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INTRODUCTION

The potential demand in the power generation market requires cheap photovoltaic
(PV) modules with efficiencies in excess of 10%. Therefore, research and
development efforts shifted gradually from crystalline Si to polycrystalline thin film
technologies, such as copper indium gallium diselenide (CIGS), cadmium telluride
(CdTe), dye-sensitized, kesterite (CZTS) and Perovskite solar cells due to their low
price materials and rapidly escalating efficiencies. During the past twenty years,
CdTe and CIGS solar cells have demonstrated long-term stability and competitive
performance, and they continue to attract production-scale capital investments. Very
recently (February, 2015), First Solar set a world record for CdTe PV research cell
conversion efficiency, achieving 21.5% efficiency [1], whereas the Centre for Solar
Energy and Hydrogen Research Baden-Wiirttemberg set the world record efficiency
for CIGS solar cells at 21.7% in September, 2014 [1]. These achievements place
CdTe- and CIGS-based solar cells well above multicrystalline silicon solar cells,
which peaked at 20.8% [1]. Another common feature for CdTe and CIGS solar cells
is the use of a CdS buffer film, which is shown to drastically influence the
performance of both solar cells.
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Fig. 1. Best research-cell efficiencies documented in the U.S. Department of
Energy's National Renewable Energy Laboratory.

In a CdS/CdTe solar cell, the crystallization and morphology of the absorber are
strongly affected not only by the CdCl, treatment but also by the CdS deposition
method and the structure of the CdS layers on the transparent conductive oxide (TCO)
substrates [2]. Additionally, the intermixing of CdS/CdTe is very much dependent on
the properties of the CdS layers. CdS pre-treatments, designed to limit intermixing
by increasing the grain size, clearly restructure the CdS and sharpens the transmission
edge. However, depending on the CdS thickness, it may be detrimental to the open-
circuit voltage and fill factor of the CdS/CdTe solar cell [3].

In a CIGS/CdS solar cell, the bulk properties of the CdS buffer create
modifications to the CIGS surface: sulfur passivation, the formation of a transition
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region (such as CdInxSey) [4] and etching effects by the removal of secondary phases,
oxides and carbonates [5]. Moreover, with an increased impurity concentration in the
CdS layer, the open-circuit voltage of a CIGS solar cell may exhibit a noticeable
increase [6].

For an optimal impact on solar cell performance, the CdS layer should be very thin,
uniform, adherent and compact. These requirements are mainly fulfilled by chemical
bath deposition (CBD), which is a proper technique to produce suitable CdS films
with low cost at reduced temperature. However, to fulfill the compactness issue, an
adequate post-deposition thermal treatment is required to recrystallize the CdS film
by increasing the grain size. As long as CdS is subjected to a thermal processing step
during absorber deposition in a CdTe solar cell or TCO deposition in a CIGS solar
cell, the post-deposition treatment of the CdS film represents an important step.

The target of this study is the optimization of CdS films for application in CdTe
and CIGS solar cells. This improvement of CdS properties is obtained through a post-
deposition thermal treatment at variable conditions, including annealing time from 3
to 120 min, annealing temperatures from 200 °C to 450 °C and the presence of
different annealing gases, such as hydrogen, nitrogen or air.

The present doctoral thesis is a continuation of the previous studies on the
deposition and thermal treatment of CBD CdS films that have been conducted in the
Laboratory of Thin Film Chemical Technologies, Department of Materials Science,
at Tallinn University of Technology [7, 8, 9]. The aim of this doctoral thesis was to
study systematically the effect of post-deposition thermal treatment variables on the
optical, structural and electrical properties of CdS films. From an application point
of view, we also investigated the influence of an annealed CdS buffer layer on the
final performance of CdS/CdTe solar cells. Research regarding CdS/CdTe solar cells
with annealed CBD CdS layers was possible through a collaboration with the
Department of Physics and Engineering from Moldova State University.

The thesis is divided into three Chapters. Following the introduction, Chapter 1
includes a literature overview describing the main properties of CdS, deposition
methods for CdS films, the properties of CBD CdS thin films and solar cells based
on a CdTe absorber with CBD CdS as a buffer layer. Chapter 2 briefly describes the
preparation, annealing and characterization of CBD CdS thin films, as well as the
fabrication and characterization of CdS/CdTe solar cells. Chapter 3 is divided into
three sections and includes the results and a discussion of CdS film properties,
followed by the application of annealed CBD CdS thin films in practical devices.
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1. LITERATURE OVERVIEW

1.1. The main properties of CdS

CdS is a group II-VI compound semiconductor. This material can be used in the
development of several optoelectronic device applications, such as photoconductive
detectors, gas sensors, light emitting diodes and particularly in solar cells as a buffer
layer due to its suitable optical and electrical properties. CdS crystallizes in a cubic
zinc blende and/or hexagonal wurtzite structure with lattice parameters a=5.825 A,
and a=4.136 A, ¢=6.716 A, respectively [10]. CdS films with cubic structure grow
perpendicular to the (111) plane, while the hexagonal structure is textured in the [002]
orientation.

The optical transmission of CdS is approximately 80 - 90% at A > 520 nm, and the
room temperature energy band gap (E,) value for bulk CdS is 2.5 eV [11], with a
temperature coefficient in the range of (3.4 —5.1)-10* eV/K [10]. For CdS thin films,
there is a wide spread of reports on E, values that varies from 2.2 eV [12] to 2.6 eV
[13] depending on the deposition technique, deposition parameters and post-
deposition treatments [14, 15].

The specific conductivity of CdS is approximately 107 Q'-cm” at room
temperature [16], and its resistivity ranges from 107 Q-cm to 10® Q-cm [17]. Room
temperature mobility for holes was as high as 48 cm?/(V-s) [10], while for electrons
the value was up to 2.42-10° cm*(V-s) [18]. CdS is invariably an n-type
semiconductor due to the asymmetry in the energetic dislocations of the conduction
and valence bands [17].

Six types of isolated native defects are considered for CdS: Cd and S vacancies,
Cd and S interstitials, Cd and S anti-sites [19]. In addition to the intrinsic dopants,
CdS can be doped with B, Al, Ga, In, Cl, Br and I to obtain an enhanced conductivity
and/or with Cu, Ag and Au acceptors to obtain the compensation of donor dopants.
H, O and related complexes, as (OH) group, can also be incorporated, acting mainly
as shallow donors in CdS [20].

1.2. Reported preparation methods for CdS thin films

Thin films of CdS have been prepared by various deposition techniques: physical
vapor deposition (PVD), close spaced sublimation (CSS), radio frequency (RF)
sputtering, screen printing, pulsed laser evaporation, CBD, electrodeposition, spray
pyrolysis, successive ionic layer adsorption reaction, and metal organic chemical
vapor deposition. For comparison, we will provide a review of the reported work on
CdS thin films grown by some of the most commonly used methods, which are
further analyzed.

1.2.1. Chemical deposition methods

CBD: In recent years, high priority has been given to the development of low-cost
deposition techniques for CdS thin films, one of which is the CBD method. The first
reported compound semiconductor films formed by CBD included PbS, SbS and CuS
[21]. The deposition of CdS films by CBD was first reported by Mokrushin in 1961
[22] and has now become the most widely studied material produced by CBD. The
range of materials deposited by CBD was gradually extended to include sulfides and
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selenides of many metals [23, 24], oxides [25], CdTe [26] and several ternary
compounds [27].

CBD was confirmed as a simple and promising technique to deposit CdS for high
efficiency polycrystalline thin film solar cells based on CIGS, CdTe or CZTS in both
substrate and superstrate configurations.

The traditional CBD setup consists of a magnetic stirrer with controllers for the
temperature and stirring rate, a solution container, a bath, a thermometer and a holder
for substrates (Fig. 1.1). The deposition of CdS films is carried out using an alkaline
aqueous solution composed mainly of a Cd salt (CdCl,, CdSO4, Cdl,, etc.), thiourea
(SC(NHz),) as the sulfur source and ammonia (NH3) as the complexing agent. The
formation of CdS takes place heterogeneously on the substrate surface or
homogeneously in the solution due to the spontaneous precipitation of CdS in the
form of secondary particles. Homogeneous deposition is highly undesirable, as it
yields powdery and non-adherent films. For better quality films, the heterogeneous
process is desirable and achieved by slow deposition of CdS at a low concentration
of Cd*" and a low rate of S* release by the decomposition of thiourea in the basic

solution.
= =

Thermometer

Substrates
holder

Bath

Solution
for deposition

Subsirates

Magnetic

stirrer

Fig. 1.1. Traditional setup scheme for CBD technique.

The interaction between ions of the cadmium-ammonia complex and thiourea
molecules in ammoniacal solution is given by the global reaction (1.1).

Cd(NH3)3* + SC(NH,), + 20H™ - CdS + CH,N, + 4NH; + 2H,0  (1.1)

The mechanism of CdS growth has been studied by many authors; however, the
process model described by Lincot [23] is considered one of the most suitable for the
description of the reaction scheme:

1. Reversible adsorption of cadmium hydroxide species (1.2).

2. Formation of a surface complex with thiourea (1.3).
3. Formation of CdS with site regeneration (1.4).

Cd(NH;)2* + 20H™ + Site & Cd(OH), + 4NH, (1.2)

Cd(OH); + S = C(NH3), = [(Cd(S = C(NH;),)(OH),] (1.3)

13



[(Cd(S = C(NH,),)(OH),] - CdS + CN,H, + 2H,0 + Site (1.4)

The epitaxial growth process of CdS [23] appears to be strongly dependent on
temperature. At room temperature, no deposition occurs within a few hours [15],
whereas a small increase of temperature multiplies the growth rate by a factor of 2.5.
An increase in ammonia concentration strengthens the complexation of hydroxide
ions with cadmium, slowing down the growth rate of CdS [24]. Other important
deposition parameters in this technique are the molar concentration of the precursors,
pH of solution, deposition time and stirring rate. Moreover, there are several
parameters of the post-deposition processing of CBD CdS that also strongly influence
the film properties. The details of CBD processing parameters and post-deposition
conditions for CdS thin films will be discussed later in Section 1.3.

Chemical spray pyrolysis: The sprayed CdS thin films are deposited at a substrate
temperature of 400 °C using a Cd salt and thiourea solution, similar to CBD [7].
Chemically sprayed CdS films have an excellent photoconductivity as well as
permeability in the visible range, but the resistivity is approximately 10 Q-cm [18],
which limits their use as transparent window in solar cells. Annealing or chemical
doping is applied as an effective solution in this situation [28]. However, in
comparison to CBD CdS films, the out diffusion and evaporation of chlorine from
sprayed CdS takes longer and complicates the control of film resistivity [7].

Electrodeposition: Compared with CBD film, CdS films prepared by
electrodeposition from an aqueous solution is deposited more slowly, however, the
film is denser and has a higher absorption coefficient in the wavelength region of 400
— 1000 nm [29]. Though an alternating current voltage method with a two-electrode
cell was proposed to improve the quality of electrodeposited CdS films [30], the
control of the deposition process remains an open issue for the electrodeposition of
CdS film [31], not to mention the need to control the electrical properties.

1.2.2. Physical deposition methods

PVD: For industrial production, in-line vacuum deposition methods such as PVD is
preferred for CdS deposition. Co-evaporation, compound evaporation and sputtering
are all physical vapor deposition methods. PVD of CdS is usually performed in a
high-vacuum thermal evaporation system (<107 Torr) from a high-purity powder of
CdS at very slow rates (40-400 A/min) [32, 33]. PVD CdS films are polycrystalline
and show continuous coverage and larger grains than CBD films [34]. Moreover, in
a solar cell structure, CBD and PVD CdS show different lattice (mis)matches with
respect to the absorber. This mismatch is connected to the fact that a CBD CdS layer
is a mixture of CdS, Cd—OH and Cd—O, which offers a range of lattice constants that
apparently leads to a better lattice match to CIGS than the lattice constants of PVD
CdS [6]. As a result, efficiencies of CIGS solar cells achieved by PVD CdS buffer
layers hardly exceed 13% [34], whereas those with CBD CdS buffer layers yield
efficiencies of approximately 16-17% [1].

CSS: With the CSS technique, CdS films are prepared within several minutes at a
pressure below 10 Torr and with a very low source-to-substrate distance (0.7 cm in
[35],0.2 cmin [36] and 0.03 cm in [37]). The crystallized material has a much lower
density of defects, higher degree of crystallinity and larger grain sizes than CBD CdS
film. Better crystallinity contributes to a lower stress in the CSS film, however it also
contributes to an insufficient driving force to recrystallize CdS during CdCl,
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treatment. Moreover, due to the large grain size and roughness, CSS CdS films are
less able to conform to the substrate during growth than CBD CdS, which might be
the reason that solar cells with CBD CdS generally show comparable efficiencies
with solar cells that use CSS CdS [38].

RF Sputtering: Sputtered CdS thin films are obtained at substrate temperatures
between 25 °C and 320 °C [39], and all CdS thin film properties depend on the
sputtering parameters [40]. RF sputtered CdS is a dense and pin-hole free film with
a preferential [002] orientation, compared with the random orientation for CSS or
CBD CdS. The small grain size, rough surface and defects, located either in the bulk
of the CdS or at the CdS/TCO interface, negatively affect the properties of solar cell
[41]. Defects of RF sputtered CdS thin films are induced by the sputter process itself
due to Ar-ion bombardment of the target material [41, 42].

To summarize, all of the vacuum-based techniques require complex, expensive
equipment and strict deposition conditions. In contrast, the wet techniques are
characterized by their low cost, simplicity and low temperatures. Among the wet
methods, CBD has achieved high popularity and has been widely applied to the
manufacture of CdS thin films due to its major advantages:

— low-cost equipment;

— epitaxial growth;

— conformal coating of large area;

— compatibility with a variety of substrates for plating, including plastics;

— low film thicknesses which can be controlled easily by changing the deposition

parameters;

— post-deposition treatment in a defined atmosphere or in the presence of CdCl.

Nevertheless, despite the simplicity of the CBD procedure, it is a complicated task
to understand the kinetics of the film growth mechanisms involved in the deposition
process.

1.3. Properties of CBD CdS films

The physical and electrical properties of CBD CdS films depend on the deposition
procedure and post-deposition treatment conditions.

As deposited CBD CdS thin films: In the process of the formation of the film
during the deposition steps, the CdS thin film properties are influenced by the
following parameters: Cd salt, S/Cd ratio, complexing agent, pH, temperature and
duration of deposition, substrate nature and bath geometry.

Small details, such as a constant rate of magnetic stirring and the addition rate of
thiourea, also should be considered to obtain uniform CBD CdS films [43]. A review
of the CBD CdS properties influenced by the deposition parameters is presented in
Table 1.1.

Annealed CBD CdS thin films: CdS thin films deposited by CBD were shown by
several authors to have poor crystalline qualities, even to be amorphous, and tend to
form the cubic phase [44]. A reorganization of CdS by annealing always favors better
quality films [45]. Another problem with CBD films is the high concentration of
impurities and the numerous adherent particulates of homogeneously nucleated CdS
[46-48]. The presence of these impurities endows the layers with a high speed of
recrystallization at low temperatures with major changes in the structural and optical
properties [45, 49]. These features make the annealing treatment steps necessary to
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improve the properties of CdS thin film. Generally, the beneficial effects of a thermal
annealing for CBD CdS films are as follows:

- improvement of crystalline quality by removal of random strain [50-52];

- phase transition and thereby change of the band gap [53];

- improvement of electrical properties, in particular, the reduction of CdS
resistivity [9], conferring the required concentration and mobility of electrons to
the layers, and good ohmic front contact in the TCO/CdS interface.

In the last few years, several groups have studied the influence of thermal
annealing in different atmospheres on the properties of CdS thin films. This influence
was shown to be directly dependent on whether the annealing atmosphere is neutral,
reducing or oxidizing [44, 49, 53-57], as well as the duration and/or temperature of
the annealing process [8, 46]. Generally, neutral annealing brings a significantly
improved crystalline quality of the film, while the oxidizing atmosphere assures grain
growth and a pinhole free CdS thin film. The presence of H, in a reducing atmosphere
strongly decreases the concentration of oxygen containing species [58], creates a
moderately reducing ambient environment and decreases the concentration of Cd
vacancies [59], which are responsible for acceptor centers that participate in the
compensation of charge carriers in CdS [60]. A review of CBD CdS properties
influenced by the post-deposition treatment is presented in Table 1.2.

Table 1.1. Influence of deposition parameters on the properties of CBD CdS thin films.

Deposition Changes in CdS properties Ref.
parameter
— Promotes the adherence of colloids and larger
particles from the solution;
— Increases the pinhole density; [23]
Increase of — Promotes the cubic—hexagonal transformation with | [61]
duration and improvement of film crystallinity; [62]
temperature — Decreases the E,; [63]
— Decreases the grain size; [64]
— Highest deposition temperature of 85 °C leads to the
lowest resistivity and highest mobility.
—  Lower release rate of Cd*" from Cd(CH3COO); in
. the solution implies higher deposition rates;
Different — CdCl, promotes CdS films with relatively larger 23]
Cd salts [65]

band gaps and higher quality;
— Cdl; has the lowest initial growth rate.
— Increases the Eg;

— Reduces the grain size; [8]
Increase of . .
S/Cd ratio — Increases the optical transmission above the |[66]
threshold; [67]
— Improves the coverage of grains.
— Ammonium determines the pH of solution; [44]
Complexing — Tartaric acid improves the quality of CdS film in [68]
agent terms of thickness, uniformity and adherence to the [69]

substrate surface.
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[23]
u —  Controls the rate of CdS formation; [70]
P — Inversely influences the band gap. [71]
[72]
— Si substrates suffer structural changes during CdS
deposition;
— The choice between indium doped tin oxide (ITO) 137]
Nature of and fluorine doped tin oxide (FTO) is determined [73]
substrate primarily by the deposition temperature of CdS [74]
and/or the absorber;
— For solar cell applications, FTO substrates give
excellent reproducibility.
— Keeping a constant pH of solution during the
] deposition; [43]
Construction  of |_ Controlling the stirring of solution; [69]
the CBD set up Removing bubbles from the CdS surface; [75]
— Improving utilization of Cd species.
Table 1.2. Influence of annealing parameters on the properties of CdS thin films.
Annealing . .
Changes in CdS properties Ref.
parameter
— Increases the rate of changes in the properties of
film;
Increase  of |~ Increases the risk of porosity;
— Allows the tuning of Eg; [8]

duration and
temperature

Decreases the refractive index at a given | [45]

surface;
Increases the resistivity of the films.

wavelength;
— Contributes to sulfur effusion from the film at
higher temperatures.
— Requires lower exposure times;
— Hais astrong agent for grain boundary passivation [49]
Reducing by oxygen removal; [g g]
atmosphere |~ Substantially decreases the resistivity; [56]
— Preserves the cubic phase during the entire thermal [56]
process.
— Increases the grain size;
D — Improves the film crystallinity; [44]
Oxidizing i ’ [50]
— Substantially decreases the Eg;
atmosphere .. [55]
— Creates oxygen containing phases on the CdS [57]
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— Improves the film crystallinity;

— Reorients the as deposited CdS film;

Neutral — Decreases the resistivity;

atmosphere |— Increases the grain size;

— Decreases the number of grain boundaries;

— Assures the phase transition from cubic to
hexagonal.

