work.

For Cu-rich grown chalcopyrite materials, like the case of CuInS2, an additional etch-
ing step must be performed in order to remove the CuxS phase that is formed during the
sulphurization of the Cu and In precursors (with a Cu/In ratio of 1.8, i.e., extremely cop-
per rich [18]). This etching step by means of potassium cyanide (KCN) is very selective
on Cu-S phases, where the etch rate is 5 orders of magnitude larger than for CuInS2 [19].

A chemical bath deposition (CBD) follows, by which the so-called buffer layer is
provided (see figure 2.1). Its general task is to minimize recombination of the generated
electron-hole pairs around the absorber-window interface, and this is achieved in different
ways:

• the buffer layer may influence the energy band alignment, thus achieving an in-
crease in the open circuit voltage [20, 21],

• if the conductivity of the buffer layer is low, it may increase the parallel resistance
of the device by insulating possible shorting paths [22, 23],

• the buffer layer may reduce the development of trap states at the absorber/window
interface by positively influencing the alignment of the crystal structure [20, 21].

State of the art thin film devices contain a thin layer (∼ 50 nm) of CdS deposited
by chemical bath (Eg(CdS)=2.4 eV). The aim of this work is to evaluate the feasibility
of CBD-ZnS as a buffer layer for Cd-free thin film devices. Other candidates (both in
term of materials and deposition techniques) for replacing CdS in solar devices are Ion
Layer Gas Reaction (ILGAR)-In2S3 [24], Physical Vapour Deposition (PVD)-In2S3 [25],
or Atomic Layer Deposition(ALD)-Zn(S,O) [26].

The n+ heterojunction partner is provided by ac-sputtering of a double layer of ZnO
(a transparent conductive oxide -TCO-, see figure 2.1.) acting as a window, i.e. permitting
the visible light to pass through with minor absorption losses and to reach the underlying
absorber film (Eg(ZnO)=3.3 eV). This window layer typically consists of an intrinsically
doped i-ZnO layer (net doping concentration of ND ∼ 1 · 1018 cm−3) and a highly doped
Al:ZnO layer (net doping concentration of ND ∼ 1 · 1020 cm−3). The intrinsic layer
prevents Al-diffusion into the buffer and reduces those losses associated to shunts in the
p-n structure [27], whereas the high doping concentration of the Al:ZnO ensures that
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the band bending associated to the p-n- junction takes place to a large extent within the
absorber for an optimal collection of photogenerated carriers.

In the case of single cells, the front contact of the device is provided in the form
of a metallic grid (see figure 2.1) in order to minimize shadowing effects during device
operation. A double layer of 10 nm Ni and 1 µm Al is evaporated on the window front
surface. The thin Ni layer prevents the rapid oxidation of Al that would result from a
direct contact with the ZnO layer, while the Al layer provides the actual ohmic contact of
the device.

The simulated band diagram of a state-of-the-art CIGSe/CdS/i-ZnO/ZnO solar cell
is shown in figure 2.2. Photons with energy hν < EZnO

g (approx. 3.3 eV) will pass
through the window layer. Some photons with energy ECdS

g < hν < EZnO
g (i.e. 2.4 eV

< hν < 3.3 eV) will be absorbed in the CdS buffer layer, but most of the light will reach
the CIGSe layer and be strongly absorbed in the SCR.

Figure 2.2: Simulated energy band diagram (in the dark and with no applied
bias) including the conduction and the valence band of a Cu(In,Ga)Se2/CdS/i-
ZnO/ZnO:Al thin film solar cell.

The band alignment at the absorber/buffer interface plays an important role in the car-
rier transport and will be discussed in the case of wide band gap CuInS2/Zn(S,O) devices
in chapter 7.3. The presence of a spike-like conduction band offset up to 0.5 eV can be
beneficial [29], whereas the formation of a cliff-like conduction band offset is undesirable,
since it opens a recombination path with a lower energy at the interface [30].

The choice of dissimilar materials for the formation of the p-n junction (called in this
case p-n heterojunction) is one of the solutions that solve the problem of photogenerating
charge carriers outside the space charge region1, since using an n-type material with an

1For an extensive overview of semiconductor devices, the reader is referred to [28].
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enlarged band gap energy shifts the generation profile directly into the junction. The
larger band gap of the window material thus prevents large photogeneration in the n-type
region.

One of the benefits of replacing CdS by a material with a larger energy band gap
can be clearly seen by analyzing the quantum efficiency of solar cells devices with differ-
ent buffer layers. Quantum efficiency can be considered as a direct measurement of the
performance for which a solar cell is designed, namely the transformation of light into
electicity. The external quantum efficiency (EQE) of a solar cell is defined as the ratio of
outgoing electrons to incoming photons under given working conditions:

EQE(λ, V ) =
J(λ, V )

q · φph(λ)
(2.1)

where J(λ, V ) denotes the electric current density through the device as a function of the
incident light wavelength and bias conditions and φph(λ) is the illuminating photon flux.

Ideally, a device would show EQE values of unity reagardless of the wavelength of
the photons. This would mean that an electron-hole pair is effectively separated for every
impinging photon. In the real case, there is a number of factors that bring this number
down from unity in all cases:

• A minimum photon energy is necessary to generate charge carriers in the absorber
layer. This energy is related to the energy band gap of the material (see table 2.1),
and although excitation of charge carriers may occur with photon excitation ener-
gies below the gap (e. g. in transitions starting from or ending at defect states
within the gap), the probability of occurrence is several orders of magnitude lower
than band to band transitions.

• Some of the photons with sufficient energy to generate charge pairs are reflected at
the device’s top surface. Additionally metal grids providing front contacts to the
device constitute an unavoidable reflection source.

• Additional losses occur in processes which do generate electron-hole pairs but
whose separation afterwards fail. This can be the result of absorbing photons in the
window (or buffer) layer, region in which the minority carriers posses extremely
brief lifetimes. A non-effective charge separation can also happen for charge pairs
which have been generated within the absorber layer if the diffusion length of the
minority carriers is low.

The external quantum efficiencies of a CdS-buffered and a ZnS-buffered CuInS2-
based device are shown in figure 2.3. The different loss mechanism previously described
are also indicated. Due to the higher energy band gap of ZnS (Eg(ZnS)=3.7 eV >
Eg(ZnS)=2.4 eV) a net current gain of 1 mA/cm2 is achieved by replacing the CdS by a
nominal ZnS buffer layer.
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Figure 2.3: External quantum efficiency of a Mo/CuInS2/CdS/ZnO and a
Mo/CuInS2/ZnS/ZnO device. Different types of losses are schematically shown.
The difference in the curves is also plotted and corresponds to a current of approx-
imately 1 mA/cm2.

Thin film technologies allow for the monolithically integration of solar cells to form
solar modules (with sizes of 10x10 and 30x30 cm2 in this work). In order to achieve this,
three additional patterning steps must be introduced in the production chain:

• P1: after the deposition of the Mo back contact, this layer is laser-scribed (e.g. by a
Nd:YAG laser at 1064 nm).

• P2: after the deposition of the buffer layer a mechanical-patterning step must be
included. P2 patterns both the absorber and the buffer layer.

• P3: after the deposition of the ZnO window layer, a new mechanical-patterning step
is performed. P3 patterns the window, buffer and absorber layers.

The schematic representation of the cross section of a thin-film solar module consist-
ing of three monolithically integrated cells is shown in figure 2.4, where the current path
is also indicated. In such a configuration, the voltage delivered by each cell is added up
to obtain the total output voltage.

The chemical bath deposition of ZnS buffer layers will be the main subject of study
in chapter 3, while the characterization of the deposited buffer will be studied in chapters
4 and 5. The photovoltaic perfomance of single cells (0.5 cm2) and monolithically inte-
grated modules (10x10 and 30x30 cm2) will be studied in chapters 7 and 8. In the next
section, the basics of the photovoltaic characterization by current-voltage analysis will be
presented.
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Figure 2.4: Schematic representation of the cross section of a chalcopyrite-based
thin film module, consisting of three monolithically integrated cells. The path fol-
lowed by the current is represented. The distances are not to scale.

2.2 Current-voltage characteristics

Current-voltage characteristics, referred to as I(V) or J(V), depending on whether they are
related to the total current (expressed in [A]) or current density (expressed in [A·cm−2])
as a function of the applied voltage, are a standard characterization method of the perfor-
mance of the electric devices in general and solar cells in particular.

J(V) measurements can be performed keeping the sample in darkness (dark I(V) -or
J(V)- curves). This analysis provides information regarding the quality of the p-n junction
and about losses due to the resistive components of the device. If the J(V) measurements
are carried out under illumination, the performance of the solar cell device can be in-
vestigated. In particular, the characteristic parameters of the device (open circuit voltage
(Voc), short circuit current (Jsc) and fill factor (FF)) can be extracted from this analysis.
Additionally, J(V) measurements as a function of the temperature and illuminating con-
ditions -J(V,T)- constitute a powerful tool for the identification of the electronic transport
mechanism governing the performance of the device under study.

2.2.1 Equivalent circuit. One diode model

Current-voltage analysis considers the solar cell as an electrical device, which can in turn
be modeled by an equivalent circuit, with a number of linear (typically resistances) and
non-linear (typically diodes and current sources) components. How complex this equiv-
alent circuit can be depends on the performance of the device, but the design always
pretends a maximum simplicity, in the sense that it will include the minimum number of
components required to account for the performance. State of the art solar cells are com-
monly fitted using a single- or a double-diode equivalent circuit. The single diode model,
which will be used in this work, is routinely used for the characterization of chalcopyrite-
based solar cells [31, 32]. Figure 2.5 shows the typical single-diode equivalent circuit
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used to model the electrical behaviour of a chalcopyrite-based solar cell.

Figure 2.5: Single-diode equivalent circuit of a chalcopyrite based thin film so-
lar cell. The voltage-current characteristic of such a device can be expressed as a
function of the diode current density JD, the current source accounting for the pho-
togenerated current density JL and two resistive elements; a series resistance Rs
and a parallel resistance Rp.

The equivalent circuit accounting for the one diode model includes the following
components:

• A diode which models the p-n heterojunction between the absorber layer (p-type)
and the buffer-window system (n-type). The diode is characterized by the saturation
current density J0 and the ideality factor A. These will determine the diode current
density (JD) flowing as a function of the applied voltage.

• A current source, which accounts for the photogenerated current density (JL). In
certain cases it can be considered to be bias-independent, although this is not the
usual case in thin film solar cells, where JL=JL(V ) (see discussion below). In the
case of current voltage characteristics measured in the dark JL=0.

• A series resistance (Rs), expressed in [Ω] or [Ω·cm−2] depending on whether cur-
rent (I[A]) or current density (J[A·cm−2]) is considered in the analysis. This com-
ponent accounts for a number of resistive effects on the electronic transport like
contact resistance between the contact probes and the device (at the back and front
contacts) and the intrinsic resistivity of the semiconducting layers which are found
in the device.

• A parallel resistance (Rp or Rsh), expressed in [Ω] or [Ω·cm−2] as in the previous
case. This component accounts for all possible alternative electronic paths rather
than the diode branch for charge transport. These can be, for example, shunts along
grain boundaries or lateral currents at the sample’s edge, which would result in
effective electronic losses.
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The analysis of J(V), and additionally J(V,T) curves, is done by fitting the experi-
mentally obtained data with the circuit elements included in the equivalent circuit (see
for example [33]), aiming to reproduce the J(V) characteristic with the right choice of
parameters. The current voltage equation applicable to the circuit presented in figure 2.5
reads:

J(V ) = J0

[
exp

(
q(V −RsJ(V ))

AkT

)
− 1

]
︸ ︷︷ ︸

1

+
V −RsJ(V )

Rp︸ ︷︷ ︸
2

− JL︸︷︷︸
3

(2.2)

In the equation, term 1 represents the diode current density, corrected for a volt-
age drop due to the series resistance. Term 2 corresponds to the current density flowing
through the parallel resistance, while term 3 accounts for the photogenerated current den-
sity. Figure 2.6 shows the semilogarithmic plot of the absolute value of the current density
(|J(V )|) in the dark (JL = 0) as a function of the applied voltage.

Figure 2.6: Semilogarithmic plot of the absolute value of the current density as
a function of the applied bias measured in the dark at 300 K. The approximate
domains (I to IV, see discussion in text) where different elements of the equivalent
circuit govern the electronic transport are indicated.

The different parameters of equation (2.2) (namely A, J0, Rs and Rp) control the
behaviour of the J(V) in distinct bias ranges. In general, four regions can be distinguished:

• Region I: for applied voltages below 0 V (reverse bias range) and in the ideal case,
the J(V) curve is controlled by the saturation current density of the diode, i.e. by
thermal generation of free carriers. In the real case, however, the contribution of the
parallel resistance also appears.
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• Region II: in the low range of forward bias, the saturation current density of the
diode and the parallel resistance still control the electronic transport, which is a
result of recombination and leak currents.

• Region III: the characteristic exponential dependence of the current on the applied
voltage predicts a linear range in the semilogarithmic plot when the electronic trans-
port is governed by the main diode. From this region, information about the ideality
factor can be extracted, as it controls the slope of the linear range according to equa-
tion (2.2).

• Region IV: above the linear range in the semilogarithmic plot, deviations from the
ideal J(V) curve are expected as a result of the effects of the series resistance, which
is recorded in the plot as a deviation from the characteristic linearity of region III.

The impact of the elements of the equivalent circuit on the J(V) curve can be seen in
figure 2.7 where simulated J(V) curves using equation (2.2) with JL = 0 are presented.
The actual value of the parameters will depend on the specific electronic mechanisms
governing the charge transport, as it is discussed in appendix B. As it can be seen and
was previously described, each of the parameters affects the behaviour of the J(V) curve
mainly in one of the four regions. The fitting of the experimental data to equation (2.2) is
performed using the least squares method, since it is reported to provide the best parame-
ter fit for the case of dark J(V) curves [34].

On the other hand, the analysis of the J(V) curves obtained illuminating the device
could be carried out in the same way as in the case of dark J(V) curves just by adding
the constant term JL accounting for the photogenerated charge carriers. This implicitly
assumes the validity of the superposition principle, which states that photogenerated car-
riers are effectively collected by the junction, regardless of the biasing conditions. This
statement is ultimately incorrect, since the voltage applied to the device modifies the space
charge region (SCR) width w at the junction and therefore will limit how far electron-hole
pairs can be generated in the bulk of the absorber film in order to reach the space charge
region and be collected by the junction before they recombine. Assuming that free carri-
ers in the SCR are immediately swept away by the electric field without recombining, the
limiting length is given by the so called effective diffusion length Leff , defined as:

Leff = w(V ) + Ln (2.3)

where w denotes the width of the SCR2 and Ln the diffusion length of the minority
carriers. Only in the case of extremely large values of L is Leff ∼ L and the superposition
principle can be called valid in a first approximation. This is definitely not the case in thin
film solar cells, where the SCR width and the diffusion lengths show values within the
same order of magnitude [36].

2the width of the space charge region can be expressed as w = xn + xp =
√

2ε0εsVbi

q

(
NA+ND

NAND

)
. In

the case of a pn+ junction w ∼ xp.
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Figure 2.7: Simulated dark J(V) curves obtained from equation (2.2) with vary-
ing parameters: saturation current density J0 (upper left), ideality factor A (upper
right), series resistance Rs (lower left) and parallel resistance Rsh (lower right).
Adapted from [35].

Figure 2.8 shows the dark characteristic of a CuInS2/Zn(S,O) device together with
the illuminated curve and that obtained by adding the short-circuit current density to the
dark curve. The shadowed area represents the difference between the theoretical light
characteristic applying the superposition principle and the real experimentally determined
J(V) curve under illumination.

The output of a solar cell is measured as the ratio of the electrical power delivered by
the device to an external load to the incoming power from the illumination source:

η =
Pout
Pin

(2.4)

where η is referred to as the energy conversion efficiency (or just efficiency) of the solar
cell. The power output can be directly obtained from the I(V) characteristic (see figure
2.9), according to:

Pout = V · I (2.5)

and it will be thus given at any operating point by the area of a rectangle enclosed by the
corresponding point in the I-V curve and the axes. The power output will be maximum
at one particular point, given by IMPP and VMPP , where the subindex denotes maximum
power point.



16 CHAPTER 2. THIN FILM PV DEVICES

Figure 2.8: Dark and illuminated J(V) characteristic of a CuInS2/Zn(S,O) solar
cell, together with the curve resulting from applying the superposition principle,
i.e. addition of the short-circuit current density to the dark characteristic. The
shadowed area represents the difference between the theoretically calculated and
the experimentally determined current density under illumination.

Three parameters are commonly used to characterize the performance of the solar cell
under given illumination conditions (see for instance [37]):

• The short circuit current Isc (current at zero bias) ideally represents the photocurrent
contribution to the electronic transport. This is the current circulating through an
external circuit connected to the metal contacts of the solar cell or module under
short-circuit conditions.

• The open circuit voltage Voc (voltage at which I = 0) is the maximum voltage ob-
tainable from the device and, ideally, a measurement of the change in electrochem-
ical potential of electrons and holes with respect to their equilibrium conditions in
the darkness.

• The fill factor FF of the I(V) curve, defined as:

FF =
VMPP IMPP

VocIsc
(2.6)

which can be understood as a measurement of the squareness of the I(V) charac-
teristic. Equivalently it is the area ratio between the rectangle of maximal area
enclosed by the axis and the experimental I(V) curve and that enclosed by the axis
and the corresponding parallels at Isc and Voc.
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Figure 2.9: Schematic representation of the current-voltage and power-voltage
(P=I·V) characteristic of a solar cell device. The voltage and current at the maxi-
mum power point (VMPP and IMPP ) as well as the open circuit voltage (VOC) and
the short circuit current (ISC) are indicated.

Finally, the energy conversion efficiency of the device can be written as:

η =
IscVocFF

Pin
(2.7)

An authoritative summary of the current state of the art (January 2009) efficiencies
including the highest confirmed efficiencies for a range of photovoltaic cell and mod-
ule technologies (silicon, III-V, thin film chalcogenide, amorphous Si, photochemical,
organic and multijunction devices) is found in reference [38]. In the case of chalcopyrite-
based thin film solar devices, a conversion efficiency under standard test conditions of
20.0±0.6 % has been achieved by a Cu(In,Ga)Se2 cell on a glass substrate (aperture area
= 0.419 cm2).
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Chapter 3

Growth of ZnS buffer layers by
chemical bath deposition

In the sections included in this chapter, the basic theory of chemical bath deposition
(CBD) will be presented, including a short historical review, the definition of concepts
such as homogeneous and heterogeneous nucleation and the explanation of how the crys-
tallites formed by CBD may grow to form either a bigger crystal or an aggregate of crys-
tallites. In section 3.1.2, the four deposition mechanisms of the chemical bath will be
introduced including the simple and complex decomposition mechanisms (both of them
divided into ion-by-ion and cluster-decomposition). Once the fundamental knowledge
about CBD has been presented, the chemical bath deposition process developed and
patented at the Helmholtz-Zentrum Berlin will be introduced and the influence of the
different process parameters (e.g. process temperature, concentration of chemicals) will
be analyzed. In order to do this analysis, a novel monitoring system has been developed.
The transparency of the solution is measured in situ during the process and effects of the
parameters on this curve will be discussed as the decrease of the turbidity is intimately
related to the concentration of particles in the solution. A model describing the trans-
parency curve as a function of time will be presented and used to compare the impact of
the different process parameters on the formation of particles in the chemical solution.

3.1 Basics of chemical bath deposition

Chemical bath deposition is a technique that produces a solid film on a substrate on a sin-
gle immersion through the control of the kinetics of formation of the solid. It is the aque-
ous analogue of chemical vapour deposition (CVD) [39], since both processes involve
mass transport of reactants, adsorption, surface diffusion, reaction, desorption, nucleation
and growth. The CBD process enables the deposition of thin films, generally chalco-
genides (M2Xm, X=O, OH, S, Se, Te), on substrates submerged in solutions containing
metallic ions and a source of oxide, hydroxide, sulfide, selenide or telluride ions. In 1835

19
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Liebig reported the first deposition of silver using a chemical solution technique [40]. The
first reported CBD of a compound semiconductor film appears to be the formation of PbS,
SbS and CuS on various metals from thiosulfate solutions of lead acetate, copper sulphate
and antimony tartrate [41]. PbS was subject of much attention during the early studies of
CBD. In 1884, deposition of PbS films by reaction between thiourea (TU) and lead tar-
trate was reported [42]. Infrared photoconductivity in chemical bath deposited PbS films
was described in 1906 [43, 44] and this application can be considered as the central driv-
ing force for subsequent investigation in chemically deposited lead chalcogenide films
to the point that CBD is the main technique used in making commercial PbS and PbSe
infrared detectors [45, 46]. It was in 1961 when the deposition of CdS films by CBD was
explicitly reported for the first time [47] and it is now the most widely studied material
in CBD. The range of materials deposited by CBD was gradually extended and now in-
cludes sulphides and selenides of many metals [48, 49], some oxides [50], CdTe [51] and
also many ternary compounds.1 These ternary compounds contain either two metals [52],
two chalcogenides [53] or have part of the chalcogenide substituted by a hydroxide group
[54]. CBD received an important impetus after CdS films chemically deposited on CdTe
[55] and CuInSe2 [56] absorbers were shown to give superior photovoltaic cells compared
with the previously evaporated CdS. Nowadays CBD is universally used to form the CdS
layer on both CdTe and chalcopyrite thin film photovoltaic cells.

Chemical bath deposition has been used to deposit films of different semiconductors,
since it is probably the simplest method available (at least in terms of necessary equipment
and energy consumption) for this purpose. Despite the experimental simplicity (only a
vessel containing an aqueous solution made up of few, usually common chemicals and
the substrate onto which the layer will be deposited are needed), it is a complicated task
to understand the mechanisms involved in the deposition process. In principle, CBD can
be used to deposit any compound that satisfies the following four basic requirements [57]:

• It should be possible to create the compound by simple precipitation. This gener-
ally, although not exclusively, refers to the formation of a stoichiometric compound
formed by ionic reaction.2

• The compound should be relatively (and preferably highly) insoluble in the solution
used.

• The compound should be chemically stable in the solution.

• If the reaction proceeds via the free anion, then this anion should be slowly gener-
ated (to prevent sudden precipitation). If the reaction is of the complex-decomposition
type, then decomposition of the metal complex should similarly occur slowly.

1For a extensive list of binary and ternary materials deposited by CBD, the reader is referred to the book
entitled Chemical Solution Deposition of Semiconductor Films, [57].

2Ionic reactions are those in which ions do not change charge but simply change partners.
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3.1.1 Nucleation and crystal growth

Film formation may take place from two distinct mechanisms. The first one is a growth
mechanism involving the reaction of atomic species at the surface. It corresponds to an
atom-by-atom process, also called “ion-by-ion” [58]. The second deposition mechanism
is associated to the agglomeration of colloids formed in the solution. It can be considered
a cluster-by-cluster growth. In practical situations both processes may interact, leading to
films where colloids are included in the growing film [59, 60]. In other words, the forma-
tion of nuclei can occur by heterogeneous nucleation on the substrate or by homogeneous
nucleation in the bulk solution respectively.

Homogeneous nucleation

Homogeneous nucleation can occur due to local fluctuations in the solution - whether in
concentration, temperature or other variables. The first stage of the growth is collision be-
tween individual ions or molecules to form embryos3. These embryos grow by collecting
individual species that collide with them. The adsorption of ions on the embryo seems
to be the most probable growth mechanism. If the concentration of embryos in the solu-
tion is large, collisions between embryos can also play an important role. These embryos
may redissolve in the solution before they have a chance to grow into stable particles,
called nuclei. The critical radius, Rc, is the size where the embryo has a 50% chance of
redissolving (i.e. a 50% chance of growing into a stable nucleus). It is determined by the
balance between the surface energy required to form the embryo, Es = 4πR2σ (where σ
is the surface energy per unit area, defined as the excess energy at the surface of a ma-
terial compared to the bulk) and the energy released when a spherical particle is formed,
Er = 4πR3ρL/3 (where ρ is the density of the solid and L [KJ/mol] is the heat of the
solution). The resulting expression for Rc is Rc = 3σ/(ρL), and its typical size for ZnS
is between 1 and 2 nm in diameter (around 100 molecules)[57].

Heterogeneous process

In the heterogeneous nucleation process, unstable embryos with radius smaller than Rc

or even individual ions can adsorb onto the substrate. The energy required to form an
interface between an embryo and the solid substrate will usually be less than the energy
required for homogeneous nucleation, where no such interface exists, due to the catalytic
function of the substrate. Therefore, heterogeneous nucleation is energetically preferred
over homogeneous nucleation. These sub-critical nuclei can grow either by surface diffu-
sion or by material addition from the solution.

3Embryos are defined as nuclei that are intrinsically unstable against re-dissolution.
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Crystal growth

Once stable nuclei have been formed, there are several ways in which they can increase
in size. An obvious one is a continuation of the process of embryo growth discussed
above: adsorption of ionic species from the solution onto the nucleus. This type of crystal
growth can be therefore considered a self assembling process. Another mechanism for
crystal growth is known as the Ostwald ripening, which is an spontaneous process that
occurs because larger particles are more energetically favored than smaller ones due to
a reduction of the surface energy [62]. This stems from the fact that molecules on the
surface of a particle are energetically less stable than the ones already well ordered and
packed in the interior. Large particles with lower surface to volume ratio result in a lower
energy state. As the system tries to lower its overall energy, molecules on the surface of a
small, energetically unfavorable particle will tend to diffuse through the chemical solution
and add to the surface of the larger particle. The result is that the larger crystals grow at
the expense of the smaller ones.

Collision between particles can also play an important role in the crystal growth if
the concentration of particles is high enough, since the probability of a collision between
two particles increases with their concentration. This may result in either aggregation
or coalescence. In the process of aggregation, when two particles approach each other
under the presence of an attractive force (the most common one is the van der Waals force
of attraction, due to an induced dipole-induced dipole interaction between particles) they
will tend to stick together. The result is a large particle called aggregate. Grain boundaries
are found between individual crystals in an aggregate. However, under certain conditions,
surface diffusion may occur where two or more particles have aggregated, resulting in the
formation of a neck. This process is called coalescence and may continue until one large
particle is formed from the original aggregate.

3.1.2 Film growth in chemical bath deposition

Although chemical bath deposition of semiconductor compounds has been in use for a
long time, most publications do not explain the growth mechanisms and they are often
unclear. The reason is that there are several of them, which can be divided into four
fundamentally different types: the simple ion-by-ion, the simple cluster, the complex
decomposition ion-by-ion and the complex decomposition cluster mechanism.

In the ion-by-ion growth, for nucleation to occur homogeneously in a particle free
solution, a high degree of supersaturation is needed. The presence of a surface (substrate
or the walls of the reaction vessel) introduces a degree of heterogeneity that facilitates the
nucleation. For this reason, deposition that proceeds via the ion-by-ion process tends to
occur mainly on the substrate or other surfaces, rather than involving a large amount of
precipitate (which is typical of the cluster mechanism). In this case, the surface can be
considered a catalyst for the nucleation.
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In the cluster mechanisms (also called hydroxide mechanisms) the nucleation of the
chalcogenide is simpler, since a solid phase is already present and the process occurs by
a substitution reaction on that solid phase. In this case, the initial step is the deposition
and adhesion of the hydroxide onto the substrate. This hydroxide is then converted into
the chalcogenide. At the same time, more hydroxide and, as the reaction goes on, more
chalcogenide and partially converted hydroxide moves to the substrate, where it may stick,
either to the uncovered substrate or to already deposited material, following essentially
the same process as aggregation, which was previously described. In this case, since the
initial nucleation of hydroxide occurs homogeneously in the solution, the chalcogenide
is also formed in this way and therefore usually precipitates out of the solution to a large
extent. Film formation occurs when high surface energy particles reach the substrate (or
any other surface) before they precipitate.

One expected difference between ion-by-ion and cluster mechanism is that in the
latter, since colloids from the solution stick to the substrate surface, the crystal size is not
expected to change greatly with film thickness (the crystal size may increase since the
colloids themselves can grow via ion-by-ion mechanism). For ion-by-ion growth, it is
likely that crystal growth occurs on nuclei already present on the substrate, and therefore
crystal size may increase with deposition time.

For the following discussion, and for all four previously named growth mechanisms,
the sulphide ions are generated through the decomposition of thiourea (SC(NH2)2) in
aqueous solution, according to the following reactions [63]:

SC(NH2)2 +OH− → SH− + CH2N2 +H2O (3.1)

SH− +OH− 
 S− +H2O (3.2)

which lead to the release of sulphide ions.

The presence of a cation that can precipitate an insoluble sulphide is necessary for the
decomposition to proceed at a reasonable rate. In this case metal ions remove sulphide
ions, which in turn drive the equilibrium continually to the right.

The simple ion-by-ion mechanism

The (chemically speaking) simplest mechanism is usually called the ion-by-ion mecha-
nism, since it occurs by sequential ionic reactions. For the case of zinc complexed with
ammonia (zinctetraamine) firstly there is a dissociation of the complex to release Zn2+

ions:

Zn(NH3)
2+
4 
 Zn2+ + 4NH3 (3.3)

At the same time the sulphide ion is formed

SC(NH2)2 + 2OH− → S2− + CH2N2 + 2H2O (3.4)
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The ionic reaction of S2− and Zn2+ forms the ZnS molecule.

Zn2+ + S2− → ZnS (3.5)

If the ion product [Zn2+][S2−] exceeds the solubility product Ksp of ZnS, then, ne-
glecting kinetic problems of nucleation, ZnS will be formed as a solid phase. Since the
reaction is normally carried out in alkaline solution, a complex is then needed to keep the
metal ion in the solution and to prevent the hydroxide from precipitating. This chemical
deposition mechanism is illustrated in figure 3.1 for ZnS.

Figure 3.1: Schematic diagram showing the probable steps involved in the ion-by-
ion mechanism for the case of ZnS. A: Diffusion of S and Zn ions onto the substrate.
B: Formation of ZnS nuclei facilitated by the substrate. C: Growth of the ZnS nuclei
by adsorption of Zn and S ions from the solution while new ZnS are nucleated. D:
Growth of ZnS crystals which adhere to each other. Adapted from [57].

The simple cluster (hydroxide) mechanism

It was previously stated that complexation of zinc was necessary to prevent Zn(OH)2
precipitation. However, metal hydroxides also play a role as reaction intermediates in the
CBD process. If the complex concentration is not high enough to prevent completely the
formation of Zn(OH)2, a relatively small amount of this complex may be formed, not as
a visible precipitate, but as a colloid. ZnS is then formed by reaction of slowly generated
S2− ions with Zn(OH)2.