[53]
[55]

To summarize, a correlation between deposition and post-deposition treatment,
capable of conferring suitable properties to CBD CdS films, is still missing. Although
plenty of research has been conducted in this direction, there is a lack of commonly
accepted understanding for the physico-chemical nature of the processes taking place
in the thermal annealing process and the resulting changes of CdS properties. This
thermal annealing in a defined atmosphere is an important method to reduce the
extent of disorder in CBD CdS and to control the changes in the film properties.

1.4. Application of CBD CdS film in CdTe solar cells

CBD received an important impetus in the PV sector because CdS films chemically
deposited on CdTe [76] and CulnSe; [77] absorbers were shown to result in superior
solar cells compared with the previously studied evaporated CdS [78]. Currently, a
CBD CdS buffer layer is also used in monograin and kesterite solar cells [79, 80].

For solar cell applications, CdS films should be conductive, thin and uniform [3].
High conductivity of CdS films increases the built-in potential as an absorber, which
in turn improves the photovoltage of the solar cell [81]. Film uniformity avoids
shorting pathways between the TCO and the absorber [82]. If thinning raises the
transparency of the CdS film and increases short-circuit current [83], then thicker
films stop the decrease in Voc and CdS is not consumed as a result of interdiffusion
[84, 85] at the junction interface.

Cell-processing conditions promote this interdiffusion between the absorber and
CdS in response to the thermodynamic driving force for alloy formation on each side
of the interface. For example, in a CdS/CdTe solar cell, a narrow intermixing between
CdS and CdTe allows a smoother transition between both lattices, but the resulting
shift of the CdS bandgap reduces the film transmission and lowers the shorter-
wavelength quantum efficiency (QE) [4]. CdS intermixing can be minimized by a
thermal treatment that would recrystallize the film or by judicious control of device
processing [86, 87]. Another proposed strategy to reduce CdS absorption losses was
to mix CdS with ZnS in order to increase the bandgap and transmission of the buffer
layer. However, as ZnS is chemically less stable than CdS during the CdCl; treatment
[88], simple mixing has not produced net performance gains [4].

Despite the lower crystallinity of CBD thin films in comparison with other
techniques, the CBD CdS films give excellent results for PV applications due to their
high relative photoconductivity in the n-type region and better morphological
properties, such as low roughness and pinhole density [89]. Furthermore, regardless
of toxicity, compatibility or waste aspects, manufacturers of CIGS solar cells
preferably apply CBD CdS buffers simply because they result in the highest
efficiencies [32].

To summarize, CBD CdS thin films represents a suitable buffer layer for several
types of solar cells, but still require some improvements in terms of pinhole free
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coverage, reduced absorption and limited interdiffusion with the absorber.
Additionally, when applied in a solar cell construction, CBD CdS is highly sensitive
to the post-deposition thermal processes due to the high concentration of impurities
and defects. A solution for these issues can be the thermal annealing of CBD CdS,
which would improve film compactness, minimize the interdiffusion by
recrystallizing the film and tailor the properties of CBD CdS to the relevant
application.

1.5. Summary of the literature overview and aim of the study

The studies reported in the literature on the chemical bath deposition of CdS, and its
subsequent thermal annealing as well as the solar cell application of this material can
be summarized as follows:

1. A CdS thin film represents an interesting I1I-VI compound semiconductor in
the field of material science due to its properties, such as wide band gap, high
transparency, tunable electrical properties, the ability to have a zinc blende
or wurtzite structure and the numerous available fabrication techniques.

2. One of the most important applications of CdS is in the fabrication of solar
cells. CdS is considered the perfect n-type buffer for CdTe, CIGS and
kesterite absorbers in superstrate or substrate configurations.

3. Among the various techniques to produce CdS, the most popular dry methods
for CdS thin films are considered to be RF sputtering and thermal
evaporation, while the most used wet method is CBD, with the latter having
significant advantages in simplicity and low cost. Other major advantages of
CBD for CdS can be listed as follows: large area deposition, conformal
coating, controllable thickness and compatibility with a variety of applicable
substrates.

4. As deposited CBD CdS films tend to form in the cubic phase and have poor
crystalline quality. Also these films contain numerous adherent particulates
of homogeneously nucleated CdS and a high concentration of impurities,
which endows the layers with a high speed of recrystallization at low
processing temperatures.

5. A thermal annealing step is required for CBD CdS, as it improves the film
crystalline quality, removes the random strain, changes the E,, supports the
phase transition and improves the electrical properties. In other words,
annealing can be used as a tool for the management of CBD CdS properties
by adjusting the parameters of the thermal process.

6. For solar cell applications, the thermal annealing of CBD CdS could also
solve issues related to shortcutting pathways and interdiffusion at the
junction interface.

7. Although the thermal annealing of CBD CdS thin films is widely studied by
many groups, a mechanism describing the physico-chemical processes
responsible for the changes in CdS properties is still missing. The
understanding of such mechanism would help us to control and tailor the
properties of CBD CdS thin films for solar cell applications.

On the basis of studies made on CdS thin films and from an application point
of view, the aims of the present doctoral thesis were:
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to prepare CdS thin films by chemical bath deposition and to anneal them in
reducing, neutral or oxidizing atmosphere for different durations and
temperatures;

to study the effect of annealing process on the crystallographic,
microstructural, optical and electrical properties of CBD CdS films;

to describe the physico-chemical processes responsible for the changes in
CdS thin film properties as a result of annealing;

to use annealed CdS films in a CdS/CdTe solar cell structure and to show the
influence of CdS annealing on the properties of junction.
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2. EXPERIMENTAL

2.1. Chemical bath deposition and thermal treatment of CdS films

Using a traditional CBD setup (Fig. 1.1), CdS thin films were deposited successfully
onto different substrates, including glass, ITO/glass, FTO/glass and polyimide.
Because of the large number of experiments, data on CdS films on polyimide
substrate were not included in this work. The 25 mm x mm glass plates were properly
cleaned and immersed in the water solution of 1 mM CdSO4, 10 mM thiourea, 0.2 M
NH4OH and 30 mM (NH4),SOs. For CdS doping, a low concentration of NH4Cl
solution (0.1 uM) was added in the deposition bath. The pH, temperature, and
agitation speed of the solution were 10.5, 85 °C and 500 rpm, respectively. Different
durations of deposition were used to tune the thickness of the CdS films. Except the
duration, all other deposition parameters were constant [I].

Heating elements Thermocouple
\

% Ceramic tube
T |

Furnace \

Quartz tube Samples

Fig. 2.1. Scheme of annealing setup.

After deposition and rinsing with deionized water, all~ 100 CdS films were
vacuum dried in a closed quartz tube at 120 °C for 1 h in order to remove most of the
secondary phases of water, hydroxides and organic impurities. At this stage, the CdS
films obtained the “as deposited” label. Afterwards, a thermal annealing step was
applied in preheated furnace using the same process tube (Fig. 2.1). The vacuumed
process tube with CdS samples was filled with 1 atm. hydrogen, nitrogen or a mixture
of H, and N, gases at room temperature then closed and introduced into the
cylindrical ceramic tube (Fig. 2.1), where the constant temperature and time were set
(Table 2.1). The gas pressure in the process tube was maintained by a standard gas
reduction system and was not influenced by the gas expansion at higher temperatures
of annealing. Large diameter (55 mm) and volume (1.5 1) of the process tube ensured
a gas convection flow so that the reaction products were transported in the colder part
of the tube. In the case of air annealing the process tube was opened at the colder part
of the quartz tube. A detailed description of the annealing process is presented in
papers I-IV.
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Table 2.1. Variable parameters of the annealing process for CBD CdS films.

Gas Annealing parameters
. T, °C 200, 250, 300, 350, 400, 450
? Time, min. | 3, 5, 10, 20, 30, 60,120
N T, °C 250, 400
? Time, min. | 10, 30, 60, 120
. T, °C 250, 400
Air - -
Time, min. | 10, 30, 60, 120
T, °C 250, 400
5% Hs +95% N, - 3
Time, min. | 60

2.2. Characterization of CBD CdS films

The morphology, coverage, grain size and elemental composition of CdS films were
studied by scanning electron microscopy (SEM), atom force microscopy (AFM) and
energy dispersive spectroscopy (EDX). High-resolution SEM apparatus (Zeiss EVO-
MAT15) was used at an operating voltage of 10 kV. The AFM operated in a “semi-
contact” (tapping) mode using the NT-MDT Solver 47 Pro system. The image
analysis of AFM 2D images was performed using the Media Cybernetics Image Pro-
3.0 program. For the EDX analysis the Rontec EDX XFlash 3001 detector and the
Oxford Instruments INCA Energy system were used. The quantitative results were
obtained by the help of factory defined standard using the PAP correction — a method
for light elements. Due to the low thickness of the CBD CdS films and the strong
signal from glass substrate, the amount of oxygen from the EDX data was estimated
by subtracting the concentration of SiO; from the total oxygen content in the film [I].

The phase composition, crystallographic properties and optical phonons were
observed by X-ray diffraction (XRD) and Raman spectroscopy. The XRD
measurements were made in the Bragg—Brentano (6-20) geometry by the Rigaku
Ultima IV diffractometer with Cu-Ko radiation. The room temperature Raman
spectra were recorded in a 180° backscattering geometry by using the Horiba's
LabRam HR high resolution spectrometer. The incident laser light with the
wavelength of 532 nm was focused on the sample within a spot of 10 pm in diameter
and the spectral resolution of the spectrometer was about 1.5 cm—1. Each spectrum
was smoothed with Lorentz fitting and peak position and Full Width at Half
Maximum were obtained.

From the XRD patterns, the crystallite size (L) was obtained by the Scherrer
formula (2.1), where B is the peak width, K is the Scherrer constant, lambda is the
wavelength of X-radiation, and 8 is % the diffraction angle.

KA
Lcos6

B(26) = @2.1)

To determine the interplanar distance (d) Bragg’s law was applied (2.2),
where 7 is a positive integer and / is the wavelength of the incident wave.

2dsing = na 2.2)
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The optical characteristics were measured in the wavelength range of 200-2500
nm on the Jasco V-670 UV—vis—NIR spectrophotometer equipped with an integrating
sphere. Total optical transmission and reflection spectra were used to determine the
transmittance of CdS and the optical thickness. Based on the Tauc relation (2.3), the
values of E, have been estimated from the (ahv)? versus hv dependence, by taking the
intercept of the extrapolation to zero absorption on a v axis.

hv = A(v — E;)" 2.3)

a is the absorption coefficient, given by a = 2.303 log(T/d) (d here is film
thickness and 7' is transmission), 4v is the photon energy, and the exponent » denotes
the nature of the transition (» = '% for direct allowed transitions).

The electrical properties of the CdS films (resistivity, charge carrier concentration
and mobility) were measured in the temperature range of -100 °C to 100 °C, using
MMR's Variable Temperature Hall System and a Hall, Van der Pauw Controller H-
50. The contact material used for electrical measurements was evaporated indium [II,
IV]. In-plane resistivity and charge carrier concentrations were calculated for the
thickness (300 - 350 nm) estimated from transmission and reflection spectra and
confirmed by SEM analysis. The impurity levels were analyzed by
photoluminescence (PL) measurements at room temperature with a green laser (532
nm) and 10 mW density of excitation. PL spectra were registered by a Renishaw -
type device with a built-in measuring Raman installation [IV].

2.3. Fabrication and characterization of CdS/CdTe solar cells

With the as deposited and annealed CBD CdS films in H; and air at 400 °C for 1 h
and 2 h, complete CdS/CdTe solar cell devices were fabricated. A 3 — 4 pm thick
CdTe layer was deposited by CSS onto the CBD CdS layer (Fig. 2.2) at source and
substrate temperatures of 610 °C and 500 °C, respectively. This was followed by a
soaking in CdCl2solution, air treatment at 420 °C, NP etching and deposition of gold
back contact by evaporation. Finally the CdS/CdTe samples were scribed into cells
of 5 mm X 5 mm dimension. More technological details are shown in [V].

Au/Cu i

CdTe

Cds —
SnO,:F

Glass — |

e 1111111111

Fig. 2.2. Schematic structure of superstrate CdTe solar cell.

The surface morphology of the cross-section of the CdS/CdTe solar cell was
examined by SEM, whereas the performance of the CdS/CdTe solar cells were
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characterized by J-V curves and quantum efficiency (QE) measurements under
AM1.5 (100 mW/cm?) illumination [V].
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3. RESULTS AND DISCUSSION

The following sections, 3.1 and 3.2, contain a systematic study of the structural,
electrical and optical properties of the CBD CdS thin films, altered by thermal
processing at various annealing conditions in hydrogen, air and nitrogen gas. The
mechanism of physico-chemical processes responsible for the changes in the
properties of CBD CdS are proposed. Results have been published in papers I, II, 111

and I'V.

3.1. Properties of CBD CdS films annealed in variable conditions of
ambient

3.1.1. Structural properties

Several characteristics for all as deposited and thermally annealed CBD CdS films
were revealed by microstructural analysis:

The surfaces of CBD CdS films may rarely feature large aggregated particles,
which were homogeneously formed in the deposition solution. (Fig. 3.1);
The grains of CBD CdS films have a columnar shape and grow perpendicular
to the glass substrate (Fig. 3.2);

CdS grains have a mean diameter of 260 nm and are formed by small
crystallites (Fig. 3.2b), with sizes in the range of 30 to 45 nm (from XRD
analysis);

The oxidizing ambient slightly enhanced the grain growth at 250 °C, while
annealing at 400 °C in N, and H, ambients contracted the grains (Fig. 3.1,
Table 3.1).

200 nm
H

Fig. 3.1. SEM plane view of as deposited (a) and annealed CdS films — in air at 250 °C (b)
and in nitrogen at 400 °C (c) both for 1 h. (A modified version of Figure 1 from [I])

25



Fig. 3.2. a) SEM cross section view of CdS film annealed in H> at 250 °C for 1 h; b) AFM
image of as deposited CdS film.

Table 3.1. RMS roughness values for the as deposited and annealed CdS films in different
ambient conditions at 250 °C and 400 °C.

Sample name RMS, nm
As dep. | 250 °C | 400 °C
H; annealed CdS 11.7 13.4
Nz annealed CdS 17.9 14.8 13.4
Air annealed CdS 16.2 15.4

Fig. 3.3. SEM top view of CdS film annealed in H> at 450 °C for 10 min (a), 20 min (b) and
60 min (c) [1].

Based on morphology studies of CBD CdS films, we assessed the maximal
temperature for thermal annealing of conformal and pinhole free CdS. Annealing for
only 10 min at 450 °C generated pinholes in the film, whereas longer processing made
it porous (Fig. 3.3). CdS porosity is attributed to the intra-grain recrystallization and
sintering of the primary crystallites, resulting in the contraction of grains. Therefore,
400 °C seems to be the highest applicable temperature for thermal annealing that

provides low porosity CdS films with suitable properties for the following
applications in PV devices.
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3.1.2. Electrical properties

As we studied CBD CdS thin film as a potential n-type buffer partner for CdTe, CIGS
and CZTS p-type absorbers, the electrical properties of CdS films and how are they
affected by the thermal annealing process were considered extremely important.

The kinetics of electron density for CdS films annealed in H; at temperatures from
200 °C to 400 °C (Fig. 3.4) can be divided into two stages. The first one is
characterized by a sharp increase of electron concentration to the level of 10" cm™,
whereby the growth rate substantially increases with the processing temperature. This
fast process, as later will be discussed, corresponds to the interactions in the lattice
of crystallites at the atomic level. In the second stage, at 200 — 250 °C, the electron
density reaches a plateau, and at higher temperatures (350 — 400 °C), the electron
density will slowly decrease with a temperature dependent rate, indicating that this
kinetics is limited by diffusion processes. At each annealing temperature, a
technologically important plateau of stable electron concentration is reached at 30
min for low annealing temperatures and at 60 min for higher temperatures (Fig. 3.4).
These changes in electrical properties are stable to subsequent etching with acetic
acid, which indicates that they occur in the bulk of the polycrystalline material and
not only at the CdS film surface.

1020 1 1 1 1 1 1 1 1
£
:‘ 10"+ -
S
o
'g 10 —a—200C |
s —*— 250°C
° —=—300°C
2 10" —e—350°C ||
3 —5—400°C
w

1016_ |

T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140
Annealing time, min.

Fig. 3.4. Electron concentration vs annealing time for CBD CdS thin films annealed in H, at
different temperatures.

Similar to the case of H; annealing, a stable electron density is reached for air and
nitrogen environments (Fig. 3.5) after 60 min of annealing at 400 °C, while for 250
°C it will stabilize at 30 min. The ambient gas does not influence the general trend of
changes in CdS conductivity. Due to the presence of oxygen, the air annealed CdS
films will have lower conductivity than H, and N, annealed samples. The same
processes with higher rates take place at 400 °C, and significantly higher resistivity
is achieved in air and N; annealing (Fig. 3.5) in comparison with the H, atmosphere.

27



PP SR @ - Py
i o /,.’ ”””” @ --@ L
10° Q\/ -0~ 3
oot S __e|--®- H, 250°C
e 3 --O-- H, 400°C
w10t A O o --@- N, 250°C
= . --0-- N,_400°C
W --@- Air_250°C
10% ] o-. --O-- Air_400°C
o T ---O
10° T T T : T J T
0 20 40 60 80 100 120 140

Annealing time, min.

Fig. 3.5. Electrical conductivity of CdS films at room temperature as a function of annealing
time, temperature and atmosphere.

The temperature dependence of electrical conductivity (Fig. 3.6) shows that high
conductivity of CdS films annealed at low temperatures is generated by shallow
donors with activation energies of approximately 10 — 20 meV. The conductivity of
such degenerated semiconductor films weakly depends on the measurement
temperature. Higher annealing temperatures, approximately 400 °C, remove these
shallow donors and the lower conductivity is caused by the deep donors located at
approximately 120 meV below the conduction band.

100°C RT 23°C
" 1 " 1 1
:ﬂmw - —o—o——¢
2 L
.MOMH 0000000 ¢
04 0000000000000 090900000 ¢
*N—MH—Q-._HH‘O-O—Q—Q—Q—Q_._H
o 4T L 7
c .
= bocb% as dep.o
hb“n( —e—H, 250°C
—o— H2_400°C
54 N L
) —e— N2_250°C
—e— Air_250°C
\)\()“C\—()—Q—O—O
-6 T T T
2,5 3,0 3,5 4,0 4,5 5,0
10°T, K"

Fig. 3.6. Temperature dependence of electrical conductivity for CdS films annealed for 1 h

in H>, N> and air [1V].

3.1.3. Optical band gap

Figure 3.7 shows that the decreasing trend of E, becomes more prominent as the
annealing temperature increases, and a similar behavior of E, is typical for all

annealing atmospheres (Fig. 3.8).
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Fig. 3.7. Band gap of H> annealed CdS films as a function of annealing time and

temperature [I].

The annealing process steadily reduces the Eg to 2.34 and 2.33 eV for 300 and 350
°C, respectively. The lowest E, value (2.32 eV) is reached after 30 min annealing in
H, at 400 °C. Longer annealing at 400 °C and 450 °C increase the band gap, becoming
closer to the E, value for bulk CdS (2.42 eV). One can observe a striking similarity
between the kinetics of band gap and electrical conductivity for CBD CdS films

annealed in different gas environments (Fig. 3.5, 3.8).
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Fig. 3.8. Band gap of CdS films vs annealing time for different ambient conditions and

temperatures [1V].

3.1.4. XRD and Raman analyses

XRD patterns for H, annealed CdS films show no evidence of secondary phases,
except a crystalline CdS phase textured in the [111] orientation [I], while annealing
in air and nitrogen for 1 h at 400 °C generate a CdSO; phase on the CdS surface (Fig.
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3.9). After 2 h annealing in nitrogen, this secondary phase is removed, whereas in air
annealing it is transformed to CdO.

The main (111) peak located at approximately 26.4° has been treated in the
literature as corresponding to both cubic and hexagonal modifications [90]. We
analyzed the diffraction patterns in the region of 26 — 27° at higher resolution (Fig.
3.10). Compared with cubic 26.4° and hexagonal 26.8° positions [91, 92], one can
see that, for the as deposited film and those annealed at low temperatures in H», the
main peak is located close to the hexagonal position. With increasing annealing
temperature up to 400 — 450 °C, this peak shifts towards the cubic position. For air
and N, annealed samples, the position of the (111) peak is stabilized at approximately
60 min of 400 °C annealing, before reaching the cubic position. This shift is not
affected by whether the substrate is glass or ITO (Fig. 3.11) or by the annealing
atmosphere (Fig. 3.12).
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Fig. 3.9. XRD patterns of CdS films annealed at 400 °C in H,, N> and air for
1 h (solid line) and 2 h (dash line) [1V].
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Fig. 3.10. Shift of the (111) peak with increasing annealing temperature for H> annealed
CdS films. (A modified version of Figure 4 from [I])
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Fig. 3.11. Shift of the (111) peak in dependence of glass or ITO substrate, annealing
temperature and ambient (H-hydrogen, N-nitrogen, 5SH-5% H, with 95% N>) [111].

On the other hand, the displacement of the (111) peak to the position corresponding
to the cubic CdS structure is accompanied by the lattice relaxation as the interplanar
distance and lattice constant become larger when annealing temperature increases
(Table 3.2). Additionally, a slight destruction of crystallites is observed, similar to
the Metin’s study of nitrogen annealed CdS films [45].
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Table 3.2. Crystallite size (s), interplanar distance (d) and lattice constant (o) for CdS
layers annealed for 1 h at 400 °Cin H, [1].

Tanneal, °C S, nm d, A Q, A

200 429 | 3335|577
250 42.0 | 3338 579
300 39.1 | 3343 | 5.79
350 40.3 | 3.343 | 5.81
400 403 | 3.354 | 5.82

The lattice stress shown by XRD [IV] was confirmed by Raman measurements.
The 1LO peak (300 cm™) of the as deposited CdS films narrows at 400 °C annealing
(Fig. 3.13). Additionally, the decreased intensity of 1LO peak with annealing was
attributed to the shift of the crystalline structure to a more cubic phase [IV], which is
in accordance with the XRD data
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Fig. 3.12. Displacement of the (111) peak vs processing duration at 250 °C (open circles)
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32



0,94

Normalized Intensity
o o o @2
(6] (2] ~ [o:]

1 1 1 1

o
'S
1

o
w
1

150 300 450 600 750 900
Raman shift, cm’

Fig. 3.13. Raman spectra of CdS films annealed at 400 °C for 1 h in different ambient [1V].
3.1.5. Elemental analysis

EDX analysis (Table 3.3) indicates that our CBD CdS films are Cd-rich for all
annealing temperatures. In addition, for as deposited CdS thin films and those
annealed at 200 — 250 °C, strong evidence for O impurity (10 at.%) was found,

whereas at higher annealing temperatures, [O] was decreased by 3 — 5 at.%.

Table 3.3. EDX relative atomic concentrations in H, annealed CdS thin films vs annealing
temperature. Annealing time was 1 h. (A modified version of Table 1 from [I])

Relative atomic concentration, at.%

Element 5. 7250 °C | 300°C | 350 °C | 400 °C
S 394 | 395 | 391 | 386 @ 422
cd 468 | 474 | 467 | 465 | 485
0 100 110 | 100 | 30 | 50

Because our measurement possibilities for the chemical composition of CBD CdS
have been limited, we compared our EDX data with results from the literature. Niles
and Nair proved an 11 at.% abundance of oxygen by X-ray photoelectron
spectroscopy (XPS) [93, 57], while Weber et al. showed the same atomic amount of
hydrogen by nuclear reaction analysis [58]. Moreover, Kylner indicated the presence
of Cd(OH), and CdO using XPS [94], whereas Danaher claimed an uniform
distribution of Cd(OH), and CdO through the film by secondary ion mass
spectroscopy [47]. All of these statements confirm our EDX results and indicate the
presence of both oxygen and hydrogen in CBD CdS films, most likely as an (OH)

group.

3.2. Physico-chemistry of the processes in CBD CdS thin films induced by
thermal annealing

An as deposited CBD CdS thin film with 300 — 350 nm thickness is characterized by
a wide band gap (2.42 eV), high resistivity (600 Q-cm in dark), high
photoconductivity and noticeable PL at approximately 1.65 eV [IV], corresponding
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to the well-known complex (VcdD)", where D is a donor impurity. Reduction of CBD
CdS film resistivity by 3 — 4 orders of magnitude [II] with the creation of high
electron density of approximately 10" cm™ (Fig. 3.4, 3.5) after 10 min of annealing
at relatively low temperatures (200 — 250 °C) represents the most striking result. Such
a degenerated semiconductor layer might crucially influence the quality of the p-n
junction in a substrate configuration solar cell when it is heated to approximately 200
°C for the sputtering deposition of the i-ZnO/ZnO:Al layer. Therefore, it is extremely
important to explain the physico-chemical mechanism behind the changes in the CdS
properties.

The high conductivity of CdS films annealed at low temperatures in reducing,
oxidizing and neutral atmosphere cannot be explained by the creation of a conductive
phase of CdO from residual oxide components [49, 57] because reduction of CdO in
H; already begins intensively at approximately 200 °C [I]. Moreover, the formation
of CdO in the processing solution is prevented by the basic ammonia medium we
used for CdS deposition. Additionally, it cannot be explained by the recrystallization
of “amorphous” CdS [46], as CdS is deposited in the form of 40 nm sized crystallites
[I] and no growth or sintering of these crystallites is observed up to 250 °C. And
finally, we will later show that it cannot be explained only by the creation of sulfur
vacancies by decomposition of CdS, as proposed in [45, 49].

For the explanation of the abrupt fall in resistivity, we raised a hypothesis about
the incorporation of cadmium hydroxide into the CdS lattice in the deposition process
from a basic ammonia solution [II]. This hypothesis is in accordance with the
hydroxide mechanism of CdS formation in the CBD process, where hydroxide
clusters act as a catalyst for thiourea decomposition so that CdS formation occurs
preferentially on the surface of hydroxide rather than nucleating separately in the
solution [27]. Comparing our results to those of other groups (Section 3.1.5), we
claim that all oxygen indicated by the EDX analysis in the as deposited CBD CdS
(Table 3.3) is present in the (OH) form. The hydroxide group, which is spatially
compatible with sulfur (Table 3.4), seems to incorporate into CdS on a sulfur site,
acting as a shallow donor [20], thereby forming the cadmium hydroxysulfide as a
solid solution of cadmium hydroxide in CdS (3.1).

Table 3.4. Covalent radii of components [95].

Chemical component | Cd | S O |H |OH | C]
Covalent radius, pm | 144 | 105 | 66 | 31 | 96 | 102

nCdS + Cd(OH), — Cdp1S,2(0H)sVeq 3.1)

Actually, (OH) incorporates on sulfur site similarly to the scheme of Cls
incorporation, introduced in the deposition solution as NH4Cl (3.2) (Section 2.1).
Both CdCl, and Cd(OH); create one Vcq per every pair of incorporated Cls or (OH)s
(3.1). In result, the double charged acceptor Vcd® compensates the (OH)s" and Cls*
shallow donors, so that the as deposited CBD CdS thin film represents a compensated
and resistive n-type semiconductor.

2NH,CL + CdSO, < CdCl, + (NH,),SO0, (3.2)
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The (3.1) reaction can be written for one mole of CdS, where a very small number
m of Cd(OH), moles is incorporated (3.3).

CdS + mCd(OH), — CdyymS m[2(0H)sVe4] (3.3)

When CBD CdS undergoes a thermal treatment, at low annealing temperatures,
the hydroxide groups become unstable and start to decompose (3.4), releasing water,
creating sulfur vacancies (Vs*') and resulting in the transition from cadmium
hydroxysulfide to cadmium oxysulfide solid solution, where the isovalent oxygen
occupies a sulfur site.

2200 °C
Cdy4mS m[2(0H)sVeq] —— CdyymS m[OsVsViq] + mH,0 (3.4)

The increase in [Vs®'] (3.4) implies the reduction of [Vc4”], thereby raising the
electrical conductivity of CdS thin films annealed at temperatures > 200 °C (Fig. 3.4,
3.5).

Another way of looking at this high density of electrons can be achieved by
analyzing the side effects of annealing, such as the precipitation of black Cd noticed
on the cold regions of the process tube. Low [96] also had shown, by thermal analysis,
that Cd(OH). decomposes to CdOosi, which means that the product of thermal
decomposition of Cd(OH); is highly enriched with cadmium. This experimental
evidence of Cd precipitation allows us to explain the origin of excess Cd in the
annealed samples and the decreased transmittance of the annealed CdS films [IV].
We have to assume that the incorporated Cd(OH), contains less than two (OH)
groups. In such an extreme case, the cadmium mono-hydroxide (CdOH) is
incorporated into the CdS lattice, which is accompanied by the absence of Vcy. As a
result, [Vs*'] will be much higher than [Vcs*] and, by the thermal destruction of the
(OH) group, the CdS lattice reveals a Cd excess. This excess of Cd might enable the
impurities of (OH)s" and Cls' to behave as shallow donors, increasing the electron
density of the CdS films at low annealing temperatures (Fig. 3.4). At higher annealing
temperatures (>300 °C), although the destruction of the incorporated hydroxide group
is accelerated, the concentration of electrons starts to decrease due to the gradual
removal of the shallow donor defects (Fig. 3.6).

The hydroxide group mechanism allows us to explain other CBD CdS properties,
such as elemental composition, together with the crystallographic and optical
properties of CBD CdS films.

Because incorporated Cd(OH), naturally crystallizes into a hexagonal lattice,
whereas CdS and CdO tend to grow in cubic structures, the position of the main XRD
peak of the as deposited CdS;.<(OH)y solid solution is located between the hexagonal
and cubic structures (Fig. 3.10). As a result, the structure of crystalline lattice of the
as deposited layer and those annealed at low temperatures (200 — 250 °C) is
intermediate between hexagonal and cubic modifications with a low lattice constant
and a narrow interplanar distance (Table 3.2). Durose at al. attributed the strained
crystalline lattice of ball milled CdS to specific disorder [90]. In our case, this
disorder could be caused by Cd(OH); incorporated into the CdS lattice during the
deposition process. The large E, for the as deposited and low-temperature-annealed
CdS (Fig. 3.7) is also associated with the incorporated Cd(OH),, which has a high
band gap [97].
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An increase in the annealing temperature (300 — 350 °C) is likely to accelerate the
sintering of the as deposited polycrystalline CdS, and the incorporated Cd(OH); starts
to decompose to water and CdO (3.1, 3.3). High water pressure,~ 10* atm. [I],
contributes to the cracking of CdS crystallites annealed at up to 350 °C (Table 3.1),
whereas the presence of CdO narrows the band gap of CdS to a minimum value of
2.32 eV (Fig. 3.8). Due to the decomposition peculiarity of Cd(OH); the excess of
Cd decreased the transmission of CdS and FTO substrates [III] in the range of 400 —
1000 nm [IV]. Additionally, at this region of annealing temperatures, the CdS lattice
relaxes with the transition from the intermediate to the cubic structure, confirmed by
the shift of the main (111) peak (Fig. 3.10, 3. 11). In other words, the thermal
annealing eliminates the lattice disorder generated by incorporated Cd(OH), and
reorders the CdS film to the cubic structure.

The highest annealing temperatures (>400 °C), together with removal of oxygen
and deposit of elemental cadmium observed on the cold walls of process tube, start
the out diffusion of chlorine due to high vapor pressure of CdCl, (3.2) [98], thereby
decreasing the electron density to the level of 10'® cm™. Some other CdS properties
also change in a reverse way: the oxygen content in CdS is slowly increased
compared with 350 °C (Table 3.3), the lattice constant (Table 3.2) and E, (Fig. 3.7)
are restored to the intrinsic values for pure CdS, and the crystallite size starts to
increase (Table 3.2). At this temperature region, the oxygen out diffusion is slowed
by the closing cracks and retention of oxygen containing phases (Fig. 3.9) in the bulk
of the polycrystalline material. The increasing E, values for longer annealing at 400
°C and 450 °C may be also explained by the appearance of the (100) and (101)
wurtzite peaks in the XRD patterns of CdS films annealed at these temperatures [I].

This phenomenological model is applicable to CdS annealed in various
environments with small differences. Because air is more active than H, ambient, air
annealing shows a deeper removal of oxygen. This is connected with the interaction
between CdS, oxygen and CdCl, (3.5) proposed by McCandless in [3]. Due to the
CdCl; flux (3.2) and the high solubility of both cadmium oxygen containing phases
and CdS in the CdCl; flux [99], the oxygen diffuses into the melted phase and at 400
°C CdSOs3 and CdO are extracted for both air and nitrogen annealed films (3.6, 3.7).
The appearance of the CdSOs phase instead of CdSOs, both being also shown by
extended and near-edge x-ray absorption fine structures in [100], might be explained
by the limited access of oxygen in the 1.5 1 semi closed process tube. This is supported
by the out diffusion of Cd, which creates reducing conditions on the film surface.

CdS + CdCl, + 0, - SCl, + 2CdO (3.5)
cdS + 1.50, -» €dO + SO, (3.6)
CdS + 1.50, — CdSOs 3.7)

For longer annealing in N, these oxygen containing phases expelled as metallic
Cd and SO (3.8, 3.9), while for longer annealing in air at 400 °C, Cd forms CdO on
the CdS surface (3.10).

N
CdS + 2€dS0; — 3Cd + 350, (3.8)
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N.
CdS + 2€d0 = 3Cd + SO, (3.9)

cdso, = cdo + so, (3.10)

Because of these oxygen containing phases (Fig. 3.9) on the grain boundaries
acting as sources of oxygen back diffusion, the shift of the main (111) peak for CdS
films annealed in air and N, was stabilized before reaching the position corresponding
to the cubic structure (Fig. 3.12).

To summarize, CBD CdS film with a high concentration of electrons (10" cm™
%) was obtained after 10 min of thermal annealing in Ha at only 200 - 250 °C. As an
explanation for the changing properties of CdS films, the incorporation of hydroxide
group in the CdS crystalline lattice during deposition process and its destruction
during annealing process was proposed.
Due to incorporation of hydroxide group:

— the created Cl;" and (OH)s" shallow donors are compensated by the double
charged acceptor Vg, so that the as deposited CBD CdS thin film represents a
compensated and resistive n-type semiconductor;

— the lattice parameter and interplanar distance of CdS thin film are lower than
values corresponding to bulk cubic CdS, both indicating a stressed crystalline
lattice with the main (111) XRD peak located between the positions
corresponding to hexagonal and cubic structures;

— the band gap of 2.41 eV, stable up to 250 °C annealing temperatures, is also
attributed to the wide band gap of the incorporated Cd(OH)s.

Due to the destruction of the incorporated hydroxide group:

— the water is released, the sulfur vacancies Vs>* are created and the transition from
cadmium hydroxysulfide to cadmium oxysulfide solid solution takes place;

— the increase in [Vs?'] implies the reduction of [Vca*], thereby Cl;" and (OH),"
shallow donors increase the CdS film electron density at 200 — 250 °C annealing
temperatures;

— at annealing temperatures higher that 300 °C the decrease in electron
concentration of CdS films is attributed to the removal by out diffusion and
evaporation of both excess Cd and chlorine dopant due to high vapor pressure
of both Cd and CdCl; [98];

— the crystalline lattice relaxes with increasing annealing temperature and the main
(111) XRD peak shifts towards the position corresponding to the cubic structure
of bulk CdS;

— the systematic decrease of crystallites size demonstrates their cracking due to
the evaporation of water in the rapid thermal process in preheated furnace at 200
— 350 °C, while from 400 °C it starts to increase due to higher rate of solid state
diffusion;

— the out diffusion of oxygen and Cd at annealing temperatures higher than 400
°C restores the bulk values of the lattice constant and E, for pure CdS.

The nature of the annealing gas does not modify the trend of changes in CdS
properties, but it influences the removal of trace oxygen from CdS films: annealing
processes in air and N; create a stable CdS;.yOy solid solution in the CdS films, while
H, annealing completely removes the oxides, resulting in pure CdS films (Fig. 3.9).