The first step is the formation of a zinc hydroxide cluster:

nZn2+ + 2nOH− → [Zn(OH)2]n (3.6)

And then, the exchange reaction of the cluster with the sulphide ions generated ac-
cording to reaction (3.4) forms the ZnS.
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[Zn(OH)2]n + nS2− → nZnS + 2nOH− (3.7)

Reaction (3.7) occurs because the solubility product for ZnS (Ksp=3·10−25) is much
smaller than for Zn(OH)2 (Ksp =10−16). The hydroxide cluster mechanism is schemati-
cally described in figure 3.2.

Figure 3.2: Schematic diagram describing the probable steps in the hydroxide
mechanism for the case of ZnS. A: Diffusion of hydroxide colloids to the substrate.
B: Adhesion to the substrate and reaction with sulphur ions. C: Exchange of the
hydroxide by sulphide, probably starting at the surface of the colloids. D: Reaction
continues until most of the hydroxide is converted to sulphide. E: ZnS particles
adhere to each other and form an aggregated film. Non adsorbed particles will also
aggregate and precipitate out of the solution. Adapted from [57]

The chalcogenide precursor (thiourea in this work) does not only form chalcogenide
ions, but form also complexes with metal ions, which give raise to the complex-decomposition
mechanisms (both ion-by-ion and cluster).

The complex decomposition ion-by-ion mechanism

Consider the complexation of a free Zn2+ ion by thiourea to give a Zn-thiourea complex
ion:
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(NH2)2CS + Zn2+ 
 [(NH2)2CS—Zn]2+ (3.8)

This ion could, in principle, hydrolyze by breaking the S—C bond to form ZnS:

[(NH2)2CS—Zn]2+ + 2OH− → ZnS + CN2H2 + 2H2O (3.9)

If the Zn2+ ion is adsorbed on the substrate or on previously deposited ZnS, the same
reaction would occur. If the ZnS so formed remains bound to the substrate, the result
would be a film growth by an ion-by-ion complex-decomposition mechanism.

The complex decomposition cluster mechanism

The basis of this mechanism is that a solid phase is formed but, instead of reacting directly
with the free anion, it forms an intermediate complex with the “anion-forming” reagent.

—Zn(OH)2 + (NH2)2CS 
 Zn(OH)2—S—C(NH2)2 (3.10)

where —Zn(OH)2 is one molecule in the solid phase Zn(OH)2 cluster. This complex
then decomposes to ZnS:

Zn(OH)2—S—C(NH2)2 → ZnS + CN2H2 + 2H2O (3.11)

which means that the S—C bond of the thiourea breaks, leaving the S bound to Zn.

The use of the thiourea-Zn ligand in Eq. (3.9) is for simplicity. In a general way, as
long as a solid phase of Zn(OH)2 is not present, the hydroxy-thiourea-Zn complexes in-
volve an ion-by-ion mechanism. This will not be the case of the complex decomposition
cluster mechanisms, where a solid phase of Zn(OH)2 is present, as it is the case in equa-
tions (3.10) and (3.11). It can be therefore said that the presence or absence of hydroxide
particles in the solution governs the transition between ion-by-ion and colloidal growth
[59].

An schematic diagram of the complex decomposition mechanism is presented in fig-
ure 3.3

3.2 Chemical bath deposition of Zn(S,O)

Deposition of ZnS buffer layers as an alternative to CdS in thin film photovoltaic de-
vices has been developed and tested by many groups, each using a different recipe and
naming the resulting layer in different ways which, depending on the composition, can
be as simple as CBD-ZnS [64], or Zn(S,OH) [65, 66, 67], ZnS(O,OH) [68, 69, 70] or
even ZnSxOyHz [71]. In the following section, the chemical bath deposition process of a
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Figure 3.3: Schematic diagram showing the possible steps involved in the complex-
decomposition mechanism for the case of ZnS. The complex Zn—S—Lig, where
Lig is a ligand (or part of the S-forming species) decomposes to ZnS on the substrate
and homogeneously in the solution (A, B). ZnS nuclei formed grow by adsorption
and decomposition of more complex species (C) until a film of aggregated crystals
is formed (D). Adapted from [57].

Zn(S,O) buffer layer will be described. This process has been developed [72], [73, 74]*4.
and patented [75] at the Helmholtz-Zentrum Berlin für Materialien und Energie. The
reason for these mixed ZnS, ZnO and Zn(OH)2 phases in the composition is due to the
difference between the solubility products of zinc hydroxides (Ksp = 10−16) and zinc
sulphide (Ksp = 3 · 10−25). Since hydroxide ions are present at much higher concen-
trations than sulphide, hydroxide formation and stability against sulphurization is likely
to happen for Zn. Therefore, as ZnS is deposited under conditions where Zn(OH)2 can
be formed, there is usually no evidence of the absence of some zinc hydroxide or zinc-
oxygen species, even if ZnS is identified (by XRD for example).

3.2.1 Standard deposition of Zn(S,O) buffer layers

Zn(S,O) thin films can be prepared by decomposition of thiourea in an alkaline solution
containing a zinc salt and a suitable complexing agent which allows for obtaining a soluble
species of Zn2+ in this medium.

The first step of the chemical bath deposition process consists in preparing the chem-
ical solution. This takes place is various stages. Firstly, the whole amount of the zinc
precursor (ZnSO4· 7H2O; [0.15 mol/l]) is added to the whole volume of de-ionized water
heated up to a temperature of 50 ◦C. The zinc salt dissolves and acts as the source of Zn2+

ions, which are also present in a concentration of 0.15 M.

ZnSO4 → Zn2+ + SO2−
4 (3.12)

Once the temperature of the solution reaches 70 ◦C, thiourea (SC(NH2)2; [0.6 mol/l])

4References marked with * have Rodrigo Sáez-Araoz as an author and show results related to this work.
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is added under stirring. This leads to the formation of zinc-thiourea complexes, one of
which is tris (thiourea) zinc sulphate (ZTS), a semi-organic material with molecular for-
mula Zn(NH2CSNH2)3SO4 [76].

At this point Zn2+ ions are reacting with thiourea to form ZTS. This reaction is al-
lowed to take place for approximately three minutes, when an excess of ammonia (NH3; [4
mol/l]) is added to the solution, allowing the remaining Zn2+ ions (not bound to thiourea)
to form zinc-ammonia complexes [77]:

Zn2+ + 4NH3 
 Zn(NH3)
2+
4 K = 108.9 (3.13)

The addition of ammonia causes in the first place a fast precipitation of Zn(OH)2, as
described by

Zn(OH)2 ↓
 Zn2+ + 2OH− K = 10−16.9 (3.14)

which is rapidly redissolved if enough ammonia is added, since the equilibrium reac-
tion (3.14) will shift to the right in order to replace the Zn2+ ions that have been complexed
with ammonia as described by the reaction (3.13) [77].

Since an alkaline pH is required to decompose the thiourea to sulphide (following
equation (3.1) and (3.2)), a complexing agent is needed in order to prevent Zn(OH)2
precipitation. Ammonia is also used as a complexant for Zn, which prevents the formation
and precipitation of Zn(OH)2.

At room temperature, for a pH of∼11 ([OH]−∼10−3) and given the solubility product
of Zn(OH)2 (Ksp ≈10−17) it can be calculated that a Zn concentration above 10−11 M is
enough to initiate Zn(OH)2 formation. If more ammonia is added to a suspension of
Zn(OH)2, the Zn(OH)2 will redissolve. The amount of ammonia can be calculated from
the stability constant of the complex between ammonia and zinc. The equilibrium of this
reaction to form the zinc tretraamine complex is given by reaction (3.13).

From this reaction, for a maximal zinc concentration of 0.15 M (no zinc ions com-
plexed with thiourea), it can be found that a free ammonia concentration of ∼2.1 M will
result in a free Zn2+ concentration of 10−11 M. After adding the amount of ammonia
tied up by the complexation (4 × 0.15 M), the minimum NH3 concentration required to
prevent precipitation of Zn(OH)2 is ∼2.7 M.

After the excess of ammonia has been added, samples are submerged in the solution.
The initial induction time is determined by the rate of decomposition of thiourea and
formation of ZnS particles in the solution. During the first stage of the CBD process,
the concentration of ammonia is high enough to prevent the formation of Zn(OH)2, and
thus, an ion-by-ion mechanism is favoured. This can be either the simple ion-by-ion
mechanism (described in figure 3.1), where the decomposition of the zinc tetraamine
complex and/or ZTS release free Zn2+ ions that react with the S2− ions originated by the
decomposition of thiourea (equations (3.1) and (3.2)), or the complex decomposition ion-
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by-ion mechanism (see figure 3.3), where it is the reaction of the Zn-thiourea complex
with hydroxide ions what forms the ZnS according to equations (3.10) and (3.11).

During this time, the temperature of the bath is kept above 70 ◦C, which in turn
favours the evaporation of ammonia, thus reducing the pH and changing the conditions
in the chemical bath. For a reduced ammonia concentration, formation of solid Zn(OH)2
phases may happen, and the probability of film formation based on the cluster mecha-
nisms (both simple and complex) increases. Furthermore, if a cation is complexed with
ammonia and the ammonia is lost due to evaporation (if the heated solution is not closed,
for example), the free-cation concentration will gradually increase as ammonia is lost,
which will in turn, increase the particle formation rate.

Additionally, during the deposition time, the Zn(OH)2 not forming ZnS converts to
ZnO at bath temperatures above 50 degrees [78]. Therefore the expected composition
of the layer is a Zn(S,O) layer. The ZnS/(ZnS+ZnO) ratio is a function of the deposition
conditions. The morphology and the composition of the chemically-deposited buffer layer
will be studied in chapters 4 and 5.

3.2.2 Post deposition treatments

After the deposition of the Zn(S,O) buffer layer, the sample undergoes additional treat-
ments before the processing of the cell can be continued (e.g. by rf-sputtering the ZnO
window layer, see figure 2.1). After removing the sample from the chemical bath, Zn(OH)2
aggregates can be found on the surface of the sample, with sizes up to several mm2. These
remaining Zn(OH)2 can be eliminated if, directly after the deposition, the sample is rinsed
with ammonia in aqueous solution (2.5%). If the samples were rinsed with deionized
water, uncontrollable precipitation of Zn(OH)2 would occur. Since the sample still has
residual Zn2+-containing ammonia solution on its surface, rinsing it with water would
drastically decrease the pH value and initiate the formation of more Zn(OH)2, which in
consequence would precipitate on the sample.

Once the sample is rinsed and dried using a N2 gun, it undergoes a heat treatment
in air. The samples are annealed at temperatures around 200 ◦C, for some minutes in
order to eliminate remnants of water in the layer. This step may also help to convert any
remaining Zn(OH)2 into ZnO and has also an important impact on the crystallinity of
the layers. Bigger crystallites are formed in the buffer layer by coalescence of individual
particles.

3.3 Monitoring the CBD process

As it was stated earlier (see section 3.1), CBD is a very simple deposition technique in
terms of experimental requirements. Nevertheless, in order to obtain high reproducibility,
to study the influence of the many CBD parameters (e.g. temperature, concentrations,
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time) and to test the possible implementation of the process into an industrial pilot line,
some modifications have been added to the basic set up consisting in the water jacket and
the bath temperature controller. An schematic illustration of the set up used for the CBD
process is shown in figure 3.4.

Figure 3.4: Schematic description of the CBD set up containing a bath tempera-
ture controller, a water jacket, the transparency measurement system consisting of
a laser light source and an Si-detector, and the X-Y-Z robot for full process autom-
atization.

The CBD is carried out in a water jacket attached to a bath temperature controller,
which heats and pumps the water through the inner walls of the water jacket. During
the process, the turbidity5 of the solution is monitored by means of a laser light source
(a LPM635-03C laser with a maximal power output of 3.0 mW and an operating wave-
length of 635 nm) and a Si-detector. The response of the optical sensor is proportional
to the intensity of the detected light, and the photocurrent delivered is sent to a computer
program for analysis and display. Furthermore a programmable X-Y-Z robot may be used
to make the process fully automatic. Two different end-conditions can trigger the end of
the process. It can be either time-controlled or controlled by the in-situ turbidity (or trans-
parency, defined as its complementary) measurement. In the latest case, once the bath has
started, the program enters a wait-while loop with periodic accesses to the value of the

5Turbidity is an expression of the optical properties of a liquid that causes light rays to be scattered and
absorbed rather than transmitted in straight lines through a sample. Turbidity, which can make a clear liquid
to appear cloudy or muddy, is caused by the presence of suspended and dissolved matter [79]. While some
suspended material will be heavy enough to settle to the bottom of the container if a liquid sample is left
to stand -settleable solids-, very small particles will settle only very slowly or not at all if the sample is
regularly agitated or the particles are colloidal.
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transmitted intensity (converted in electric current) provided by the Si-detector. Once the
transmitted intensity has reached a certain given value (which is programmable), the while
condition is not longer valid and the program may continue with the following instruc-
tions, which usually consists in removing the sample from the bath and dipping it into a
rinsing solution.

Since the actual value of the transmitted intensity depends on many factors such as the
clearness of the water flowing through the inner part of the water jacket, the ambient light
conditions, or even the position at which the laser light crosses the vessel and its geom-
etry, a calibration measurement is needed to account for reproducibility. The calibration
step takes place before adding the ammonia to the CBD solution, after the thiourea has
completely dissolved in the chemical bath. The current delivered by the optical sensor is
recorded during 10 seconds and the average value is obtained and saved as a 100% refer-
ence value Iref . As the process is monitored and data is adquired, both the real (I) and the
normalized (or relative, Irel = I/Iref ) value of the trasmitted intensity can be displayed,
both as real time and as a 5-point average values.

Another possible configuration consists in locating the sensor at an angle of 90 ◦ with
respect to the incident beam. In this way, not the transmitted but the scattered intensity is
measured. This configuration is much more sensitive to minor changes (i.e. ambient light
changes) than the former one, needing therefore to work either total darkness or with a
lock-in amplifier.

Figure 3.5 shows the signals obtained with both configurations6. In the transmission
configuration the detected intensity decreases as the turbidity of the solution increases. In
the scattering configuration, the formation of particles with time contributes to the scat-
tered intensity, which increases with time until saturation is reached. Since both config-
urations deliver the same information about the process, the transmission configuration,
which is the simplest one in terms of necessary equipment, has been chosen for the fol-
lowing investigations.

The measured transparency (or turbidity) curve, gives also information about the dif-
ferent deposition mechanisms taking place at different times throughout the process. At
the beginning of the CBD process, a flat plateau at around 100% relative intensity is
usually found. Correlated XPS measurements (see chapter 5) show that buffer layer de-
position is already taking place at this early stage, although no significant change in the
transparency curve is seen, pointing therefore to an ion-by-ion deposition mechanism, by
which Zn2+ ions released from the decomposition of the zinc tretraamine or the zinc-
thiourea complexes react with the S2− ions released from the decomposition of thiourea
in aqueous solution following the simple and/or the complex-decomposition mechanism.
After a certain time, which depends on the conditions of the chemical bath as it will be
shown in the next sections, the transparency of the solution begins to drop due to the
formation of particles in the solution. These are responsible for the scattering of the in-

6Another possible geometry includes the measurement of the backscattered light (detector at 30 ◦ with
respect to the incident beam) [80].
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Figure 3.5: Normalized transmitted and scattered signal detected by the optical
sensor located at an angle of 180 ◦ and 90 ◦ from the laser light source respectively.
Signals are obtained from 2 different processes and are, therefore, not complemen-
tary.

coming light. These particles are mainly Zn(OH)2, ZnO and ZnS aggregates and the main
deposition mechanism at this stage is probably the hydroxide cluster mechanism (simple
and/or complex).

The turbidity (or transparency) can be considered a signature of the formation of
particles in the solution and it is therefore related to the kinetics of nucleation.

3.4 Kinetic study of nucleation

Studying the process of nucleation in the solution is important in order to understand the
deposition of the film onto a substrate. If a chemical bath deposition process for a nominal
ZnS layer is qualitatively considered, it can be seen that the kinetics of such a process is
dominated by three stages [60]:

• Initiation (often called nucleation or incubation period): the initial step requiring
a high activation energy in which reactive centers which catalyze the reaction are
formed. During this stage, the chemical equilibra are established in the bath and an
initial seed-acting layer of the metal chalcogenide is formed on the substrate.

• Growth: the main phase of the reaction, in which a number of reactive sites give
rise to a lower activation energy pathway. This stage defines autocatalysis in a
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general sense, but the growth of the nuclei in an heterogeneous reaction. The initial
monolayer of the semiconductor formed on the substrate acts as a catalytic surface
for the condensation of metal and chalcogenide ions and clusters resulting in film
growth.

• Termination: stage at which the reagent becomes depleted and the reaction begins
to slow down and eventually stops.

The kinetics of typical CBD processes appears to follow a sigmoidal profile similar
to those observed for autocatalytic reactions. This sigmoidal profile is also found in the
transparency measurements performed during this work (see figure 3.5). In the case of
the transparency measurements, the first two stages correlate with the corresponding nu-
cleation processes described earlier (heterogeneous and homogenerous, see section 3.1.1.
In the case of the third stage, there is also a saturation of the signal, but this does not
necessarily have to be uniquely related to the depletion of the reagent. The influence of
an additional signal in form of ambient light and of the geometry of the chemical bath
reactor are determinant on this last stage.

The analysis of the transparency of the CBD solution, considered in this case as a
signature of the crystallization process during the chemical bath, will be used in this work
to compare the effects of the changes in CBD parameters. The light intensity that reaches
the detector can be generally expressed in the following way:

I(t) ∝ I0 · e−α(t)·d (3.15)

where I is the measured intensity, I0 is the initial intensity, d is the length of the optical
path and α(t) depends on the size and density of the particles in the reactor and on the
scattering cross section7. Therefore, if d is kept constant, a comparative analysis of α(t)
is possible from the evaluation of I(t)/I0.

The kinetics of CBD has been usually analyzed by means of the Avrami model [60,
81, 82]. The model proposed by Melvin Avrami [83, 84, 85] describes originally the
kinetics of phase transitions and has been applied to a wide range of other problems such
as crystallinization of lipids [86] or even cosmology [87]. According to Avrami [83]:

“The theory of the kinetics of phase change is developed with the exper-
imentally supported assumptions that the new phase is nucleated by germ
nuclei which already exist in the old phase, and whose number can be altered
by previous treatment. The density of germ nuclei diminishes through acti-
vation of some of them to become growth nuclei for grains of the new phase,
and ingestion of others by this growing grains”.

7Sub band gap illumination is considered. For cluster sizes of approximately 2 nm and a light wavelength
of 635 nm, Rayleigh scattering is assumed.
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The time evolution of the volume fraction f of transformed volume is predicted from
the Avrami model (also called Kolmogorov-Johnson-Mehl-Avrami -KJMA-) as:

f(t) = a · (1− exp(−k · tn)) (3.16)

where a is the value of f(t) as t approaches infinity, k is a time constant related to nu-
cleation and growth rate [88] which depends primarily on the crystallization temperature
and n is the Avrami exponent, (also called Kolmogorov exponent), which is a combined
function of the time dependence of nucleation and the number of dimensions d in which
the growth takes place (film [d = 2] or volume [d = 3] growth). In general n can be
expressed as:

n = 1 + d+ β (3.17)

where β is related to the nucleation velocity. For the ideal case with an steady state
nucleation rate β = 0 [89]. Sometimes a fourth parameter is added to the Avrami model
to account for an induction time ti (the nucleation start at a time ti 6= 0. The equation
then becomes:

f(t) = a · (1− exp(−k · (t− ti)n)) (3.18)

Applying this model to the turbidity curves (defined as the complement of trans-
parency, in the sense that turbidity+transparency = 1) gives reasonable results (R2 ≥0.99).
This can be seen in figure 3.6, where the turbidity monitored during a standard CBD pro-
cess is fitted to the Avrami model using the additional variable for the induction time, as
described in equation (3.18).

The value of the extracted Avrami exponent is∼ 3, which would account for a growth
in 2 dimensions, according to equation (3.17) for the case of β = 0. This could be inter-
preted as the growing particles covering a volume that projects on an area (that defined by
the silicon detector). In the fit, deviations greater than 3% can be found in certain regions.
The quality of the model should therefore be improved.

An improved model based on the work by Foubert et al. [90] on crystallization of fats
has been applied to the transparency measurements during the chemical bath deposition of
ZnS buffer layers. The model is written in the form of a differential equation, in contrast
to other growth models also applied such as the Avrami and the Gompertz models8.

The use of a differential equation has various advantages since it is often easier to
interpret the equation mechanistically and it also enables the inclusion of minor changes
in the equation as a result of acquired knowledge. The algebraic solution, on the other
hand, can be easily evaluated by means of any software package capable of analyzing

8A Gompertz curve or Gompertz function, named after Benjamin Gompertz, is a sigmoid function. It is
a type of mathematical model for a time series, where growth is slowest at the start and end of a time period.
It is used, among other things, to study the population in a confined space, as birth rates first increase and
then slow as resource limits are reached. An analytical expression of a Gompertz curve is y(t) = aebe

ct

,
where a is the upper asymptote, c < 0 is the growth rate and b is a negative constant.
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Figure 3.6: Top: Turbidity measured during a standard CBD process together with
the fit using the Avrami model. The value of the fitting parameters are also given.
Bottom: Residues extracted from the fitting process.

non-linear regression of algebraic equations. Therefore, both the differential equation
and its algebraic solution will be presented.

The model is originally built using an approach suggested by Wünderlich [91], who
stated that processes such as crystallization can be written in the form of a chemical
reaction:

A(solution)
 B(precipitate)

and that for the thermodynamic and kinetic description of these processes, the same
equations as for chemical reactions can be used. Furthermore, he states that all transi-
tions between the solution and the crystalline phase are usually assumed to be first order
transitions. In this work, the nucleation process is represented as a combination of a first
order forward reaction and a reverse reaction of order n(9 with rate constants ki [time−1]
for each of the chemical reactions.

9The order of reaction, in chemical kinetics, with respect to a certain reactant, is defined as the power
to which its concentration term in the rate equation is raised. For example, given a chemical reaction A +
B→ C with a rate equation r∝[A]x[B]y the reaction order with respect to A would be x and with respect
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The value of the turbidity of the solution g(t) is linked to the value of the transparency
h(t) by

h(t) = 1− g(t) (3.19)

In contrast to g(t) which increases as the process goes on, h(t) decreases in a sig-
moidal way with time.

The dynamics of h can then mathematically be written as:

dh

dt
= kn · hn − k1 · h (3.20)

The detailed nature of the reverse reaction is yet unclear, but might be related to the
re-dissolution of some crystals during the process.

One simplification of the model, based on extensive parameter estimation studies
[90], is that k1 ≈ kn = k, since the difference between both rate constants is around
1 · 10−5. This results in:

dh

dt
= k · (hn − h) (3.21)

To calculate the values of h(t) according to Eq.(3.21), the initial value of h, h(0)
needs to be specified. h(0) = 1 − g(0) where g(0) is related to the initial presence of
potential nuclei. The parameters of this model are therefore three: h(0), k and n and the
influence of the parameters on the model is shown in figure 3.7.

Figure 3.7 A) shows the influence of the reaction rate k (s−1) on h(t) (for h(0)=0.9999
and n=2). The rate of crystallization increases with k. The higher the value of k is, the
sooner and faster the crystallization process takes place. In figure 3.7 B), the curves for
different values of k are displayed on a shifted time-scale so that for all curves, the time
ta for which h(ta)=0.5 is the same. In figure 3.7 C) the influence of h(0) on the model is
shown [for k=0.01 s−1 and n=2]. h(0) is clearly related to the induction time, qualitatively
defined as the time for which the decrease in the transparency is detectable. The closer
the value is to 1, the longer it takes to form detectable particles that reduce the value of
the transparency. If k and n are kept constant, the changes induced by h(0) are just a
shift in the time scale, as it can be seen in figure 3.7 D). The influence of the parameter
n on the model is shown in figure 3.7 E). n has also an influence on the time needed
to reach a detectable amount of particles. The higher the value of n (i.e. the order of
the reverse reaction), the faster the term k · hn will become negligible and the faster a
relevant amount of particles will be formed. Additionally, n is linked to the asymmetry
of the curve. When n = 2 the sigmoid is perfectly symmetric. If n is larger than 2, the
beginning of the crystallization process is faster than the end. The more n exceeds 2,
the larger the difference between the rates of the beginning and the end stages. On the

to B would be y, the total reaction order would be x+ y. It is not necessary that the order of a reaction is a
whole number - zero and fractional values of order are possible.
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Figure 3.7: A), C) and E): influence of the fitting parameters k (reaction rate), n
(order of reaction) and h(0) on h(t). B) and D): representation of A) and C) with
shifted times. F): representation of E) with normalized time. For more details see
text.

other hand, if the value is smaller than 2, the beginning of the process is slower than the
end. The influence of the parameter n on the asymmetry of the curve is seen in figure 3.7
F), where the time-axis has been normalized in such a way that all curves intersect at a
transparency value of 0.5.



38 CHAPTER 3. GROWTH OF ZN(S,O) BUFFER LAYERS

To simplify the estimation of the parameters, the differential equation can be con-
verted to its algebraic solution. To solve equation (3.21), it can be rewritten as:

h−n
dh

dt
+ k · h1−n − k = 0 (3.22)

If h1−n is substituted by y, the following first order differential equation is obtained:

1

1− n
dy

dt
+ k · y = k (3.23)

The solution of which is:

y(t) = 1 + (y(0)− 1) · e−(1−n)·k·t (3.24)

Now the original variable h has to be re-substituted:

h(t) =
[
1 +

(
h(0)1−n − 1

)
· e−(1−n)·k·t] 1

1−n (3.25)

This will be the equation used to fit the transparency curves and to evaluate the fitting
parameters h(0), k and n. As an example of a fit using the proposed model, figure 3.8
shows the transparency curve obtained monitoring a standard CBD process together with
the fitted curve and the respective residues. In this case, the fit is more accurate that the
one obtained using the Avrami model (see figure 3.6), as it can be seen by comparing the
R2 values (0.9999 and 0.9979 respectively), and the residues (deviations ≤ 1.1%).

In the next section, the transparency curves obtained by monitoring the CBD process
in situ will be compared by fitting the curves using the model proposed above (equation
(3.25)) and by extracting the characteristic parameters of the model (h(0), n and k) from
the fitted curves. This will help to clarify the role of the different CBD parameters on the
particle formation rate (i.e. on the transparecy or the transmitted intensity).

3.4.1 Influence of CBD parameters on the transparency

Varying the chemical and/or physical conditions of the chemical bath has a direct impact
on the growth mechanisms and therefore on the behaviour of the transparency curves. A
systematic study aiming to clarify the influence of the different CBD conditions on the
particle formation has been carried out by measuring, fitting and comparing the trans-
parency curves of CBD processes. The reference bath consisted in a standard 200 ml
CBD, with the technical and chemical specifications described in section 3.2 in page 26.
In each set of experiments one of the variables was varied while all remaining variables
were kept constant. Transparency graphs were recorded using the optical set up describe
above (see figure 3.4). The obtained graphs were analyzed in terms of h(0) and k and n.
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Figure 3.8: Top: Transparency measured during a standard CBD process together
with the fit using the proposed model. The value of the fitting parameters n, k and
h(0) are also given. Bottom: Residues extracted from the fitting process. Devia-
tions are kept below 1.1 % during the whole process.

Bath control temperature

This set of experiments was carried out setting the bath temperature controller at different
temperatures while keeping all other conditions constant. The actual value of the temper-
ature inside the bath does not reach the control temperature due to the thermal losses in
the water circuit. The temperature of the chemical bath was controlled every 60 seconds.

The dissociation of the zinc-complexes (with ammonia and with thiourea) and of the
anion depends greatly on the temperature [92]. At higher temperatures, the decomposition
of thiourea will be faster setting more S2− ions free, according to reactions (3.1) and (3.2).
Additionally, the zinc-complex dissociation is greater and gives a higher concentrations of
free Zn2+ in the solution, which in turn results in higher deposition rates or, in other words,
and for a constant buffer layer thickness, in shorter deposition times. Figure 3.9 shows
the transparency (normalized transmission intensity) graphs and temperature measured
for different bath control temperatures. The values of the fitting parameters as well as the
value of R2 (used as a verification of the quality of the fit) are listed in table 3.1.
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Figure 3.9: Normalized transmission intensity (transparency) and temperatures
measured in the chemical bath for different control temperatures ranging from
62 ◦C to 92 ◦C. The standard CBD is carried out using a control temperature of
82 ◦C (grey line).

A raise of the temperature during the first minutes of the process is clearly seen on
the graphs. This is due to fact that after the addition of ammonia (which is at room
temperature), the temperature in the bath decrases before it starts increasing again.

The overall reaction time is reduced with increasing temperatures. Additionally,
the reaction rate is faster for higher temperatures, as deduced from the parameter k.
Higher temperatures accelerate the thermal decomposition of the Zn-thiourea and the
Zn-ammonia complexes, setting more Zn2+ free. It also increases the rate of ammonia
evaporation, which in turns lowers the pH of the solution, favouring the formation of
Zn(OH)2 clusters, thus decreasing the transparency of the chemical solution. The reduc-
tion of h(0) with increasing temperatures indicates the earlier formation of particles when

Table 3.1: Parameters obtained by fitting the normalized transparency curves
measured at different control temperatures. k -rate constant- is given in s−1 while
h(0) and n -order of reaction- are dimensionless. Additionally the value of R2 is
given as a verification of the quality of the fit.

Cont. Temp. h(0) n k [s−1] R2

62 ◦C 0.99997 ±1 · 10−5 3.9 ±0.1 1.4·10−3 ± 10−4 0.99991
72 ◦C 0.99981 ±1 · 10−5 3.6 ±0.1 2.9·10−3 ± 10−4 0.99993
82 ◦C 0.99932 ±1 · 10−5 3.1 ±0.1 5.9·10−3 ± 10−4 0.99992
92 ◦C 0.99812 ±1 · 10−5 3.1 ±0.1 1.0·10−2 ± 10−4 0.99992
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the temperature is higher.

This qualitative behaviour has also been observed by Yamaguchi et al. [93] on ZnS
nucleation in chemical baths containing zinc acetate and thioacetamine. More precipitate
was collected from the solution with higher deposition temperature (and for identical
deposition time), thus indicating a larger homogeneous precipitation (see 3.1.1).