The presence of trace oxygen in CdS lattice has an important impact on the
electrical behavior of CdS as buffer layer in solar cells because, when 66 pm oxygen
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atom incorporates on the site of 107 pm sulfur atom [95], the sulfur sub-lattice
contracts and the Cd sub-lattice responds with the formation of cadmium vacancies
- the acceptor defects that participates in the compensation of charge carriers in the
CdS buffer layer. In this sense, by varying the conditions of temperature, duration
and environment, annealing can be a convenient and appropriate method to control
the oxygen content in the CBD CdS thin films.

3.3. Application of annealed CBD CdS film in a CdS/CdTe solar cell

Because each annealing atmosphere brings both positive and negative effects to the
properties of the CdS films needed for PV applications (Section 1.4), in this section
we illustrate the direct influence of CdS annealing on the final parameters of a
CdS/CdTe solar cell in the superstrate configuration (Fig. 2.2).

From the various annealing conditions used in our investigations, CBD CdS films
annealed in H; and air at 400 °C for 60 min were chosen for application in CdS/CdTe
solar cell [V], and as deposited CdS films were used as a reference. The N, annealed
CdS film was excluded from this experiment because it had the lowest transmittance
in comparison to the other two annealed films [III].

The surface view of CdS films, uncovered by CdTe (Fig. 3.14), was registered
after absorber deposition and CdCl, treatment (Fig. 3.15). For air annealed CdS, the
presence of oxygen containing phases, together with co-deposited chloride, improved
the film recrystallization, increasing the grain size. From the analysis of the annealed
CBD CdS properties, H, annealing was the appropriate thermal treatment for the
removal of impurities from CdS films and for the destruction of hydroxide
components incorporated during deposition.

FTO/glass ———»

CdTe

CdS —*

Fig. 3.14. Plan view of CdS/CdTe solar cell on glass/FTO substrate.

Nevertheless, because H, also removes the oxygen compounds from CdS grain
boundaries, additional thermal shocks during absorber preparation have left them
open in the form of short-cutting pathways between CdTe and FTO (Fig. 3.15).
Therefore, to evaluate the net influence of the annealed CdS film on the solar cell, all
the structures were sectioned into 5x5 mm? regions.
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Fig. 3.15. SEM images of the as deposited and annealed CdS films after deposition and
CdCl, treatment of CdTe [V].

A solar cell with an as deposited CdS film is characterized by the lowest short-
circuit current (Jsc), open-circuit voltage (Voc), fill factor (FF) and efficiency values
(Table 3.5), emphasizing the necessity of annealing the CBD CdS film before its
application in a superstrate CdTe solar cell. The solar cell based on air annealed CdS
film shows better performance compared with the cells based on as deposited and H»
annealed CdS film (Fig. 3.16), although the air annealed CdS had lower band gap
than the other studied films (Fig. 3.8).

Table 3.5. Parameters of CdS/CdTe solar cells with as deposited and annealed CBD CdS
films [V]. For comparison, cell parameters for the best solar cell of our laboratory (with
CSS CdS) are included [101].

CdS film Voc, V | Jsc, mA/em? | FF, % | Eff, %
CBD, as deposited | 525.7 | 17.7 39.1 3.6
CBD, H; annealed | 535.7 18.2 46.4 4.5
CBD, air annealed | 777.4 | 23.4 62.7 114
CSS 810.0 | 23.0 62.0 11.6

A reducing factor of solar cell performance could be the Cd precipitate, appearing
in CdS films as a result of H, annealing, and decreasing the transmittance of CdS and
FTO [V]. On the other hand, the improvement of solar cell parameters is attributed
to the oxygen containing phases such as CdSO; (Fig. 3.9) that reside on the grain
surfaces as active components (3.5-3.7) for the following 420 °C CdCl, treatment of
the CdS/CdTe solar cell. In the case of H, annealing, the smaller grain size of low-
oxygen-containing CdS films implies a faster intermixing at the CdS/CdTe interface
after CdCl, treatment [84, 102], leading to a significant consumption of the CdS layer.
When the as deposited films are annealed in air, CdS consumption is reduced, and Te
intermixing with CdS layer is minimized [103].
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Fig. 3.16. J-V characteristics of CdS/CdTe solar cells with as deposited and annealed CBD
CdsS films [V].

Therefore, in a solar cell structure, the presence of oxygen containing phases on
the grain boundaries in the CdS buffer layer is considered beneficial. As for the
presence of CdSOs, it is an active component due to the presence of sulfur in the
fourth oxidation state, which makes its interaction with CdS and CdCl, possible for
the formation of SCl, (3.11, 3.12). SCl, is an important reaction component that
contributes to the mass transfer of CdS by the formation of sulfur pieces (3.13).

CdS +20,— CdSO4 3.11)
CdS + CdSO4 +CdCl,— 2SCl; +4CdO (3.12)
CdS + SCl,— S, + CdCl, (3.13)

Interestingly, we obtained similar efficiency values (Table 3.5) for two CdTe solar
cells - one with a CBD CdS film and another — with a CSS CdS film [101]. The latter
CdS film was of much higher quality in terms of larger grains and lack of porosity.
This achievement indicates the importance of CdS annealing in general and the
impact of oxygen containing phases on the junction formation. The components of
the CdCl; flux have to be closer to the junction of the solar cell as they accelerate the
mass transfer between the polycrystalline phases of both CdS and CdTe for the
formation of an effective CdS/CdTe heterojunction.

In other words, during the CdCl, treatment of a solar cell, applied in air at 420 °C
at the back side of the CdTe layer, the flux penetration through the absorber will be
enhanced by the presence of oxygen containing phases from CdS. Therefore,
annealing in air for a CBD CdS film looks to be a solution, as it brings the oxygen
and incorporated chlorine from CdS to the region of junction formation. The effect
of oxygen on the CdS/CdTe interface has also been applied in [2, 46] by introducing
oxygen into the CdS sputtering process.
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Nevertheless, the film uniformity remains an issue for CBD CdS, which is firstly
affected by annealing and then by the high temperature processes of CdTe fabrication
(Fig. 3.15). We looked closer at these uniformities, shown by SEM cross section
imaging of solar cells, and identified two types of peeling. The peeling from the CdS
surface (Fig. 3.17a) seems to be caused by the undesirable conglomerates on the
surface of the CdS film (Fig. 3.1). Peeling from the FTO surface (Fig. 3.17b) is
generated only in the case of H» annealed CdS; its origin is still unclear and requires
further investigation.

CdTe

Cds

“Zg— FTO

glass

Fig. 3.17. Cross section of a “bad contact” region of a CdS/CdTe solar cell: peeling from
CdS surface (a), peeling from FTO surface (b) [V].

To summarize, each annealing condition studied for CBD CdS thin films improves
the performance of superstrate solar cells.

H, annealing removes the oxygen compounds from the grain boundaries and
opens them as shortcutting pathways through CdS layer, thereby decreasing device
parameters. CdS/CdTe solar cells with air annealed CBD CdS show the highest
performance: 23.4 mA/cm? current density and 11.4% efficiency. The simultaneous
presence of both oxygen and CdCl, from CdTe thermal activation contribute to the
recrystallization and sintering of the highly textured columnar CBD CdS. Moreover,
annealing in air of CBD CdS assures the presence of oxy-chloride components at both
sides of the CdTe absorber, contributing to the formation of an effective junction.

Although our CdS films show similar performances to CSS CdS when included
in a CdTe solar cell, the porosity of the annealed CBD CdS, which intensifies during
CdTe deposition and CdCl, thermal treatment, remains an issue to resolve.
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CONCLUSIONS

The systematic study of changes in the properties of CBD CdS thin films allowed an
understanding and description of the physico-chemical processes occurring during
thermal annealing.

1.

We claim that in the deposition process, the hydroxide group incorporates
into the CdS lattice on the sulfur site, resulting in the formation of cadmium
hydroxysulfide solid solution. The explanation of the simultaneous changes
in structural, optical and electrical properties that occur as a result of thermal
annealing of CdS thin films is based on this claim.

During thermal processing, the hydroxide groups seem to decompose to
water and Os, resulting in the cracking of crystallites and the formation of a
cadmium oxysulfide solid solution which contains Vs.

The increase of [Vs>'] creates an excess of elemental Cd as precipitates
resulting in a sharp increase of electron density at 200 °C annealing
temperature.

At 350 — 400 °C annealing temperatures, the density of electrons
exponentially decreases, indicating that the kinetics is limited by the slow out
diffusion of Cd and dopants such as chlorine.

As the oxygen content in the sulfur sub-lattice decreases with increasing
annealing temperature, the crystalline lattice of CdS thin films transforms to
a stable cubic structure.

The nature of the annealing ambient does not modify the trend of the changes
in the CdS properties, but it influences the removal of trace oxygen from the
CdS films.

The chlorine dopant, introduced in the process of deposition, do not provide
optimal structural, optical and electrical properties of the CBD CdS film for
application in CdTe solar cell. The thermal annealings were proved to be
appropriate technological tools for controlling the properties of CdS thin
films and improving the performance of CdS/CdTe device.

In result of the present work the effect of annealing on the properties of CBD CdS
thin films, which is still considered controversial, have received an unambiguous
physico-chemical explanation.
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ABSTRACT

Interest in CdS thin films has been raised by their successful application as buffer
layers in CdTe, CIGS and kesterite solar cells. Although a CdS thin film possesses
several advantages in comparison to Zn based buffers, issues such as controllable
properties and shortcutting pathways through the film remain open.

These internationally recognized issues have represented some of the main goals
of the FP7 Project "Development of Flexible Single and Tandem II-VI-Based High
Efficiency Thin Film Solar Cells” (FLEXSOLCELL) between Tallinn University of
Technology, Moldova State University, and Trieste University from Italy. In the
frame of FLEXCSOLCELL the creation of thinner and more uniform CdS thin films
by chemical bath deposition (CBD) has been one of the improvement routes for
CdS/CdTe solar cell. This deposition method was chosen due to its major advantages
over other techniques: epitaxial growth, conformal coating and controllable thickness
of the film, and also because the Department of Material Science from Tallinn
University of Technology has a long experience in the chemical deposition processes
of semiconductor thin films.

This PhD research has been done in the Laboratory of Thin Film Chemical
Technologies with the main financial support from Doctoral Studies and
Internationalisation Programme “DoRa”, Estonian Ministry of Education and
Research (IUT19-4, SF0140092508) and FP7 Project “FLEXSOLCELL”.

The aim of the thesis is to study systematically the impact of post-deposition
thermal treatment variables on the optical, structural and electrical properties of CdS
thin films, an understanding of which is essential for device applications.

The thesis is based on five publications and it is divided into three Chapters.
Following the introduction, Chapter 1 includes a literature overview describing the
main properties of CdS, deposition methods for CdS films, the properties of CBD
CdS thin films and solar cells based on a CdTe absorber with CBD CdS as a buffer
layer. Chapter 2 briefly describes the preparation, annealing and characterization of
CBD CdS thin films, as well as the fabrication and characterization of CdS/CdTe
solar cells. Chapter 3 is divided into three sections and includes the results and a
discussion of CdS properties, followed by the application of annealed CBD CdS thin
films in practical devices.

CdS thin films were prepared by CBD in a basic ammonia solution with CdSO4
as the Cd source, thiourea as the sulfur source, and a low concentration of NH4Cl as
dopant. Afterwards, the films were annealed at temperatures from 200 to 450 °C in
different environments, including hydrogen, nitrogen and air as source of oxygen.
The work covered approximately 100 samples and every experimental point
represents a new CdS thin film annealed at unrepeated conditions.

Based on energy dispersive X-ray spectrometry, X-ray diffraction, and band gap
studies, the mechanisms of the changes in CdS thin film properties were
systematically studied. It was assumed that cadmium hydroxide incorporates into the
CdS thin film during chemical bath deposition, forming the cadmium hydroxysulfide
alloy as a compensated semiconductor with a stressed crystalline lattice. The
destruction of the hydroxide group which intensifies at 300 °C annealing implies the
cracking of crystallites due to the escape of water and the creation of an excess of Cd,
resulting in the transition from cadmium hydroxysulfide to a cadmium oxysulfide
solid solution. This excess Cd decreases the concentration of cadmium vacancies so
that Np>>N,, and enables the impurities of (OH)s" and Cls" to behave as shallow
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donors, increasing the electron density of the CdS films at low annealing
temperatures (200 — 300 °C). At higher annealing temperatures (350 — 400 °C), the
out diffusion of Cd is enhanced and the isovalent oxygen contracts the sulfur sub-
lattice due to smaller size of oxygen compared to sulfur; in result the concentration
of cadmium vacancies increases and the conductivity of CdS thin films is reduced.
Additionally, due to the reduced content of oxygen in the sulfur sub-lattice, the bulk
values of the lattice constant and E, for pure CdS thin films are restored and the CdS
lattice transforms from an intermediate to a cubic structure.

The nature of the annealing gas does not modify the trend of changes in the CdS
properties, but it influences the removal of trace oxygen from the CdS films.
Annealing processes in air and N create a stable cadmium oxysulfide solid solution
in CdS films, whereas H, annealing completely removes the oxygen containing
phases and the dopants such as chlorine, resulting in pure resistive CdS films with
sphalerite structure. The presence of oxygen as isovalent dopant in the CdS lattice
has an important impact on the final parameters of the CdS/CdTe solar cell. A
CdS/CdTe solar cell with air annealed CBD CdS shows the highest performance due
to the presence of oxygen containing phases on CdS surface, which in the CdCl,
treatment process promote the mass transfer of junction components, contributing to
the sintering and formation of an effective junction.

The systematic study of changes in structural, optical and electrical properties of
annealed CBD CdS thin films as a result of thermal treatment allowed us to describe
the physico-chemical mechanism of the processes. We have demonstrated that
varying the conditions of temperature, duration and environment of annealing is a
convenient and appropriate technological tool for controlling the properties of CdS
thin films. Moreover, because the properties of CBD CdS thin films are drastically
changed by the annealing in the temperature interval from i-ZnO/ZnO:Al sputtering
(200 °C) up to temperatures of CdTe processing (>400 °C), the results of present work
are highly important for the technological development of both substrate CIGS and
superstrate CdTe solar cells, respectively.
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KOKKUVOTE

CdS dhukesed kiled pakuvad huvi tinu rakendamisele puhverkihtidena CdTe, CIGS
ja CZTS paikesepatareides. Ehkki CdS ohukestel kiledel on rida eeliseid, vorreldes
Zn baasil ehitatud puhverkiledega, vajavad omaduste kontrollitavus ja lithised 18bi
kile detailsemat uurimist.

Need rahvusvaheliselt tddetud probleemid kuulusid FP7  projekti
"Korgefektiivsete paindlike OShukesekileliste mono- ja tandemsiirdeliste
pdikesepatareide arendamine II-VI tiitipi {ihendite baasil" (FLEXSOLCELL)
eesmirkide hulka. Projekti partneriteks olid Tallinna Tehnikaiilikool, Moldova
Riiklik Ulikool ja Trieste Ulikool Itaalias. FLEXSOLCELL raames ohemate ja
ithtlasemate CdS kilede valmistamine keemilise vannsadestamise meetodil (CBD) oli
itheks CdS/CdTe piikesepatareide tdiustamise teeks. See sadestamise meetod valiti
tdnu olulistele eelistele vorreldes teiste meetoditega: epitaksiaalne kasv, iihtlane
katmisvoime ja kile paksuse kontrollitavus, aga ka tdnu pooljuhtkilede keemiliste
sadestusmeetodite  pikaajalisele  viljelemisele  Tallinna  Tehnikaiilikooli
Materjaliteaduse instituudis.

Kiesolev PhD uurimus sooritati Ohukeste Kilede Keemilise Tehnoloogia
Laboratooriumis Doktoridpingute ja Rahvusvahelistumise Programmi "DoRa", Eesti
Teadus- ja Haridusministeeriumi (IUT19-4, SF0140092s08) ja FP7 projekti
"FLEXSOLCELL" toel.

T66 eesmirgiks oli slistemaatiliselt uurida sadestusjargse termilise késitluse mdju
CdS dhukeste kilede optilistele, struktuursetele ja elektrilistele omadustele, et saadud
seaduspérasusi rakendada seadmetes.

Teesid baseeruvad viiel publikatsioonil ja sisaldavad kolm peatiikki.
Sissejuhatusele jargneb I peatiikk kirjandusiilevaatega, mis késitleb CdS pdhilisi
omadusi, CdS kilede sadestamise meetodeid, CBD CdS dhukeste kilede omadusi ja
CdTe absorberile ning CBD CDS puhverkilele ehitatud paikesepatareisid. II peatiikk
kirjeldab lithidalt CBD CdS ohukeste kilede valmistamise, Id60mutamise ja modtmise
meetodeid. III peatiikk on jaotatud kolme sektsiooni, millest esimene sisaldab CdS
omaduste uurimustulemusi, teine tulemuste arutelu ning analiiiisi ja kolmas késitleb
CBD CdS ohukeste kilede rakendustulemusi tegelikes seadmetes.

Ohukesed CdS kiled sadestati CdSOs4 ja tiokarbamiidi ammoniakaalses
vesilahuses (pH 10,3) NH4Cl juuresolekul 0,1%. Saadud kiled 1560mutati
temperatuurivahemikus 200 — 400 °C vesiniku, lammastiku ja Shu gaasilistes
keskkondades. T66 rajaneb ligikaudu 100 proovile ja iga eksperimentaalne punkt
vastab uuele CdS kilele 160mutatuna kordumatutes tingimustes.

Termilise késitluse tulemusel CdS oOhukestes kiledes tekkivate muutuste
mehhanismi  siistemaatiline ~ uurimine  baseerus  energia  dispersioon
rontgenspektroskoopia, rontgendifraktomeetria ja optilise keelutsooni laiuse
modtmismeetoditel. T60  tulemusena leiti, et sadestamise  protsessis
kaadmiumbhiidroksiid suure tdendosusega ehitub CdS kristallvoresse, moodustades
kaadmiumbhiidroksisulfiidse tahke lahuse kui kompenseeritud pooljuhi, mille vore on
CdS suhtes pinge all. Termilisel késitlusel hiidroksiidgrupp laguneb, eriti
intensiivistudes 300 °C piirkonnas, millega kaasneb veeauru eraldumine, kristalliitide
pragunemine ning Cd lila tekkimine. Tulemuseks on hiidroksisulfiidi
transformeerumine kaadmiumoksisulfiidseks tahkeks lahuseks. Cd iilekaalu toimel
vitheneb kaadmiumi vakantside kontsentratsioon nii, et Np>>N,, mistdttu (OH)s" ja
Cls" defektid kui madalad doonorid emiteerivad elektronid juhtivustsooni,
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suurendades elektronide tihedust kiles juba madalatel 160mutustemperatuuridel.
Lodmutustemperatuuri kasvamisel elektrijuhtivus CdS kiledes hakkab vdhenema,
mis on tihest kiiljest seotud Cd véljadifusiooni intensiivistumisega ja teisest kiiljest
isovalentse hapniku kontsentratsiooni jdtkuva suurenemisega, mis soodustab
kaadmiumi vakantside kontsentratsiooni tdusu véévli alavore kokkutdmbumise arvel.
Ka hapniku véljadifusioon suureneb, mistdttu vore konstant ja keelutsooni laiuse
védrtused puhtale kaadmiumsulfiidile taastuvad ning CdS vdre ldheb file
heksagonaalse ja kuubilise vahepealsest kuubilisse struktuuri.