Regarding the growth of the layer on a substrate, Chaparro et al. [78] showed for
chemical bath deposited Zn(Se,O) that increasing the temperature of the solution (with all
other variables kept constant) reduces the induction time (i.e. the time at which crystal-
lization begins) and increases the growth rate, which would be translated in the model as a
decreasing value of h(0) and an increasing value of k for increasing process temperatures.
This is corroborated by the extracted fitting parameters.

Concentration of precursors

For this experiment, different concentrations of precursors were added to the chemical
bath, keeping all other parameters constant. In all cases, the [ZnSO4]:[TU] ratio was kept
1:4 as explained in section 3.2.

Increasing the concentration of the precursors accelerates the reaction and reduces
the deposition time. If the concentration of zinc is increased, more ammonia is needed
to avoid the formation of Zn(OH)2 and the excess of ammonia added is less than in the
standard case. This excess of ammonia evaporates sooner and the homogeneous precipi-
tation starts earlier. The growth of the particles in the bath is faster as it can be deduced
from the shape of the transparency curves shown in figure 3.10 and from the analysis of
the corresponding fitting parameters, which are in summarized in table 3.2. In analogy to
the case of the different control temperatures, increasing the concentration of the precur-
sors reduces the length of the initial plateau and accelerates the particle formation rate,
modeled primarily by h(0) and k respectively.

Table 3.2: Parameters obtained by fitting the normalized transparency curves
obtained with different concentration of precursors, given in the table (eel. conc)
as a fraction of the standard concentration of zinc salt and thiourea (0.15 M and
0.6 M respectively). k -reaction rate- is given in s−1 while h(0) and n -order of
reaction- are dimensionless. Additionally the value of R2 is given as a verification
of the quality of the fit.

Rel. conc. h(0) n k [s−1] R2

0.5 0.99983 ±1 · 10−5 2.8 ±0.1 2.7·10−3 ± 10−4 0.99979
1 0.99957 ±1 · 10−5 3.3 ±0.1 4.7·10−3 ± 10−4 0.99978

1.5 0.99766 ±1 · 10−5 3.5 ±0.1 6.7·10−3 ± 10−4 0.99987

As in the example with varying control temperatures, this behaviour was also ob-
served by Yamaguchi et al. [93]; more precipitate was collected from baths containing a
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Figure 3.10: Normalized transmission intensity (transparency) and temperature
measurements obtained by monitoring chemical baths with different precursor’s
concentration. The standard process is carried out with [ZnSO4]=0.15M and
[TU]=0.6M (grey circles).

higher concentration of precursors (here again for the same deposition time).

According to the theory of the CBD described earlier, it is the release of S2− by the
hydrolysis of thiourea the process that limits the formation of ZnS. This can be seen by
monitoring different CBD processes with different concentration of thiourea, while all
other variables (temperature, concentration of Zn2+, concentration of ammonia, etc.) are
kept constant.

The transparency curves obtained by changing the concentration of thiourea are shown
in figure 3.11 and the fitting parameters obtained from the curves are summarized in table
3.3.

Table 3.3: Parameters obtained by fitting the normalized transparency curves
obtained with different concentration of thiourea [TU]. k -reaction rate- is given in
s−1 while h(0) and n -order of reaction- are dimensionless. Additionally the value
of R2 is given as a verification of the quality of the fit.

[TU] h(0) n k [s−1] R2

0.3 M 1 ±1 · 10−6 2.8 ±0.1 3.9·10−3 ± 10−4 0.99994
0.45 M 0.99999 ±1 · 10−5 2.9 ±0.1 4.4·10−3 ± 10−4 0.99991
0.6 M 0.99977 ±1 · 10−5 2.9 ±0.1 5.1·10−3 ± 10−4 0.99985
0.9 M 0.99764 ±1 · 10−5 3.5 ±0.1 6.7·10−3 ± 10−4 0.99987
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Figure 3.11: Normalized transmission intensity (transparency) graphs obtained
monitoring CBD processes with different concentrations of thiourea.

When the concentration of thiourea is increased, its hydrolysis is accelerated, S2−

ions are released sooner, and ZnS particles are formed earlier, as it can be seen in the
graph (figure 3.11). The decrease of the values of h(0) with time is a clear indication that
the formation of particles occur earlier when the ratio [TU]/[Zn salt] is increased. A faster
reaction when the concentration of thiourea is increased is also confirmed by the higher
values of k. Both of these factors reduce the overall process time.

Zinc-thiourea reaction time

One of the chemical bath parameters that has been also a subject of study is the waiting
time between the addition of the thiourea and the incorporation of ammonia. During this
time, zinc sulphate and thiourea react to form ZTS and other zinc thiourea complexes. In
the standard case this time is set to 3 minutes. After the addition of ammonia, the free
zinc ions that have not reacted with thiourea, react with ammonia to form zinc tetraamine
among other zinc-ammonia complexes (see equation (3.13)). This zinc-thiourea reac-
tion time controls therefore the ratio between zinc-thiourea complexes and zinc-ammonia
complexes in the solution.

Figure 3.12 shows the transparency curves and the measured temperature for four
different CBD processes. The respective zinc thiourea reaction times between (time be-
tween the addition of thiourea and ammonia) are 0 (thiourea and ammonia added at the
same time), 1.5 minutes, 3 minutes (standard process) and 30 minutes. The corresponding
fitting parameters are summarized in table 3.4

From the curves and the corresponding fitting parameters it is clear that the pres-
ence of the zinc thiourea complex reduces the time needed for the particles to stabilize
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Figure 3.12: Normalized transmission intensity (transparency) and measured pro-
cess temperatures recorded for different zinc-thiourea reaction times, defined as the
time between the addition of thiourea and ammonia. The standard process is repre-
sented by the black circles.

Table 3.4: Parameters obtained by fitting the normalized transparency curves
obtained with different concentration of thiourea (given in the table as a fraction
of the standard concentration of thiourea (0.6 M). k -reaction rate- is given in s−1

while h(0) and n -order of reaction- are dimensionless. Additionally the value of
R2 is given as a verification of the quality of the fit.

Reaction time h(0) n k [s−1] R2

0 min 1 ±1 · 10−6 3.1 ±0.1 6.6·10−3 ± 10−4 0.99969
1.5 min 0.99988 ±1 · 10−5 2.9 ±0.1 6.3·10−3 ± 10−4 0.99994
3 min 0.99955 ±1 · 10−5 3.1 ±0.1 6.1·10−3 ± 10−4 0.99992

30 min 0.99846 ±1 · 10−5 2.9 ±0.1 6.2·10−3 ± 10−4 0.99989

in the solution. The thermal decomposition of the zinc-thiourea complexes is therefore
dominant when compared to the decomposition of the zinc-ammonia complexes. The
zinc-thiourea complex starts to form as soon as thiourea is added to the solution and the
reaction rate of the crystallinization process not substantially influenced by the waiting
time, at least for times above 90 seconds. This can be seen in table 3.4, where the param-
eter h(0) and k are presented. It can be observed that for 0 minutes the particle formation
begins rather late, indicating that the thermal decomposition of the zinc-ammonia com-
plexes is slower than that of zinc-thiourea complexes. Increasing the waiting time allows
the formation of zinc-thiourea complexes and a reduction of h(0) due to the faster release
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of Zn2+ ions. The complexation of zinc with thiourea is a rather fast reaction. Waiting 30
minutes has hardly any influence on the transparency measurements when compared to
the standard curve obtained with a waiting time of three minutes. On the other hand, the
crystallization rate k and n stay approximately constant. This means that increasing the
waiting time merely shifts the curve to shorter times, affecting only the values of h(0).
The bath is therefore optimized to be as short as possible, finding a compromise between
the waiting time and the deposition time. Furthermore, the fact that increasing the wait-
ing time has hardly any influence on the transparency curves enables the preparation of
the zinc-thiourea solution in advance without fearing any impact on the deposition of the
buffer layer. This may be of significant importance when transferring the CBD process
of Zn(S,O) buffer layers to an industrial pilot line (see discussion in chapter 8 for more
details).

Concentration of ammonia

Following the description of the CBD stated in section 3.2, it is the evaporation of am-
monia the fact that triggers the homogeneous precipitation of Zn(OH)2 in the chemical
solution. The higher the ammonia concentration is, the longer it will take to evaporate
enough ammonia in order to start with the formation of Zn(OH)2. In general, if the con-
centration of OH− in the solution is higher, the metal ion concentration [Zn2+] will be
lower and thus the reaction will be slower [92]. In figure 3.13 transparency curves ob-
tained using the standard process, and processes with reduced ammonia concentrations
are shown, while the obtained parameters are summarized in table 3.5. It can be seen that
the reduction of [NH3] reduces the overall process time. It is also obvious that the first
stage at which the transparency stays constant at around 100% of the inicial value is not
present when working with low ammonia concentrations. The homogeneous nucleation
takes place already from the beginning of the deposition process. The behaviour of the
curve measured under standard CBD conditions during the first seconds of the process is
an artifact explained by the formation of bubbles in the walls of the bath reactor and is not
correlated to any feature of the deposition process.

Table 3.5: Parameters obtained by fitting the normalized transparency curves
obtained with different concentration of ammonia (given in the table as a fraction
of the standard concentration (4 M). k -reaction rate- is given in s−1 while h(0)
and n -order of reaction- are dimensionless. Additionally the value of R2 is given
as a verification of the quality of the fit.

Rel. [NH3] h(0) n k [s−1] R2

1 0.99997 ±1 · 10−6 3.6 ±0.1 3.9·10−3 ± 10−4 0.99969
0.5 0.99476 ±1 · 10−5 1.3 ±0.1 2.1·10−2 ± 10−4 0.99973

0.42 0.98431 ±1 · 10−5 2.4 ±0.1 9.7·10−3 ± 10−4 0.99977
0.33 0.99616 ±1 · 10−5 7.8 ±0.1 1.6·10−2 ± 10−4 0.99947
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Figure 3.13: Normalized transmission intensity (transparency) and temperature
measurements for different concentrations of ammonia, expressed as a fraction of
the standard concentration (4 M).

Previous studies on ZnS layers deposited on HF-etched silicon substrates using zinc
carbonate as a source of zinc ions, and different concentrations of ammonia, thiourea and
hydrazine (N2H4) [94] showed that there is a strong influence of the pH value (determined
mainly by the concentration of ammonia) on the composition of the deposited films and
that the ratio between ZnS and Zn-oxygen compounds can be controlled by regulating the
pH value, which is in turn achieved by changing the concentration of ammonia.

3.4.2 Particle formation

In the introduction of CBD (section 3.1.1, page 21), the basics of the formation of particles
in the chemical bath were described. While heterogeneous nucleation starts mainly due
to the catalytic effect of the substrate, the homogeneous precipitation begins when the
formed embryos reach the critical radius and have a 50% chance of not redissolving (as
explained in section 3.1.1). It would be logical to expect that if some ZnS and/or Zn(OH)2
particles are introduced in the bath, the formation of aggregates will take place in a shorter
time. The released Zn2+ and S2− ions will be adsorbed at the already stable particles and
precipitation will occur sooner. For the experimental observation of this phenomenom, a
standard CBD process was performed and the remaining solution was filtered, centrifuged
and washed in ethanol in order to obtain the remaining precipitate. This precipitate was
left to dry at 50 ◦C for some hours until a dried powder was obtained. 10 mg of this powder
were mixed with 5 ml water and were added to a second standard CBD process one
minute after having added the ammonia. An schematic diagram of the steps followed for
this experiement is shown in figure 3.14 a). The results of the optical monitoring of both
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Figure 3.14: a) schematic diagram showing the steps followed to obtain the Zn-
containing precipitate and how it was used in the second CBD process. b) normal-
ized transmission intensity (transparency) measurements of a standard CBD process
and of a similar process including the addition of crystals that act as growth seeds.
In the figure it is indicated the point at which the crystals were added, as well as the
difference between the start of the homogeneous precipitation for both solutions.

chemical baths can be found in figure 3.14 b). After adding the 10 mg of the precipitate,
the transparency of the solution drops to 75% and soon thereafter begins to decrease.
This decrease of the transparency occurs earlier in the case of the second solution, since
the already formed Zn-containing crystals from the precipitate obtained from the first
bath act as seeds for the growth of larger particles in the second. In this experiment, the
homogeneous precipitation occured approximately 2 minutes earlier than in the standard
CBD used as a reference (60% faster).
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3.4.3 Use of additives

In the deposition of nominal ZnS layer by chemical bath at basic pH, in processes in
which the zinc salt is firstly mixed with the ammonia and then the thiourea solution is
added, it is common to see an improvement of the deposition if a second ligand is present
[95]. Many groups have reported the use of a second ligand in the CBD of ZnS, be-
ing hydrazine (N2H4) [66, 67] and triethanolamine (TEA)[96] two of the most popular
choices. Lincot and Ortega-Borges [97] reported that the use of ammonia and thiourea
without hydrazine results in films that are neither homogeneous nor adherent. In a related
observation, Doña and Herrero [77] suggested that although the presence of hydrazine is
not strictly necessary for the growth of ZnS layer, it indeed improved the homogeneity,
the specularity and the growth rate of the films. Increasing the hydrazine concentration
from 1M to 3M increased in turn the growth rate from 0.6 nm/min to 1.8 nm/min approx-
imately. A later work by Neve et al. [94] suggested that the presence of hydrazine in
the solution is essential for film growth to take place. Layers grown without hydrazine
showed a reduced area density of zinc (0.7±0.1 Zn[at/cm2]x1015), 20-fold lower than for
the corresponding experiment with hydrazine.

A possible reason for this effect is that the stability of the zinc-hydrazine complex
Zn(NH2-NH2)2+

3 is lower when compared to the zinc-amine complex Zn(NH3)2+
4 . Addi-

tionally the presence of hydrazine accelerates the hydrolysis of thiourea, supplying nec-
essary OH− ions for the S2− ion formation, which in turn form the ZnS film [98, 95, 99].

In the case under study, the main difference is that the zinc salt is not completely
reacting with ammonia, as in the previously cited examples [98, 95, 99]. The main ligand
in this case is thiourea, and it is the zinc-thiourea and not the zinc-ammonia complex the
one that plays the most important role. X-ray absorption fine structure (XAFS) experi-
ments have shown the presence of zinc-thiourea complexes as soon as both chemicals are
mixed [100] even at room temperature. The spectrum does not significantly change when
ammonia is added. This is supported by the transparency measurements shown in figure
3.12, where the waiting time between the addition of thiourea and ammonia was varied,
and thus the ratio Zn-amine/Zn-thiourea. The larger the presence of Zn-thiourea com-
plexes is, the faster the reaction takes place. This is a further advantage of the chemical
bath deposition process for ZnS layer patented at the Helmholtz-Zentrum Berlin, since it
avoids the use of the toxic reactant hydrazine while maintaining an acceptable growth rate
and homogeneity of the deposited layer.

Table 3.6 shows the deposition parameters of the alternative chemical bath processes
used for the preparation of Zn(S,O) layers described in this work, together with the depo-
sition parameters of chemical baths developed earlier which include either hydrazine or
TEA [101]*. The conditions for the deposition of CdS, which is the standard buffer layer
in commercial devices, are also included for comparison.

It is true, however, that the deposition times of Zn(S,O) buffer layers takes usually
longer than that of CdS (see table 3.6), which is deposited in less than 10 minutes [102].
In order to further increase the deposition rate of the Zn(S,O) layer during the CBD, the
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Table 3.6: Conditions of the various CBD processes used for the deposition of
Zn(S,O) buffer layers on chalcopyrite based thin film solar cells. The conditions
for the deposition of CdS are also included for comparison.

Process Description No additive hydrazine TEA Standard
Material Zn(S,O) Zn(S,O) Zn(S,O) CdS
Zinc sulfate·7H2O 0.15 M 0.04 M 0.055 M /
Cadmium sulfate / / / 0.012 M
Ammonia 4.0 M 1.33 M 1.33 M 1.1 M
Hydrazine hydrate 25% / 1.5 M / /
TEA / / ∼ 3 ml /
Thiourea 0.6 M 0.1 M 0.1 M 0.22 M
Deposition time 15-20 min 15 min 20 min 7 min
Bath temperature 73− 78 ◦C 73 ◦C 73 ◦C 60 ◦C
References This work [66, 67] [96]

inclusion of additives (preferably non toxic and low cost) can be a reasonable strategy, as
long as the efficiencies are maintained. Since both hydrazine and TEA do not fulfill these
requirements, another compound should be found in order to reduce the deposition rate.

Figure 3.15 (left) shows the transparency graphs obtained performing the standard
CBD described in this section and the ones obtained with the inclusion of H2O2 at very
low concentration, ranging from 0.09 % to 0.48% of the total volume of the chemical
solution [103]*. The corresponding values of the fitting parameters are shown in table 3.7.
The use of this additive, even at extremely low concentrations, has a great impact on the
CBD. On one hand, the formation of detectable particles in the solution is triggered much
sooner than in the standard case (black line, figure 3.15). On the other, this formation of
particles is much faster than in the standard case, as it can be seen from the values of k
obtained from the measured curves (table 3.7). The reduction of the particle formation
rate is enormous when 0.09% of additive is included compared to the standard CBD (with
no additive), but does not decrease significantly if this concentration is increased.

The concentration of H2O2 also regulates to some extend the duration of the first
plateau, which does not completely disappear, as it happens when, for example, the con-
centration of ammonia is reduced (see figure 3.13 in page 46). The duration of the initial
plateau is however much shorter than in the case of the standard CBD without additive.
One way of manipulating the chemical bath to obtain longer plateaus would be as easy as
to delay the inclusion of the additive to the chemical bath. In this case one has to bear in
mind that for temperatues above 75 ◦C there is a risk of causing a so-called boiling liquid
expanding vapour explosion (BLEVE) when pouring the additive.

The qualitative effects of the inclusion of H2O2 in the chemical bath are analytically
corroborated by the decrease of h(0) and the increase of the reaction rate k for increasing
additive concentration, as shown in table 3.7.
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Figure 3.15: Transparency graphs obtained monitoring a standard CBD and three
processes containing a very low concentrations of additive, ranging from 0.09% to
0.48% of the total volume of the solution.

Table 3.7: Parameters obtained by fitting the normalized transparency curves
obtained with different concentration of additive (given in the table as a percentage
of the total volume of the solution (200 ml). k -reaction rate- is given in s−1 while
h(0) and n -order of reaction- are dimensionless. Additionally the value of R2 is
given as a verification of the quality of the fit.

[Additive] h(0) n k [s−1] R2

0 % 1 ±1 · 10−6 3.5 ±0.1 3.9·10−3 ± 10−4 0.99960
0.09 % 0.99988 ±1 · 10−5 2.1 ±0.1 6.2·10−3 ± 10−4 0.99919
0.24 % 0.99955 ±1 · 10−5 2.8 ±0.1 6.5·10−3 ± 10−4 0.99901
0.48 % 0.99846 ±1 · 10−5 2.9 ±0.1 7.7·10−3 ± 10−4 0.99905

Experiments performed in the laboratory have identified a reaction between thiourea
and the H2O2. This may accelerate the hydrolysis of thiourea, setting more S2− ions free
and thus increasing the formation rate of ZnS. If this increase of the ZnS production rate
is translated into an enhanced growth rate on the absorber and what impact the use of the
additive has on the buffer layer composition are questions that will be addressed in the
following chapters.
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3.5 Summary

The basics of chemical bath deposition process have been presented and applied to explain
the deposition of a nominal ZnS film. The use of an optical set up which detects the light
intensity transmitted through the chemical solution has been described. This normalized
transmission intensity (related to the transparency -or the turbidity- of the solution) has
been used to monitor the deposition process as a function of the parameters that control the
CBD, namely temperature, concentration of precursors and reaction times. Two different
stages can be distinguished. In the first one, the chemical solution stays clear. During
this stage, the main growth mechanims (if any) is supposed to be based on the ion-by-ion
process. In the second stage, detectable particles are formed. These particles scatter the
incoming light thus reducing the detected light intensity (in the case of the configuration
used). According to the theory of chemical bath deposition, these particles are Zn(OH)2
and/or ZnS aggregates. The dominant growth mechanism in this stage is supposed to
be the cluster mechanism, although the formed crystallites may still grow by ion-by-
ion processes. Furthermore, the use of an additive has been tested in order to increase
the reaction rate in the solution. The use of H2O2 is a feasible strategy to increase the
reaction rate without the use of any toxic material. Whether this increase in the particle’s
formation rate is translated in a larger deposition rate on the absorber will be clarified in
the future chapters.
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Chapter 4

Growth and structure studied by
electron microscopy

Once the kinetics of particle formation in the solution has been studied by means of the
optical measurements described in section 3.3, it is now time to investigate if there is a
correlation between the formation of particles as a precipitate in the chemical solution and
the film deposited on a Cu-chalcopyrite absorber (CuInS2 and Cu(In,Ga)(S,Se)2) which
will constitute the buffer layer in a photovoltaic device (see figure 2.1). The growth of
the deposited Zn(S,O) films and their thickness-resolved composition are studied in this
chapter by means of scanning- and transmission- electron microscopy (SEM and TEM
respectively) for both the standard CBD recipe (as described in section 3.2) and the modi-
fied CBD including the additive (see section 3.4.3). Additionally, the precipitate (particles
in the solution that are not deposited on the substrate) formed during the chemical bath
deposition using both recipes is collected and analyzed and the results are compared to
those obtained for the deposited films, in order to clarify the growth mechanisms during
the deposition.

4.1 Theoretical aspects of the electron microscope

The main goal of the electron microscope is to overcome the limitations imposed to the
image resolution in optical microscopy, which uses visible light as probe. The origin of
the electron microscope can be tracked back to the de Broglie’s statement on the wave-
particle duality [104]. This means that the principles of optical microscopy can be applied
to entities traditionally conceived as particles, such as electrons. As the wavelength asso-
ciated to a particle decreases with increasing velocity, it is clear that accelerated electrons
are a convenient probe for replacing visible light in high resolution microscopy. For this
case, the conventional optical lenses used in optical microscopes have to be replaced by
their electromagnetic equivalents, which focus the electron beam by means of electromag-
netic fields. From the expression of the kinetic energy Ekin of a particle with momentum

53
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p as a function of the associated wavelength (λ = h/p) , including relativistic corrections:

Ekin =
p2

2me

=
4π~2

2me

· 1

λ2
(4.1)

from where it follows that, in principle, wavelengths below 0.005 nm can be obtained
with electrons accelerated by 60 kV.

The first electron microscope was based on the pioneering work of Ruska in electro-
magnetic lenses [105].

4.1.1 Scanning electron microscope

Scanning electron microscopes (SEM) are based on the detection of secondary electrons,
which are those inner-shell electrons ejected from the interaction volume1 when the im-
pinging electrons ionize the sample atom. The image is created by scanning the focused
electron beam in a raster pattern across the area of the sample. Secondary electrons are
then collected by a detector, generating a signal which is displayed in a monitor. The
most common imaging mode collects low-energy (<50 eV) secondary electrons that are
ejected from the specimen atoms by inelastic scattering interactions with beam electrons.
Due to their low energy, these electrons originate within a few nanometers from the sam-
ple surface [106]. The brightness of the signal depends on the number of secondary
electrons reaching the detector. If the beam enters the sample perpendicular to the sur-
face, then the activated region is uniform about the axis of the beam and a certain number
of electrons “escape” from within the sample. As the angle of incidence increases, “the
escape” distance of one side of the beam will decrease, and more secondary electrons will
be emitted. Thus steep surfaces and edges tend to be brighter than flat surfaces, which
results in images with a well-defined, three-dimensional appearance. A general introduc-
tion to SEM principles can be found in reference [106]. SEM studies in this work were
performed with a LEO440 microprocessor-controlled scanning electron microscope with
acceleration voltages up to 40 kV, with a resolution of 4 nm at 25 kV.

4.1.2 Transmission electron microscope

Transmission electron microscopy (TEM) is a microscopy technique where a beam of
electrons is transmitted through an ultra thin specimen, interacting with it as they pass
through. An image is formed from the interaction of the electrons transmitted through the

1Teardrop-shaped volume of the specimen which extends from less than 100 nm to around 5 µm into the
surface. The size of the interaction volume depends on the electron’s landing energy, the atomic number of
the specimen and the specimen’s density. In this volume the electrons lose energy by repeated random scat-
tering and absorption, giving raise to the reflection of high-energy electrons by elastic scattering, emission
of secondary electrons by inelastic scattering and the emission of electromagnetic radiation, each of which
can be detected by specialized equipment.
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specimen, which is magnified and focused onto an imaging device. Transmission elec-
tron microscopes detect the electrons transmitted through samples with a thickness below
the mean free path of the electron travelling through the sample (in the order of tens of
nanometers). In order to prepare the samples for TEM-analysis, pieces of the chalcopy-
rite/Zn(S,O) sample under study are cut and glued face to face in pairs with conductive
epoxy, in order to avoid sample charging during the measurement. This method provides
an even sample hardness distribution for the subsequent thinning step, as otherwise those
softer compounds in the multilayer structure (glass, molybdenum, absorber, buffer) could
be preferentially removed during the processing. Additionally, the total area that can be
investigated with a single preparation is doubled, thus increasing the chances of finding
an adequate area for TEM analysis across the sample. The preparation proceeds with the
thinning of the sample by polishing with a diamond abrasive wheel and alumina paste,
and a final milling stage with Ar+ ions [107].

For the case of the TEM analysis of the particles precipitated in the solution, the
sample preparation is easier than in the previous case. After finishing the deposition, part
of the solution is collected, washed several times with ethanol and water, centrifuged and
finally dried. A small quantity of the obtained powder is mixed again with ethanol and a
drop of this mixture is placed on a Cu/C grid, which is afterwards analyzed in the TEM.

A commercial Philips CM12 transmission electron microscope with an operating
voltage of 120 kV and a LaB6 cathode and a ZEISS LIBRA 200 EF transmission elec-
tron microscope were used for this work. The theoretical resolution predicted by equation
(4.1) (below 0.004 nm and 0.003 nm respectively) are not reached due to limitation im-
posed by the aberration of the electromagnetic lenses. The mode of operation is the bright
field imaging mode. In this mode the contrast formation, when considered classically, is
formed directly by occlusion and absorption of electrons in the sample. Thicker regions
of the sample, or regions with a higher atomic number will appear dark, whilst regions
with no sample in the beam path will appear bright, hence the term “bright field”.

4.2 Growth of Zn(S,O) buffer layers on chalcopyrite sub-
strates

An example of a CIGSSe absorber film covered by a chemically deposited Zn(S,O) buffer
layer can be seen in figure 4.1. The figure shows the tilted cross-section (taken at an angle
of 30 ◦) of a Mo/Cu(In,Ga)(S,Se)2/Zn(S,O) structure by means of a scanning electron mi-
croscope. The Cu(In,Ga)(S,Se)2 absorber has been produced at an industrial pilot line by
AVANCIS GmbH & Co. KG [13] and the buffer layer has been deposited under the same
conditions used for processing photovoltaic devices. In the bottom part of the image, the
top of the molybdenum back contact layer can be seen. The layer above the molybdenum
is the absorber layer (Cu(In,Ga)(S,Se)2 in this case). Despite the roughness of the absorber
layer, its thickness can be estimated to be aproximatelly 1.5 µm. The Cu(In,Ga)(S,Se)2



56 CHAPTER 4. GROWTH STUDIED BY ELECTRON MICROSCOPY

layer is polycrystalline showing crystal sizes that vary with the thickness. On the up-
per part of the absorber, close to the absorber/buffer interface, large crystals (with sizes
in the order of 1 µm) can be observed. In the lower part of the absorber, close to the
absorber/Mo interface, the size of the crystals found is drastically reduced showing in
some parts a nanocrystalline structure. On top of the Cu(In,Ga)(S,Se)2 absorber layer, the
Zn(S,O) buffer layer is visible and covers the layer underneath with a thickness that can-
not be estimated from this graph. Transmission electron micrographs of Cu(In,Ga)(S,Se)2
samples buffered with Zn(S,O) have shown thicknesses of∼ 20nm [108]*2. In the figure,
the contrast differences are generated by the different composition of the various layers
and by the orientation of each of the surfaces of the sample under study relative to the
impigning electron beam.

Figure 4.1: SEM-micrograph of a tilted (30 ◦) cross section of a
Mo/Cu(In,Ga)(S,Se)2/Zn(S,O) structure.

Figure 4.2 shows a CuInS2 substrate buffered with a Zn(S,O) buffer layer using the
standard CBD recipe and with the sputtered ZnO window layer on top. In the figure, a
grain boundary between two CuInS2 crystals can be seen, covered by the Zn(S,O) buffer
layer. CBD enables the deposition of the Zn(S,O) layer even at hardly accesible regions
such as grain boundaries, where other deposition processes, such as physical vapour de-
position (PVD3), would fail.

The growth of the buffer layer can be investigated by analyzing with SEM, chalcopy-
rite substrated buffered during different deposition times. Measuring the transparency of

2References marked with * have Rodrigo Sáez-Araoz as an author and show results related to this work.
3Vacuum deposition process based on the condensation of a vaporized form of the material to be de-

posited. This material is placed in an energetic environment, so that particles may escape the surface. Facing
this source there is a cooler surface which draws energy from the particles as they arrive after a ballistic
flight, allowing them to form a solid layer.
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Figure 4.2: SEM cross sectional view of a CIS/Zn(S,O)/ZnO heterojunction show-
ing the buffer layer covering the absorber even at the grain boundary between two
CuInS2 crystals.

the solution during the deposition enables a correlation of the different stages of the CBD
(a first stage where no optically detectable particles are formed and a second stage where
particles precipitate in the solution) with the growth of the buffer layer onto the chalcopy-
rite substrate. This is shown in figure 4.3 (a-c). The Zn(S,O) buffer layer is deposited
using the modified CBD including additive (0.8 % of the total solution volume). The cor-
responding normalized transmission intensity (transparency) is also included in the graph.
Figure 4.3 a) shows a SEM micrograph (top view) of a KCN-etched CuInS2 absorber. De-
spite its roughness, CBD enables the coverage of the CuInS2 absorber by a closed buffer
layer after 250 seconds deposition time (transparency of the chemical solution ∼ 2%), as
it can be seen in figure 4.3 c), where the contrast difference (on a given surface) is due to
the presence of different materials. The SEM image of the CuInS2 sample buffered dur-
ing 120 seconds is shown in figure 4.3 b). The normalized transmission intensity at that
point is > 90% , indicating that the nucleation of detectable particles in chemical solution
has just began. It can be seen that the Zn(S,O) layer is not totally closed and the CuInS2

absorber can still be observed in certain regions (marked in the graph).

From this study, it can be concluded that the growth of the buffer starts when no
particles are detected in the solution by the optical monitoring system. The growth be-
gins at defined areas (islands) which grow laterally until the whole absorber is covered.
Also, hardly accesible regions such as grain boundaries can be covered by the chemically
deposited layer. More detailes about the closure of the buffer layer will be presented in
chapter 5.
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Figure 4.3: a) SEM top view of a KCN-etched CuInS2 absorber. b)
Zn(S,O)/CuInS2 heterojunction after 2 minutes buffer deposition time. CuInS2 is
still visible under the growing buffer layer. c) Zn(S,O)/CuInS2 structure after 4
minutes deposition time. The buffer layer covers conformally the absorber. Bot-
tom right: transparency curve (normalized transmission intensity versus deposition
time) obtained during the buffering of the CuInS2 samples. Grey dots indicate the
time and transparency values at which samples b) and c) were removed. These
values are 120s and 90% for b) and 240 and 2% for c).

4.3 Morphology of Zn(S,O) buffer layers

In order to investigate the morphology and crystalline structure of the chemically de-
posited buffer layer on chalcopyrite absorbers, high resolution TEM images of chalcopy-
rite/Zn(S,O) heterojunctions have been analyzed. The results are correlated to the trans-
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parency of the chemical solution measured during the deposition of the buffer layer. Any
changes in the structure of the buffer layer can be then related to the different stages iden-
tified by measuring the transparency of the solution. Furthermore, the crystalline structure
of the buffer layer can be compared to that of the precipitate remaining in the chemical
solution after the deposition process.

The lattice plane distances will be used to identify the nature of the crystallites form-
ing the buffer layer. These distances are obtained either by direct inspection of the HR-
TEM images or by the evaluation of the Fourier transform of the real image. If the sam-
ples are crystalline, diffraction of the impigning electrons may happen. This leads to the
formation of diffraction patterns on the focal plane if Bragg’s law is fulfilled [109]:

2dhkl · sinΘ = λ (4.2)

where dhkl represents the distance between lattice planes, which are described by the
Miller indexes h, k and l [110]. Θ represents the angle between the impinging electron
beam and the lattice plane and λ is the wavelength of the probe electrons. From these
diffraction patterns, the distance between lattice planes can be extracted by determining
the transformed distance from the diffraction point (or ring in the case of polycrystalline
samples) to the center (000) and performing the inverse transform to obtain the real dis-
tance. In order to identify the reflections appearing in the patterns (i. e. to find out to
which lattice planes they correspond), additional information about the composition and
crystal structure is often needed, since lattice planes with different hkl indexes are often
separated by similar distances. The accuracy associated to the determination of lattice
planes distances is mainly due to errors in the formation of the images and to temperature
variations inside the transmission electron microscope [110]. In this work, the error is
considered to be 0.2 Å.

For this analysis, it is assumed that ZnS crystals are grown during the chemical bath
deposition following the reactions discussed in section 3.1. Additionally, in CBD-grown
nominal ZnS layers, other zinc-containing compounds, such as ZnO, have been identified
(see chapter 5). ZnS crystals grow in both cubic and hexagonal structures, while ZnO
crystals show a hexagonal structure. In the case of the precipitate obtained in the chemical
solution by adding an insufficient amount of ammonia to the solution (see section 3.2),
formation of Zn(OH)2 particles is expected.

A literature enquire has been performed to compare those values obtained during the
investigations carried out in this work and those found in the literature. Table 4.1 shows
the dhkl values found in the literature (dLit) with their corresponding Miller indexes (hkl).
Presented are the three most intense reflections for the corresponding compound. The
data for Zn(OH)2, which crystallizes in orthorombic [111, 112], hexagonal [113, 114]
and tetragonal [115, 116] structures, with intense lines at dhkl values ranging from 0.759
nm (orthorombic (110), intensity = 53 [112]) to 0.182 nm (tetragonal (325), intensity =
33 [116]) is not included, since it is expected that Zn(OH)2 transforms to ZnO during the
drying step.

Figure 4.4 shows HR-TEM images of CIS/Zn(S,O) structures buffered using the stan-
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Table 4.1: Values found in the literature of lattice plane distances dhkl with their
corresponding lattice planes (hkl) for ZnS (both cubic and hexagonal structures)
and ZnO (hexagonal structure) within the region of interest. Additionally, the three
most intense reflections of CuInS2 are included for comparison. (fcc stands for
face-centered cubic, hex stands for hexagonal and tetra stands for tetragonal).

Structure dLit[Å] Intensity (hkl)

ZnS, fcc [117] 3.12 100 (111)
ICSD 067790 2.67 63 (200)

1.90 50 (220)
ZnS, hex [117] 3.27 100 (100)
ICSD 067777 3.09 61 (002)

2.89 95 (101)
ZnO, hex [118] 2.81 57 (100)
ICSD 082029 2.60 42 (002)

2.48 100 (101)
CuInS2 tetr [119] 3.18 100 (112)

ICSD 082029 1.95 35 (204)
1.66 23 (312)

dard CBD process (figure 4.4 a)) and with the modified process including the additive
(figure 4.4 b)). The buffer deposition times are 20 minutes for the standard CBD and 5
minutes for the modified one.

The straight-away conclusion is that the deposition rate is highly enhanced when the
additive is included in the chemical bath. The increased particle formation speed detected
during the analysis of the transparency curves of the chemical solution (see figure 3.15
in section 3.4.3) is indeed translated into a higher depostion rate on the absorber. When
average growth rates are calculated, 2 nm/min is obtained for the modified CBD, a rate
eight times higher than the 0.25 nm/min obtained in the case of the standard CBD.

The inset in figure 4.4 a) shows a close-up view of the absorber/buffer interface at
the indicated position. The lattice plane distances are ∼ 3.2 Å. In the case of the CuInS2

absorber the value of d112 is 3.195 Å. The crystallites forming the buffer layer can be
ascribed to either hexagonal ZnS (111), (102) or (0010) or to cubic ZnS (111) (see table
4.1). The match of the lattice constants on either size of the junction enables the deposition
of an epitaxial layer. This is considered as the result of the ion-by-ion growth that takes
place during the early stage of the chemical deposition process, in which no particles are
detected in the chemical solution. This situation can be seen at different positions of the
absorber/buffer interface, but it cannot be concluded that this epitaxial layer is closed.

In the case of the samples process with the additive (figure 4.4 b)) the situation is
different. At the interface between the absorber layer and the nanocrystalline buffer layer
the perfect continuation of lattice planes is not obvious and the existance of position at the
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Figure 4.4: HR-TEM images of Zn(S,O) buffered CIS samples. a) Sample buffered
using the standard CBD process during 20 minutes, including an inset with a close
view of the CIS/Zn(S,O) interface and lattice plane distances. b) Sample buffered
using the modified CBD during 5 minutes. The buffer layer is highlighted bew-
teen dotted lines. The bright areas (bottom right in both figures) correspond to the
conductive epoxy glue.

interface where epitaxial growth is present cannot be concluded. This behaviour is corre-
lated to the transparency graphs (figure 3.15) shown in section 3.4.3. The initial plateau,
in which the catalytic action of the absorber enhaces the heterogeneous deposition of ZnS
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in an ion-by-ion process, is greatly reduced when the additive is included. The homoge-
neous nucleation begins rapidly and the buffer layer mainly consists of nanocrystallites
formed in the bulk of the solution and deposited onto the absorber layer. The distances
between lattice planes of individual crystals can be estimated from the HR-TEM images,
and are in both cases (standard CBD and CBD with additive) between 3.25 and 3.05 Å,
again corresponding to ZnS in cubic or hexagonal structures. The sizes of the individual
crystallites is approximately 3-4 nm.

Further TEM investigations have been performed on Cu(In,Ga)(S,Se)2/Zn(S,O) het-
erojunctions where the buffer layer is deposited using the standard CBD with a deposition
time of approximately 20 minutes [120]*. A HR-TEM image of such a device is shown in
figure 4.5 a). The buffer layer has a thickness of approximately 20 nm and two different
regions can be identified. Directly on the absorber, a intermediate layer with a thickness
of 3-5 nm can be observed. The continuation of the absorber lattice planes by those of
the buffer layer is here again an indication of a probable ion-by-ion growth mechanism by
heterogeneous reaction promoted by the catalytic activity of the absorber. On top of this
region, a polycrystalline layer is found. The average diameter of the crystallites is 3-4 nm
and no size distribution is found as a function of the thickness. The fact that the crystal-
lite size remains constant regardless of the thickness (i.e. the deposition time) is a clear
indication of deposition occurring during the homogeneous nucleation, as it is expected
from the second deposition stage, where the turbidity of the solution increases due to the
formation of particles in the solution. Additionally, energy filtered TEM (EF-TEM) 4 has
been performed on the cross section of the Cu(In,Ga)(S,Se)2/Zn(S,O) heterojunction. The
aim is to obtain a mapping of the sulphur distribution accross the interface. This is shown
in figure 4.5 b), where the brighter areas indicate a sulphur enrichment. In order to quan-
tify this phenomenon, twenty individual sulphur profiles were measured from the region
highlighted in a grey box shown in 4.5 b). The average of the twenty individual profiles is
displayed in figure 4.5 c) as a function of the position (0 in the distance-axis corresponds
to the surface of the buffer layer). Regarding the results obtained, it can be seen that there
is a sulphur enrichment in the first 4 nm of the buffer layer, close to the absorber layer
(between 18 and 22 nm apart from the buffer surface). This region corresponds to the
region depicted previously (4.5 a) and b)), where an epitaxial growth of the buffer layer
is expected by an ion-by-ion mechanism. As the buffer layer thickness increases, there is
a gradual reduction of the sulphur content, pointing to a thickness dependent buffer layer
composition.

These results can be compared to those obtained analyzing the precipitate collected
after the deposition process. Figure 4.6 shows a TEM image of the edge of cluster pre-
cipitated in the solution during the deposition process, together with its corresponding
diffraction pattern. The precipitate is collected from a standard CBD process. The TEM

4In energy filtered TEM, electrons which have lost a certain amount of energy in inelastic scattering
processes are selected in order to create an image with those electrons. Since the energy loss spectrum of
a material contains a signature of all the chemical species present, one can actually “tune in” to a certain
element and obtain an elemental map.
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Figure 4.5: TEM investigation of Cu(In,Ga)(S,Se)2/Zn(S,O) structures. a) HR-
TEM image of the Zn(S,O)/Cu(In,Ga)(S,Se)2 interface, indicating the presence two
distinct layers in the buffer. b) Energy filtered TEM sulphur distribution map of the
same interface at a different position, showing an enhanced sulphur signal in the
intermediate layer (brighter region). c) Sulphur distribution profile extracted from
the region highlighted (white box) in figure 4.5 b), representing the average of 20
individual profiles.

image (figure 4.6a)) reveals a nanocrystalline structure similar to that observed in the
buffer layer (see figure 4.4 and 4.5). The diameters of the nanocrystals are below 5 nm.
Differences in the brightness are due to different thickness of the sample under analysis.
The region highlighted by a black box in figure 4.6 a) has been Fourier-transformed in or-
der to obtain its diffraction pattern, which is shown in figure 4.6 b). Since the area selected
for the analysis includes only a few crystals, points in the diffraction pattern are present.
The distances between lattice planes obtained from the analysis of both the whole HR-
TEM image and for the detailed study of the selected transformed area are approximately
0.31 nm. According to the literature data presented in table 4.1, the crystallites analyzed
can be ascribed to hexagonal or cubic ZnS.

Figure 4.7 shows both the TEM image (a) and the corresponding diffraction pattern
(b) of the edge of a cluster precipitated in the solution during the CBD process including
additive. The crystalline structure of the particle is similar to that of the previous example
(figure 4.6). The particle is also polycrystalline (as confirmed by the the presence of a
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Figure 4.6: a) HR-TEM of a particle precipitated during a standard CBD process.
b) Electron diffraction pattern obtained by Fourier transforming the area highlighted
by a black bok in a). Points indicated with an x are artifacts originated by the
analysis software.

ring in the diffraction pattern) and consists of nanocrystallites with sizes below 5 nm in
diameter. It is formed by agglomeration of the individual crystallites nucleated during the
deposition process. By analyzing the diffraction pattern obtained by Fourier-transforming
the real image (figure 4.7 a)) the distance between lattice planes can be extracted. The
diffraction pattern shows clearly one ring at a (transformed) distance of 0.31 nm. Here
again, and according to the literature data presented in table 4.1, the crystallites analyzed
can be ascribed to hexagonal or cubic ZnS.

Figure 4.7: a) HR-TEM of a particle precipitated during a CBD process including
additive. b) Corresponding electron diffraction pattern obtained by Fourier trans-
forming the HR-TEM image (a).

Further analysis of different regions of the particles under investigation show different
dhkl values ranging from 3.07 to 3.25 Å. Although these values lie within the error of
±0.2Å, there is clear evidence that there are at least two different dhkl. In the analysis of
some images (both for the standard and the modified CBD process), two distict reflections,
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corresponding to two different dhkl, can be observed. An example of this situation is
shown in figure 4.8. The Fourier transform corresponding to the area highlighted in a
black box in the HR-TEM image is shown in the inset. The guiding white circle helps
to distinguish the two dhkl. Some of the reflections appear outside the circle, with a
corresponding dhkl of approximately 0.31 nm. Some other reflections appear inside the
circle, with a larger dhkl of 0.33 nm. Since we are working in a transformed space, the
distances are inverted so the reflections closer to the center, show larger values of dhkl.

Figure 4.8: HR-TEM of a particle formed during the CBD in the bulk of the solu-
tion with the corresponding diffraction pattern obtained from the Fourier transform
of the area highlighted in a white box. Two distinct reflections with different dhkl
(0.31 and 0.33 nm) can be seen. Points indicated with an x are artifacts originated
by the analysis software.

It was mentioned in the previous chapter (section 3.2.1 in page 27) that if not enough
ammonia is added, the Zn(OH)2 formed does not redissolve and the solution becomes
turbid. The precipitate formed in this way has been also analyzed by means of TEM
and the corresponding electron diffraction patterns. In order to obtain this precipitate, a
few drops of ammonia are added to the solution containing zinc salt and thiourea. A few
seconds later, the solution is completely opaque, showing a white coloration. In all images
analyzed, the inferred dhkl showed values between 0.26 and 0.29 nm. The crystal structure
of the particle was also nanocrystalline, although the sizes of the individual crystals were
in some cases slightly larger (6-8 nm) than in cases where the precipitate was obtained
from the standard or the modified (with additive) CBD. According to the literature data
presented in table 4.1, the crystallites analyzed can be ascribed to hexagonal ZnO.
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4.4 Summary

From these morphology and structure studies of both deposited buffer layer and precipi-
tates formed in the solution, the conclusions obtained from the kinetic studies presented
in the previous chapter have been corroborated and extended:

• There is a correlation between the formation of a turbid solution in the chemical
bath and the deposition of material on the substrate. The growth of the buffer layers
begins at locally-determined regions (islands) during the first stage of the deposi-
tion process, while the chemical solution stays clear. The resulting epitaxial layer
(with a thickness up to 3-4 nanometers) is not closed and an enhancement of the
sulphur concentration is found within this layer. Once the precipitation begins in
the solution (homogeneous nucleation), the regions of the absober’s surface not yet
covered by the thin ZnS layer, will be covered by a nanocrystalline layer resulting
from the deposition of the homogeneously nucleated crystallites. These nanocrys-
tallites show sizes up to 4 nm. The deposition takes place during the second stage
of the CBD process, where homogeneous nucleation is dominant. The sizes of the
crystallites found in the buffer layer and in the particles from the precipitate are
approximately equal. This supports the idea of a deposition process based on ho-
mogeneous nucleation -cluster mechanism-, since a continuous ion-by-ion growth
would result in larger crystals.

• In the case of the modified CBD proccess (with the additive), the increased particle
formation rate identified with the optical monitoring tool is indeed translated into
a higher deposition rate. In this case, the pateau in the transparency measurement
found during the first stage of the deposition process is greatly reduced and the ho-
mogeneous nucleation begins earlier. The epitaxial deposition taking place during
the first stage is not found in samples buffered using the modified CBD process.

• The crystalline structure found by TEM analysis on buffered chalcopyrite samples
correspond to ZnS crystallites either in hexagonal structure alone or with the inclu-
sion of some cubic ZnS crystallites. The same crystalline structure is found in the
precipitates obtained after the deposition process for both the standard CBD and
the modified CBD with additive. There is no presence of ZnS crystallites in the
precipitate formed after the addition of ammonia if sufficient NH3 concentration
is not reached. Zn-O compounds are most probable according to the analysis of
the diffraction patterns. The presence of ZnO in the buffer layer has not been con-
firmed. Therefore, photoelectron spectroscopy investigation of the microstructure
of Zn(S,O) are performed on Zn(S,O)-buffered CuInS2 samples.



Chapter 5

Microstructure of Zn(S,O) buffer layers
studied by photoelectron spectroscopy

The expected buffer layer composition predicted by the theoretical studies of the chemical
bath deposition presented in chapter 3 was only partially corroborated by the growth and
morphology studies carried out in chapter 4. Therefore, the study of the microstructure of
chemically deposited buffer layers by photoelectron spectroscopy will be discussed.

Fundamental issues such as the deposition rate and the composition of the buffer layer
can be investigated by using X-ray photoelectron spectroscopy (XPS) and X-ray excited
Auger electron spectroscopy (XAES). XPS analysis, also referred to as ESCA (electron
spectroscopy for chemical analysis), and XAES are used to acquire information about the
chemically-deposited buffer layer composition as a function of the film depth.

After a short description of the theoretical aspects of photoelectron spectroscopy, the
results obtained by investigating buffered samples by this technique will be explained.
Information about the buffer layer composition for samples buffered using the standard
chemical bath deposition process and the deposition process with additive, together with
the band aligment determined for the latter case are presented.

5.1 Theoretical aspects of photoelectron spectroscopy

Photoelectron spectroscopy (PES) is a surface characterization technique based on the
photoelectric effect [121] by which a sample that is irradiated with light of sufficient
energy emits electrons. The absorption of a photon with a given energy hν by the sample
induces an electronic transition described by:

hν = Ef − Ei (5.1)

where Ef and Ei are the energy of the final and initial electronic states respectively. After
the absorption of the photon, the electron, which originally occupied a bound state of the

67
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discrete spectrum, is promoted either to the unoccupied part of the discrete spectrum or
to the continuum of states above the vacuum level. The electrons that are promoted above
the vacuum level are characterized by their kinetic energy (Ekin), which is related to the
binding energy of the initial state (EB), to the energy of the incoming photon (hν) and to
the work function (Φ) of the electron analyzer by the following expression:

Ekin = hν − EB − Φ (5.2)

Since it was first developed in the 1950’s [122] photoemission has become one of the
most widely used characterization techniques for material surfaces, in any of its versions:
X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS)
and X-ray excited Auger Spectroscopy (XAES).

5.1.1 X-ray photoelectron spectroscopy (XPS)

In core level XPS, the intensity of those photoelectrons emitted by the sample (see fig-
ure 5.1 a)) is measured as a function of their kinetic energy1. Photoemission peaks are
labelled according to the quantum numbers of the corresponding original levels, follow-
ing the standard spectroscopic notation (orbital momentum l = 0, 1, 2. . . denoted as s, p,
d . . .). All levels with l ≥ 1 show the corresponding spin-orbit splitting, appearing in the
spectrum as a doublet with a characteristic energy separation.

The typical probing depth of the XPS lies below 10 nm, depending on the kinetic
energy of the photoelectron. A property of photoelectrons which defines the surface sen-
sitivity of the XPS method is the mean free path. Here the electron energy lies typically
between 10 and 2000 eV and for these kinetic energies, the mean free path is approxi-
mately 0.5-3 nm, resulting in an extremely sensitive method for surface characterization.

The position of the peaks in an XPS spectrum that is recorded from a specific sam-
ple can be used to identify the constituent elements by comparison with reference data
available from the literature [123, 124, 125]. Quantitative analysis is also possible as the
peak intensity is directly related to the concentration of atoms. Furthermore, the chemical
environment of the elements present in the sample can be studied by means of XPS. The
characteristic binding energies of photoelectrons do not merely depend on the specific
element, but also on the chemical state of the corresponding atom. Chemical shifts are
recorded as a displacement (typically in the range of 0 to 3 eV) in binding energies of
photoelectrons excited from atoms in a compound compared to the energies of the corre-
sponding pure substance. Binding energies, for example, increase with the oxidation state
of a substance, since part of the electronic density is transferred to the oxydizing species,
leaving the remaining electronic density unbalanced against the positive nuclear charge.
It is therefore possible to deconvolute a core level peak into its different contributing parts
for different oxidation states and/or partial changes of electron density and the resulting

1And typically plotted as a function of the electron binding energy according to equation (5.2).
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peak areas can be related to the concentration of atoms in the individual states [123].

5.1.2 X-ray excited Auger spectroscopy (XAES)

In addition to the characteristic peaks corresponding to discrete levels at characteristic
energies EB, the XPS spectrum contains additional peaks, the so-called Auger peaks,
which arise from the relaxation of photoionized atoms by Auger transitions [126].

Once a photoelectron is emitted from a deeper atomic shell (figure 5.1 b)), the energy
released when an electron from an upper shell relaxes into the lower energy state can cause
the emission of either an Auger electron or a characteristic X-ray, as shown in figure 5.1
b) and c) respectively. In an Auger process the energy primarily released in the form of
an X-ray photon is re-absorbed by the same atom and an Auger electron is emitted from
an upper shell. Auger electrons have characteristic kinetic energies corresponding to the
spectrum of the specific species under study and these energies are independent of the
exciting energy. The notation of Auger transitions follows the X-ray level nomenclature
(levels denoted as K, L, M, N· · · , and sublevels denoted as numerical subindexes). In
this accepted nomenclature, for example, a KLL Auger process describes the situation
where the initial ionization occurs in the K shell, an electron from the L shell fills this
state and the “internal X-ray” is used to eject an electron from the L shell. Valence states
are denoted by V (e.g. MVV).

Figure 5.1: Schematic diagram showing the photoelectric effect a). The excited
atom relaxes by filling the core level with an electron from a higher energy level.
The released energy is either used to emit a second electron, the Auger electron b)
or emitted as an X-ray photon c).

5.2 XPS analysis of Zn(S,O) buffer layers

Photoelectron spectroscopy is a useful tool to characterize the surface of the sample under
study. Both the coverage of the underlying absorber layer by the buffer layer and the
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buffer layer composition can be investigated by means of XPS. The correlation of the
results obtained from the photoemission data with the transparency data obtained using
the monitoring system during the deposition of the buffer layer (section 3.3) can help to
clarify the influence of the growth mechanisms on the composition of the buffer layer.

Figure 5.2: Universal curve for the mean free path (λ) of electrons as a function of
their kinetic energy. Adapted from [123].

XPS spectra can be analyzed cuantitatively. The intensity of a core level line depends
on various parameters. It is proportional to the photoionization cross section σ which de-
pends on the element (Z), the core level (aL) and the exciting energy (hν). Furthermore,
it should be taken into account that apart from the electrons originated at the uppermost
atomic layer, unscattered electrons from deeper layers of the sample will be detected.
These electrons are attenuated by their inelastic free mean path. If the sample is suffi-
ciently thick (d>10nm), the free mean path λ(Ekin) appears as a proportionality factor
for the line intensity [127]. Figure 5.2 shows the so-called universal curve for the mean
free path (λ) of electrons as a function of their kinetic energy [123]. Additionally, the
line intensity I is proportional to the concentration of the element c(Z) and to an ana-
lyzer transmission function T (Ekin) which depends of the kinetic energy of the electrons.
Therefore, the expression describing the intensity of a core level line reads:

I ∝ σ(Z, aL, hν) · c(Z) · λ(Ekin) · T (Ekin) (5.3)

Since some of the parameters in equation (5.3) (specially the transmission function of
the analyzer) are either not known or only rough approximations are available, the com-
position of the sample under study can only be approximately determined. The following
considerations are taken into account:
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• T (Ekin) ∝ E
−1/2
kin [123, 127].

• λ(Ekin) ∝ E
1/2
kin for Ekin >30 eV.

• values of σ(Z, aL, hν), which actually depend on the chemical bond, the condition
of the sample and the surface contamination are considered to be those found in the
literature [128].

With these approximations, the expression for the concentration of an element at the
sample’s surface reads:

c(Z) ∝ I

σ(Z, aL, hν)
(5.4)

The photoionization cross sections given in reference [128] show an inaccuracy around
25% [129].

In order to correlate the transparency data obtained by using the monitoring system
with the respective surface composition of the buffer layer at different deposition times
(i.e. thicknesses), a complete set of samples (Glass/Mo/CIS) buffered during different de-
position times is characterized using X-ray photoelectron spectroscopy (XPS) and X-ray
excited Auger electron spectroscopy (XAES). In this way, the time-resolved deposition
of the nominal2 ZnS buffer layer by CBD leads to a thickness-resolved study of the cov-
erage of the absorber and the composition of the buffer layer. A sample series consisting
of CuInS2 absorbers buffered during different deposition times is characterized using a
Mg Kα x-ray source with an energy of 1253.6 eV. To minimize contamination from am-
bient air, the samples are sealed in a polyethylene bag filled with N2 immediately after
the deposition. The samples are then transferred from the chemical laboratory into the
analysis chamber of a combined ultrahigh vacuum preparation and spectroscopy system
(“CISSY”[130]) at a base pressure≤ 1 · 10−9 mbar via an attached N2 filled glove box. A
CLAM4 electron spectrometer from Thermo VG Scientific is used for electron detection.
The electron spectrometer is calibrated using XPS and Auger line positions of different
metals (Cu 3p, Au 4f7/2, Cu L3MM and Cu 2p3/2) according to reference [131].

In order to evaluate the results quantitatively, the photoemission signals are fitted by
Voigt functions3 after subtracting a background.

The thickness of the buffer layer can be estimated by using the attenuation of the
CuInS2 signals by the increasingly thick buffer layer, following:

I = I0 · e−d/λ (5.5)

where I is the intensity of the respective attenuated photoemission signal, I0 is the unat-
tenuated signal intensity of the bare (KCN-etched) CuInS2 substrate, λ is the inelastic free

2Until the composition of the buffer layer is determined, it will be considered to be ZnS.
3Without loss of generality, if only centered profiles peaked at zero are considered, the Voigt profile is a

convolution of a Lorentz profile and a Gaussian profile.
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mean path (IFMP) of the corresponding photoelectrons, and d is the thickness of the at-
tenuating buffer layer. λ can be calculated by the TPP-2 formula [132] using the QUAES
code written by Tougaard, which provides values with an assumed uncertainty of ∼ 20%
[133].

In the following sections the results obtained analyzing the sample series buffered
using the standard CBD process and the CBD process including a small concentration of
additive by means of XPS and XAES will be discussed. Differences observed in compo-
sition and growth rate will be also shown.

5.2.1 Standard CBD process

For the study of the nominal ZnS buffer layer by XPS, a sample series consisting of 5
samples is prepared. The substrates to be buffered (all but one, which is used as a CIS
reference) are introduced at the same time in the chemical bath solution described in
section 3.2.1 (page 27) and removed after 180, 360, 540 and 810 seconds (3, 6, 9 and 13.5
minutes respectively). The surface characterization of this set of samples by means of
XPS and XAES is considered to reveal a “time-resolved” (and thus “thickness-resolved”)
view of the layer composition prepared in the chemical bath.

In addition, and according to the expected compounds formed during the chemical
bath deposition of nominal ZnS layers, references of ZnO, Zn(OH)2 and ZnS are also
prepared and investigated for comparison:

• A thin (∼ 100 nm) ZnO layer deposited on a CIS absorber by rf-magnetron sput-
tering is used as a ZnO reference.

• Storing a similar sample in ambient air for several days opens the route for H2O
adsorption at the ZnO surface, which leads to the formation of a surface Zn(OH)2
layer [135]. This naturally generated hydroxide is used as a Zn(OH)2 reference.

• The ZnS reference is prepared by the spray-ILGAR (ion layer gas reaction) tech-
nique [24].

The measured survey spectra of the buffer/CuInS2 sample series can be seen in figure
5.3. The nominal ZnS buffer layer was deposited during 180 (b), 360 (c), 540 (d) and 810
seconds (e). Additionally the spectrum of an uncovered KCN-etched CuInS2 sample is
included (a). A summary of the binding energies of the core levels under study can be
found in appendix A.

For the bare KCN-etched CuInS2 sample, all detected photoelectron and Auger elec-
tron signals can be ascribed either to absorber’s components or to adventitious carbon and
oxygen, the latter probably being a remainder (adsorbed water) from the wet chemical
removal of the CuxS surface phase by KCN etching. Regarding the spectra of the ZnS-
buffered CuInS2 samples, an intensity decrease of indium and copper XPS and XAES sig-
nals can be observed with increasing buffer deposition time. For the case of the remaining
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Figure 5.3: XPS survey spectra of the buffer/CuInS2 sample series. The nominal
ZnS buffer layer was deposited with different deposition times: (b) 3 minutes, (c) 6
minutes, (d) 9 minutes and (e) 13.5 minutes. Additionally the corresponding spec-
trum of a KCN-etched CuInS2 sample (uncovered) is presented (a). The binding
energies of the photoemission signals under study are summarized in appendix A.

CIS-attributed signals (peaks corresponding to sulphur), no decrease is observed, mainly
because the nominal ZnS buffer layer also contains this element. Additionally, an increase
of the Zn-related photoelectron and Auger electron signals can be noticed. The presence
of zinc containing compounds on the surface of the samples is visible after already 3
minutes deposition time (see for instance the Zn2p core level in figure 5.3(b)).

For the ZnS/CuInS2 sample where the nominal ZnS layer has been deposited for 13.5
minutes, no signal attributed to copper or indium can be observed anymore. This means
that the buffer layer deposited within 13.5 minutes (810 seconds) completely covers the
CuInS2 absorber with a minimal thickness that exceed the XPS information depth. This
energy dependent information depth is considered to be at least three times the inelastic
free mean path (λ) of the respective photoelectrons (accounting for an attenuation of 95%
of the initial intensity) [131]. Assuming that, e.g., the In3d5/2 photoelectrons (with a
binding energy EB ≈444 eV) are exclusively attenuated by a pure ZnS layer covering
the absorber homogeneously, the thickness of the buffer layer can be estimated to be
≥ 5.4± 1.1 nm (based on the λ taken from reference [133] and equation (5.5)).