Lodmutusgaasi iseloom ei muuda muutuste trendi CdS kiledes, aga mojutab
hapniku jédkide eemaldumist. Lodmutusprotsessid ohus ja lammastikus tekitavad
CdS kiledes stabiilse oksisulfiidse tahke lahuse. Lodmutamine vesinikus eemaldab
taielikult oksiidid ja lenduvad lisandid nagu kloor, andes puhta korge takistusega ja
sfaleriitse struktuuriga CdS kile. Hapnik isovalentse lisandina CdS vdres soodustab
kaadmiumi vakantside suuremat kontsentratsiooni ja on olulise mojuga CdS/CdTe
piikesepatarei omadustele. Ohus eellddmutatud CBD CdS rakendamine CdS/CdTe
pdikesepatarei tehnoloogias on soodsaim vorreldes teiste gaasiliste keskkondadega
tdnu aktiivsete oksiidide tekkimisele kile pinnal, mis soodustavad CdCl, juuresolekul
vaba véavli sisalduse suurenemist sulandajas ja intensiivistavad massiiilekannet nii
kile paakumisprotsessis kui ka efektiivse siirde moodustumisel.

Termiliselt kisitletud CBD CdS ohukeste kilede struktuursete, optiliste ja
elektriliste ~ omaduste  siistemaatiline  muutumine vdimaldas  kirjeldada
16dmutusprotsessi fiisikokeemiat. Me néitasime, et 160mutuse temperatuuri, aja ja
keskkonna varieerimine on oluline tehnoloogiline vahend CdS ohukeste kilede
omaduste kontrollimiseks. Kuna CBD CdS kile omadused muutuvad drastiliselt juba
i-Zn0/Zn0O:Al katoodpihustamise madalatest kuni CdTe sadestamise korgete
temperatuurideni, siis kédesoleva t60 tulemused on véga olulised nii CIGS kui ka
CdTe piikesepatareide tehnoloogiate arendustele.
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ARTICLE INFO ABSTRACT

This paper provides a systematic study of structural and optical properties of cadmium
sulfide (CdS) films annealed under hydrogen (H,) in a wide range of temperatures
(200-450 °C) and times (3-120 min). The aim is to present the properties of the CdS film
as a function of hydrogen annealing conditions and to discuss the mechanism behind
these changes. The stressed cubic lattice of as-deposited CdS film was relaxed by
increasing the temperature and the time of H, annealing. The surface porosity of CdS
films revealed the highest temperature and duration applicable to H, annealing. The
dependence of the band gap as a function of annealing conditions is discussed. The origin
of changed optical properties accompanying the shrinkage of the lattice is explained by
the incorporation of the hydroxide group on the sulfur site in the CdS lattice during the
deposition process and its decomposition after 300 °C. A relationship between CdS
properties and the decomposition process of Cd(OH), to water and CdO during annealing
in H, was established at different low, moderate and high temperatures of annealing.

© 2014 Elsevier Ltd. All rights reserved.
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low temperatures with major changes in the structural and
optical properties [5,6]. A possible method to control these

1. Introduction

Cadmium sulfide (CdS) is an important n-type semi-
conductor material which plays a key role in the fabrica-
tion of thin film solar cells. It has been successfully used as
a window/buffer layer in the production of both CdTe and
CIGS solar cells with record efficiencies [1].

Among various processes, chemical bath deposition
(CBD) is one of the most advantageous due to low cost,
low temperature processing and its suitability for forming
large area thin films. However, a major problem is that the
CBD film contains numerous adherent particulates of
homogeneously nucleated CdS and other bath reaction
products [2-4]. The presence of these impurities entails
the layers with a high speed of recrystallization already at

* Corresponding author. Tel.: +372 620 3366; fax: +372 620 2020.
E-mail address: nataliamaticiuc@yahoo.com (N. Maticiuc).

http://dx.doi.org/10.1016/j.mssp.2014.04.031
1369-8001/© 2014 Elsevier Ltd. All rights reserved.

changes and reduce the extent of disorder is the thermal
annealing in a defined atmosphere. CdS layers have been
annealed in oxidizing [7,8], reducing [5,8,9] and neutral
[8,10] atmospheres. Several studies have covered the influ-
ence of each type of annealing on the properties of CdS.
Generally, the neutral annealing brings reorientation of
an as-deposited CdS film with a significantly improved
crystalline quality. Tomas et al. [8] have shown that the
Ar+S, annealing diminishes the resistivity by increasing
the grain size, therefore the number of grain boundaries
decreases in the films. Also, the Ar annealing increases the
grain size and produces a large amount of sulfur vacancies
as a consequence of the non-equilibrium conditions. On
the other hand, annealing in a neutral atmosphere leads to
phase transition from the metastable cubic phase of CdS to
the stable hexagonal phase [10]. Besides increased grain
size and improved crystallinity of CdS annealed in an
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oxidizing ambient, Haider et al. [7] have reported a
substantial decrease in the band gap. Moreover, the pre-
sence of oxygen creates both CdO and CdSO,4 layers on the
surface, slightly increasing the resistivity of the films as
compared to the neutral atmosphere [8]. The thermal
treatments in a reducing atmosphere have the advantage
of containing H,, which is a strong agent for grain
boundary passivation by oxygen removal. The presence
of H, causes the resistivity to decrease by 4 orders of
magnitude [11] compared to the neutral case [8]. Only CdS
samples exposed to H, and air atmosphere preserve the
same structural cubic phase during the complete thermal
process [5]. The cubic structure increases the potential
applicability of CdS for optoelectronic devices, because
many semiconductors such as InP [12] also have a cubic
structure. Annealing in H, is important as it requires lower
exposure times and was shown by several authors
[9,13,14] to have visible consequences for technological
applications in solar cells.

Still, the pin-holes and irreproducibility are a concern
for reliable CdS films [15]. To find the thermal process that
produces CBD CdS films with the best combination of high
band gap and low resistivity is the main task regarding to
this semiconductor material. In addition, the mechanism
that explains the microstructure and optical behavior
as a function of annealing conditions is not completely
understood.

The aim of this paper is to present the structural and
optical properties of a CBD CdS film as a function of
hydrogen annealing in a large range of temperature and
time. Conditions of H, annealing for high transparency,
band gap and porosity free CdS thin films will be analyzed.
In comparison with previous works [2-8] on CdS films, the
mechanism of changes in CdS properties on the basis of Cd
(OH), presence is discussed here.

2. Material and methods

Polycrystalline CdS films were deposited on 25 mm x
25 mm soda-lime glass substrates. The plates were prop-
erly cleaned and immersed in the chemical bath which
consisted in a water solution of 1 mM CdSO4 10 mM
thiourea, 0.2 M NH40OH and 30 mM (NH4),SO4. For CdS
doping [16], a low concentration of NH4Cl solution
(0.1 uM) was added in the deposition bath. The tempera-
ture and agitation speed of the solution were 85 °C and
500 rpm, respectively. One deposition lasted for 30 min,
but for thicker CdS films the process was repeated thrice.
After deposition vacuum drying at 120 °C was applied to
remove most of the secondary phases of water, hydroxides
and organic impurities. This drying was the last stage of
preparation for the so-called as-deposited CdS layers. Each
layer was annealed then in hydrogen ambient under
different conditions. The vacuumed process tube with
samples was filled with 1atm hydrogen gas at room
temperature then closed and introduced into a cylindrical
furnace where the constant temperature and time were
set. Annealing temperature varied in the range of 200 °C to
450 °C while annealing lasted from 3 up to 120 min. The
hydrogen pressure in the process tube was maintained by
a standard gas reduction system and was not influenced by

expansion of gas at high temperatures of annealing. Large
diameter (55 mm) and volume (1500 ml) of the process
tube ensured an excess of H, and the gas convection flow
so that the reaction products were transported to the
colder part of the tube.

Crystallographic investigations were performed using
the X-ray diffraction (XRD) technique. The measurements
were made in the Bragg-Brentano (#-26) geometry by the
Rigaku Ultima IV diffractometer with Cu-Ka radiation.
Crystallite size, lattice constant and interplanar distance
were computed by the PDXL software (Version 1.4.0.3) on
the Rigaku system. The optical characteristics were mea-
sured in the wavelength range of 200-2500 nm on the
Jasco V-670 UV-vis-NIR spectrophotometer equipped
with an integrating sphere. Total optical transmission
and reflection spectra were used to determine the trans-
mittance of CdS and the optical thickness; by calculation of
the absorption coefficient, the band gap was obtained.
Surface morphology of CdS films was examined by scan-
ning electron microscopy (SEM). High-resolution SEM
apparatus (Zeiss EVO-MA15) was used at an operating
voltage of 10 kV. Surface topographies of the layers were
studied by AFM using the NT-MDT Solver 47 Pro system
operated in a “semi-contact” (tapping) mode. The image
analysis of AFM 2D images was performed using the Media
Cybernetics ImagePro-3.0 program. The elemental compo-
sition of films was determined by means of energy
dispersive spectroscopy (EDX) analysis, using the Rontec
EDX XFlash 3001 detector and the Oxford Instruments
INCA Energy system. The quantitative results were
obtained by the help of factory defined standard using
the PAP correction — a method for light elements.

3. Results

CdS films grew in a columnar structure, perpendicular
to the glass substrate (Fig. 1a). Independent of annealing
conditions, up to 400 °C the surface view of the CdS layer
remained unchanged (Fig. 1c and d). However, Fig. 1b
shows that the H, annealing generated the recrystalliza-
tion process which improved the contact between the
vertical grains, smoothing the CdS film surface. Already
after 10 min annealing at 450 °C pores appeared in the film
surface; at longer annealing the CdS porosity clearly
increased (Fig. 2). The CdS porosity might be caused by
the contraction of the layer which in turn was triggered by
the sintering process at high temperature annealing. The
same processes were attributed to reduced thickness of
CdS layers at high temperature of annealing (Table 1).

EDX analysis revealed a complex composition of CdS
films which became stoichiometric when the annealing
temperature increased (Table 1). The sulfur deficiency was
found characteristic for all CdS films, the highest defi-
ciency being detected at 300 °C annealing. The difference
in Cd and S concentrations in the annealed layers could be
assigned to the presence of residual oxygen and hydrogen
impurities [3,17]. Data in Table 1 show that CdS thin films
were transparent to the signals of Si, O and Na from the
glass substrate, especially the layers annealed at 450 °C. By
subtracting the concentration of SiO, from the total oxy-
gen content, the concentration of oxygen in CdS films was
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Fig. 1. AFM images and SEM top views of as-deposited (a, ¢) and annealed at 400 °C (b, d) CdS layers.

Fig. 2. SEM top view images of CdS film annealed at 450 °C during 10 min (a), 20 min (b) and 60 min (c).
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Table 1
The thickness (t) and the relative concentrations of elements in CdS thin
films (by EDX) depending on the annealing temperature when duration
was 1h.

Tanneat (°C)  t(nm) O Na Si S cd  [0]-2[Si]
as-dep 3573 126 01 11 394 468 10
200 3461 124 01 06 395 474 11
250 3126 129 02 11 391 467 10
300 2959 107 05 37 386 465 3
350 3349 78 03 12 422 485 5
400 304.5 52 07 12 436 493 3
450 2356 106 23 65 378 428 0
I g
1.00 S
/
2
‘@ 075 4 { { { \
c
£ o
5 050 - 0 450C
Q ol b 0,
N 400C
® l' 350C
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Fig. 3. XRD spectra of as-deposited and annealed CdS films for 1h at
different annealing temperatures.

estimated. Strong evidence of O impurity (10%) was found
for as-deposited CdS thin films and those annealed at 200-
250 °C while at higher annealing temperature its concen-
tration decreased. A similar result was obtained by Niles
using the XPS method and attributed to Cd-O bonds [17].

Fig. 3 shows the XRD pattern of CdS thin films. The
noisy signal of the 450 °C annealed sample may be caused
by the pores into CdS film deposited on the amorphous
glass. In contrast to the commonly accepted transforma-
tion of CdS cubic to hexagonal modification during anneal-
ing [18], the prevalence of the cubic CdS phase is shown
here. This might be due to the presumably incorporated Cd
(OH), into the CdS lattice. In Fig. 4 the vertical lines depict
the exact values for hexagonal (26.83°) and cubic (26.46°)
orientations of bulk CdS [19]. In the annealing process the
26.65° main peak of CdS is shifted toward the 26.48° cubic
peak (Fig. 4), reaching at 450 °C.

This represents clear experimental evidence that the
lattice structure of as-deposited CdS was under stress due
to the mixed phase, while longer annealing at higher
temperatures led to a pure cubic phase. The lattice con-
stant (a), interplanar distance (d) and crystallite size
(Table 2) were obtained from the X-ray diffractogram for
the (111) peak. As the annealing temperature was raised
from 200 to 450 °C, the increase of a and d towards the
characteristic value of cubic-CdS [19] was observed. In
parallel, a decrease of the crystallite size from 43 to 39 nm

T —t— T T T
262 263 264 1265 266 267 268 269 27.0

1.0 ;

0.8 A

Normalized Intensity

0.6

0.4 £~

262 263 264 265 266 267 268 269 27.0
26, deg.

Fig. 4. Shift of (111) peak with increasing annealing time and tempera-
ture: as-deposited CdS films (1); annealed at 250 °C for 30 min (2) and
120 min (3); annealed at 450 °C for 10 min (4), 20 min (5) and 60 min (6).

Table 2
Crystallite size s, interplanar distance d and lattice constant a for CdS
layers annealed in H, for 1 h at different temperatures.

Tanneat (°C) s (nm) d (A) A(A)
200 42.92 3.335 5.77
250 42.02 3.338 5.79
300 39.13 3.343 5.79
350 40.32 3.343 5.81
400 4032 3.354 5.82
450 3933 3.364 5.84
242 1 T T T T T T T
2.40 A i
2.38 E
>
[}
u” 2.36 B
—%— 200°C
—&— 250°C
2.34 300
—v—350°C
\O,
2.32 £~ 400C
—0—450°C

T T
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Annealing time, minutes

Fig. 5. Band gap of CdS films as a function of annealing time and
temperature.

and from 42 to 35 nm was noticed for 20-30 and 60 min
annealing, respectively.

The optical band gap (E,) values obtained by the
extrapolation of absorption dependence are presented in
Fig. 5, which shows that the changing trend of E; became
more prominent as the annealing temperature increased.
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The 2.41 eV band gap of as-deposited CdS films was close
to the 2.42 eV value of bulk CdS while the annealing
process steadily reduced it to 2.34 and 2.33 eV for 300
and 350 °C temperatures, respectively. The lowest Eg value
(2.32 eV) was reached after 30 min annealing at 400 °C.
Longer annealing returned the band gap to the direction of
Eg value for bulk CdS, which could be connected with the
CdS wurtzite modification peaks of XRD pattern (Fig. 3).

4. Discussion

In the analysis of the CdS properties, different features
were found to be characteristic for distinct annealing
temperature and time. These differences could be
explained assuming the hypothesis of cadmium hydroxide
(Cd(OH),) incorporation into the CdS lattice on the sulfur
site in the deposition process. The presence of the hydro-
xide group in as-deposited CBD CdS thin films was also
admitted by Danaher et al. [3] and spectrometrically
confirmed by Kylner et al. [2]. In order to better character-
ize the processes that occur in CdS films during annealing,
three regions of annealing temperatures were delimitated:
low, moderate and high temperatures.

4.1. Low annealing temperatures 200-250 °C

The hydroxide group in CdS samples annealed at low
temperatures is suggested by the O impurity (10 at%) in
Table 1. This incorporation rises to low a and d for as-
deposited CdS layers (Table 2) and a stressed crystalline
lattice between hexagonal and cubic (Fig. 4). Gibson et al.
called such a structure “polytype”, made of a nearly
random stacking sequence of hexagonal planes [20]. This
is due to the specific dislocations discussed by Durose et al.
in [21], which in our case occur when Cd(OH), is incorpo-
rated into CdS lattice during the deposition process.
Elimination of these dislocations through annealing will
order the structure of CdS film to a cubic lattice. The high
value of Eg for as-deposited CdS might be explained by the
large band gap of incorporated Cd(OH),, which at low
temperatures is not yet decomposed [22].

4.2. Moderate annealing temperatures 300-350 °C

Further increase in the annealing temperature is likely
to accelerate the sintering of as-deposited polycrystalline
CdS. According to [23], starting at 300 °C Cd(OH), decom-
poses to water and CdO. The latter was experimentally
confirmed by the condensation of Cd black deposit on the
cold walls of the process tube. When Cd(OH), decomposes,
the high pressure of water ~10* atm. [23] contributes to
the destruction of CdS crystallites (Table 2). In this tem-
perature region the relaxation of CdS lattice with transi-
tion to the pure CdS cubic structure is confirmed by the
shift of the main XRD peak (Fig. 4). A similar shift was
observed by Ortega-Lopez et al. in [24], where the
increased strain in the CdS lattice was achieved when
the amount of Cd ions in the solution was increased. We
associate the behavior of optical band gap of CBD CdS thin
films during the process of hydrogen annealing at moder-
ate temperatures (Fig. 5) with transition from (OH)s

substitution to Os in the sulfur sub-lattice. As the dimen-
sions of oxygen atom are smaller than dimensions of
sulfur, this transition is accompanied by the shrinking of
the lattice and narrowing of the band gap. Due to the
decomposition peculiarity of Cd(OH), [25] the above-
described process involves formation of excess cadmium
precipitates (Table 1).

4.3. High annealing temperatures 400-450 °C

At the highest temperatures of annealing CdS layers are
more pure. Due to the out-diffusion of oxygen and cad-
mium the lattice constant and band gap restore to the
intrinsic values for pure CdS. The minimum value of Eg
coincides with the destruction of primary crystallites in
CdS along with the increase of both a and d (Table 2). Also,
the appearance of (100) and (101) wurtzite peaks in the
XRD pattern of CdS film annealed at 400 °C and 450 °C
(Fig. 3) may explain the increasing of E; values for longer
annealing at these temperatures. These findings support
previous research into the electrical properties of CBD CdS
films [11].

Due to the intra-grain recrystallization, sintering and
contraction of the grains, CdS films became porous when
annealed in the range of 400-450 °C. This leads to the
conclusion that 400 °C seems to be the highest tempera-
ture for H, annealing that provides non-porous CdS layers
with suitable properties for photovoltaic goals.

5. Conclusions

The hypothesis of incorporation of hydroxide group in
the CdS crystalline lattice during the deposition process
and its destruction during the hydrogen annealing process
was raised to explain the changes of CdS film properties.
The stressed cubic lattice of as-deposited film was relaxed
by the H, annealing which also provided CdS layers with a
more cubic phase. The stability of the cubic CdS phase
remained up to high temperatures of annealing when
wurtzite modification of CdS film was revealed by XRD
characterization. Crystallite size of CdS systematically
decreased when the temperature and time of annealing
were increased. The dependence of the band-gap as the
function of time and temperature of annealing was ana-
lyzed on the basis of Cd(OH), decomposition and transi-
tion from (OH)s substitution to Os in the sulfur sub-lattice
of CdS.

Our practical findings suggest that the annealing in H,
ambient implies the recrystallization of CdS film improv-
ing its surface, its stoichiometry and decreasing the level of
impurities. The highest applicable temperature for anneal-
ing CdS films in Hy should be considered as 400 °C since
at 450 °C the CdS film became porous. Also, a 60-min
annealing ensures more stable properties with insignif-
icant changes in properties for longer annealing.

Acknowledgments

This study was supported by European Social Fund's
Doctoral Studies and Internationalization Program Dora,



174 N. Maticiuc et al. / Materials Science in Semiconductor Processing 26 (2014) 169-174

by the European Union through the 7th FP project FLEX-
SOLCELL (GA-2008-230861), by the European Regional
Development Fund (Centre of Excellence “Mesosystems:
Theory and Applications”, TK114), by Estonian Science
Foundation Grant ETF9142, by Estonian Ministry of Educa-
tion and Research through Program AR10128 and Target
Financing Project SF0140092s08.

References

[1] M.A. Green, K. Emery, Y. Hishikawa, W. Warta, E.D. Dunlop, Prog.
Photovolt. 21 (2013) 1.

[2] A. Kylner, A. Rockett, L. Stolt, Solid State Phenom. 51-52 (1996) 533.

[3] WJ. Danaher, L.E. Lyons, G.C. Morris, Sol. Energy Mater. 12 (2) (1985)
137.

[4] B.E. McCandles, R.W. Birkmire, in: Proceedings of the 28th IEEE
Photovoltaic Special Conference, 2000, p. 491.

[5] O. Vigil, O. Zelaya-Angel, Y. Rodriguez, Semicond. Sci. Technol. 15
(2000) 259.

[6] H. Metin, R. Esen, Semicond. Sci. Technol. 18 (2003) 647.

[7] AJ. Haider, A.M. Mousa, S.M.H. Al-Jawad, Semicond. Sci. Technol. 8
(4) (2008) 326.

[8] S.A. Tomas, O. Vigil, JJ. Alvarado-Gil, R. Lozada-Morales, O. Zelaya-
Angel, H. Vargas, A. Ferreira da Silva, J. Appl. Phys. 78 (4) (1995) 2204.

[9] H. Kim, D. Kim, Sol. Energy. Mater. Sol. Cells 67 (2001) 297.

[10] S. Mishra, A. Ingale, U.N. Roy, A. Gupta, Thin Solid Films 516 (2007) 91.

[11] N. Maticiuc, ]. Hiie, T. Potlog, V. Valdna, A. Gavrilov, Mater. Res. Soc.
Symp. Proc. 1324 (2012) 69.

[12] M. Purica, E. Budianu, E. Rusu, P. Arabadji, Thin Solid Films 511-512
(2006) 468.

[13] J. Han, C. Liao, T. Jiang, G. Fu, V. Krishnakumar, C. Spanheimer,
G. Haindl, K. Zhao, A. Klein, W. Jaegermann, Mater. Res. Bull. 46 (2)
(2011) 194.

[14] CS. Ferekides, D. Marinskiy, V. Viswanathan, B. Tetali, V. Palekis,
P. Selvaraj, D.L. Morel, Thin Solid Films 361-362 (2000) 520.

[15] A. Romeo A, D.L. Bitzner, H. Zogg, C. Vignali, A.N. Tiwari, Sol. Energy
Mater. Sol. Cells 67 (2001) 311.

[16] N. Maticiuc, J. Hiie, T. Raadik, A. Graf, A. Gavrilov, Thin Solid Films
535 (2013) 184-187.

[17] D.W. Niles, G. Herdt, M. Al-Jassim, J. Appl. Phys. 81 (4) (1997) 1978.

[18] S. Kalhe, SK. Kulkarni, A.S. Nigavekar, S.K. Sharma, Sol. Energy
Mater. 10 (1984) 47.

[19] International Centre for Diffraction Data (ICDD), PDF-2 Release 2008.

[20] P.N. Gibson, M.E. Ozsan, ].M. Sherborne, D. Lincot, P. Cowache, in:
Proceedings of the 2nd World Conference on Photovoltaic Solar
Energy Conversion, 1998, p. 1089.

[21] K. Durose, AT. Fellows, AW. Brinkman, GJ. Russell, ]. Woods,
J. Mater. Sci. 20 (1985) 3783.

[22] T.P. Gujar, V.R. Shinde, W.Y. Kim, K.D. Jung, C.D. Lokhande, O.S. Joo,
Appl. Surf. Sci. 254 (2008) 3813.

[23] Database of HSC Chemistry Ver. 4.0., Outoukumpu Research Oy, Pori,
Finland.

[24] M.B. Ortuno-Lopez, M. Sotelo-Lerma, A. Mendoza-Galvan,
R. Ramirez-Bon, Vacuum 76 (2004) 181.

[25] MJ.D. Low, A.M. Kamel, J. Phys. Chem. 69 (2) (1965) 450.



PAPER II

N. Maticiuc, J. Hiie, T. Potlog, V. Valdna, A. Gavrilov, Influence of annealing in H
atmosphere on the electrical properties of thin film CdS, Mater. Res. Soc. Symp.
Proc. 1324 (2012) 69.

63






Mater. Res. Soc. Symp. Proc. Vol. 1324 © 2011 Materials Research Society
DOI: 10.1557/0pl.2011.963

Influence of Annealing in H, Atmosphere on the Electrical Properties of Thin Film CdS

Natalia Maticiuc"?, Jaan Hiiel, Tamara Potlogz, Vello Valdna', Aleksei Gavrilov'
'Department of Materials Science, Tallinn University of Technology, 5 Ehitajate tee, Tallinn,
19086, Estonia.

*Department of Applied Physics and Informatics, Moldova State University, 60 A. Mateevici
street, Chisinau, MD 2009, Moldova.

ABSTRACT

Chemical bath-deposited (CBD) thin film CdS has been widely used as a buffer and n-type
window layer in CdS/CIGS and CdS/CdTe thin film solar cells. Annealing of CBD CdS assigns
to the layers required concentration and mobility of electrons, crystallinity, structural stability
and perfect Ohmic front contact in TCO/CdS interface. But always annealing reduces band gap
(E,) of solution-deposited CdS and lowers current density of the CdS/CdTe PV device due to
optical absorption within the CdS layer.

We have studied systematically dynamics of changes in CBD CdS/glass thin film structural,
optical and electrical properties in annealing process in H, ambient at normal pressure in pre-
heated ceramic tubular furnace. Here we’ll present electrical, characterization results of annealed
CBD CdS/glass thin films, 300 nm thick. The films were deposited with thiourea from
ammoniacal 1 mM dilute solution of CdSO, and 0.001 at. % of NH4Cl relative to Cd for C1
doping.

We found high concentration of electrons 1-4 E19 cm™ in the layers annealed at 200 - 450
°C, while for 200 °C the long time of annealing over 60 min is needed, but for high temperature
region 350 - 450 °C only for short 10 min annealing this concentration region of electrons was
achieved. In the high temperature region rapid decrease of electron concentration and
conductivity will go on with increasing annealing temperature and time. Mobility of electrons
will decrease from 9 to 5 cm?*/V's in the annealing region 200-350 °C, which is probably
connected with disordering of lattice. On the basis of acquired results we propose an hypothesis
about substitutional incorporation of OH group on S site in CdS lattice in deposition process and
that (OH), complex defect acts as a donor defect like Cl and we believe that the both defects are
responsible for changes of thin film CdS electrical, optical and structural properties in the
annealing process. Thermal annealing in hydrogen atmosphere is a convenient and appropriate
method for precise control of CdS thin film electrical properties, and also for creation of n/n"
CdS window layers in the substrate configuration of a solar cell.

INTRODUCTION

CdS thin films are used as n-type window layers in CdTe [1] and CIGS [2] based solar cells
due to wide band gap, high transparency and reasonable mobility of electrons. The performance
of solar cells that use chemically deposited CdS are superior to those using evaporated CdS films
[3]. This is primarily due to a shift of the absorption edge of the film to shorter wavelengths, in
comparison with PVD (physical vapor deposited) CdS [4] — an advantage in the role of as
deposited CBD CdS thin films as window materials in CIGS based substrate type heterojunction
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solar cells [2]. However, CBD CdS performs well also in annealed superstrate configuration
FTO/CdS/CdTe solar cells [5], though in annealing process the band gap decreases from about
2.45 eV to 2.2 eV resulting in lower photovoltaic response of solar cell [1] due to increased
absorption in window layer. The formation of heterojunction depends on concentration and
conductivity of charge carriers and on the quality of interface between n- and p- type
components of the junction. Several authors have found that annealing of CBD CdS thin films at
low temperatures 120 — 200 °C improves solar cell parameters [6, 7]. These circumstances
impose for further more detailed investigations of CdS annealing processes.

In [8] we described results of systematic investigations of changes in structural and optical
properties of CBD CdS resulting from post-deposition thermal treatment in hydrogen ambient
and trying to understand the solution chemistry and how the properties of CdS thin films could
be tailored for control of the final solar cell characteristics. In this work we report the influence
of the annealing on electrical properties of CdS thin films deposited by CBD method.

EXPERIMENT

CdS thin films were deposited on glass substrates in a hermetically closed glass jar in water
solution of CdSO4 (1 mM), thiourea (10 mM), NH4OH (0.2 M), (NH4),SO4 (0.03 M) and relative
to Cd 0.001 at % NH4Cl at 80 °C. All samples were deposited three times. The CBD CdS layers
were washed and dried at 120 °C in vacuum and these layers serve as initial samples (as
deposited in the text) for annealing in a preheated tubular furnace in a quartz process tube under
1 atm of H, in the temperature range of 200 — 450 °C for 3 - 120 minutes. The heat treatment in
H, provides reducing atmosphere for deoxidation of CdS layers, as well its normal pressure
inhibits evaporation of chlorine dopant from CdS. It has to be emphasized that each experimental
point of annealing has been made with new as deposited samples. The CdS thin films were
characterized by x-ray diffraction (XRD) in the ® - 2v configuration (Cu-ka) (Rigaku X-ray -
LAST IV), scanning electron microscopy (SEM) (Zeiss EVO MA-15), energy-dispersive x-ray
spectroscopy (EDS) (Link Analytical AN 10000), optical reflection and transmission on Jasco-
V-670 type spectrophotometer. Sheet resistance and Hall effect were measured by Van der Paw
four probe method at room temperature. In-plane resistivity and charge carrier concentrations
were calculated for the thicknesses (280 - 430 nm) estimated from transmission and reflection
data.

RESULTS

At all annealing temperatures a rapid decrease of resistivity of annealed samples by 4-5
orders of magnitude and acceleration of the decay rate with increasing of annealing temperature
has been observed, as shown in Figure 1. The abrupt decay in 10 minutes is followed by slow
changes of resistivity at longer annealing times and could be divided into three sub-regions of
moderate (200-250 °C), intermediate (250-350 °C) and high (350-450 °C) temperatures. In the
low temperature area at 200 °C the lowest resistivity of 0.02 Q-cm is achieved and stabilized at
60 min. annealing time. The stabilization time is shortening at higher temperatures. In
intermediate region, after the rapid decrease, the resistivity will increase in growing rate with
increasing of annealing temperature.
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Figure 1. Resistivity of CdS layers versus annealing temperature and time.

Hall mobility was measured for samples with sheet resistance lower than 3 kQ/o, see Table
1. Lowest values of mobility lie in the intermediate region of annealing temperature.
Concentration of electrons is very high, > 10" cm™, for low and intermediate regions of
temperatures.

Table 1. Electrical properties of annealed CdS thin films. (The first number in the name of
sample corresponds to the annealing temperature, °C — and annealing time in minutes)

Sample Thick- S_heet Elect.r.on Resistivity Electron.
(°C-min) ness Resistance Moblzllty (<107, Q-cm) Conctigltrat_lson
(nm) (kQ /o) (cm*/V-s) ’ (x107, cm™)

200 - 60 430 1.06 +£0.01 93+04 4.57+0.01 1.5£0.1
200 - 120 420 0.839 +0.003 9.0+1.5 3.52+0.02 2.0+0.3
250- 30 370 0.582 + 0.004 9.5+0.6 2.15+0.02 3.1+0.2
250 - 60 370 0.648 +0.002 8.0+0.7 2.40+0.01 33+03
250 - 120 370 0.776 £ 0.007 4.0+1.5 2.88 +£0.02 41+1.5
300- 10 280 1.13£0.01 54+0.8 3.17+0.01 3.7+£0.6
300- 60 280 2.61+0.01 3.5£0.2 7.31£0.03 246 +0.15
300 - 100 290 2.51+0.02 3.8+£0.2 7.27£0.05 2.28+0.15
350- 20 370 1.95+0.02 45+02 7.22+£0.15 1.9£0.1
400- 10 390 1.36 £ 0.01 45+0.2 5.03 +£0.02 2.76 £0.15
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DISCUSSION

The most striking result is creation of high concentration of electrons 4.1-10" cm™ at

moderate annealing temperatures 200 — 250 °C, see Table 1. An abrupt decrease of resistivity
and increase of electron concentration in CBD CdS thin films annealed in hydrogen or in
vacuum at the same moderate temperatures has also been observed by [9, 10]. It should be
mentioned that this fact may be a possible reason for formation of reverse diode in the n"-CdS/i-
Zn0O/Zn0O:Al window region of CIGS type substrate configuration solar cells like in the case for
n'-CdO/n-CdS/ITO interface described by Durose [11].

The high concentration of electrons corresponds to the high density of shallow donors in
CdS lattice and the resistivity of such degenerated semiconductor layers does not depend on
temperature (Figure 2). The high conductivity cannot be explained by creation of conductive
phase of CdO from the residual oxide components, because reduction of CdO begins intensively
from 200 °C [12]. Also it can not explained by creation of sulfur vacancies because long H,
annealing at high temperature region results in high resistivity film, which has very low
intensity of photoluminescence below band gap energy [13] indicating to the absence of
impurities and complexes with cadmium vacancies, as potential acceptors.

Temperature dependence of conductivity for CdS thin film annealed at 400 °C has an
activation energy of 0.2 eV over room temperature, which indicates to the presence of deep
donors (Figure 2).

10" 4 \”

.”OQQQQH’

5
F't: 10" 4 —e— 250-30
2 —¥—400-10
(-}
107 5
vvv-v
107 5
2 4 6 8 10 12 14
103T (K"

Figure 2. Conductivity of CdS thin films annealed at 250 and 400 °C versus reverse
temperature of measurement, 10T (K.

Increase in annealing temperature accelerates the fall of resistivity. As a working hypothesis,
incorporation of cadmium hydroxychloride into CdS lattice on sulfur site in deposition process
from basic ammonia solution, is assumed. Presence of hydroxide group in as deposited CBD
CdS thin films has been spectrometrically (FTIR) confirmed by Kylner [14]. Sulfur, chlorine and
hydroxide group are spatially compatible, their atomic sizes are about 100 pm, for oxygen 60 pm
(compare densities of cubic modifications of CdS 4.82 g/cm® and CdO 8.2 g/em®), and for
hydrogen 30 pm. The hydroxide and chloride ions on sulfur site form electrically neutral defect
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complexes Vg2Cls and V42(OH)s. Increase in annealing temperature accelerates sintering of as
deposited polycrystalline CdS and retention of larger quantities of chloride and hydroxide
impurities, which would otherwise evaporate and decompose. Upon decomposition of two
hydroxide groups in CdS lattice one water molecule will be released and one sulfur vacancy
created. Annihilation of sulfur and cadmium vacancies creates two donor centers of Cl," and
(OH),". These substitutional impurities on sulfur site behave as shallow donors contributing at
room temperature to the decrease of resistivity. The concentration of chloride and hydroxide
impurities, saved in as deposited CdS, depends on post-deposition temperature of vacuum
drying. At high temperature region of annealing, due to destruction of hydroxide group and out
diffusion of chlorine and removal by evaporation, the concentration of electrons decreases.
Incorporation of cadmium chloride could be sketched with equations 1 — 5:

CdCl, (solution) — Cdeg® + (Vea2Cls) 1)
(14n)(Vca2Cls)* — Vg™ + 2ne” + 2(14n)Cls ™+ nS; (g1 )
Ved + Cls" — (VeClsy 3)
CdClyg + Cdgg) = 2Cdcd* +2Cls" + 2¢” 4)
Ved +2Cls" + Cdeg® — CdClyg)? 5)

For all annealing temperatures until 400 °C a technologically important stability region could
be envisaged, for example at 400 °C it will be 60 minutes or longer. All annealed samples have
been electrically stable over a year.

Thermal annealing in hydrogen atmosphere is a convenient and appropriate method for
precise control of CdS thin film electrical properties, and also for creation of n/n* CdS window
layers in the substrate configuration of a solar cell.