In order to have a more accurate information about the composition of the deposited
layer on CuInS2, the ZnL3M45M45 XAES spectrum can be evaluated. The reason for
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choosing this particular signal (Ekin ∼ 988 eV) is that it is more sensitive with respect
to chemical shifts when compared to most Zn photoemission lines (i.e. Zn3d -EB ∼ 11
eV- or Zn2p -EB ∼ 1022 eV-) [124]. Figure 5.4 shows the XAES detailed spectra of the
CuInS2/ZnS sample series under study.

Figure 5.4: XAES detailed spectra of the ZnS/CuInS2 sample series. In the bot-
tom graph the ZnL3M45M45 peaks are shown for various deposition times. In
the top graph, the measured ZnO, ZnS and ZnOH2 reference ZnL3M45M45 peaks
are shown together with bars representing the data found in the literature for those
compounds. Adapted from [134]*.

Two different phenomena can be identified by looking at figure 5.4. On one hand
the intensity of the ZnL3M45M45 XAES signal increases with increasing deposition time
due to the increasingly thick buffer layer. This effect is more pronounced specially for
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the samples where the deposition was stopped in the second half of the CBD (deposition
time≥ 9 minutes). This is also supported by the increase of the Zn-related photoemission
signals as well as by the attenuation of the copper and indium related peaks (see figure
5.3). According to the intensity variation of the core level signals, the growth rate in the
early stages of the deposition (time ≤ 6 minutes) is apparently much slower compared to
that of deposition times above 9 minutes. This fact points to a deposition-time dependent
growth mechanism of the nominal ZnS buffer layer.

Additionally a shift of the ZnL3M45M45 Auger peak can be observed, from a kinetic
energy Ekin of 989.5±0.1 eV for a deposition time of 3 minutes, to 988.4±0.1 eV for
the 13.5 minutes buffer/CuInS2 sample. It should be noted that this energetic shift is
not caused by an interface formation-induced band bending, since the modified Auger
parameters [136] calculated as α1 = Ekin[ZnL3M45M45(

1G) + EB[Zn2p3/2] and α2 =
Ekin[ZnL3M45M45(

1G) + EB[Zn3d] also decrease with deposition time, as it is shown
in table 5.4. This fact, together with the behaviour of the oxygen related XPS and XAES
signals (see figure 5.3) which increase specially for the samples buffered during 9 and
13.5 minutes, points to a deposition time- (and thus thickness-) dependent change in the
composition of the nominal ZnS buffer layer.

A literature enquiry [125, 137] for reference positions of the ZnL3M45M45 Auger
peak of Zn compounds possibly formed in the chemical bath, such as zinc oxide (ZnO),
zinc sulphide (ZnS) and zinc hydroxide (Zn(OH)2), provides different values for the same
material, which are summarized in table 5.1. These results are also shown in figure 5.4
(top) as bars. Note that the width of the bars does not necessarily represent the uncertainty
of the values, since for Zn(OH)2 only very few values have been published.

The comparison of the position of the ZnL3M45M45(
1G) Auger line of the measured

XAES spectra from the nominal ZnS/CuInS2 sample series (989.5 to 988.4 eV) with
the measured reference spectra, as well as with the data extracted from the literature,
suggests that for the thickest buffer layer (13.5 minutes), a Zn(S,O)-like surface com-
position is most probable, since the energetic position of its ZnL3M45M45(

1G) Auger
peak (988.4±0.1 eV) can be found between that of ZnO [experiment: 988.0±0.1 eV; lit-
erature: 987.4 to 988.9 eV] and ZnS [experiment: 989.5±0.1 eV); literature: 988.2 to
989.9 eV]. The hydroxide-poor composition is in contrast to several other publications
reporting on Zn compounds deposited by CBD [64, 69, 70], but can be explained by
the rinsing step in an aqueous ammonia-containing solution after the material deposition
in the chemical bath, avoiding an uncontrolled precipitation of Zn(OH)2 on the sample.
The position of the ZnL3M45M45(

1G) Auger peak of the samples prepared by shorter
deposition times shifts to higher kinetic energies with decreasing deposition times, until
it actually agrees (for the samples buffered during 3 and 6 minutes) with the energetic
position of the ZnL3M45M45(

1G) Auger peak of the ZnS reference as well as with the
literature data. From this fact, it can be concluded that the material deposition in the
chemical bath described in section 3.2.1 takes place in two steps. In the initial stage of the
deposition, primarily a thin ZnS layer is formed on the CuInS2 substrate. If this pure ZnS
layer is conformally covering the absorber it cannot be determined by XPS. Since there is
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Table 5.1: Energetic positions of the ZnL3M45M45(1G) Auger line as found for
the buffer/CuInS2 sample series and some Zn-compound references as Zn(OH)2,
ZnO and ZnS compared to the corresponding literature data. All experimentally
determined values have an error of ± 0.1 eV. In cases where only a single literature
value is reported, an error of ± 0.2 was assumed to represent its uncertainty [124].

Experimental Literature
ZnL3M45M45(

1G) ZnL3M45M45(
1G)

Ekin (eV) Ekin (eV)
Buffer/CIS
3 minutes 989.5 /
6 minutes 989.5 /
9 minutes 989.2 /

13.5 minutes 988.4 /
References
Zn(OH)2 986.7 986.2±0.2 [137]

ZnO 988.0 987.4-988.9 [138, 139]
ZnS 989.5 988.2-989.9 [139, 140]

a presence of In- and Cu- related signals for the samples buffered during 3 and 6 minutes
(see figure 5.3) it can happen that either the layer is not closed or that it is closed but does
not exceed the XPS information depth. However, according to the SEM investigations of
layers deposited in short times (see figure 4.3 in section 4.2) the presence of a non-closed
layer during this early stage is most probable. Then, in the second stage of the deposition
process, the growth rate is greatly increased compared to that of the initial stages, and a
Zn(S,O) compound is deposited.

Although the Zn2p3/2 and the Zn3d core level signals are not as sensitive to chemical
changes as the corresponding ZnL3M45M45 Auger spectra, shifts of 0.7 and 0.8 eV can
be identified in the XPS spectra of ZnO and ZnS references respectively (table 5.2).

Table 5.2: Measured energetic positions of Zn2p3/2 and Zn3d photoemission
signals of sputtered-ZnO and ILGAR-ZnS references, together with their difference
and the values obtained from the literature [125].

XPS Reference Reference Diff. Literature Literature
Signal ZnO (eV) ZnS (eV) (eV) ZnO (eV) ZnS (eV)

Zn2p3/2 1022.4±0.1 1021.7±0.1 0.7±0.2 1021.2-1022.5 1021.7-1022.0
Zn3d 10.9±0.1 10.1±0.1 0.8±0.2 10.3-10.8 9.8-10.7

The Zn2p3/2 and Zn3d core level lines of the buffered CuInS2 samples show a be-
haviour similar to that observed for the ZnL3M45M45 Auger signal, i.e., a shift with
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increasing deposition time from a binding energy that correlates (within the error bars)
with the energetic position of the respective peaks for the ZnS reference (for short depo-
sition times ≤ 6 minutes), to higher binding energies, towards the energetic position of
the Zn2p3/2 and Zn3d XPS signals of the ZnO reference (for larger deposition times, i.e.,
thicker buffer layer). This is shown in figure 5.5, where the valence band XPS spectra
(including the In4d and Zn3d core levels) of the ZnS/CuInS2 sample series is presented.
The shift of the Zn3d core level towards higher binding energies is evident.

Figure 5.5: Valence band spectra of the ZnS/CuInS2 sample series, including the
Zn3d and In4d core levels.

These shifts in the Zn2p3/2 and the Zn3d lines (see figure 5.5), support the previ-
ous conclusion, by which a thickness dependant composition is expected, starting from
a pure ZnS layer and ending with a Zn(S,O)-like composition. Therefore, it is consid-
ered that the Zn2p3/2 and Zn3d spectra of the buffer/CuInS2 samples are composed of
two contributions, namely ZnS and ZnO. In consequence, the measured Zn2p3/2 spec-
trum can be in principle fitted using two Voigt functions, as shown in figure 5.6. For
this fitting process, the full width at half maximum (FWHM) values of the photoemission
signals of ZnS and ZnO references (1.7 and 1.9 eV respectively for the Zn2p3/2 signal)
are kept constant during the fit of the Zn2p3/2 spectra of the buffer/CuInS2 sample se-
ries. For the sample buffered during 3 minutes, a satisfactory fit of the signal was only
achieved if just a contribution from ZnS was assumed, thus supporting the conclusion
that a ZnS compound is formed directly onto the CuInS2 substrate. Taking the error bars
into account, the determined energetic positions of both contributions (ZnS and ZnO),
E
Zn2p3/2

B [I] = 1021.6 − 1022.1 eV, E
Zn2p3/2

B [II] = 1022.3 − 1022.8 eV, agree with the
energetic positions of the ZnO and ZnS references as well as with corresponding literature
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data (see table 5.4).

Figure 5.6: Zn2p3/2 core level of the CIS/Zn(S,O) sample series, fitted using two
contributions (shown on top), accounting for ZnS [I] and ZnO [II].

By using the areas below the Voigt profiles, which describe both contributions (ZnS
and ZnO) to the Zn2p3/2 spectra of the buffer/CuInS2 samples series, the ZnS/(ZnS+ZnO)
ratio as a function of the buffer thickness can be calculated. The photoionization cross
sections depend on the chemical bond, so in principle, the cross sections of the ZnO and
the ZnS contributions would be dissimilar. In practice, in a first approximation, these
values are considered equal. Furthermore, in the literature data available only values for
the core level are given, regardless of the chemical environment. In the case of the Zn2p3/2

core level and for MgKα radiation (hν=1253.6 eV), the photoionization cross section is
18.01 in units of the C1s cross section of 22.200 barns [128]. The ZnS/(ZnS+ZnO) ratios
for the buffer layers deposited on CuInS2 substrates are summarized in table 5.3.

In order to exclude any impact of a varying band bending on the analysis of the
energetic positions of the XAES and XPS signals and on the corresponding evaluation
of the buffer layer composition, the value of the modified Auger parameter has been
considered for the following discussion. The value of the modified Auger parameter
α1 = Ekin[ZnL3M45M45(

1G) + EB[Zn2p3/2] calculated for the contributions attributed
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Table 5.3: ZnS/(ZnS+ZnO) ratios calculated from the analysis of the Zn2p3/2

photoemission spectra.

Deposition time Zn2p3/2

ZnS/(ZnS+ZnO)
3 min 1
6 min 0.94 ±0.05
9 min 0.82 ±0.05

13.5 min 0.76 ±0.05

to ZnS and ZnO of Zn2p3/2 decreases with increasing deposition time (see table 5.4).

Table 5.4: Energetic positions of both contributions (ZnS and ZnO) of
the Zn2p3/2 photoemission line as measured for the ZnS/CuInS2 sam-
ple series. In addition the corresponding values of the Auger parameter
α1 = Ekin[ZnL3M45M45(1G) + EB[Zn2p3/2] are calculated using the values
presented in table 5.1. For comparison the energetic positions of the Zn2p3/2 XPS
signal and the respective values of α1 for a ZnS and a ZnS reference as well as
corresponding literature data (references [137, 125]) are also given. All values are
given in eV and experimentally determined values have an uncertainty of ±0.1 eV.

Zn2p3/2 Zn2p3/2 Lit. Expt. Expt. Lit.
Buffer/CIS ZnS ZnO Zn2p3/2 α1(ZnS) α1(ZnO) α1

3 min 1021.6 / / 2011.1 / /
6 min 1021.8 1022.8 / 2011.3 2012.3 /
9 min 1021.7 1022.3 / 2010.9 2011.5 /

13.5 min 1022.1 1022.6 / 2010.5 2011.0 /
References

ZnO 1022.4 1021.2- 2010.4 2009.5-
1022.5 2011.0

ZnS 1021.7 1021.7- 2011.2 2010.3-
1022.0 2011.9

The values of the contribution attributed to ZnS agree with the corresponding Auger
parameters of ZnS (with both experimentally-determined and literature values) for sam-
ples where the deposition was stopped in the initial stage of the deposition process (trans-
parency ∼ 100%). In contrast, the determined Auger parameter of contribution attributed
to ZnO converges towards the experimentally-determined and literature values of the
Auger parameter of ZnO for increasing deposition times.

These results support again the conclusion stated earlier in this chapter and in chapter
4, that the buffer layer deposition by the CBD process applied on CuInS2 substrates forms
a ZnS/Zn(S,O) bilayer.
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Two different models can explain the shift of the Zn core levels as a function of the
CBD deposition time. These are shown in figure 5.7.

Figure 5.7: Schematic representation of the two different models that can explain
the shift in the energetic position of the Zn core levels.

In figure 5.7 a) the buffer layer consists of a ZnS/Zn(S,O) bilayer in which the top
Zn(S,O) layer has a graded composition, with an increasing oxygen content towards the
surface. On the other hand, figure 5.7 b) represents the case in which the Zn(S,O) part
of the ZnS/Zn(S,O) bilayer has a homogeneous composition. The energetic shift in the
Zn core levels from energies corresponding to ZnS towards energies corresponding to
ZnO is due to the disminishing contribution of the underlying pure ZnS layer. An exact
evaluation of the correct model based on the XPS analysis is not possible without an exact
knowledge of the thickness of the analyzed layers and the exact value of λ of ZnS and the
corresponding composition of Zn(S,O).

On one hand, a desposition of a homogeneous material (in terms of composition) is
expected during the second stage of the CBD, i.e. that where the cluster mechanism is
dominant (see section 3.1). On the other hand EF-TEM investigations of ZnS/Zn(S,O)
bilayers (see figure 4.5 in page 63) show a slight gradient in the sulphur distribution along
the buffer layer. This can be explained by a simple model in which the deposition of
ZnS (ion-by-ion process) is assumed to occur throughout the CBD process at a rate k1.
Firstly the deposition takes place directly on the substrate, but afterwards, when particles
are formed in the solution, it can also take place on those particles. After a certain time,
when conditions are reached for homogeneous nucleation, deposition of Zn(S,O) starts at
a higher rate k2 > k1. Although the composition of this Zn(S,O) layer is homogeneous,
the overall ZnS/(ZnS+ZnO) ratio decreases with time, with a speed that depends on both
deposition rates and on the ZnS/ZnO ratio of the Zn(S,O) layer.

Considering that the deposition of the ZnS layer by means of the ion-by-ion process
starts at t = 0 with a constant growth rate k1 the amount of ZnS as a function of time can
be expressed as:

[ZnS](t) = k1 · t (5.6)

Parallely, if the deposition of Zn(S,O) starts after a given time ti with a constant rate
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k2, the amount of Zn(S,O) as a function of time can be expressed as:

[Zn(S,O)](t) =

{
0 if t < ti

k2 · (t− ti) if t > ti
(5.7)

Figure 5.8 shows the amount of ZnS, ZnO and Zn(S,O) considering k2 = 10 · k1 (the
growth rate of the homogeneous nucleation 10 times that of the ion-by-ion deposition) and
a ZnS:ZnO ratio of 4:1 (80% of ZnS) for the Zn(S,O) layer, which starts growing after
10 minutes. Additionaly the overall ZnS/(ZnS+ZnO) ratio as a function of the deposition
time is also presented.

Figure 5.8: Schematic representation of the amount of ZnS (ion-by-ion and cluster
mechanisms) and ZnO (cluster mechanism) deposited considering that ZnS is de-
posited at a constant rate k1 at all times and a deposition of Zn(S,O) with a ZnS:ZnO
ratio of 4:1 at a 10 times higher rate (k2 = 10 · k1) for t > ti. Additionally, the
calculated ZnS/Zn(S,O) ratio as a function of time is also included.

With this model, the assumption of a homogeneous composition of the Zn(S,O) layer
(i.e. a constant ZnS/ZnO ratio) is compatible with the slight gradient in the sulphur con-
tent observed in figure 4.5 (page 63). For the case of the XPS measurements one has to
take into account that the probing depth of the technique lies below 10 nm, depending on
the kinetic energy of the photoelectrons.

After a given time tf , the amount of ZnS found on the layer as a result of the ion-by-
ion deposition process can be determined as:

[ZnS] =

∫ tf

0

k1tdt =
k1t

2
f

2
(5.8)

and here again, after a given time tf , the amount of Zn(S,O) found on the layer as a
result of the heterogeneous deposition process can be determined as:
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[Zn(S,O)] =

{
0 if ti > tf∫ tf

ti
k2tdt = k1

2

[
t2f − t2i

]
if ti < tf

The calculations in this case must take into account the fact that the XPS intregrates
the signals obtained within the probing depth. An schematic representation is shown in
figure 5.9. The composition of the buffer layer is represented as a function of the depo-
sition time. During the first stage, where only ZnS (ion-by-ion) is deposited, the position
of the Zn-core levels remains constant at an energy E1. The deposition of Zn(S,O) starts
at t = ti. For ti < t < tx XPS detects signals from both the ZnS and the Zn(S,O)
layer. Since the growth rate of Zn(S,O) by the cluster mechanism is higher than that of
pure ZnS by means of ion-by-ion process, the positions of the Zn-core level shift towards
higher binding energies, from E1 to E2. This accounts for the increasing ZnO contribu-
tion to the total detected signal. For t > tx, the positions of the Zn-core levels should
remain constant at a given energy E2.

Figure 5.9: schematic representation of a CuInS2/ZnS/Zn(S,O) structure showing
the composition of the buffer layer as a function of the chemical bath deposition
time. A pure ZnS layer is deposited at a constant rate at all times. For t > ti, an
additional Zn(S,O) layer is deposited at a higher rate. The XPS probing depth is
also included, assuming the same λ for all layers.
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5.2.2 Modified CBD process

The inclusion of an additive in the chemical solution, as explained in section 3.4.3 (page
48), has a major impact in the formation speed of particles (mainly Zn(OH)2 and ZnS
aggregates) in the chemical solution. Whether this accelerated process is translated into
an enhanced buffer growth rate and what composition this buffer has, are questions that
can be investigated using XPS and XAES. Furthermore, the results are compared to those
obtained for the buffer layer grown using the standard ZnS CBD (without additive) which
were shown in the previous section (5.2.1).

For this study, KCN-etched CuInS2 samples were buffered for different deposition
times, namely 90, 120, 180 and 420 seconds (corresponding to transparency values of ∼
95% (90 s), 50% (120 s) and ∼ 2% (180 and 420 s)) adding 1% additive to the chemical
bath before submerging the samples. After the deposition of the buffer layers, the samples
were sealed in a polyethylene bag filled with N2 and transferred to the analysis chamber.
The corresponding transparency curve of the process can be seen in figure 5.10. The
formation of detectable particles begins within the first 90 seconds and after 2.5 minutes
the transparency is already below 5%.

Figure 5.10: Normalized transmission intensity (transparency) graph obtained
monitoring a CBD with the inclusion of 1% of additive. Dots indicate times (and
transparencies) at which the samples were removed from the chemical bath.

The coverage of the CuInS2 absorber by the deposited buffer layer can also be con-
trolled by investigating the valence band region of the XPS spectra, where the In4d and
the Zn3d core levels are visible. In figure 5.11 the measured XPS spectra of the sample
series is shown. For the KCN-etched CuInS2 reference (a) only the In4d core level is
present. On the other hand, for the samples buffered during 90 (b) and 120 seconds (c),
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both In4d and the Zn3d core levels are present, which indicates that there is deposition
of a zinc-containing layer, but that either this layer is not closed or it is thinner than the
information depth of the XPS. According to the investigations regarding the structure of
the buffer layer presented in chapter 4 (see figure 4.3) the presence of In- and Cu- related
signals in this case is probably due to the fact that the layer is not completely closed.
Finally, for deposition times above 3 minutes [(d), (e)] the In3d core level is no longer
visible. This means that the CuIn2 absorber is covered by a closed Zn-containing layer
with a thickness that exceeds the information depth. As explained in the previous section
and assuming that, e.g., the In3d5/2 photoelectrons (with a binding energy EB ≈444 eV)
are exclusively attenuated by a pure ZnS layer covering the absorber homogeneously, the
thickness of the buffer layer can be estimated to be ≥ 5.4± 1.1 nm (based on the λ taken
from reference [133] and equation (5.5)).

Figure 5.11: XPS detailed spectra of the valence band region, where the In4d and
Zn3d core levels of the Zn(S,O) buffer layer deposited on CuInS2 absorbers are
shown. The buffer layer deposition times were 90 s (b), 120 s (c), 180 (s) and 420
(s). Additionally, the spectrum of a KCN-etched CuInS2 is also shown (a).

This means that the deposition rate of the buffer layer grown using the additive is
higher than in the standard case, where indium and copper related signals were still visi-
ble after a buffer deposition time of 9 minutes (see figures 5.3 and 5.5). Thus, the faster
precipitation of the particles in the chemical solution obtained when using the additive
(figure 3.15), has indeed been translated into a faster deposition of material on the ab-
sorber.

The second question corresponds to the thickness-resolved composition of the de-
posited buffer layer. The qualitative analysis of this composition can be also done by
investigating the positions of the ZnL3M45M45(

1G) Auger peaks, as it was previously
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done for the buffer layer deposited without any additive (see figure5.4). Figure 5.12
shows the XAES spectra of the buffer/CuInS2 sample series. It can be seen that there
is no shift in the position of the Auger peak for increasing deposition times. No shifts are
measured on the Zn2p3/2 and the Zn3d core levels. Therefore the same composition is
expected for all samples, regardless of the deposition time. Comparing the position of the
ZnL3M45M45(

1G) to the values found on the literature [137, 125] (represented as bars in
figure 5.12) a composition of ZnO and/or ZnS is most probable, with only minor amounts
of Zn(OH)2.

Figure 5.12: XAES detailed spectra of the ZnL3M45M45 Auger peaks as measured
on the CuInS2/buffer sample series: b) 90 s, c) 120 s, d) 180 s and e) 420 s. The
energetic positions of the ZnL3M45M45(1G) Auger signal for different Zn com-
pounds are additionally given as bars on the upper part of the graph, representing
their range of variation found in references [137] and [125]. On cases where only a
single value is reported in the literature an error of ±0.2 eV is assumed to represent
its uncertainty, as suggested in reference [124].

The composition of the buffer can also be investigated quantitatively, as it was done
in the previous case, by examining the Zn2p3/2 core level. For this study, the Zn2p3/2

photoemission signals can be again fitted using Voigt functions, accounting for two con-
tributions (ZnS and ZnO). The energetic positions of the maxima of the Voigt functions
is separated 0.7±0.2 eV and the full width at half maximum FWHM (1.7 and 1.9 eV re-
spectively for the Zn2p3/2 core level) is kept constant. This is shown in figure 5.13, where
the XPS spectra of the Zn2p3/2 core level of the buffe/CuInS2 series (90 s, 180 s and
420 s deposition time) are presented along with the contributions corresponding to ZnS
and ZnO. The addition of both contributions (solid black line) agrees with the measured
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spectra (bullets).

The ZnS/(ZnS+ZnO) ratio is calculated by using the areas below the fit curves, which
describe the contributions of ZnS and ZnO to the total Zn2p3/2 spectra. The values deter-
mined from the Zn2p3/2 photoemission lines are summarized in table 5.5. The ratio of the
corresponding areas is an expression of the ZnS/(ZnS+ZnO) ratio. In this case, the ratio
is close to 50% for all samples.

Table 5.5: Energetic position of the ZnS (Max 1) and ZnO (Max 2) contributions to
the Zn2p3/2 photoemission signal together with the area ratio of both contributions
(Area 1 and Area 2 respectively). The ratio ZnS/(ZnS+ZnO) is approximately
constant with deposition thickeness and can be directly calculated by averaging
these values. The ratio is therefore ∼51±2%.

Deposition time Max 1 (eV) Max 2 (eV) Area 1(%) Area 2(%) R2

90 s 1022.1 1022.9 50 50 0.999
180 s 1022.2 1022.9 53 47 0.997
420 s 1022.2 1022.9 49 51 0.998

The conclusion of these analyses is that, in contrast with the buffer layer deposited
by the standard CBD recipe, the use of the additive results in a Zn(S,O) layer without
the initial pure ZnS layer (at least for deposition times above 90 seconds). Additionally,
there is no gradient of the oxygen content through the cross-section of the buffer, the
ratio ZnS/(ZnS+ZnO) being close to 50% in all samples. The increased oxygen content
in the buffer layers deposited using the additive is due to the fact that hydrogen peroxide
always decomposes exothermically into water and oxygen gas. ZnS particles can be then
oxydized by means of H2O2 [141].

These results are also compatible with the model presented in section 5.2.1 (see equa-
tions (5.6) and (5.7) and figure 5.8). Figure 5.14 shows the amount of ZnS (deposited by
ion-by-ion and cluster mechanism) and ZnO together with the ZnS/Zn(S,O) ratio, consid-
ering k2 = 50 · k1 and the ratio ZnS:ZnO in the Zn(S,O) layer to be 1:1. It can be seen
that as soon as the deposition of Zn(S,O) starts, the ZnS/Zn(S,O) ratio tends rapidly to
0.5. Therefore, no shift in the Zn-core levels is found by XPS.

The fact that a single phase material is grown on the absorber enables the calculation
of the valence band offset at the absorber/buffer interface. These investigations are not
feasible for the standard CBD-deposited ZnS/Zn(S,O) bilayer because, in addition to the
band bending in the CuInS2 due to the interface formation process, there is a shift due to
a changing chemical environment with buffer layer thickness. These additional chemical
shifts make it impossible to determine the buffer’s contribution to the overall interface-
induced band bending. In order to calculate the valence band offset at the absorber/buffer
interface, the sample series is characterized by ultraviolet photoelectron spectroscopy.
The results obtained are presented in the following section.
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Figure 5.13: XPS spectra of the Zn2p3/2 photoemission signals of the
buffer/CuInS2 samples (bullets). The Voigt profiles accounting for the contribu-
tions of ZnS (contribution 1) and ZnO (contribution 2), as well as the addition of
these contributions are also presented (solid lines).
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Figure 5.14: Schematic representation of the amount of ZnS (ion-by-ion and clus-
ter mechanisms) and ZnO (cluster mechanism) deposited considering that ZnS is
deposited at a constant rate k1 at all times and a deposition of Zn(S,O) with a
ZnS:ZnO ratio of 1:1 at a 50 times higher rate (k2 = 50 · k1) for t > ti. Addi-
tionally, the calculated ZnS/Zn(S,O) ratio as a function of time is also included.

5.3 Summary

The results presented in this chapter have corroborated and extended the conclusion ex-
tracted from the study of the structure of the buffer layers by means of electron mi-
croscopy:

Standard CBD process: With the results obtained by investigating the microstructure
of Zn(S,O) buffer layers on CuInS2 absorbers, it can be concluded that in the early stages
of the standard CBD process, which corresponds to the initial plateau in the transparency
of the chemical solution measured with the optical sensor, a ZnS layer is formed onto the
CuInS2 absorber. No particles are detected by the monitoring system during this stage,
meaning that Zn(OH)2 clusters and/or ZnS aggregates have not yet been formed in the
solution. Therefore, the growth mechanism during this stage of the deposition process
is believed to be an ion-by-ion growth mechanism. Whether the formation of the ZnS
layer in this early stage of the CBD takes place between the S2− ions released by the
decomposition of thiourea and the Zn2+ ions present in the chemical bath or whether at
this point there are no S2− ions yet and the sulphur-containing surface acts as a source of
anion is not clear.

In the second stage a Zn(S,O) layer is deposited with an increased growth rate. The
ZnS/(ZnS+ZnO) ratio decreases gradually from 100% to ∼ 80%. After a deposition time
of (at the most) 13.5 minutes, this ZnS/Zn(S,O) bilayer buffer covers the rough CuInS2

with a minimal thickness of 5.4±1.1 nm. This increased growth rate occurs in parallel
to the decrease of turbidity in the solution and correspondingly with the formation of
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detectable Zn(OH)2 and ZnS aggragates. Therefore, the main growth mechanism tak-
ing place in this stage is believed to be a cluster mechanism, based on the formation of
Zn(OH)2 clusters which transform to ZnS as explained in section 3.1.2. Whether the
growth mechanisms during the two stages of the process (ion-by-ion in the first, cluster
-or hydroxide- based in the second) are simple or complex remains unclear.

Modified CBD process: The inclusion of the additive during the deposition process
accelerates the formation of particles in the chemical solution and increases the reaction
rate. This is translated into a higher deposition rate on the CuInS2. After 3 minutes of
deposition, the absorber is completely covered by a Zn(S,O) buffer layer with a thickness
exceeding the information depth of XPS. The buffer layers deposited using the modified
CBD process are homogeneous in terms of composition. The deposition of a pure ZnS
layer is not detected. The calculated ZnS/(ZnS+ZnO) ratio is ∼0.5. The growth mecha-
nism of the chemically deposited buffer layer is expected to be based mainly on a cluster
mechanism.
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Chapter 6

Study of the CuInS2/Zn(S,O) interface
by XPS and UPS

The CuInS2/Zn(S,O) interface constitutes the p-n heterojunction. It is the critical com-
ponent of the device since its properties and its quality determine the mechanisms that
govern the current transport and thus the performance of the device. The two key as-
pects of the interface are the band alignment between absorber and buffer and the density
of interfacial electronic states that may result from the dissimilar crystal lattices of the
materials.

The energy band line up characterizes the properties of semiconductors heterojunc-
tions. If two different materials with different properties (e.g. band gaps) are brought
together, a certain equilibrium situation results, characterized by the constancy of the
Fermi level across the entire device. As a result of this, band offsets will appear at the
metallurgical junction, resulting in favourable or unfavourable features for the electronic
transport across the junction [142, 30]

The starting point for the theoretical analysis of semiconductor heterojunctions is the
Anderson model [143] which assumes an abrupt junction and neglects contributions from
interface dipoles and surface states. The key element of the theory is the statement of
a common reference level to which all energy levels of each compound are referred to.
In the Anderson’s model, this common reference level is the vacuum level, which by
definition is continuous through the whole device. There are two fundamental parameters
that determine the band line up between the semiconductors that form the heterojunction:
the electron affinities χ1 and χ2 (defined as the energy difference between the bottom of
the conduction band and the vacuum level) and the energy band gaps Eg1 and Eg2. When
both parameters are known for the materials constituting the heterojuction, the resulting
band line up can be in principle inferred from the following calculations:

• The conduction band offset will be determined by the difference of the electron
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affinities on both sides of the junction:

∆EC = χ1 − χ2 (6.1)

• The valence band offset will be determined by:

∆EV = (χ1 − Eg1)− (χ2 − Eg2) (6.2)

This so called electron affinity rule allows to separate the band offset problem from
that of the band bending on either side of the junction, which is defined by the doping
and the corresponding voltage drop. This separation can be done as long as the electron
affinity and the band gap do not depend on the doping concentration (that is, for non-
degenerated materials).