CONCLUSIONS

Thermal annealing in hydrogen atmosphere is a convenient and appropriate method for
precise control of CdS thin film electrical properties, and also for creation of n/n" CdS window
layers in the substrate configuration of a solar cell.
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Annealing effect on CdS films: transition from glass to ITO

Natalia Maticiuc™ and Jaan Hiie

Tallinn University of Technology, Ehitajate tee 5, Tallinn, Estonia

Abstract. Structural and optical properties of CdS films deposited on glass and ITO substrates
and annealed in H,, N, or Hy+N, atmospheres at 250 °C and 400 °C were compared. The
optical thickness 405+10 nm of the CdS films was found not to be influenced by any annealing
conditions or substrate. The as deposited films on both substrates had similar diffraction
patterns with one narrow peak corresponding to the (111) cubic plane at 26 26.70° and 26.75°,
respectively. Higher density of nucleation centres on the ITO surface generated denser CdS
films. In the annealing process of CdS/ITO a slower shift of both (111) peak and lattice
constant was observed in the direction of pure zinc blende modification. Similar values of band
gap and transmittance were determined for as-deposited CdS while annealing at 400 °C
decreased transmittance by 5% and 16% for CdS on glass and ITO, respectively. Transmittance
dropped because of the destruction of hydroxide group in the CdS lattice, the formation of
cadmium excess and the reduction of SnO, to black SnO in the ITO structure.

1. Introduction

CdTe- and CIGS- based photovoltaic solar cells in a superstrate configuration are made on glass
substrates coated by transparent conductive oxide (TCO) like tin oxide (SnO,) or indium tin oxide
(ITO) over which CdS layer is deposited. Combined TCO-CdS window layers [1-4] and the effect of
these bilayers on the final photovoltaic response [5] had been studied by many authors. Usually TCO-
coated glass substrates with suitable photovoltaic quality are commercially available, while the
optimization of CdS thin films remains in progress at laboratory scale.

As an optimization route for CdS thin film, annealing in different atmospheres at certain time-
pressure-temperature conditions may be used. In [6] we studied the properties of CdS/glass thin films
after H, annealing. A relationship between annealing conditions and desirable properties of CdS on
glass was obtained: temperatures up to 400 °C had a weak influence on the morphological and optical
properties; 1h annealing was enough to reach stable electrical properties; CdS films annealed at 250 -
400 °C had resistivity in the region of 2.3-107 — 6.1 Q-cm, respectively. It is interesting to verify if the
knowledge gained about the properties of annealed CdS/glass may be applied for the annealed
CdS/ITO/glass structures. Similar studies have shown the influence of annealing in air [7] or nitrogen
[8] on CdS properties when deposited on different substrates such as glass, ITO, SnO, or other
materials. However, information about CdS/ITO/glass bilayers annealed in H, atmosphere is scarce.
This paper compares the optical, structural and electrical properties of CdS layers deposited on glass
and ITO substrates and annealed in H,, N, and H,+N, gases.
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2. Experiment
Polycrystalline CdS films were deposited by chemical bath deposition (CBD) on both uncoated soda-
lime glass and commercial ITO coated glass substrates. The plates were accurately cleaned and
immersed in the deposition solution. The temperature and agitation speed of the solution were 85 °C
and 500 rpm, respectively. One deposition lasted for 30 minutes, but for thicker CdS films the process
was repeated three times. After deposition the films were vacuum dried at 120 °C to remove most of
the secondary phases of water, hydroxides and organic impurities. This drying was the last stage of
preparation for the so-called as-deposited CdS layers. We choose the thermal treatment conditions
based on our investigation on H, annealing of CdS/glass: normal pressure, 1 h duration at 250 °C and
400 °C. For comparison, annealing in N, and Hy+N, (H, concentration of was 5%) was also applied.
Crystallographic investigations were performed using the X-ray diffraction (XRD) technique in the
Bragg-Brentano (6-28) geometry by a Rigaku Ultima IV diffractometer with Cu-Ko radiation.
Crystallite size, lattice constant and interplanar distance were computed by the PDXL software
(Version 1.4.0.3) on the Rigaku system. The optical characteristics were evaluated at room
temperature in the range of 200-2500 nm on the Jasco V-670 UV-VIS spectrophotometer equipped
with an integrating sphere. Total optical transmission and reflection spectra were used to determine the
band gap and optical thickness of CdS.

3. Results and discussions
Optical properties were analyzed on the basis of transmittance spectra and E, values shown in figure
la and table 1, respectively.

glass substrate
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Figure 1. a) Optical transmittance spectra of the CdS films. b)
Calculated integral transmittance of CdS/glass and CdS/ITO as
a function of annealing temperature and ambient.

Table 1. Band gap (E,), lattice constant (a), interplanar distance (d) and crystallite size (S) of the CdS
films deposited on different substrates and annealed in H, (H), N, (N) and H,+N, (5H) ambient.

E,, eV a, A d, A S, A
Substrate — glass ITO glass ITO glass 1TO glass 1TO
as deposited 2.454 2.464 5.783 5.775 3.337 3.330 405.2  428.0
H-250°C 2.412 2.373 5.803 5.793 3.346 3.341 4283 4570
H-400 °C 2.364 2.379 5.821 5.804 3.354 3.347 391.3 3943
5H-250 °C 2.391 2.373 5.792 5.790 3.340 3.340 4309  460.0
5H-400 °C 2.348 2.365 5.806 5.802 3.345 3.346 3774  364.0
N-250 °C 2.377 2.376 5.797 5.787 3.344 3.338 420.0  472.0

N-400 °C 2.352 2.367 5.806 5.797 3.351 3.343 368.3 347.7
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Almost similar changes of band gap were found for CdS on glass and ITO substrates, independent
of the annealing atmosphere. When the annealing temperature increased, the band gap of CdS/glass
gradually decreased for all three atmospheres from 2.45 eV (as-deposited CdS) to 2.35 eV (annealed at
400 °C). With ITO the E, of CdS reached a constant value (2.375 V) for N,-containing ambients at
both annealing temperatures (table 1).

We estimated the integral transmittance in the region of 500-1000 nm as the area under the T plot
(figure 1b). With a glass substrate a similar trend of CdS transmittance was observed for all annealing
gases - a slow decrease at 250 °C followed by an abrupt decrease at 400 °C (~5 %). However, the
lowest transmittance was emphasized for a CdS sample annealed in N,. The decreased transmitance of
CdS could be explained by hydroxide group incorporated into the CdS lattice the destruction of which
starts at 300 °C [6]. Independent of the annealing atmosphere, the hydroxide group incorporated into
the CdS lattice leads to the formation of CdS,,n(OH)s solid alloy. When temperature is applied, H,O
evaporates and Cd precipitate [9] is formed (1, 2).

CdS,_ ,n(OH);——>CdS,_, n(O)n(V)+nH,0 T )

1-n
cds, , n(0s)n(Vy)——Cd, S, , n(O)n—m(Vy)+mCd @)

When CdS/glass was annealed, the Cd precipitate (2) decreased the transmittance of CdS (figure
1b). However, in the presence of H, the CdO decomposes, as oxygen is eliminated by the release of
H,O, and CdS band gap increases [6]. Therefore, the CdS transmittance was higher after the H,
annealing than that of N, one. This reveals an advantage of H, annealing for CdS films.

For a CdS film on ITO, the transmittance decreased faster up to 250 °C than with the glass case.
Thus, the contribution of Cd precipitate (2) to the decomposition of SnO, should be taken into account
(3, 4). Both products of reaction (3) resulted in the reduced transmittance of the CdS/ITO bilayer.

SnO, +Cd - SnO+CdO 3)

28n0— Sn+Sn0, @)

Still, when CdS/ITO was annealed at 400 °C in H,, the transmittance decreased by 16% compared
to as-deposited CdS. A new reaction (5) may compete with (3) due to higher activity of the H,
compared to the metallic Cd from CdS. These processes resulted in the blackening of the ITO
substrate and an abrupt drop of CdS transmittance.

SnO, +H,—SnO+H,0 T (5)

The transmittance behavior of CdS on both glass and ITO substrates suggested that H,+N, mixture
instead of pure H, or N, gases is needed for annealing.

The structural properties of CdS were analyzed based on XRD measurement results. Similar XRD
patterns with one narrow (111) diffraction peak of the cubic plane at 26.70° and 26.75° were found for
CdS films on glass and ITO substrates, respectively. Figure 2 shows that both peaks are in the close
proximity of the (002) hexagonal plane at 26.83°. Twice higher (111) peak of CdS/ITO than that of
CdS/glass suggests a more oriented CdS film. This is attributed to the strong influence of the oriented
crystalline surface of ITO. The high density of nucleation centers on ITO generates a denser CdS film,
which might also explain the decreased transmittance of CdS on ITO (figurelb).
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Figure 2. XRD pattern of as-deposited CdS on Figure 3. Influence of annealing conditions on
glass and ITO substrates. the shift of the main (111) peak of CdS.

Interestingly for both substrates, the main (111) peak shifted in the direction of the zinc blende CdS
plane at 26.46° in all three ambients when the annealing temperature increased (figure 3). However, a
slower shift of the main cubic peak and lattice constant (table 1) in the direction of zinc blende
modification of CdS was found in the case of the ITO substrate during annealing. The shift of this
main peak infers that the stressed lattice of as-deposited CdS relaxed during annealing at 250 - 400 °C,
after which a more pure cubic CdS phase was obtained. The comparison between the three annealing
atmospheres in the case of glass substrate shows that the H, ambient contributed to a more cubic
structure of CdS, while the H,+N, ambient had a weak influence on the CdS lattice. In the case of the
ITO substrate no significant differences were found when CdS was annealed at higher temperatures.

4. Conclusions

An abrupt reduction of transmittance was found for CdS/ITO annealed in H, at 400 °C. This might
limit the applicability of CBD CdS for superstrate solar cells. We minimized the transmittance by
annealing CdS/ITO in a mixture of H, + N,. The oriented ITO contributes to denser CdS films. The
typical shift of the main (111) peak is characteristic for CdS on both glass and ITO. Generally, the
structural and optical properties of CdS films on glass and ITO are quite similar.
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Abstract

Chemical bath deposited CdS:Cl thin films on glass substrates were annealed in H,, N, and air at 250 °C and 400 °C, and then
characterized by XRD, Van der Paw, Raman, photoluminescence and transmittance - reflectance spectroscopy.

Different properties of CdS film are found depending on the neutral, reducing or oxidizing annealing gas. Strong activity of
chlorine as a flux and dopant agent is observed in the air- annealed CdS films. This is expressed by the strongest
photoluminescence intensity of the 2.24 eV peak. Oxygen containing phases CdSO; and CdO are shown by XRD patterns for
air- and N,- annealed CdS films at 400 °C. Longest N, annealing generated pure CdS layers, similarly with the H,- annealed
ones. Also, the H, annealing shows a shift of the main (111) CdS peak toward the pure cubic modification proportionally with
the annealing time, while N, and air annealing fixed the peak at intermediate cubic-hexagonal position. This could be explained
by incorporation of oxygen in CdS lattice for N, and air annealing, supported by the presence of oxide phases in CdS XRD
patterns. H, annealing removes the incorporated oxygen from the lattice and oxide phases from the grain boundaries, leaving
pure CdS films. Behavior of CdS structural properties unambiguously demonstrates the incorporation of hydroxide group and
oxygen into the CdS crystallite lattice and explains the changes of structural, optical and electrical properties of CdS films in
the annealing process.
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1. Introduction

CdS thin film is widely used as n-type semiconductor partner and buffer layer in thin film chalcogenide solar
cells [1]. Among possible deposition methods, chemical bath deposition (CBD) is one of the most suitable due to
its low cost, low temperature processing and possibility to form large area films. As deposited CBD CdS layers
have a high speed of recrystallization already at low temperatures with major changes in structural and optical
properties [2,3]. A possible way to control these changes and reduce the extent of disorder in CdS films may be the
thermal annealing in a defined atmosphere. The importance of CdS properties control is revealed by the application
of CdS films in substrate configuration solar cells. For instance, in CIGS solar cell the i-ZnO and ZnO:Al layers
are sputtered on CdS at 200 °C in O,+Ar or Ar ambient [4], influencing the properties of underlying CdS film and
final parameters of the solar cell [5,6].

Generally, the influence of annealing ambient on CdS film properties was studied by many authors. The neutral
(N, Ar containing) annealing brings reorientation of as deposited CdS films with a significantly improved
crystalline quality, diminishes their resistivity by increasing the grain size and decreasing the number of grain
boundaries in CdS films [7]. Also, such an annealing leads to phase transition from the metastable cubic phase to a
stable hexagonal phase of CdS [8], which is undesirable when stacking CdS film with a cubic CdTe absorber.
Besides increased grain size and improved crystallinity of CdS films annealed in oxidizing (O, containing)
ambient, a substantial decrease in the band gap have been reported [9]. The thermal treatment in a reducing
atmosphere of H, has the advantage to eliminate the chemisorbed oxygen and oxides. Annealing in the presence of
H, preserves the same structural cubic phase during the complete thermal process [2] and decreases the resistivity
by 4 orders of magnitude [10] compared to the neutral case [7].

However, a deep study of the mechanisms and understanding of annealing processes in CBD CdS films
depending on reducing, oxidizing and neutral atmospheres is still missing. Here we present the analysis of
structural, optical and electrical properties of CdS films and the mechanisms responsible for their changes when
annealing in different ambient is applied.

2. Experimental

CdS thin films were prepared by CBD, the experimental details being presented elsewhere [10]. After the
deposition and vacuum drying CdS films were annealed in a closed process tube in three different atmospheres at
normal pressure: hydrogen, nitrogen and air. Every annealing lasted 1h and the annealing temperatures were
established at 250 °C and 400 °C.

CdS layers were characterized by X-ray diffraction (XRD), photoluminescence (PL), Raman, optical
transmission - reflection spectra, Van der Pauw and Hall Effect techniques. XRD measurements were performed in
the Bragg - Brentano (0-20) geometry using a Rigaku Ultima IV diffractometer with Cu Ko radiation. Crystallite
size and lattice constants were calculated using the software PDXL Version 1.4.0.3 on the Rigaku system. The
optical total transmittance and reflectance spectra of CdS films were obtained in the wavelength range of 200 —
2500 nm on a Jasco V-670 UV-VIS-NIR spectrophotometer equipped with an integrating sphere. The PL was
measured at room temperature (RT) with a green laser (532 nm) and 10 mW density of excitation. Spectra were
registered by a Renishaw - type device with a built-in measuring Raman installation. The RT Raman spectra were
recorded in a 180° backscattering geometry by using the Horiba's LabRam HR high resolution spectrometer. The
incident laser light with the wavelength of 532 nm was focused on the sample within a spot of 10 um in diameter
and the spectral resolution of the spectrometer was about 1.5 cm™'. Each spectrum was smoothed with Lorentz
fitting and peak position and Full Width at Half Maximum (FWHM) were obtained. The electrical properties of the
CdS films (resistivity, charge carrier concentration and mobility) were measured in the temperature range of -100
°C to +100 °C, using MMR's Variable Temperature Hall System and a Hall, Van der Pauw Controller H-50. The
contact material used for electrical measurements was evaporated indium.
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3. Results and discussions

CdS films grown on glass substrates and annealed in air, N, or H, were adherent, yellowish and reflecting.
Independently of the annealing ambient, all the films annealed at 400 °C were more dark-yellowish compared to
those annealed at 250 °C.

3.1. Structural properties

Structural properties of CdS thin films were analyzed on the basis of XRD and Raman measurements. At low
annealing temperature (250 °C) the XRD patterns do not reveal any additional phases except CdS. At higher
annealing temperature (400 °C) in air and nitrogen CdSO; and CdO phases were found (Fig. 1a). CdSO; which
appeared during nitrogen annealing for 60 minutes has disappeared at longer annealing for 120 minutes, while in
air CdSO; was transformed to CdO. Only annealing in hydrogen resulted in pure CdS (Fig. 1a).
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Fig. 1. (a) XRD pattern of CdS films annealed at 400 °C in H,, N, and air for 1h (solid line) and 2h (dash line); (b) Shift oh the main 111 peak
in dependence of annealing ambient, temperature and duration

By high resolution analysis was shown the shift of the main (111) peak toward the cubic modification of CdS
(Fig. 1b). In H, annealing process we explain this shift by the decomposition of incorporated OH group, creation of
oxygen on sulfur site and by removal of oxygen from the crystalline lattice [10]. While atomic size of sulfur and
OH group are similar, the atomic size of oxygen is smaller (compare the densities of cubic CdS 4.8 g/cm® and CdO
8.1 g/em’ [11]) and causes contraction of CdS lattice [12], like sulfur in CdTe [13] and boron in silicon [14]. In air
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and N, the shift of the (111) peak is stabilized for 60 minutes annealing (Fig. 1b), which corresponds to the
remained traces of oxygen in the CdS lattice and supported by the presence of oxide phases (Fig. 1a).

The traces of oxygen are present even in H,- annealed CdS and only at 450 °C annealing the main peak reaches
the position of pure cubic modification (26.46°%) for CdS [10]. However, as the air ambient is more active it showed
a deeper removal of oxygen compared to Hp; this could be attributed to CdCl, dopant added in the deposition
process of CdS. Due to the presence of CdCl, flux and high solubility of both cadmium oxides and CdS in CdCl,
flux [15], the oxygen diffuses into the melted phase and at high temperature CdSO; and CdO are extracted.

The complex composition of as deposited CdS films [16] involves the formation of oxides like CdO and CdSO5
in neutral and oxidizing atmospheres of annealing (1, 2).

CdS +1.50,—— CdO+ S0, T 1)

CdS +1.50,——>CdS0, @)

In N, annealing process, depending on the temperature and time, the oxides are expelled as metallic Cd and SO,
(3, 4), while in H, ambient Cd and water are expelled (5, 6). The metallic Cd was confirmed by the black deposit
on cold walls of the process tube. In air Cd forms on CdS surface CdO (7) as the most stable phase (Fig. 1a).

CdS +2CdSO, ——3cd T+350, T 3)
CdS+2Cd0—2-3cd T+50, 1 )
CdSO, +3H, ——CdS+3H,0 (5)
CdO+H,——Cd+H,0 (6)
CdSO, ——CdO+S0, T (M

Raman spectra of CdS films annealed in different atmospheres (Fig. 2) present a well-resolved line at
approximately 300 cm ™, corresponding to the first order scattering of the longitudinal optical (LO) phonon mode.
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Fig. 2. Raman spectra of CdS films annealed for 1h in different ambients at 400 °C.
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The position of this peak is slightly shifted to lower wave numbers (Table 1) with respect to bulk CdS peak (305
cm™"). Several authors explained this shift by the changes of grain size [17,18,19]. The narrowing of the 1LO peak
of annealed CdS films (Table 1) is connected to the lattice stress shown by XRD data [12]. The decreased peak
intensity with annealing is attributed to the shift of the crystalline structure of CdS films to a more cubic phase
[20].The second-order scattering of LO phonon is also visible at approximately 600 cm .