In practice, this is a simple picture that fails in fully describing the heterojunction
properties. But nevertheless, and based on practical considerations, the model from An-
derson will be adopted for the analysis of the CuInS2/Zn(S,O) interface under study. This
decision is supported by the following considerations:

• TEM observations reveal a well defined metallurgical junction. There are indica-
tions that show that out-leached Cu from the absorber surface forms a [Zn(1−Z),Cu2Z]S-
like interlayer between buffer and absorber. Furthermore, an incorporation of Zn
into the uppermost region of the CuInS2 absorber, where Zn-S bonds are formed,
has been observed. A major fraction of the Cu and Zn can be found close to the
interface in the buffer and absorber layer respectively, with a calculated spatial ex-
tension lower that 0.4 nm [144]*1. This further supports the original assumptiom
of a well defined metallurgical junction.

• The polycrystalline nature of the semiconductors forming the interface makes unaf-
fordable even the simplest attempts to estimate the contribution of interface dipoles,
defect densities and lattice mismatches for every single pair of crystalline surfaces
coming in contact. It could be argued that the polycrystallinity may act as a way
of neutralizing some of these defects, provided a random distribution of crystallite
orientations at the junction plane.

• Anderson’s model is invariably used to predict energy band diagrams of semicon-
ductor heterojunctions, and a reasonable agreement between the theory and the ex-
periment is normally found regarding the band offsets [145].

Additionally, Anderson’s model was originally enunciated for heterojunctions with-
out interface traps. If interface traps are present equation (6.1) (i.e. ∆Ec = ∆χ) is not a
valid assumption [28]. However, by choosing ∆Ec as an empirical quantity, the Anderson
model remains unaltered [146].

1References marked with * have Rodrigo Sáez-Araoz as an author and show results related to this work.
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Based on this considerations, the approach followed in this section for the study of
absorber-buffer heterojunctions will consist in the application of the electron affinity rule
for the estimation of the band offsets. The empirical quantity needed to determine ∆Ec
will be the band gap of each of the heterojunction partners, as it will be shown in section
6.3

6.1 Ultraviolet photoelectron spectroscopy

Ultraviolet photoelectron spectroscopy (UPS) is particularly useful for the study of va-
lence electrons, as the exciting energy is limited to some tens of eV. Typical sources of
UV radiation used in UPS analysis are the He I (21.2 eV) and He II (40.8 eV) lines of a
discharge lamp. This method provides a practical way for the measurement of the sample
work function. In a metal, the total width of the UPS spectrum “U” is limited by those
electrons at the Fermi level (the ones having the highest kinetic energy Ekin = hν − Φ)
and the secondary electrons at the spectrum cut-off (the ones having the lowest energy
Ekin = hν − Φ− U = 0). Therefore:

Φ = hν − U (6.3)

In the case of semiconducting samples (as the ones studied in this work), the density
of states at the Fermi level is negligible compared to that of the valence band. Thus, the
UPS spectrum edge at low binding energies does not correspond now to the Fermi level,
but to the uppermost valence band. The energy difference between the Fermi level and
the uppermost valence band EF − EV is also a parameter of interest, since it is related to
the effective doping concentration of the sample, according to equation:

n = NCexp(−
EC − EF

kT
) (6.4)

where n is the free electron concentration, NC is the effective density of states at the
conduction band edge and EC is the energetic position of the edge of the conduction
band.

6.2 Calculation of the Zn(S,O)/CuInS2 valence band off-
set

The study of the heterojunction formation between CuInS2 absorber films and CBD-
deposited Zn(S,O) buffer layers is carried out by means of X-ray- and ultraviolet- photo-
electron spectroscopy measurements (XPS and UPS, respectively) on a the sample series
described in section 5.2.2 (page 83). This technique is widely used for the estimation of
the valence band offsets at semiconductor heterojunctions. The fact that in the present
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case the covering species (Zn(S,O)) has a larger band gap than the substrate species (CIS)
prevents the application of the so called direct method [147, 148] of the valence band
offset estimation, based on UPS spectra of the evolution of the valence band (VB) edge
as a function of the coverage. The indirect method [149] must be then applied in order to
take into account the possible band bending induced by the coverage. The reliability of
this method has been demonstrated in a number of studies on chalcopyrite materials such
as CuGaSe2 [150, 151], CuInS2 [152, 153] or CuInSe2 [154]. This method involves the
measurement of the valence band edge of substrate and adsorbate species with respect to
the reference position of core levels of each species. The valence band offset is then given
by:

∆EV = BEV BM
CL (CIS)−BEV BM

CL (Zn(S,O))−∆ECL (6.5)

where BEV BM
CL denotes the core level to valence-band maximum binding energy dif-

ference of each compound and ∆ECL represents the difference between core level binding
energies of pairs of elements from each junction partner at low coverages, when the infor-
mation depth of the emitted photoelectrons is sufficient to sample both the absorber and
the buffer.

Figure 5.11 (page 84) shows a series of XPS spectra of the valence band region of
the set of samples for increasing deposition times. In4d core levels are visible in the sub-
strate reference sample (bottom). With increasing deposition time the substrate coverage
proceeds on and CuInS2 emissions are gradually replaced by those characteristics from
Zn(S,O). In4d emissions are still visible after 120 s of deposition together with the Zn3d
peak. The uppermost spectrum (420 s) corresponds to the complete buffer layer, which
serves as a Zn(S,O) reference.

In addition to the determination of reference core levels, the application of equations
(6.2) and (6.5) for the estimation of the valence band offset between the absorber and the
buffer layer requires the determination of the energy of the valence band edge of each
compound with respect to the Fermi level. For this purpose, UPS was used, by means of
both He I and He II emissions. A gold foil, sputter-cleaned with Ar+, served as a reference
for determining the Fermi level (zero in the abscissa). The energy difference between the
valence band edge and the Fermi level was obtained from the linear extrapolation of the
leading valence band edge on each sample over the background level. The method pro-
vides a resolution of ±0.1 eV, as inferred from the sharpness of the gold Fermi-edge used
as a reference [36]. In a practical case, the resolution is further limited by the curvature
of the edge and the choice of the linear extrapolation. The results are shown in figure 6.1.
The values ofEV −EF = 1.1±0.15 eV for CIS andEV −EF = 2.9±0.1 eV for Zn(S,O)
are calculated.

The obtained value of EV − EF = 1.1 is in agreement with previously measured
valence band offsets with CuInS2 as an heterojunction parter [155]. From simple calcula-
tions following equation (6.4) and considering an effective density of states at the valence
band of approximately 1019cm−3 [98], extremely low values (< 102cm−3) of free charge
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Figure 6.1: Onset of the UPS (He I)-derived valence band edges of a KCN-etched
CuInS2 absorber (left) and of a thick Zn(S,O) buffer deposited for 420 seconds
(right). Additional lines help to visualize the position of the valence band maxima
in both cases showing the linear extrapolation of the band edge. For the KCN-
etched sample, the uncertainty of the chosen leading valence band edge is taken
into account (boundaries marked as dotted lines) and a corresponding error of 0.15
eV is found. The positions, in energy scale, of the valence band edges are included
and referred to the Fermi level.

carriers concentrations are obtained . It is therefore concluded that the position of the
Fermi level EF with respect to the valence band edge at the film surface is substantially
different from that expected in the film bulk. Whether this is the result of charge carrier
depletion due to the appearance of donor-like surface states, or it should be related to a
different phase of dissordered nature at the surface of the absorber remains unclear.

Table 6.1: Energy differences between the core levels and valence band maxima
(ECL-EV ) of CuInS2 (KCN-etched reference) and Zn(S,O) (420 s deposition
time) elements. Energy differences between core level pairs from both materials
∆ECL(CIS-Zn(S,O)) are also included. These values have been obtained by
averaging the differences between the core levels of the samples buffered for
90 and 120 seconds. Finally, the calculated values for each core level pair are
presented. The positive sign means an upward shift when transiting from CIS to
Zn(S,O). All energies are given in eV.

Core Level ECL-EV ∆ECL(CIS-Zn(S,O)) Core level pairs, ∆EV
Zn3d 7.9±0.1 Zn3d Zn2p In3d/Zn3d 1.7±0.2
Zn2p 1019.6±0.1 In4d 7.7±0.1 -1004±0.1 In3d/Zn2p 1.9±0.2
In4d 17.5±0.1 In3d 434.4±0.1 -577.3±0.1 In4d/Zn3d 1.7±0.2
In3d 444.0±0.1 In4d/Zn2p 1.9±0.2
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Values of energy differences between core level binding energies and the valence
band edges, as well as energies between core level pairs of both CuInS2 and Zn(S,O)
compounds are summarized in table 6.1. An average valence band offset of 1.8±0.2 eV
between the CuInS2 absorber layer and the Zn(S,O) buffer layer is found, according to
equation (6.5).

A re-characterization of the sample series after annealing in air (200 ◦C, 5 minutes)
enables the investigations of the influence of the heat treatment on the band alignment.
The calulations in this case are also based in equation (6.5). The values of the energy
differences between core level binding energies and the valence band edges, as well as
energies between core level pairs of both CuInS2 and Zn(S,O) compounds are summarized
in table 6.2. In this case, an average valence band offset of 1.5±0.2 eV between the
CuInS2 absorber layer and the Zn(S,O) buffer layer is found.

Table 6.2: Energy differences between the core levels and valence band maxima
(ECL-EV ) of CuInS2 (KCN-etched reference) and Zn(S,O) (420 s deposition time)
elements after a heat treatment in air (200 ◦C, 5 minutes). Energy differences be-
tween core level pairs from both materials ∆ECL(CIS-Zn(S,O)) are also included.
These values have been obtained by averaging the differences between the core
levels of the samples buffered for 90 and 120 seconds. Finally, the calculated
values for each core level pair are presented. The positive sign means an upward
shift when transiting from CIS to Zn(S,O). All energies are given in eV.

Core Level ECL-EV ∆ECL(CIS-Zn(S,O)) Core level pairs, ∆EV
Zn3d 7.5±0.1 Zn3d Zn2p In3d/Zn3d 1.5±0.2
Zn2p 1019.1±0.1 In4d 7.7±0.1 -1003.9±0.1 In3d/Zn2p 1.5±0.2
In4d 16.4±0.1 In3d 434.3±0.1 -577.4±0.1 In4d/Zn3d 1.5±0.2
In3d 444.3±0.1 In4d/Zn2p 1.4±0.2

6.3 Estimation of the Zn(S,O)/CuInS2 conduction band
offset

Since the photo-generated electrons have to pass through the CuInS2/Zn(S,O) heterostruc-
ture in order to be able to contribute to the photocurrent, the conduction band offset is
crucial with respect to the performance of the final solar cell device. Thus, the conduction
band minimum (CBM) of the CuInS2 absorber surface and on the Zn(S,O) buffer surface
was estimated based on the previously calculated valence band maxima (VBM) and the
corresponding band gaps of both heterojunction partners, according to equation:

∆EC = EZn(S,O)
g − ECIS

g −∆EV (6.6)
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The bulk band gap of the CuInS2 is 1.5eV [101]. However, due to the copper-
depletion of chalcopyrite surfaces [156, 157], a higher band gap can be expected at the
CuInS2 surface (Esurf

g ). In order to estimate this value, the lower limit will be the bulk
value of the band gap. In the case of the related Cu(In,Ga)S2 absorber material with a
Ga/(In+Ga) ratio of 0.2, a surface band gap of 1.76±0.15 eV was found [158]. This value
of 1.76 eV will be taken as an upper limit for the surface band gap of the CuInS2 ab-
sorber under analysis [159]*, although a lower value of the band gap is expected due to
the absence of Ga in the CuInS2 samples under study. Therefore, for the following calcu-
lations, the surface band gap Esurf

g of the CuInS2 absorber layer will be considered to be
1.63±0.15 eV.

Figure 6.2: Left: transmission and reflection measurements of a glass/Zn(S,O)
sample before and after an annealing step in air at 200 ◦C during 5 minutes. The
Zn(S,O) layer was desposited in three consecutive chemical baths. Right: Spectra of
the buffer absorption coefficient α (represented as (αhν)2) before and after the post
deposition annealing step of the glass/Zn(S,O) sample. The linear extrapolations for
the determination of the band gaps Eg are also shown.

For the determination of the buffer layer band gap, transmission/reflection spectra of
Zn(S,O) deposited on quartz glass substrates are measured with an optical Cary 500 spec-
trometer with an integration sphere. The spectrometer is capable of measuring from the
ultraviolet to the near infrared wavelength region and the measurements are performed
before and after a post-deposition heat treatment (5 minutes at 200 ◦C in air). In order
to grow a sufficiently thick sample, the final Zn(S,O) layer was deposited by three con-
secutive identical chemical baths. Parallel depositions of Zn(S,O) on Glass/Molybdenum
and Glass/Molybdenum/CuInS2 substrates are investigated by means of scanning elec-
tron microscopy of the respective cross-sections and the thickness of the deposited buffer
layer was in both cases close to 100 nm. Since CBD-Zn(S,O) is assumed to be a typical
direct semiconductor with a linear correlation between (αhν)2 and photon energy hν, the
intersection of the linear extrapolated curve with the abscissa represents the width of the
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optical band gap [160]. This is shown in figure 6.2, where the transmission and reflection
measurements before and after annealing are shown together with the spectra of the buffer
absorption coefficient of a glass/Zn(S,O) sample.

One can then substitute the obtained values of the valence band offset and the band
gaps of CuInS2 and Zn(S,O) in equation (6.6) to calculate the value of the conduction
band offset at the interface and to consequently represent the energy band diagram at the
Zn(S,O)/CuInS2 heterojunction2. The proposed band diagram is depicted in figure 6.3 for
the not-annealed (left) and the annealed samples (right). The valence band offsets agree
in both cases with those reported for CuInS2/ZnS/Zn(S,O) heterojunctions. The conduc-
tion band offset can be calculated in this case due to the homogeneous composition of
the buffer layer deposited using the modified CBD. A value of 0.5 ±0.3 eV is found in
both cases (before and after annealing). In the case of CuInS2/ZnS/Zn(S,O) samples,
the conduction band offset was qualitatively studied and resulted also in a spike-like off-
set [159]*. The additional band bending in the CIS absorber measured after annealing
supports the model of formation of Zn+

Cu states at the absorber’s surface as a result of
a CBD-induced and heat treatment promoted Cu-Zn intermixing at the Zn(S,O)/CuInS2

interface, as suggested in [144]*.

Figure 6.3: Determined energy band diagram at the Zn(S,O)/CIS heterojunction
before (a) and after an annealing step is air, at 200 ◦C for 5 minutes.

The band alignment between a chalcopyrite material and nominal ZnS layers has been
a matter of study in several groups. Table 6.3 shows the literature data regarding valence
and conduction band offsets of chalcopytite/ZnS structures.

Pure ZnS buffer layers deposited by ALD or evaporation result in high spike-like con-
duction band offsets between the absorber and the buffer layer. These offsets are reduced
if oxygen is included in the composition, leading to an improvement of the performance of
the solar cells. According to device simulations [29], for spike-like conduction band off-

2It is assumed that the surface band gap of the absorber does not change after the heat treatment [159]*.
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Table 6.3: Literature data regarding band alignment between a chalcopyrite
material and a nominal ZnS buffer layer deposited on the substrate by atomic
layer deposition (ALD), evaporation or chemical bath deposition. Additionally,
efficiencies of related solar cells is also included.

Absorber Buffer Method VBO (eV) CBO (eV) η (%)
CIGSe Zn(O,S)10%[26] ALD 1.65 0.2 13.6
CIGSe Zn(O,S)20%[26] ALD 1.25 0.7 13.5
CIGSe ZnS[26] ALD 1.19 1.21 11.3
CIGSe Zn(S,O,OH)[161] CBD 0.8 1.0 16.5
CIGSe ZnS[161] Evaporation 1.4 1.6 /

CIS(HZB) ZnS/Zn(S,O)[159]* CBD 1.51 > 0 11.4
CIS(SCG) Zn(S,O)(this work) CBD 1.5 0.5 8.5

sets higher than 0.5 eV, the efficiency decreases due to a drop of the short circuit current,
as a result of the large barrier for photogenerated electrons.

6.4 Summary

In this chapter, the interface between CuInS2 and CBD-deposited Zn(S,O) has been stud-
ied by means of XPS and UPS, based on Anderson’s model. The valence band offset
obtained using the modified CBD to deposit the buffer layer corroborates that previously
reported for ZnS/Zn(S,O) bilayers. After annealing, an increased band bending in the
CIS absorber was obtained, supporting the model of formation of Zn+

Cu states at the in-
terface. The fact that the Zn(S,O) buffer layer deposited using the modified CBD exhibits
a homogeneous composition allows the calculation of the conduction band offset at the
absorber/buffer interface. The resulting spike-like conduction band offset of 0.5 eV is
mantained after annealing. According to device simulations, conduction band offsets be-
low 0.6 eV are compatible with efficient devices.
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Chapter 7

Photovoltaic performance of Zn(S,O)
buffered solar cells

Once several aspects of the chemically deposited buffer layer, such as the growth, compo-
sition and microstructure, have been characterized, the next step is the study, in terms of
their photovoltaic performance, of Zn(S,O) containing thin film devices. The evaluation
of the photovoltaic performance of Zn(S,O)-buffered thin film solar cells has been carried
out by means of current-voltage analysis under different temperatures and illumination
intensities. This technique provides detailed information about the electronic transport
mechanism governing the performance of the device under analysis, as well as a direct
measurement of the photovoltaic parameters, namely the open circuit voltage (Voc), the
short circuit current (Isc) and the fill factor (FF ). The knowledge of these parameters and
of the irradiation power enables the calculation of the efficiency of the solar cell. In the
following section, the results of the characterization of single cell devices (0.5 cm2 area)
will be presented. The results on larger areas (up to 30 cm x 30 cm) will be shown in
chapter 8.

7.1 Characterization methods

current-voltage J(V) characteristics have been obtained using two different set-ups, a con-
tinuous light sun simulator and the J(V,T) set-up. Their main features will be briefly
reviewed in the following:

7.1.1 Sun simulator

A continuous light sun simulator working under standard test conditions is used to charac-
terize the PV-parameters of the photovoltaic device under study. The use of the standard
test conditions is important in order to obtain world-wide comparable results. In all cases
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the temperature of the cell is 25 ◦C. For measurements performed under illumination, the
radiation power must be 100 mW/cm2 and the light spectra should simulate, as closely
as possible, that of the sun at AM1.5G1. In the experimental set up, the temperature is
controlled by means of a thermostat set at 23 ◦C and considering that the temperature of
the cell is∼ 2 ◦C higher than that of the sample holder. The spectral content of the light is
determined by the use of a halogen lamp (JQ324/04) and a xenon lamp (KX0 1000 HSDF)
with a power of 120 W and 100 W respectively, together with optical lenses inside the
sun simulator. The radiation power is calibrated regularly by means of a silicon reference
solar cell, whose current output as a function of the light input and temperature is known.
In this case, the temperature of the silicon solar cell is controlled by monitoring the series
resistance at the probes. Once the value of the resistance is stabilized at 109.7 Ω, an out-
put current of 141.7 mA is equivalent to a radiation intensity of 100 mW/cm2. Figure 7.1
shows the spectral irradiance of the sun simulator used during this work together with the
AM 1.5 reference spectrum. The calibration procedure is done every 40 working hours
to check the aging of the lamps. The halogen lamp is changed every 80 working hours,
while the xenon lamp can last up to 1000 hours. J(V) measurements are performed in the
four-probe configuration in order to reduce the influence of the contact series resistance.
One pair of needle probes is connected to the Mo back contact and a second one to the
front contact (Ni-Al grids in the case of 0.5 cm2 single cells). Both pairs are connected
to the measuring unit (Keithley SMU 238), which generates the voltage and measures the
corresponding current, as specified in a computer program.

Temperature-dependent J(V) analysis

The current-voltage characterization as a function of temperature -J(V,T)- is performed
inside a cryostat provided with a quartz window that allows for illumination. The sample
holder is a hollow piece of steel which may be flooded with liquid nitrogen if refrigeration
is needed. The cryostat is evacuated with a turbo pump after the sample has been mounted.
The temperature is controlled by a thermocouple and governed by an electrical heater. The
usual temperature range of analysis extends from 150 K to 350 K in steps of 10 K. J(V)
curves can be recorded for different illumination intensities Iilu, with 0.00005≤ Iilu ≤ 1,
being Iilu=1 approximately the AM1.5G reference. For this purpose, a rotating neutral
filter wheel is located between the lamp and the cryostat quartz window. As in the case
of the sun simulator, samples are contacted in the four-point-probe configuration and the
measuring unit (Keithley SMU 238) generates the voltage and measures the current. The
sample is illuminated by a single halogen lamp and there is a shutter for switching from
dark to illuminated measurements. The fact that a single halogen lamp is used leads
to differences in the spectral content when compared to the measurements performed in
the sun simulator. The mismatch is partly compensated by adjusting the short circuit

1The standards are characterized by the so-called air mass (AM), equivalently the optical path of the
real sun light when crossing the terrestial atmosphere before reaching the sample, and the kind of radiation
incidence impining on it, either direct (D) or global (G), which includes also scattered light. This work will
only refer to the standard AM1.5G spectrum. Further details and numerical values can be found in Ref [37].
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Figure 7.1: Spectral irradiance of the sun simulator used for the J(V) characteriza-
tion in this work, compared to the reference AM 1.5 spectra.

current as measured in the J(V,T) set up to the value obtained in the sun simulator. This
ensures that the same current is flowing through the device as in the standard conditions.
Nevertheless, the absolute values of the PV parameters as recorded in the J(V,T) set up
are only approximate, and their full meaning can be evaluated in a relative scale when
comparing measurements under different illuminations.

7.2 J(V,T) analysis of Zn(S,O) buffered devices

Current-voltage characteristics as a function of temperature have been measured on Zn(S,O)
buffered devices based on both CuInS2 and Cu(In,Ga)(S,Se)2 absorbers. Different recom-
bination mechanisms seem to govern the performance of the device for the case of low
band gap and wide band gap absorbers. In the case of CuInS2 absorbers, samples buffered
using the standard CBD process and the process including the additive (see section 3.2
and 3.4.3) have been characterized in order to find out if the inclusion of the additive that
leads to an increase of the deposition rate and therefore to a reduction of the processing
time has any impact in the recombination mechanisms that control the current transport.
A detailed summary of the basics of recombination mechanisms is found in Appendix B.

J(V) curves measured in the dark are fitted using equation (2.2). On the other hand,
a direct analysis of the J(V) curves measured under illumination according to equation
(2.2) would lead in this case to erroneous parameter values, since it assumes that photo-
generated current density JL does not depend on the biasing conditions. A way of circum-
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venting this problem includes the measurement of illuminated J(V) curves as a function
of different illumination intensities. If equation (2.2) is written at open-circuit conditions
(J(Voc) = 0) and assuming that the photogenerated current density is the short-circuit
current density (JL = Jsc):

Jsc = J0

(
exp

(
qVoc
AkT

)
− 1

)
+
Voc
Rp

(7.1)

This provides a direct relationship between the short-circuit current density and the
open-circuit voltage of the solar cell. Different illumination intensities for a given tem-
perature provide different points fulfilling equation (7.1), which preserves the qualitative
J(V) dependence of the dark curve. This means that the fitting procedure remains valid
and that any change in the electronic transport mechanism governing the performance of
the device will in turn be translated into a change in J0 and A, when compared to the
values obtained by fitting the dark characteristic.

The Jsc(Voc) plot resembles the behaviour of the dark J(V) characteristic (figure 2.6)
in the forward bias range, excluding region IV, where the effect of the series resistance, ex-
plicitly eliminated from equation (7.1) at open circuit conditions, is most notable. There-
fore, the standard analysis of illuminated J(V) curves will be referred to as Jsc(Voc) in this
work.

7.2.1 Ideality factor and activation energy

The discussion of the different recombination mechanisms will be based on the study
of the diode ideality factor (A) and the activation energy (EA) of the saturation current
density (J0). As a brief summary, the recombination current density can be generally
expressed for the various recombination mechanisms detailed in Appendix B as:

JR = J0exp

(
qV

AkT

)
= J00exp

(
−EA
AkT

)
exp

(
qV

AkT

)
(7.2)

where J00 is a pre-factor. A method used to obtain the activation energy of the saturation
current density from dark and illuminated J(V) curves is to re-write equation (7.2) as:

AlnJ0 =
−EA
kT

+ Aln(J00) (7.3)

Considering that the dependence of the pre-factor J00 on the temperature is very weak
[162], if A is not strongly temperature dependent, a plot of AlnJ0 versus 1/T (an Arrhe-
nius plot) yields a straight line [163]. From the slope of the straight line the activation
energy can be found [164].

In cases where the diode quality factor depends strongly on the temperature (i.e. tun-
neling enhanced recombination processes), the analysis of the activation energy using
equation (7.3) is not possible [163].
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The temperature dependence of the saturation current density and the diode quality
factor give hints regarding the dominant recombination mechanism in the solar cell. From
the value of the activations energy, information about where the recombination is taking
place can be found. If EA 6= Eabsorber

g the recombination takes place at the interface. If
the activation energy matches the value of the band gap of the absorber, the place cannot
be unambiguously determined, although in most cases, the corresponding recombination
mechanism can be tracked back to the space charge region [165]. For a more detailed
description of the different recombination mechanisms in a pn-heterojunction device, the
reader is referred to Appendix B.

7.2.2 Cu(In,Ga)(S,Se)2/Zn(S,O) devices

Zn(S,O)-buffered Cu(In,Ga)(S,Se)2 devices have been characterized by means of tem-
perature dependent J(V) measurements in order to find out which are the recombination
mechanisms that govern the performance of the device in the dark and under illumination.
For this purpose, Cu(In,Ga)(S,Se)2 absorbers (5x5 cm2) are buffered using the standard
CBD process. Samples are removed out of the bath when the transparency of the solution
reaches 80%, 40%, 20% and 9% of the initial value, which corresponds to deposition
times of approximately 11.5, 15, 18 and 21 minutes respectively. After the desposition of
the buffer layer, solar cells are completed by sputtering the window layer and evaporat-
ing contact grids for better current collection. In addition, one sample without any buffer
layer is also processed for comparison. The performance of single cells (0.5 cm2 total
area) where characterized by means of the sun simulator operating under standard test
conditions. The average PV-parameters (and corresponding standard deviations) of the
twelve single cells located in the center of the 5x5 cm2 samples (to avoid possible non-
homogeneities introduced during the cleaving of the absorber or from shadowing effects
of the sample holder in the CBD), are presented in table 7.1. Additionally, the PV param-
eters of one single cell (transparency of the chemical solution = 22%) measured under
standard test conditions, together with the fitting parameters extracted from the analysis
of the dark J(V) characteristic at 300 K (see equation (2.2)) are included in table 7.2.

While results with no buffer layer show very low values in all PV parameters, in
the case Zn(S,O)-buffered devices, high performances are achieved even for high trans-
parency values, i.e. short deposition times. XPS studies of In4d and Zn3d core levels
reveal that for these short CBD processes, the Cu(In,Ga)(S,Se)2 absorber layer is either
not completely covered or is covered by a layer not exceeding the escape depth [108].
This may account for the larger standard deviations observed in the open circuit voltage
for samples buffered during 11.5 minutes (80% transparency) when compared to those
samples which stayed longer in the chemical bath. Best efficiencies are obtained for the
sample buffered during 18 minutes (22% transparency). In this case HR-TEM and XPS-
XAES investigations show the formation of a bi-layer, starting with a thin (3-4) nm pure
ZnS layer followed by a nanocrystalline Zn(S,O) layer (see chapters 4 and 5), with a total
thickness of 20 nm.
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Table 7.1: Average PV parameters and standard deviation of twelve
Mo/Cu(In,Ga)(S,Se)2/Zn(S,O)/ZnO single cells buffered for 11.5 minutes (80%
transparency), 15 minutes (40% transparency), 18 minutes (22% transparency)
and 21 minutes (9% transparency). For the case of the sample buffered during 18
minutes, the values of A, J0, Rs and Rp extracted from the fit of the dark J(V)
characteristic at 300K are also shown. Voc is given in mV, Jsc and J0 in mA/cm2,
the fill factor (FF) and the efficiency (η) in % and Rp and Rs in Ω·cm2

Sample Voc Jsc FF η

No buffer 283±6 26.3±1.1 32.1±0.7 2.4±0.2
80% Transparency 524±11 37.5±0.6 57.6±1.5 11.3 ±0.2
40% Transparency 561±7 37.9±1.4 58.6±2 12.5 ±0.6
22% Transparency 569±2 38.2±1 58.9±3.2 12.7±0.9

Best cell 570 38.9 62 13.7
9% Transparency 569±1 37.7 ±0.6 58.1±2.8 12.5 ±0.5

One single cell from the previously described sample (22% transparency) was addi-
tionally characterized by J(V,T), performing J(V) measurements in the temperature range
from 320 K to 200 K in steps of 10 K. The resulting fitting parameters obtained at 300K
(A, J0, Rp and Rs are summarized in table 7.2. The dark-J(V) and Jsc(Voc) plots, as a
function of temperature, are shown in Figure 7.2. The inset of figure 7.2 a) shows the
dark-J(V) characteristic at 300 K and the corresponding fit using the one diode model
previously described (see equation (2.2).

Table 7.2: Values of A, J0, Rs and Rp corresponding to the best cell (see table
7.1) extracted from the fit of the dark J(V) characteristic at 300K. J0 in mA/cm2,
and Rp and Rs in Ω·cm2

A J0 Rp Rs

1.74±0.01 6.6·10−8 ± 2 · 10−9 1002±8 2.7±0.1

Having measured the dark J(V) curves in the selected temperature range, the temper-
ature dependence of the diode ideality factor is found by fitting the linear region in figure
2.6 (region labeled III). Since the Jsc(Voc) plot resembles that of the dark J(V) in regions
II and III, i.e, the forward bias excluding the effect of the series resistance, a similar pro-
cedure is followed to study the temperature dependence of the diode ideality factor under
illumination. The results are shown in figure 7.3 (left). Both in the darkness and under
illumination, the diode ideality factor remains between 1.5 and 2, pointing to a thermally
activated recombination process in the temperature range under analysis. The slight tem-
perature dependence can be modeled using equation (B.9), as shown in Appendix B. The
fit is also included giving a characteristic energy of the exponentially distributed recombi-
nation centers of 130±12 meV. The value obtained by fitting the temperature dependence
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Figure 7.2: J(V,T) analysis of a Cu(In,Ga)(S,Se)2/Zn(S,O) solar cell. a) Semilog-
arithmic plot of the absolute J(V) dark characteristics as a function of temperature
(320-200 in steps of 10 K). In the inset, the one diode model based fitting obtained
for the characteristic measured at 300 K is shown (for the values of the fitting pa-
rameters see table 7.1. b) Semilogarithmic plot of experimental Jsc(Voc) character-
istics for different values of temperature and light intensity.

of A in the dark lies within the error of the former one and it is not included in the graph
for the sake of clarity. The corresponding activation energies are obtained from a linear
fit of the modified Arrhenius plot (equation (7.3)). This is shown in figure 7.3 (right). In
both cases, values of the activation energy of 1.1 eV are obtained. This value is close to
the value of the bulk energy band gap of the Cu(In,Ga)(S,Se)2 absorber (approximately
1.08eV, as determined from quantum efficiency measurements [108]), which means that
the recombination in this device, in the darkness as well as under illumination, takes place
probably in the space charge region and are not dominated by recombination processes at
the interface. This is a necessary requirement to obtain high efficiency devices [30].

The determined behaviour of Zn(S,O)-buffered Cu(In,Ga)(S,Se)2 solar cells, namely
the thermally activated recombination in the space charge region in the temperature range
under investigation, agrees well with the behaviour determined for CdS-buffered refer-
ences [166] and keeps the path open for the replacement of CdS buffer layers by Zn(S,O)
in Cu(In,Ga)(S,Se)2-based thin film solar cells.

Reagarding the photovoltaic performance under standard test conditions measured
at the sun simulator, the highest conversion efficiency reached within this work by a
Zn(S,O)-buffered Cu(In,Ga)(S,Se)22 single cell (0.5 cm2) is 15.1%. The corresponding
PV parameters and the current voltage curve are shown in figure 7.4.

2Absorber material from an industrial pilot line delivered by AVANCIS GmbH & Co. KG.



108 CHAPTER 7. PHOTOVOLTAIC PERFORMANCE

Figure 7.3: a) Temperature dependence in the dark and under illumination of the
diode quality factor of a Cu(In,Ga)(S,Se)2/Zn(S,O) solar cell. The linear fit ofA for
the measurement performed under illumination is included. b) Corrected Arrhenius
plot of the saturation current density over the inverse temperature in the dark and
under illumination. The corresponding activation energies obtained from the linear
fit of the curves are also given.

7.2.3 CuInS2/Zn(S,O) devices

In order to investigate the performance of solar cell devices by means of J(V,T), CuInS2

absorbers are buffered using the standard CBD and the modified process using the additive
previously described. The deposition times are 30 minutes for the standard process and
5 minutes for the modified process using additive. The substrate size is chosen to be one
square inch and from each substrate eight single cells with a total area of 0.5 cm2. The
performance of each cell is measured at the sun simulator under standard test conditions
and from each substrate, the best cell is investigated by means of J(V,T) for temperatures
ranging from 320 to 200 K in steps of 10 K. Table 7.3 summarizes the PV-parameters
measured at the sun simulator of the cells characterized by means of J(V,T). No significant
differences can be observed between the two sets of parameters.

The measured dark-J(V,T) characteristics and Jsc(Voc) plots are shown in figure 7.5
for both analyzed cells. The graphs in the upper side correspond to the cell buffered with
the standard CBD process, while the graphs located on the bottom side correspond to the
cell buffered using the additive. The fittings obtained applying the one diode model to the
dark J(V) characteristic measured at 300 K can be seen in the inset of the corresponding
figures (top left for the standard CBD and bottom left for the CBD including additive).
The fitting parameters A, J0, Rs and Rp are summarized in table 7.4. In both cases, the
diode ideality factors show values above 2, pointing to a tunneling assisted recombination
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Figure 7.4: Current voltage curve of a Zn(S,O)-buffered Cu(In,Ga)(S,Se)2 single
cell (0.5 cm2) showing the highest conversion efficiency obtained within this work.
The corresponding PV paramenters are included.

mechanism at this temperature. Relatively high are the values of the series resistance, in
good agreement with the relatively low values of the fill factor (see table 7.3).

The J(V,T) analysis (both in the dark and under illumination) of the CuInS2/Zn(S,O)
solar cells under study, deliver similar results. For both the standard buffer layer and the
layer grown with the inclusion of the additive the temperature dependence of the dark J(V)
characteristics and the Jsc(Voc) plot are very similar. The similar behaviour at lower volt-
ages (V<0.4) and the differences between the dark and light behaviour at higher voltage
are clearly seen. The shape of the Jsc(Voc) plot do not resemble that of the dark charac-
teristics. This points to a light-induced difference in the recombination mechanism. This
phenomenon has been documented earlier for CdS-buffered CuInS2 absorbers, although

Table 7.3: PV parameters of 0.5 cm2 CuInS2/Zn(S,O) single cells investigated
by means of J(V,T). The different CBD processes (standard and with additive) are
explained in sections 3.2 and 3.4.3. Voc is given mV, Jsc in mA/cm2, and the fill
factor (FF) and the efficiency (η) in %.

Process Voc Jsc FF η

Standard 654 21 54.3 7.5
Additive 657 21.3 52.3 7.4
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Table 7.4: Fitting parametersA, J0,Rs andRp obtained by applying the one-diode
model to the dark-J(V) characteristic of the CuInS2/Zn(S,O) cells under study at a
temperature of 300 K. J0 is given in mA/cm2, and the parasite resistances Rs and
Rp in Ω · cm−2 . The different CBD processes (standard and with additive) are
explained in sections 3.2 and 3.4.3.

Process A J0 Rs Rp

Standard 2.28±0.01 (2.9±0.2)·10−8 4.3±0.1 1134±12
Additive 2.03±0.01 (9.5±0.4)·10−9 5.7±0.1 2087±15

this is not the case in CuGaSe2 or CuInSe2 [167], nor for Cu(In,Ga)(S,Se)2 (see figure 7.2
and the discussion above).

The behaviour of the diode ideality factor A with decreasing temperature is similar
for both cells, but differs from dark to illuminated conditions. The high values (A > 2)
and temperature dependency of the diode ideality factors in the dark point to a tunneling
enhanced recombination. An evaluation of the activation energy of the saturation current
density following (7.3) is therefore not possible. Under illumination, A remains slightly
temperature dependent and an evaluation of the activation energy EAis possible by plot-
ting the product of the ideality factor with the logarithm of the saturation current density
AlnJ0 as a function of inverse temperature (modified Arrhenius plot), as shown in figure
7.6. The results obtained for the CuInS2 processed with the standard CBD are found in
the upper side of the graph, and those obtained with the additive in the lower. For both
CBD processes (standard and with additive) the recombination in the dark seems to be
dominated by tunneling, since the diode ideality factor remains above 2 and shows the
characteristic temperature dependence. This dependence can be modeled using equation
B.15.

The resulting values of the characteristic temperatures are included in the graphs. The
cell buffered using the standard CBD process shows a stronger contribution of tunneling.
On the other hand, under illumination, the diode ideality factor remains approximately
constant with values below 2, pointing to a thermally activated recombination process.
In order to determine the location at which the dominant recombination mechanisms are
taking place, the evaluation of the activation energy from the modified Arrhenius plot
is necessary. For both cells under study, the activation energy of the saturation current
density is approximately 1 eV, lower than the value of the absorber’s band gap. There-
fore, under illumination, a thermally activated recombination mechanism at the interface
between the buffer and the absorber is predicted.

As in the previously discussed case of Cu(In,Ga)(S,Se)2/Zn(S,O) devices, Zn(S,O)-
buffered CuInS2 absorbers show similar dominant recombination mechanism as in the
case of CdS-buffered references [167]. These results support the feasibility of the Zn(S,O)
buffer layer studied in this work to replace the reference CdS buffer in state of the art
chalcopyrite-based thin film devices. Furthermore, the inclusion of the additive, which
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Figure 7.5: J(V,T) analysis of CuInS2/Zn(S,O) solar cells buffered with the stan-
dard CBD process -a) and b)- and with additive -c) and d)-. The graphs on the left
side -a) and c)- show the semilogarithmic plots of the absolute J(V) dark charac-
teristics as a function of temperature (320-200 in steps of 10 K). In the insets, the
one diode model based fitting obtained for the characteristic measured at 300 K is
shown. The graphs on the right side -b) and d)- show the semilogarithmic plots of
experimental Jsc(Voc) characteristics for different values of temperature and light
intensity.

enhances the deposition rate, does not have any harmful impact on the transport prop-
erties of the studied devices which in turn makes the modified CBD process, a feasible
replacement of the standard one in order to reduce the deposition time.

Reagarding the photovoltaic performance under standard test conditions measured
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Figure 7.6: J(V,T) analysis of CuInS2/Zn(S,O) solar cells buffered with the stan-
dard CBD process -graphs a) and b)- and with additive -graphs c) and d)-. Graphs
a) and c) show the temperature dependence in the dark and under illumination of
the diode quality factor. Graphs b) and d) show the corrected Arrhenius plots of
the saturation current density over the inverse temperature in the dark and under
illumination. The corresponding activation energies obtained from the linear fit of
the curves are also given.

at the sun simulator, the highest conversion efficiency reached within this work by a
Zn(S,O)-buffered CuInS2

3 single cell (0.5 cm2) is 8.5%. On laboratory scale CuInS2

absorbers provided by the technology department at the Helmholtz Zentrum Berlin the

3Absorber material from an industrial production line delivered by Sulfurcell Solartechnik GmbH.
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highest conversion efficiency achieved has been 11.4% [168]*4. The corresponding PV
parameters and the current voltage curve are shown in figure 7.7.

Figure 7.7: Current voltage curve of a Zn(S,O)-buffered CuInS2 single cell (0.5
cm2) showing the highest conversion efficiency obtained within this work. The
corresponding PV parameters are included.

7.3 Band alignment in Zn(S,O) buffered CuInS2 devices

The flat bands-band diagram estimated in chapter 5 (see figure 6.3) can be modified to
obtain a more realistic one by adding the information obtained from the electrical char-
acterization of Zn(S,O) buffered CuInS2 devices. In these devices the energy conversion
efficiency is limited by interface recombination due to an incomplete absorber inversion.

In cases where the activation energy of the saturation current density shows a value
below the band gap of the absorber, two different situation might be occurring [169]:

• A negative conduction band offset, which shows up as EA = Eg,i where Eg,i is the
value of the band gap at the interface and is lower than the band gap of the absorber.

• The Fermi level is pinned. This can be diagnosed by EA = φp,0b where φp,0b is the
position of the Fermi level at the interface.

4References marked with * have Rodrigo Sáez-Araoz as an author and show results related to this work.
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In the case of CdS-buffered CuInS2 devices, the lower activation energy of the satu-
ration current density is commonly related to the presence of a cliff (∆Ec < 0) at the con-
duction band offset [98]. In the case of Zn(S,O)-buffered references it has been demon-
strated in section 6.3 that the presence of a spike (∆Ec > 0) is most probable. Therefore,
the origin of the activation energy lower than the value of the absorber’s band gap must be
related to the pinning of the Fermi level at an unfavourable position, which in turn leads
to an incomplete inversion of the absorber at the interface.

This situation has been modelled using the simulation program SCAPS-1D (Solar
cell capacitance simulator in one dimension), which realistically simulates the electrical
characteristics of thin film heterojunction solar cells.

The program SCAPS-1D finds dc solutions for structures consisting of an arbitrary
number of semiconductor layers, with arbitrary doping profiles, with arbitrary energetic
distributions of deep donor and/or acceptor levels in the semiconductor and at the hetero-
geneous interface [170, 171]. The basic equations used by SCAPS 1-D are the Poisson
equation in one dimension, which relates the charge density ρ(x) with the potential V :

− ∂2V

∂x2
=
∂Ex

∂x
=
ρ(x)

ε0εs
(7.4)

and the continuity equations for electrons and holes:

∇ · Jn = q(R−G) + q
∂n

∂t
(7.5)

−∇ · Jp = q(R−G) + q
∂p

∂t
(7.6)

where Jn and Jp are the electron and hole current densities, R is the recombination rate
and G is the generation rate. In the case of steady-state solutions (the one investigated in
this work) ∇ · J = 0. For a detailed description of numerical simulation for photovoltaic
devices, the reader is referred to [5].

Several different parameters for the different semiconductor layers of the device are
used. These are listed in table 7.5 for the different layer materials and represent only an
approximation. In the case of the buffer layer band gap, the value of the annealed mate-
rial (3.6 eV, see figure 6.2) has been chosen, since the samples processed for photovoltaic
applications are annealed. A conduction band offset of 0.5 eV is set for the simulations.
This can be modelled by appropriately choosing the affinities of the heterojunction lay-
ers. Differences in the affinities correspond to either cliffs (χCIS < χZn(S,O)) or spikes
(χCIS > χZn(S,O)) with a magnitude of |∆EC | =

∣∣χZn(S,O) − χCIS
∣∣.

The actual electronic characteristics of the different layers probably vary from pro-
duction batch to production batch, even using the same process, thus causing different
resulting efficiencies of the ready made solar cells. Many of the parameters cited refer to
CuInSe2 or Cu(In,Ga)Se2 as no values for CuInS2 are available. The parameters which
are given in brackets, are only derived intuitively from the ones found in the literature and
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Table 7.5: Parameters used for the simulation of the multilayered semiconductor
devices.

Absorber Buffer layer Front contact
Parameter CIS CISsurf Zn(S,O) i-ZnO Al:ZnO
D[µ m] 1.99 (0.01) 0.015 0.1 0.5
Eg[eV] 1.5 (1.64) 3.6 3.3 3.3
χ[eV] 4[29] (4) 3.6 (3.9) (3.9)
εs 10[172] (10) (10) (10) (10)
NCB[cm−3] 2.2x1018[29] (2.2x1018) (2.2x1018) (2.218) (2.218)
NV B[cm−3] 1.919[29] (1.919) (1.919) (1.9x1019) (1.9x1019)
vth(n,p)[cm/s] 107 107 107 107 107

µn[cm2/(V.s)] 100[98] (100) (100) 100[173] (100)
µp[cm2/(V.s)] 25[174] (25) (25) (25) (25)
ND[cm−3] 0 0 5x1016[29] 1018[98] 1020[98]
NA[cm−3] 2x1016[98] (2x1016) 0 0 0
B 4.9x105[175] (4.9x105) (2x105) (2x105) (2x105)

those without any reference have been deduced in this work. The value of the band gap
of the buffer layer has been taken from the optical measurements after annealing shown
in figure 6.2. In the case of constant B (last row in table 7.5), it is in general found in the
literature or by fitting experimental absorption data to the following expression:

α(ν) =
B

hν

√
hν − Eg (7.7)

Finally, the characteristics of the defects in the layer bulk have been chosen in a way that
minority carrier lifetime τ comes to 1 · 10−9 s in all layers of the solar cell, except the
surface of the absorber, for which deviations from the stoichiometry could be translated in
a larger defect density, and the buffer layer, whose nanocrystalline structure (see chapter
4) may also generate a larger defect density. The resulting minority carrier lifetime in
these layer is set 1 · 10−10 s.

Even a moderately charged interface can cause a significant variation of the field
zones extending to both sides of the junction. Positive interface charge is desired be-
cause it increases the band bending in the absorber and thus the inversion. Fermi level
pinning (FLP) is characterized by a charge neutrality level. Above this level, defects are
acceptors and below it, donors. Depending on this neutrality level, inversion can be en-
hanced or reduced, leading to an improvement or deterioration of the open circuit voltage
respectively [30]. In this case, the Fermi level has been pinned by placing uniformly
distributed charged defects (concentration > 1013 cm−3) with an acceptor like character
below the conduction band and donor like character above the valence band [176]. Ac-
cording to the value of the activation energy of the saturation current density obtained for
Mo/CIS/Zn(S,O)/ZnO devices by means of J(V,T) analysis, EA ∼ 1eV , the Fermi level
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is pinned at 1 eV above the valence band at the interface. The final interface recombina-
tion velocity remains to 106 cm/s as in the case with neutral defects. The simulated band
diagrams results can be seen in figure 7.8.

By pinning the Fermi level 1 eV above the valence band, the inversion of the absorber
is hindered, lowering the open circuit voltage of the device according to the model pro-
posed by R. Scheer [169]. In the unpinned case (black lines), the surface of the absorber
layer is totally inverted providing a nearly full barrier for the holes (black arrow).

Figure 7.8: Modification of the band diagram at the CuInS2//Zn(S,O) interface for
two different set of interface states, one of them leading to Fermi level pinning. The
interface recombination velocity is S = 106 cm/s in both cases.

7.4 Summary

In this chapter, the dominant recombination mechanisms of Zn(S,O) buffered chalcopyrite-
based solar cells have been studied. Differences are found depending on the nature of the
absorber:

• For Cu(In,Ga)(S,Se)2, a low band gap absorber (Eg ∼ 1 eV), an activation en-
ergy of the saturation current density showing the value of the band gap is found.
Additionally, for dark and illuminated conditions, the diode ideality factor shows
a negligible dependency on the temperature. These facts point to a dominant re-
combination mechanism which is thermally activated and which takes place at the
space charge region. These are necessary conditions to be fulfilled in order to obtain
high-efficiency devices.

• For CuInS2, a wide band gap absorber (Eg ∼ 1.5 eV), an activation energy of the
saturation current density showing a value lower than that of the absorber’s band
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gap is found. This is due to the presence of a recombination path with a reduced
energy barrier. This analysis could only be performed on the data obtained under
illumination, where the recombination process is thermally activated. In the dark,
the diode ideality factor is strongly temperature dependent and an evaluation of the
activation energy is not possible. This reduced barrier has also been reported in the
case of CdS buffered CuInS2 devices, where it is commonly explained by presence
of a cliff-like conduction band offset. Until now, the option of a pinned Fermi level
in CuInS2/CdS devices as an explanation for the reduced barrier at the interface has
not been taken into account. In the case of Zn(S,O) buffer layers, the formation of
a spike is most probable and the reduced barrier can be explained by the pinning
of the Fermi level at an energetic position equal to the energy barrier experimen-
tally found. Simulations with the software package Scaps 1-D have shown how the
pinning of the Fermi level 1 eV above the valence band at the interface reduces
the energetic barrier for holes Φp

b , which represents the activation energy EA of the
saturation current density J0.
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Chapter 8

Towards industrial feasibility

In the previous chapters, different aspects of CBD-grown Zn(S,O) layers such as the
growth mechanisms, the structure and microstructure as well as the performance of Zn(S,O)
buffered thin film devices have been studied. The final aim is to obtain a feasible replace-
ment for the CdS buffer layer used in state of the art chalcopyrite-based solar cells. From
the previous sections (see chapter 7) it has been concluded that the transport mechanisms
that govern the performance of Zn(S,O) buffered devices do not differ from those obtained
investigating CdS-buffered reference cells. Resulting efficiencies are also comparable to
reference devices, in the case of CuInS2 and Cu(In,Ga)(S,Se)2. This situates chemically
deposited Zn(S,O) as a potential alternative to replace CdS, not only in laboratory scale
solar cells (with sizes usually ranging from 0.1 to 1 cm2, 0.5 cm2 in this work), but also
in production- or pilot line-scale solar modules. However, the challenges faced when
working on either scale are different. Once the replacement has been proved successful
in small scale devices, other factors come into play, which involves among other aspects,
the economical feasibility of the process.

In the case of thin film solar cells, fundamental research and development is done
mainly on small area single cell devices and have been widely treated in the previous
chapters. Compositional and structural analysis are also preformed on small area samples.
Therefore, one of the most important aspects to bear in mind is the homogeneity of the
process, which will ensure that the conclusions extracted from the analysis of small area
samples are relevant for large areas.

One of the most important aspects is that large scale exploitation of chalcopyrite-
based thin film devices is partly dependent on a reduction of the potential environmental
impact of the technology, as cadmium-containing compounds and wastes are highly reg-
ulated in the EU and elsewhere [177]. A reduction of the environmental impact is already
achieved by the replacement of the CdS buffer layer by the alternative Zn(S,O) without
significant efficiency losses.

Regarding the deposition process of buffer layers for industrial applications, metal
chalcogenide thin film preparation by chemical bath deposition is a very attractive tech-
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nique since it is relatively inexpensive, simple and convenient for large area deposition.
Additionally a large variety of substrates can be used since it is a low temperature process
that avoids oxidation or corrosion of metallic substrates. It also allows for the homoge-
neous and closed deposition of buffer layers on rough absorbers (see chapter 4), which
may present inhomogeneities due to shadowing problems in other techniques.

8.1 Challenges

In order to have a process that could substitute the chemical bath deposition of CdS buffer
layers in an industrial pilot line in the first stage, and then in a production scale fabrication
process, many aspects have to be taken into account. First of all, the resulting devices have
to deliver performances comparable (if not higher) to the standard CdS buffered devices.
The deposition time should be also comparable in order to maintain the production yield
and not to introduce a bottleneck in the production chain. Also the critical issues of
efficient use of the chemicals and recycling must be faced. This is very important in the
case of Zn(S,O) buffer layers, since due to the solubility constants, more concentration of
chemicals is needed (see chapter 3), thus increasing the manufacturing costs. The basic
fact of using a zinc compound as a substitute for CdS, has already important benefits
not only from the environmental point of view, but also from the economic one, since it
reduces the costs of the waste treatment and lowers the security level of the installations.

8.2 Up-scaling from laboratory scale to large area de-
vices: homogeneity

The upscaling of the CBD process for the deposition of Zn(S,O) buffer layers has to
transfer the quality and properties of the buffer layer grown on small area to large area
substrates. In principle CBD techniques allows for an easy upscaling when compared
to other deposition techniques such PVD or ILGAR, where the investment needed for
the upscaling is much higher. In the case of CBD what is needed is a homogeneous
distribution of the temperature throughout the solution. The homogeneity of the deposited
buffer has been tested by buffering 10x10 cm2 CIS absorbers, characterizing 96 individual
solar cells and mapping the resulting PV parameters as a function of the cell’s position
on the absorber. These mappings for Voc (in mV), Jsc (in mA/cm2), FF and η (both
in %) can be seen in figure 8.1. The respective averages and standard deviations are
presented in table 8.1. The results show very small standard deviations, which account
for a very homogeneous stack of layers (this includes the absorber -CIS-, the buffer layer
-ZnS/Zn(S,O)- and the window layer -i-ZnO/Al:ZnO-). Losses can only be spotted at the
borders of the absorber, probably due to some damage in the absorber during the cleaving
stage or due to shadowing effects of the sample holder during the deposition of the buffer
layer. This losses are not significant because in module production, the areas close to the
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Figure 8.1: Spatial mapping of the PV parameters (A: short circuit current density,
B: open circuit voltage, C: Fill factor and D: efficiency) obtained by characterizing
ninety-six 0.5 cm2 solar cells scribed from a single 10x10 cm2 absorber.

border of the absorber are not active area.

A proof for the successful upscaling from 10x10 cm2 to 30x30 cm2 is the performance
of CIGSSe modules buffered with Zn(S,O). 30x30 cm2 CIGSSe absorbers from the pilot
line of AVANCIS GmbH & Co. KG have been buffered in an up-scaled chemical reactor
which can be simple described as a larger version of that used to deposit the buffer layer
on smaller absorber sizes. These absorbers have been buffered using both the standard
CBD and the CBD including the additive. After the deposition of the buffer layer, in-
frared thermography images are taken in order to check the homogeneity of the device. In
this technique, an infrared camera is used to check the slight temperature differences. For
the measurements, the module is placed in front of the camera and an external voltage is
applied. The differences of temperature are shown in a colour scale on a monitor. Bright
regions correspond to hot spots and indicate areas where a large current is flowing and



122 CHAPTER 8. TOWARDS INDUSTRIAL FEASIBILITY

Table 8.1: Average PV parameters and standard deviation of 96 single cells (0.5
cm2) scribed from a 10x10cm2 Zn(S,O) buffered CIS absorber together with the
PV parameters of the cell showing the highest efficiency. Voc is given mV/cell, Jsc
in mA/cm2, and the fill factor (FF) and the efficiency (η) in %.

Sample Voc Jsc FF η

060606-38-10/11-14715 636 ± 4 21.5 ± 0.4 58.8 ± 1.6 8.1 ± 0.2
Best cell 640 21.9 60.6 8.5

power is being dissipated in form of heat. If there is an active shunt that shortcircuits
a given cell lowering the open circuit voltage of the device (and consequently the effi-
ciency), its location can be spotted and it can be mechanically passivated by removing the
ZnO top layer by means of a needle. This simple procedure has shown good results in

Figure 8.2: Infrared thermography image of a CIS/Zn(S,O) 5x5 cm2 minimodule
before (left) and after removing the shunt (right). The active shunt appears as a
bright spot in a dark cell.

terms of performance’s improving. Figure 8.2 shows two IR-thermography images of a
CIS 5x5 cm2 minimodule. The image on the left shows a shunt (bright spot) which was
removed before recording the image on the right. The cell where the shunt in located
appears as a dark region, since all current is flowing through the shunt and the tempera-
ture in the rest of the cell is lower. By removing the shunt an efficiency improvement of
1.7% (absolute) was achieved, stating at 6.7% prior to shunt removal and reaching 8.4%
afterwards.

A thermography image of a 30x30 cm2 CIGSSe/Zn(S,O) module is shown in figure
8.3. No active shunts are detected, accounting again for a homogeneous deposition of all
layers forming the device. The efficiency of the final device is 11.8%.



8.3. REDUCTION OF PROCESSING TIME 123

Figure 8.3: Infrared thermography image of a CIGSSe/Zn(S,O) 30x30 cm2 mod-
ule. Final efficiency is 11.8%.

8.3 Reduction of processing time

Standard Zn(S,O) buffer layer have been deposited in times ranging from 15 to 25 min-
utes. The inclusion of the turbidity monitoring system has greatly helped to understand
the mechanisms of the deposition process and thus to reduce the deposition time. This
was studied in section 3.3 where the impact of the different CBD condition on the chem-
ical reaction and particle formation was presented. According to the results, different
strategies can be followed in order to reduce the deposition time.

Concentration of precursors

By increasing the concentrations of precursors in the chemical bath, the deposition time
was reduced (see figure 3.10 in page 42). Unfortunately, such a strategy is not econom-
ically feasible, since it increases the overall costs of the buffer production. In order to
obtain deposition times below 10 minutes (as it is the case in CdS deposition), twice as
much precursors as in the standard case must be used. Also the efficient use of chemicals
is questionable. Therefore no further investigations have been done in this direction.

Concentration of ammonia

The decrease of the ammonia concentration in the bath accelerates the formation of par-
ticles, thus reducing the deposition time. Such a strategy would be optimal since the
reduction of the deposition time is due to a reduction of one of the chemicals used in the
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deposition process, in opposite to the previous example. This would result in a decrease
of the total costs. In order to study the impact of varying the concentration of ammonia in
the device performance, 5x5 cm2 Cu(In,Ga)(S,Se)2 absorbers were buffered with Zn(S,O)
layers prior to device completion by sputtering the i-ZnO/Al:ZnO window layer and evap-
oration NiAl grids for better current collection. 0.5 cm2 single cells were characterized at
the sun simulator under standard test conditions. The average PV parameters are shown
in table 8.2.

Table 8.2: Average PV parameters and standard deviations of twelve 0.5 cm2 sin-
gle cells (Mo/Cu(In,Ga)(S,Se)2/Zn(S,O)/i-ZnO/Al:ZnO) processed using different
concentrations of ammonia. The concentration of ammonia is given normalized to
the standard concentration. The deposition time (in seconds) is considered to be
the time at which the transparency of the solution reaches 20% of the initial value.
Voc is given in mV, Jsc in mA/cm2, and the fill factor (FF) and the efficiency (η) in
%.

rel [NH3] Time (s) Voc Jsc FF η

1 1350 536 ± 5 38.4 ± 0.3 65.1 ± 2.5 13.5 ± 0.5
0.5 930 437 ± 18 38.3 ± 0.7 57.1 ± 1.5 9.6 ± 0.8

0.42 430 416 ± 18 38.9 ± 2.7 59.8 ± 4.3 9.6 ± 0.9

Although using 42% on the standard ammonia concentration leads to the reduction
of the deposition time below 10 minutes, the PV performance of buffered devices sinks.
Some explanations to this behaviour can be found by looking at the turbidity graphs pre-
sented in figure 3.13 (page 46). It is clear that by reducing the concentration of ammonia,
the homogeneous nucleation starts to take place earlier and the first plateau dissapears
from the graph. It was shown that the first stage of the process, where the solution stays
clear but there is deposition of a Zn-containing layer, corresponds to a slow ion-by-ion
growth of a ZnS layer. The gitter constants of CIS and ZnS are very similar, enabling a
quasi-epitaxial growth of the buffer on the absorber. In the case of a reduced ammonia
concentration, the particles formed in the bulk of the solution and detected by the opti-
cal monitoring set up are deposited right away, which in turn has a negative influence on
the absorber-buffer interface, as it can be seen in the particularly low values of the open
circuit voltage. On the other hand, the particle formation speed is higher (as deduced
from the values of dt). This fact leads to a non-homogeneous (in the geometrical, not
the chemical acception) deposition process, where the thickness of the buffer layer is not
uniform throughout the substrate, which in turn leads to the higher values of the standard
deviation found for the cells buffered with lower concentrations of ammonia.

Control temperature

Another strategy that leads to a reduction of the deposition time is the increase of the
bath temperature (see figure 3.9 in page 40). Experiments in order to verify if the per-
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formance of the devices is maintained with a reduced deposition time by increasing the
temperature were done using 10x10 cm2 CIGSSe absorbers. The absorbers were buffered
and sent to AVANCIS GmbH & Co. KG for device completion (including mechanical
scribing -P2 and P3- and window layer deposition) and analysis. Table 8.3 shows the
performance of the best four 10x10 cm2 modules process using the standard CBD and
the hight temperature CBD. As it can be seen, the device performance is identical in both
cases, which means that the deposition time can be successfully reduced by increasing the
bath temperature.

Table 8.3: Average PV parameters and standard deviation of the best four 10x10
cm2 CIGSSe/Zn(S,O) modules processed using the standard and the high temper-
ature CBD. Deposition time is given in seconds, Voc in mV/cell, Jsc in mA/cm2,
and the fill factor (FF) and the efficiency (η) in %.

CBD Time (s) Voc Jsc FF η

Standard 1100 536 ± 8 34.1 ± 0.2 66.9 ± 0.7 12.2 ± 0.1
High Temperature 400 539 ± 7 34.0 ± 0.4 67.1 ± 1.0 12.3 ± 0.1

Increasing the temperature to reduce the deposition time while maintaining the pre-
vious efficiencies has been successfully tried in devices up to 10x10 cm2. Unfortunately
no data on 30x30 cm2 modules is available, since due to technical difficulties it is not
possible to heat up the whole bath used for this substrate size to the desired temperature.
Minimizing the heat losses in the water circuit is necessary.

Inclusion of additive

It has already been shown throughout this work how the use of an additive affects the
growth and properties of the buffer layer and the final device. From the results obtained,
it can be foreseen, that the inclusion of the additive in the chemical bath may lead to a
reduction of the deposition rate without losses in the performance.

Nineteen 30x30 cm2 CIGSSe with a Zn(S,O) buffer layer deposited with additive have
been characterized using the continuous light sun simulator located at AVANCIS GmbH
& Co. KG. The results are shown in figure 8.4. Efficiencies as high as 12.5% have been
obtained with an average efficiency exceeding 11%. The best efficiency obtained on a
30x30 cm2 CIGSSe absorber buffered with the standard Zn(S,O) CBD is also 12.5% and
the average is also found at approximately 11.5%. Therefore, the new process developed
to reduce the deposition time has proven successful and has fulfilled the necessary steps
before being transferred to an industrial pilot line.

The different strategies suggested are summarized in table 8.4 as a function of the
actual reduction of deposition time, the effects on the costs and the increase in the perfor-
mance.
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Figure 8.4: Efficiency results of nineteen 30x30 cm2 CIGSSe absorbers with a
Zn(S,O) buffer deposited using a CBD including the additive.

Table 8.4: Summary of the different modifications of the standard CBD process
and their influence on the deposition time, the potential reduction of production
costs and the device efficiency.

Modification Deposition time Costs Device efficiency
Higher [Zn2+], [TU] ≤ 10 min Higher Not tried
Lower [NH3] ≤ 10 min Lower Lower
Higher temperature ≤ 10 min ∼ Comparable
Additive ≤ 10 min ∼ Comparable

Using either a higher temperature or the additive slightly increases the process costs,
but the benefits are much higher, since the duration of the buffer deposition process is
halved without decreasing the final efficiency of the device, thus increasing the potential
yield of the whole process.

8.4 Efficient use of the chemicals. Recycling

A major drawback of the CBD process is the inefficiency of the process, in terms of the
utilization of starting materials and their conversion to thin films. The extent of the hetero-
geneous reaction on the substrate surface is limited by two major factors, the competing
homogeneous reaction in solution (which results in massive precipitation in solution) and
deposition of material on the CBD reactor walls. It has been widely argued that most of
the chemicals used are not deposited on the substrate, but remain in the solution, lowering
the material efficiency of the process. In order to improve the utilization of the chemi-
cals, two tactics can be simultaneously followed. On one hand the volume of the solution
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should be decreased and on the other hand the recycling of the remaining solution should
be optimized. These two tactics lead to an immediate impact on the material utilization
which in turn leads to a direct reduction of the production costs. During the upscaling
of the process from 0.5 cm2 single cell devices to 10x10 cm2 and 30x30 cm2 modules
the volume of the solution per cm2 has been constantly reduced from approximately 20
ml/cm2 in the case of single cells to less than 1 ml/cm2 for 30x30 cm2 modules just by
designing optimized beakers. In terms of material consumption this is translated in a re-
duction from 0.9 g/cm2 of Zn(SO)4 and TU in the case of 0.5 cm2 single cells to less
than 0,05 g/cm2 for 30x30 cm2 absorbers using the optimized beakers. A significant re-
duction of the concentrations of the chemicals is in principle not possible if we want to
obtain comparable results in terms of efficiency. Reducing the concentration of precursors
leads to slower deposition rates and the decrease of the ammonia concentration alters the
composition of the buffer layer with increased Zn-oxygen/ZnS ratio [94].

On the other hand, the reuse of the solution for further deposition processes can sig-
nificantly help to reduce the materials costs. Preliminary experiments have been carried
out within this work using CIGSSe absorbers (size 10x10 cm2) as a proof of concept.
Three different strategies have been followed, all of them beginning with the filtering of
the CBD solution previously used to buffer 30x30 cm2 CIGSSe absorbers.

1. The thermostat is set to the desired temperature. Once this temperature is reached,
the sample is introduced into the reactor and the filtered solution is poured inside (at
room temperature). Transparency and temperature are controlled during the process
and the sample is removed out of the chemical bath when the transparency reaches
a value of 20% (14.5 minutes). The solution stayed clear at the early stages and
a loss in the transparency was visible after 8-9 minutes, when the temperature of
the bath reached 70 ◦C. Afterwards, the sample is annealed in air for 10 minutes at
200 ◦C.

2. The thermostat is set to the desired temperature. Once this temperature is reached,
the filtered solution (at room temperature) is added to the reactor. Once the tem-
perature of the solution reaches 50 ◦C (3.5 minutes), the samples are introduced, 3
minutes later, (T=65 ◦C), 0.4% of additive is added. A pronounced step-like drop
is immediately observed in the transparency curve. Samples are removed after a
deposition time of 7.5 minutes (3 minutes in absence of additive and 4.5 after the
additive is added). Afterwards, the samples are annealed in air for 10 minutes at
200 ◦C.

3. The thermostat is set to the desired temperature. Once this temperature is reached,
the filtered solution (at room temperature) is added to the reactor. When the temper-
ature reaches 65 ◦C, 6% of ammonia and 0.4% of additive are added. The samples
are then introduced in the bath and removed after 5 minutes. Afterwards, the sam-
ples are annealed in air for 10 minutes at 200 ◦C.

The obtained results can be found in table 8.5. The numbers correspond to the previous
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enumeration.

Table 8.5: PV parameters of 10x10 cm2 CIGSSe/Zn(S,O) devices buffered with
a previously used chemical solution. The number under CBD correspond to the
previous enumeration. Deposition time is given in minutes, Voc in mV/cell, Jsc in
mA/cm2, and the fill factor (FF) and the efficiency (η) in %.

CBD Time Voc Jsc FF η

1 14 485 30.9 60.5 9.1
2 10 496 32.8 62.5 10.1
2 10 506 32.7 60.8 10.1
3 5 518 34.3 64.8 11.5
3 5 518 34.1 64.5 11.4

8.5 Summary

After this short discussion, it is clear that the up-scaling of Zn(S,O) as a replacement
for CdS in large area, production scale absorber, is feasible, and that the challenges
that such step requires, such as homogeneity of the deposited buffer, the reduction of
the deposition time and the optimization of the material utilization in the chemical bath
can be successfully faced with the CBD process detailed in this work. Zn(S,O)-buffered
Cu(In,Ga)(S,Se)2 absorbers (900 cm2) from the pilot line of AVANCIS GmbH & Co. KG.
have shown efficiencies as high as 12.5%, comparable to those obatained by CdS-buffered
references.



Chapter 9

Summary and outlook

Chalcopyrite absorbers with a chemically deposited CdS buffer layer constitute the state
of the art thin film solar devices and, depending on the chalcopyrite material of choice,
efficiencies as high as 20% can be obtained. The aim of this work is to successfully re-
place the toxic CdS buffer layer by a chemically deposited Zn(S,O) layer without losses
in the performance and to upscale the technologies used in laboratory scale experiements
to pilot and production line absorbers for industrial applications. The work included in
this thesis has been done within the framework of the European integrated project ATH-
LET (Advanced Thin Film Technologies for Cost Effective Photovoltaics) using CuInS2

and Cu(In,Ga)(S,Se)2 absorber layers provided by the industrial partners (Sulfurcell So-
lartechnik GmbH and AVANCIS GmbH & Co. KG. respectively).

After a review of the roles of the different layers that form chalcopyrite-based thin-
film solar cells and modules in chapter 2, in chapter 3, the basics of chemical bath deposi-
tion have been used as the starting point to describe a new and well controlled deposition
process for Zn(S,O) buffer layers, that has been used as an alternative to state of the art
CdS buffer layers. A novel monitoring tool has been developed, which measures in situ
the turbidity of the chemical solution during the process. A series of experiments have
been performed to evaluate the influence of the different process parameters (temperature,
concentration of chemicals and reaction times) on the kinetics of the chemical reactions.
A model has been presented to explain the formation of the turbidity in the solution and it
has been successfully applied to the turbidity measurements performed during the various
experiments. Two distinct stages have been identified:

• During the first stage no detectable particles are formed and the solution stays clear.
Formation of ZnS by means of an ion-by-ion process is expected.

• After a certain time which depends on the conditions of the chemical bath (namely
bath temperature and precursors’ concentrations), formation of clusters starts in the
solution which is translated in an increasing turbidity. The clusters’s formation rate
is also intimately correlated to the conditions of the chemical bath. The dominant
growth mechanims in this stage is expected to be based on the homogeneous nucle-
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ation. Formation of ZnS and ZnO (from the conversion of Zn(OH)2 into ZnO and
H2O) is expected in this stage.

Based on these results, several strategies have been identified that accelerate the reac-
tions in the chemical bath (increase of bath temperature and precursor’s concentrations,
decrease of ammonia concentration), and aimed improvements have been introduced in
order to increase the deposition rate of the buffer layer (and thus reduce the deposition
time). The positive results in terms of shorter deposition times (a reduction of more than
50% of the original time) obtained by modifying the deposition process with the inclu-
sion of a highly oxidizing agent in the chemical bath has led to the presentation of a patent
proposal that is currently being evaluated.

In chapter 4, the growth of the Zn(S,O) buffer layer on both chalcopyrite materials
CuInS2 and Cu(In,Ga)(S,Se)2 has been studied by electron microscopy. The formation
of a nanocrystalline buffer layer has been observed. Analysis of the lattice plane dis-
tances by means of transmission electron microscopy have shown the formation of ZnS
crystallites with sizes up to 3 nm in diameter. The formation of ZnO crystallites could
not be confirmed by these techniques. Additionally, and by means of energy dispersive
x-ray analysis on Cu(In,Ga)(S,Se)2/Zn(S,O) samples, a thin (3-4 nm) layer with a higher
sulphur content has been detected which if formed during the first stage of the chemical
bath deposition process. The sulphur content is then reduced in the rest of the layer, ac-
counting for the material deposited during the second stage. The average growth rate has
also been estimated for the cases of the standard CBD process and the modified one (with
the inclusion of the additive). The faster nucleation rate confirmed by the analysis of the
turbidity measurements has been successfully translated into a higher deposition rate on
the chalcopyrite material, increasing from a growth rate of∼ 0.25 nm/min to∼ 2 nm/min
in the case of CuInS2 absorbers.

The microstructure of the chemically deposited Zn(S,O) has been studied by means
of x-ray photoelectron spectroscopy and the results of these investigations are presented
in chapter 5. CBD processes were interrupted at different deposition times in order to
obtain a time-resolved (and thus thickness-resolved) view of the formation of the buffer
layer on CuInS2 absorbers. The higher deposition rate in the case of the modified CBD
process has also been confirmed by the faster attenuation of the absorber related core
levels. The composition of the buffer layer has been studied for both the standard and the
modified CBD and differences have been observed, which confirm the predictions based
on the analysis of the turbidity during the process:

• In the case of the standard CBD, the composition of the buffer layer is thickness
dependent. A pure ZnS layer is deposited on the absorber material whereas for
thicker buffer layers, the chemical compositions shifts to a Zn(S,O) compound, with
a ZnS/(ZnS+ZnO) ratio of approximately 0.8 after 13.5 minutes. This supports the
predictions obtained from the analysis of the turbidity and the results presented in
chapter 4.
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• In the case of the modified process, the first stage of the CBD, where the solution
stays clear, is greatly reduced and a homogeneous buffer layer composition is found,
with a ZnS/(ZnS+ZnO) ratio of approximately 0.5.

In both cases, the composition of the buffer layer does not significantly change after a
post deposition heat treatment in air (5 minutes at 200 ◦C)

These results have been combined in chapter 6 with those obtained by means of ul-
traviolet photoelectron spectroscopy to determine the valence band offset before and after
the post deposition heat treatment at the interface between CuInS2 and Zn(S,O) deposited
by the modified CBD process. A value of 1.8 eV is found which agrees with those pre-
viously reported for the case of the standard CBD and laboratory scale CuInS2 delivered
by the Technology Department at the Helmholtz Zentrum Berlin. After the heat treatment
this value is reduced to 1.5 eV. This reduction can be explained by the heat-induced for-
mation of Zn+

Cu antisites. The corresponding offsets at the conduction band have been
estimated based on the analysis of the valence band offsets and the values of the energy
band gaps of both heterojunction partners. A value of 0.5 eV is obtained in both cases,
i.e. before and after the heat treatment, indicating the presence of a spike-like conduction
band offset (EZn(S,O)

CB > ECIS
CB ).

The results regarding the photovoltaic performance of laboratory scale single cells
(with an area of 0.5 cm2) are shown in chapter 7. The best conversion efficiency obtained
on production scale CuInS2 absorbers has been 8.5 %1. In the case of Cu(In,Ga)(S,Se)2
absorbers from the AVANCIS’s pilot line, the highest conversion efficiency reached 15,1%.
For both materials, the dominant recombination mechanisms governing the performance
of the devices has been studied by means of temperature dependent current-voltage anal-
ysis:

• In the case of CuInS2/Zn(S,O) there is a difference in the dominant recombina-
tion mechanisms as a function of the illumination conditions. In the dark, tunneling
processes dominate the recombination, while under illumination these become ther-
mally activated. In both cases, the recombination takes place at the interface due to
a reduced barrier.

• In the case of Cu(In,Ga)(S,Se)2/Zn(S,O) devices, a thermally activated recombina-
tion in the space charge region is found both in the dark and under illumination.

For both chalcopyrite materials, these characterization results are similar to those ob-
tained for CdS-buffered references, thus supporting the feasibility of ZnS to replace the
conventional CdS buffer layer for Cd-free thin film solar cell.

After having shown that Zn(S,O) is a feasible replacement for CdS buffer layers in
laboratory scale devices, the final step was the up-scaling of the deposition process in

1On laboratory scale CuInS2 absorbers provided by the Helmholtz Zentrum Berlin the highest conver-
sion efficiency obtained reached 11.4%.
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order to buffer large area absorbers (with sizes up to 30x30 cm2). The results are presented
in chapter 8. The absence of pin holes on large area devices has been confirmed by means
of infrared thermography whereas the homogeneity of the layer has been investigated by
mapping the local PV parameters of single cells scribed on 10x10 cm2 CuInS2 substrates.
Average efficiencies (96 single cells) of 8.1±0.2 % account for the high homogeneity of
the deposition process on large area. Based on the results obtained from the analysis of
the turbidity measurements several strategies were identified which led to a reduction of
the deposition time. Both an increased temperature and the inclusion of the additive
have resulted in high efficiency solar modules with a reduced buffer layer deposition
time (below 10 minutes). The best conversion efficiencies obtained for both chalcopyrite
materials in large area solar modules are 7.2% (CuInS2, 10x10 cm2), 6.6%(CuInS2, 30x30
cm2), 12.5% (Cu(In,Ga)(S,Se)2, 10x10 cm2) and 12.5% (Cu(In,Ga)(S,Se)2, 30x30 cm2).

Finally, another important aspect is the efficient utilization of the chemicals in CBD.
Regarding this issue two complementary strategies have been followed:

• The volume of solution has been reduced by using specially designed reactors and
beakers. This has allowed a reduction of one order of magnitude, from∼10 ml/cm2

used for processing samples of approximately 5 cm2, to∼1 ml/cm2 used when four
modules (size 30x30 cm2) are processed in the same bath.

• Re-using the chemical solution would greatly help to decrease the costs associated
to buffer deposition. Three different processes have been tried and the results are
promising: efficiencies as high as 11.5% on 10x10 cm2 CIGSSe/Zn(S,O) devices
have been obtained.

In this work it has been therefore demonstrated that Zn(S,O) can successfully replace
CdS buffer layers not only in laboratory scale but also in large area devices without losses
in the performance of the corresponding devices. The next step is then the investigation
of the long term stability and the life time of such devices, which is a critical issue for
industrial applications.



Appendix A

Energy ranges of investigated core levels
and Auger signals

Surface analysis by x-ray photoelectron spectroscopy (XPS) and x-ray excited Auger elec-
tron spectroscopy (XAES) is accomplished by irradiating the sample under analysis with
MgKα x-rays, with an energy of 1253.6 eV. Table A.1 summarized the binding energies
scanned to analyze each of the core levels and Auger signals investigated.

Table A.1: Binding energies (in eV) of core levels and Auger signals investigated
in this work. MgKα x-rays, with an energy of 1253.6 eV are used.

Core level Binding energy range (eV) Comments
Au4f7/2 79-91 Calibration
Survey 0-1150
01s 525-537 Partly contamination
C1s 281-295 Contamination
Cu2p3/2 928-945
In3d 439-453
S2p 156-173 eV
Zn2p3/2 1015-1029
Valence band 0-23 eV In4d and Zn3d
Auger signals
InLMM 835-870
ZnLMM 256-276
OKLL 729-755
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Appendix B

Recombination mechanisms in thin film
solar cells

The impact of the recombination mechanisms on the performance of the device is of major
importance in device diagnosis, since they determine to a large extent the characteristic
diode parameters (A and J0) and therefore the values of the photovoltaic performance.
The role of the heterojunction interface as a drain for charge carriers is of critical im-
portance, as a result of the high density of electronically active defects that appear due
to the lattice mismatch between the dissimilar absorber and buffer materials brought into
contact. Recombination taking place at the interface has a direct effect on obtainable
open-circuit voltages and must be minimized in order to achieve high efficiencies [30].
In the following, the main recombination mechanisms expected to operate in the devices
under study will be reviewed, with particular attention to those aspects that may help
discerning between them.

Generally speaking, the total recombination current can be expressed as:

J = q

∫
Rdx (B.1)

where R denotes the recombination rate of electron-hole pairs and the integral extends
over the region where recombination events occur (e.g. the space charge region or the
entire absorber layer). A generalized expression for the recombination rate R was given
by Rau [162] based on the classical Shockley-Read-Hall (SHR) model [178, 179] of bulk
recombination via a discrete defect level in the band gap, and the work of Hurkx at al.
[180], which includes tunneling-assisted recombination. The expression reads:

R =
np− n2

i

γp(n+ n∗) + γn(p+ p∗)
(B.2)

where n2
i is the intrinsic carrier concentration for a given temperature, n∗ = NCexp[(ET−

EC)/kT ] and p∗ = NV exp[(EV − ET )/kT ] are the electron and hole concentrations ob-
tained if the Fermi level lied at the defect level ET , and γn,p include corrections due
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to tunneling processes. Equation (B.2) can be used to describe interface- as well as
bulk-recombination via trap states. In the case of interface recombination, R is given
in cm−2s−1, and γn,p are defined according to:

γn,p =
1

Sn,p(1− Γ)
(B.3)

where Sn,p denote the interface recombination of electron and holes, as explained later,
and Γ is the correction factor describing the recombination enhancement due to tunneling-
assisted processes. In the case of bulk recombination, R is expressed in units of cm−3s−1

and γn,p are defined according to:

γn,p =
τn,p

(1− Γ)
(B.4)

where τn,p are the lifetimes of electrons and holes.

Starting from equation (B.2) and based on the works by Hengel [31] and Reiss [32],
it will be shown that the theoretical models developed for the different recombination
mechanisms predict particular relationships between the diode parameters (A and J0),
including temperature dependencies, that will be used to identify experimentally those
processes controlling the performance of the device.

Recombination in the SCR: thermally activated

It can be seen in equation (B.2) that the recombination rate is driven by the difference
between the term n ·p and n2

i , which accounts for the excess carrier concentration induced
e.g. by illuminating the device. According to the general theory of semiconductors (e.g.
[181]), the following expression holds within the entire semiconductor between majority
and minority carrier concentrations, for given biasing conditions:

np = n2
i exp

(
qV

kT

)
(B.5)

If this expression is substituted in equation (B.2), and assuming that γn = γp
1, it follows

that the recombination rate is maximum when n+ p is minimum, which is the case when
n = p. Excluding at this point the participation of tunneling processes (Γ = 0), equation
(B.2) leads to:

Rmax =
ni
2τ

(
exp

(
qV

2kT

)
− 1

)
(B.6)

the recombination being effective in the region dx ∼ 2kT/qEmax (Emax denotes the
maximum electric field) around the position where n = p. If dx does not strongly depend

1This assumption implies equal capture cross section for electron and holes. This is a reasonable state-
ment following the SRH theory for defects lying at mid-gap.
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on the applied bias, the recombination current (Eq. (B.1)) can be approximated by:

J = qRmaxdx ≈
qni
2τ

dx

(
exp

(
qV

2kT

)
− 1

)
= J0

(
exp

(
qV

2kT

)
− 1

)
(B.7)

This expression obtained for the case in which the electronic transport is controlled by
carrier recombination in the space charge region, without tunneling enhancement and via
a single defect level in the band gap of the absorber resembles that derived for the diode,
predicting an ideality factor A = 2. In this case the saturation current can be written as:

J0 = J00exp

(
−Eg
2kT

)
(B.8)

which states that the thermally activated activation energy of the saturation current of
such a deviced is EA = Eg/2.

This model accounts for the recombination within the space charge region based on
the SRH theory of a single defect level in the band gap, but may be extended to the case
where a continuous exponential defect density distribution from the band edge decaying
into the gap is present [182].

In the case of a device controlled by recombination over a distribution of defect states,
the ideality factor is slightly temperature dependent, ranging from 1 to 2 with decreasing
temperatures following:

A−1 =
1 + T

T ∗

2
(B.9)

where kT ∗ is the characteristic energy of the exponential decay [32].

Recombination in the SCR: tunneling enhancement

The model of tunneling enhanced recombination over a continuous exponential defect
distribution within the SCR predicts a temperature dependence of the ideality factor given
by [162]:

A−1 =
1

2

(
1− E2

00

3(kT )2
+

T

T ∗

)
(B.10)

for kT > E00, where E00 is the characteristic energy of the transition from tunneling to
thermally activated processes and kT ∗ is the characteristic energy of the defect distribu-
tion. The saturation current J0 is in this case:

J0 = J00 · exp
(
− Eg
AkT

)
(B.11)
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Recombination at the interface: thermally activated

The recombination of charge carriers taking place at an interface (or surface) can be inter-
preted in terms of a surface recombination velocity Sn,p as shown in equation (B.3). S is
defined as the number of carriers recombining at a surface per unit area per unit time per
unit volume of excess charge carriers at the boundary between the quasi-neutral region
and the depletion region associated to the surface [183]. This velocity is proportional to
the surface density of states and it is limited by the velocity with which carriers arrive
at the surface (the drift velocity associated to the surface potential). Each recombination
center is characterized by the capture cross-section of holes and electrons, and which in
turn determine the effectiveness of the given trap as a recombination center or simply as a
trapping center. The most effective recombination centers are those located between the
Fermi level at the surface and mid gap, with a maximal S when the value of the Fermi
level is pinned at mid gap.

The ideality factorA of a device governed by interface recombination depends strongly
on the ratio of doping concentrations on either side of the interface. For the case of mate-
rials with identical dielectric constants the dependence can be approximated by [184]:

A = 1 +
NA

ND

(B.12)

For the case of NA = ND an ideality factor of 2 is predicted, whereas A = 1 is
expected for the case of a junction where ND >> NA. This is the case of chalcopyrite
thin film solar cells. The recombination current can be then written as:

J = qγnNV

(
exp

(
qV

kT

)
exp

(
−EA
kT

))
= J00exp

(
qV

kT

)
exp

(
−EA
kT

)
(B.13)

where EA is the potential barriers that holes have to surmount in order to reach the inter-
face and recombine with electrons from the window. An ideality factorA = 1 is predicted
in this case.

Recombination at the interface: tunneling enhancement

In this case, the general expression of the recombination current can be written as:

J = J00exp

(
−EA
AkT

)
exp

(
qV

AkT

)
(B.14)

The activation energy of the saturation current is given by EA, as in the case of thermally
activated recombination at the interface. The ideality factor in this case is temperature
dependent and follows:

A =
E00

αvkT
coth

(
E00

kT

)
(B.15)
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where E00 is again the characteristic energy of the transition from tunneling to ther-
mally activated processes. If an external voltage is applied, it can happen that not all of it
falls on the absorber. This is dealt with the inclusion of the correction factor αv [164].

A summary of the discussion presented above is found in table B.1. For each of the
recombination mechanism mentioned the corresponding activation energies of the satu-
ration current density and the temperature dependence of the ideality factor is given. In
real devices one or more of these mechanisms may dominate the electronic transport and
changes can be recorded as a function of temperature or as a function of the illuminating
conditions. In principle, these contributions can be identified from the analysis of J(V,T)
curves as it will be shown in this chapter.

Table B.1: Recombination mechanisms in thin film solar cells with their corre-
sponding predicted activation energies of the saturation current density and diode
ideality factors as a function of temperature.

Recombination Activation energy Ideality factor A
mechanism (EA)of J0

Bulk Eg 1
Thermally activated SCR Eg 2

-single defect
Thermally activated SCR Eg/A 2T ∗/T + T ∗ ; 1 ≤ A ≤ 2

exponential defect distribution
Tunneling SCR N/A 2 (1− E2

00/3(kT )2 + T/T ∗)
−1; A ↑ as T ↓

Thermally activated interface EA < Eg 1 +NA/ND; 1 ≤ A ≤ 2
Tunneling interface N/A E00/αvkT · coth (E00/kT ); A ↑ as T ↓

The total recombination current will be given by the addition of the different contribu-
tions resulting from the corresponding recombination processes, which can be generally
written as:

J =
∑

1

J0i

[
exp

(
qV

AikT

)
− 1

]
(B.16)

where i runs over the recombination processes involved in the transport.
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Appendix C

List of symbols

Table C.1: Abbreviations

AM1.5G Air Mass 1.5 Global
CBD Chemical Bath deposition
CIGSSe Copper indium-gallium sulphur-selenide (Cu(In,Ga)(S,Se)2)
CIS Copper indium sulfide (CuInS2)
ESCA Electron spectroscopy for chemical analysis
EF-TEM Energy-filtered transmission electron microscopy
EQE External quantum efficiency
fcc Face centered cubic structure
FWHM Full width at half maximum
hex Hexagonal structure
HR-TEM High-resolution transmission electron microscopy
IFMP Inelastic free mean path
I(V) Current-voltage characteristic
I(V,T) Temperature dependent current-voltage characteristic
Lig Ligand
PES Photoelectron spectroscopy
PV Photovoltaics
PVD Physical vapour deposition
QE Quantum efficiency
QNR Quasi-neutral region
RTP Rapid thermal processing
SEL Stacked elemental layer
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SEM Scanning electron microscopy
SLG Soda Lime glass
TCO Transparent conductive oxide
TEM Transmission electron microscopy
tetr Tetragonal structure
TU Thiourea SC(NH2)2
UHV Ultra high vacuum
UPS Ultraviolet photoelectron spectroscopy
XAES X-ray excited Auger electron spectroscopy
XPS X-ray photoelectron spectroscopy
ZTS Tris (thiourea) zinc sulphate

Table C.2: Symbols

A Activation energy of the saturation current
α1,2 Auger parameters
BE Binding energy (also EB)
χ Electron affinity
Dn,p Diffusivity of free electrons / holes
d length
∆EC Conduction band offset
∆EV Valence band offset
E(x) Electric field
E Energy level
EA Activation energy of the saturation current
EB Binding energy (also BE)
EC Conduction band minimum
EF Fermi level
Ef Energy of the final electronic state
EFn,Fp Quasi-Fermi level for electron / holes
Eg Energy band gap
Ei Energy of the initial electronic state
Emax Maximum electric field
ET Energy of defect level
Ekin Kinetic energy
E00 Characteristic energy of tunnelling-enhanced recombination
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ES Surface energy
EV Valence band maximum
ε, εs Relative dielectric constant
F(E) Probability of electron occupation in the conduction band
f(t) Time evolution of volume fraction
FF Fill factor
Φ Work function
G Generation rate
g(t) Turbidity of the chemical solution
h(t) Transparency of the chemical solution
η Energy conversion efficiency
I Current
I Light intensity
Iilu Illumination intensity
Impp Current at maximum power point
I0 Initial light intensity
Iref Reference light intensity
Irel Relative light intensity
Isc Short circuit current
J Current density
JD Diode current density
JL Photogenerated current density
jn,p Current density of electrons / holes
J0 Saturation current density
J00 Prefactor of the saturation current density
JR Recombination current density
Jsc Short circuit current density
k rate constant
n Avrami exponent, order of reaction
Ksp Solubility product
Ln,p Diffusion length for electrons / holes
L Heat of solution
Leff Effective diffusion length
λ wavelength, inelastic free mean path
m∗
e,h Effective mass of electrons / holes

µn,p Mobility of electrons / holes
n Free electron concentration
NA Ionized acceptor density
NC Conduction band effective density of states
ND Ionized donor density
ni Intrinsic free carrier concentration
NV Valence band effective density of states
ν Frequency
p Free hole concentration
p, p Momentum
Pin Power input
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Pout Power output
R Recombination rate
Rc Critical nuclei radius
Rmax Maximum recombination rate
Rp Parallel resistance
Rs Series resistance
ρ Density
ρ(x) Charge density
S Interface recombination velocity
σ Surface energy per unit area
T Temperature
T∗ Characteristic temperature of tunnelling process
ti Induction time
τn,p Carrier lifetime for electrons / holes
Θ Angle
U Width of UPS spectrum
V Potential drop, voltage
Vbi Built-in potential
Vmpp Voltage at maximum power point
Voc Open circuit voltage
w Space charge region width
xn,p Space charge region edges

Table C.3: Physical constants

q 1.602·10−19 C Elementary charge
ε0 8.854·10−12 F/m Permitivity in vacuum
m0 9.11·10−31 kg Electron rest mass
h 6.626·10−34 J·s Planck constant
k 1.381·10−23 J/K Boltzmann constant
c 2.998·108 m/s Speed of light in vacuum
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