Both Raman and XRD measurements indicate that CdS films annealed in any atmosphere have a better
crystallinity [17] than the as deposited ones. However, we observed at ~700 cm™ an additional Raman peak that for
air- annealed CdS film has higher intensity compared to 2LO peak. This peak may correspond to CdSO; and CdO

[21,22], both phases representing the oxidation products of annealing at 400 °C (Fig. 1a).

Table 1. Position of 1LO peak and its FWHM value in dependence of annealing ambient for CdS films.

Sample Main peak (cm™) FWHM (em™)
As deposited CdS 300.0 19.56
H,- annealed CdS 302.4 14.36
N»- annealed CdS 302.7 13.39
Air- annealed CdS 302.7 10.15

3.2. Optical properties

Transmittance spectra of CdS films (Fig. 3a) show that annealing at low temperature (250 °C) weakly
influenced the optical properties of CdS films. However, air- annealed CdS has lower transmittance in the 500-700
nm region compared to N, and H, ambients. At high temperature (400 °C) all the atmospheres substantially
decrease the CdS transmittance due to the presence of metallic Cd precipitate in the CdS grains. Still, transmittance
of the air- annealed CdS remained unchanged due to transformation of metallic Cd to transparent CdO (Fig. 1a).
Absorption of light in the longer wavelength region is usually caused by crystalline defects such as grain
boundaries and dislocations [23].
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Fig. 3. (a) Transmittance spectra of CdS films annealed at different annealing time and ambient for 1h; (b) Band gap values of CdS films versus
annealing time for different ambient and temperature.
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Band gap (E,) of CdS films annealed in H, and N, at low temperature (250 °C) show small decrease with
increasing annealing time (Fig. 3b), while for air- annealed CdS E, decreased from 2.4 eV to 2.34 eV. Oxygen
from the air ambient assured a higher presence of CdO [24] in CdS film, which decreased E, already at 250 °C. At
400 °C E, decreased faster, lowest value (2.32 eV) being reached for air- annealed CdS. This could be explained by
the incorporation of oxygen on the vacant sulfur site appeared in the process of hydroxide group destruction in the
CdS lattice. High concentration of oxygen in CdS lattice is also supported by the presence of CdSO; and CdO
phases for annealing in N, and air (Fig. 1a).

3.3. Electrical properties
Time dependence of electrical resistivity measured at RT for CdS films shows stable electrical properties after

60 minutes annealing for each annealing temperature and ambient (Fig. 4a). At low annealing temperature the
hydroxide group decomposes with formation of excess Cd and V.
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Fig. 4. (a) Electrical resistivity of CdS films at RT as a function of annealing time, temperature and atmosphere. (b) Time dependence of
electrical conductivity and activation energy values for CdS films annealed for 1h in H,, N, and air.

The high conductivity is controlled by the CIS* and (OH)"s shallow donors [10] (considering annihilation of
sulfur and cadmium vacancies) at ~9-30 meV under conduction band (Fig. 4b). At 250 °C the process stabilized in
30 minutes for N, and H, annealing. For air- annealed CdS resistance will be differently increased than for H, and
N, due to incorporated oxygen on sulfur site and its reaction with Cd, forming CdO. Same processes with higher
rate take place at annealing temperature 400 °C and significantly higher resistances are achieved in air and N,
annealing due to the background oxides in CdS (Fig. 1a). At 400 °C annealing, due to full destruction of hydroxide
groups and out diffusion of chlorine, the concentration of electrons decreased [10] and CdS conductivity is
determined by the deep donor defects at ~120 meV in the region of measurement temperatures 20 - 100 °C (Fig. 7).

The PL spectra (Fig. 5) for all samples consist of two prominent bands at approximately 1.7 eV and 2.24 eV.
The 1.7 eV PL band was interpreted [25] in terms of commonly accepted neutral complex (V¢42Cls)®. The sharp
peak (2.24 eV) corresponds to the emission of donor — acceptor pairs due to the thermal dissociation (8) of the
neutral complex to Clg" donors and (V4Clg)~ acceptors [26].

(Ve 2CL Y > (V. Cl ) +CL" (8)
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Fig. 5. Photoluminescence spectra of CdS films annealed for 2h in different atmospheres.

The unexpected high PL intensity of air-annealed CdS films is connected with the incorporation of oxygen on
Vs and the spatial compensation of contraction in Cd sub-lattice by V4. The oxygen should enhance formation of
Vg and therefore to increase the intensity of both PL peaks. However, due to concentration quenching, lower
intensity of the 1.7 eV peak (showing the neutral complex concentration) is observed. This explanation is
confirmed by one order of magnitude increase of PL peak intensity for the air-annealed CdS film which was over-
annealed in H, (Fig. 5).

4. Conclusions

Changes in structural, optical and electrical properties of CBD CdS layers in the annealing process are
connected with decomposition of OH group incorporated in CdS lattice in the deposition process, with outdiffusion
of H,O and destruction of crystallites, and with creation of Cd excess resulting in transition from CdS; (OH), to
CdS,.,O, solid solution. Annealing in air and N, creates stable CdS,.,O, solid solution while H, annealing removes
the oxides and chloride dopant resulting in pure CdS films. Excess of Cd as precipitate decreases the transmittance
while incorporation of oxygen into CdS lattice decreases the band gap of the CdS film. The gained knowledge
about influence of annealing conditions on the properties of CdS film will facilitate further investigations on
CdS/absorber heterostructures for elaboration of high-quality solar cells.
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CdS thin films obtained by chemical bath deposition and annealed in hydrogen and air ambients were
combined with CdTe absorbers obtained by close spaced sublimation. CdS-CdTe solar cells in superstrate
configuration were characterized by current-voltage and quantum efficiency measurements while the
analysis of annealed CdS films was made by scanning electron microscopy, X-ray diffraction and UV-vis
spectroscopy. It was found that in superstrate configuration, due to the big grains on CdS surface and
gas emission from CdS film at high temperature deposition of the absorber, the delamination of layers
take place. Annealing in H, removes the oxygen compounds from CdS grain boundaries and opens them
for formation of shortcutting through the CdS layer. The processing in air is most advantageous due to
simultaneous presence of chloride and oxygen, contributing to the recrystallization and sintering of the
highly textured columnar CdS. The direct influence of the CdS annealing on the solar cell parameters is
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1. Introduction

Cadmium sulfide (CdS) is a suitable n-type component for cad-
mium telluride (CdTe) based solar cell [1] due to its direct optical
band gap (Eg) (2.4eV), high transparency (>80%) and the ease to
prepare by different techniques [2,3]. For such application CdS film
should be conductive, thin and uniform. High conductivity of CdS
film increases the built-in potential in CdTe absorber which in turn
improves the photovoltage of solar cell [4]. Thinning increases the
transparency of CdS film and gains in short-circuit current while the
uniformity of the film avoids the shorting effects between transpar-
ent conductive oxide and CdTe absorber [5].

In this context chemical bath deposition (CBD) is a proper tech-
nique to produce uniform, adherent and very thin CdS films with
low cost and simplicity. Moreover, CBD CdS has high n-doping
and low sheet resistance due to the high concentration of oxygen-
containing impurities in the film [6]. However, the as deposited CBD
CdS thin film usually forms the metastable cubic phase and has a
poor crystallinity and an appropriate heat treatment is required to
improve its properties. Also in a solar cell, by using the recrystal-
lization step prior to CdCl, treatment, the diffusion of CdS into CdTe

* Corresponding author. Tel.: +372 620 3366; fax: +372 620 2020.
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absorber can be reduced by eliminating the diffusion pathways into
absorber [7].

This annealing step of CBD CdS film was widely studied during
the last years by different groups including ours in order to improve
the CdS-CdTe solar cell parameters [8,9]. Beside the variation of
annealing atmosphere, temperature or duration the multilayer
approach for CBD CdS was studied in [9,10]. Our previous investiga-
tions showed that: (1) independent of the applied gas, the annealing
results in the relaxation of CdS lattice and its transition from the
metastable to stable cubic structure [11,12]; (2) CdS film annealed
in oxidizing atmosphere have better crystallinity with smoother
surface, but the Eg is decreased and the film contains additional
phasessuch as CdO [8,12,13]; (3) the reducing atmosphere removes
the oxides and chloride dopants from CdS film while the Cd precipi-
tate decreases the optical parameters of the film [13]. Because each
annealing atmosphere brings both positive and negative effects
to CdS properties, researchers in this field have disperse opinions
about the suitable annealing of CdS for application in CdTe solar
cell [9,14]. Therefore, a better understanding of the influence of
annealed CdS film on the properties CdS-CdTe solar cell is still
needed.

In the present work we use annealed CdS films studied previ-
ously [12,13,15,16] to prepare CdTe based solar cell and illustrate
the direct influence of the CdS annealing on the final parameters
of CdS-CdTe solar cell in a superstrate configuration. The chemical
processes responsible for the induced changes are discussed.
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Fig. 1. Transmittance spectra of as deposited and annealed CdS films.
2. Experiment

Polycrystalline CdS films of 150-180nm thickness were
deposited by CBD on glass substrates coated with a 300 nm thick
fluorine doped tin oxide (FTO) layer. The details of the deposition
process are presented elsewhere [13]. After deposition and drying
in vacuum at 120°C CdS films were annealed for 1h at 400°C in
two different atmospheres: hydrogen and air. With all CdS films
complete CdS-CdTe solar cell devices were fabricated. A CdTe layer
of 3-4 um thickness was deposited by close space sublimation
(CSS) at source and substrate temperatures of 610°C and 500°C
respectively. This was followed by a soaking in CdCl, solution, air
treatment at 420 °C, NP etching and deposition of gold back contact
by evaporation. Finally the 2 cm x 2 cm samples were scribed into
cells of 5mm x 5 mm dimension.

The deposited CdS thin films were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM) and opti-
cal transmission spectra. XRD measurements were performed on a
Rigaku Ultima IV diffractometer with Cu Ka radiation (A =1.5406 A,
40KkV at 40 mA) using the silicon strip detector D/teX Ultra. Crys-
tallite size and lattice constants were calculated using the software
on the Rigaku’s system (PDXL Version 1.4.0.3). The crystallite size
was calculated using the Debye-Scherrer method and a Scherrer’s
constant of 0.94. The optical total transmittance and reflectance
spectra of CdS films were measured in the wavelength range of
200-2500nm on a Jasco V-670 UV-VIS-NIR spectrophotometer
equipped with an integrating sphere. The Eg of the films was
obtained from the absorption coefficient spectra calculated using
the Bragg formula. Surface morphology of CdS films and the cross-
section of CdS-CdTe solar cell were examined by high-resolution
SEM apparatus (Zeiss EVO-MA15) at an operating voltage of 10 kV.
The performance of CdS-CdTe solar cells were characterized by J-V
curves and quantum efficiency (QE) measurements under AM1.5
(100 mW/cm?) illumination.

3. Results and discussion
3.1. CBD (dS films

In the process of H, annealing the incorporated OH group
decomposed with formation of CdO and Cd precipitate [12], leav-
ing a relaxed crystalline lattice of CdS (Table 1). The metallic Cd,
observed on the walls of annealing quartz tube, decreased the trans-
parency of CdS film in the wavelength region of 500-800 nm (Fig. 1).
The Eg gap was slowly decreased if compared to as deposited CdS
(Table 1) and XRD spectra revealed a singular CdS phase oriented
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Fig. 2. XRD spectra of as deposited and annealed CdS films.

along the (11 1) direction (Fig. 2). It seems that H, annealing can
be considered the appropriate thermal treatment for removal of
impurities and for destruction of hydroxide components incorpo-
rated during the deposition of CdS film. However, because H; also
removes the oxygen compounds from CdS grain boundaries leaving
them opened, shortcuttings are formed through the CdS layer.

Air annealed CdS film are described by a sharpened absorp-
tion edge and increased transmittance in the range of 500-800 nm
compared to Hp annealed film (Fig. 1). On the other side the Eg is
decreased much more than for as deposited film (Table 1) and addi-
tional oxygen-containing phases like CdSO4 [12,17] and CdO are
revealed by the XRD analysis (Fig. 2). The oxide-producing reaction
between chloride, oxygen and CdS was proposed by McCandless in
[18]:

CdS(s) + CdCly(v) + Oy(v) « SClx(g) + 2CdO(s) (1)

CdO presence may be convenient because it is expected to
behave as a barrier to subsequent reaction and diffusion of Te and
Cl species from the CdTe layer into the CdS window material. As an
insulating oxide, CdO can also electrically passivate grain bound-
aries and surfaces [18].

CdSOy4 also is an active component as oxygen (2) and interacts
with CdS and CdCl, with formation of sulfur pieces (3, 4) which will
contribute to the mass transfer of CdS.

CdS + 20, — CdSO4 (2)
CdS + CdSO4 +CdCly — 25Cl, +4CdO (3)
CdS + SCl, — S, +CdCl, (4)

Our previous results showed that varying the annealing
atmosphere and temperature up to 400 °C did not change the mor-
phology of CdS films [12,13]. Here the surface view of CdS films was
registered after CdTe deposition and CdCl, treatment (Fig. 3).

In the case of air annealing the presence of oxygen, as CdO and
CdSOQy, together with co-deposited chloride improved the recrys-
tallization of CdS film, increasing the grain size. Romeo et al. [19]
also observed a big change in the shape and size of the CdS grains
after the recrystallization treatment of CdTe. Our CdS film became
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Table 1

Thickness, Eg, lattice constant, interplanar distance and grain size of CdS films after deposition and after annealing in hydrogen and air. Grain size of the films is estimated

after the deposition of CdTe.

Lattice constant (A)

Interplanar distance (A) Grain size (nm)

3.324 65.0
3.354 75.0
3.346 180.0

EHT=400kv 1000M

Air annealed

EHT= 400kv 1000
wp= smm

Fig. 3. SEM pictures of as deposited and annealed CdS films after the deposition and oxychloride treatment of CdTe.

CdS film Thickness (nm) Eg (eV)
As dep. 155.0 243 5.758
H; anneal. 175.0 2.37 5.824
Air anneal. 178.0 232 5.807
S d sited = 0
30+
E
—— Air anneal. s 204 ,
- H,anneal.| g N
— — asdep. = 404 s
v
r
-1,0

Fig. 4. J-V characteristics of CdS—-CdTe solar cells with as deposited and annealed
Cds films.

porous (Fig. 3) due to the thermal shock during the preparation
of absorber and short-cutting paths were formed between CdTe
absorber and FTO. In order to evaluate the net influence of the
annealed CdS film on the solar cell, the structures were sectioned
into 5mm? regions.

3.2. CdS-CdTe solar cells

Fig. 4 shows the J-V characteristics of CdS-CdTe solar cells with
different CdS films: as deposited CdS, H, annealed CdS and air

Table 2

Performances of CdS—CdTe solar cells with as deposited an annealed CdS films.
CdS film in solar cell Voc (V) Jsc (mA/cm?) FF (%) Eff. (%)
As dep. 525.7 17.7 39.1 3.6
H; anneal. 535.7 18.2 46.4 4.5
Air anneal. 7774 23.4 62.7 114

annealed CdS. The photoelectric performance of these solar cells
is shown in Table 2. The performance of the solar cell with CdS
film annealed in air is higher than the other two. An important rea-
son of this improvement might be attributed to the oxides which
reside on grain surfaces and penetrate grain boundaries of CdS [18]
making the film more stable for the following oxychloride treat-
ment of CdS-CdTe solar cell at 420°C (Table 2, Fig. 4). Solar cell
with CdS annealed in H, show lower parameters (Table 2) due to
smaller grain size of CdS film which implies a faster interdiffusion at
the interface after the CdCl, treatment compared to the cell with air
annealed CdS [7,11]. This interdiffusion appears to be determined
by the oxygen level in the CdS. When low-oxygen-containing CdS
films are used, sulfur diffusion is substantial, leading to significant
consumption of the CdS layer. When these same films are annealed
in oxygen, the consumption is reduced. Te diffusion into the CdS
layer also appears to be reduced by oxygen present in the CdS [20].
Another reducing factor could be the metallic precipitate in CdS
film after H, annealing [13] which beside lower transmittance of

1,00 +
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<}
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N
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= 2
S ——as dep.
0,25 -
0,00
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Fig.5. QE spectra of CdS-CdTe solar cells with as deposited and annealed CdS films.
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4— FTO
< glass

Fig. 6. Cross section of a “bad contact” region of a CdS-CdTe solar cell. the peeling a — between FTO and CdS, the peeling b — between CdS and CdTe.

the film (Fig. 1, Table 1) decreases the spectral response of the solar
cell (Fig. 5).

We have obtained similar performance for CdTe solar cell [21]
with CSS CdS films of a much higher quality in terms of larger
grains and no porosity compared to CBD CdS. This indicates to the
importance of oxygen presence namely in the place of junction for-
mation. It seems that the oxychloride components have to be closer
to the junction and the air annealing of CdS looks to be a solution
as it brings the oxygen and incorporated chlorine from CdS to the
place of junction formation. These components accelerate the mass
transfer between the polycrystalline phases of CdS and CdTe with
formation of an effective CdS-CdTe heterojunction. In other words,
the CdCl, treatment in air at 420 °C applied to CdTe absorber at the
back contact side does not assure a sufficient penetration of oxy-
chloride components through CdTe layer at the place of junction
formation.

The only issue of the air annealed CdS remains the uniformity
of the film which after the thermal treatment becomes porous
(Fig. 3). Besides the porosity of CdS films, two types of peeling
were observed from the cross section view of solar cells (Fig. 6).
We assume that the peeling from CdS (b) was caused by the unde-
sired big grains on the surface of CdS film (Fig. 1), while the origin
of the “a” peeling, generated only in the case of H, annealed CdS,
may be caused by the penetration of the oxychloride flux through
CdS porous regions.

4. Conclusions

The performance of CdS-CdTe solar cell was studied for dif-
ferent annealing of CBD CdS films. CdS annealing in H, removes
the oxygen compounds from the grain boundaries and opens
them for formation of shortcutting through the CdS layer. The
presence of CdO in the air annealed CdS showed by XRD
analysis is considered benefic as it behaves as a barrier to sub-
sequent interdiffusion between CdS and CdTe. The processing
in air is most advantageous due to simultaneous presence of
chloride and oxygen, contributing to the recrystallization and
sintering of the highly textured columnar CBD CdS. The oxy-
chloride components are needed at the both sides of CdTe
absorber to assure the formation of an effective CdS-CdTe junc-
tion.

An issue to solve remains the porosity of annealed CBD CdS film
which intensifies during the deposition of CdTe absorber and the
thermal treatment in CdCl,.
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Teaduskonna, Moldova Riigi 2010 Teoreetl'hn? fudsika
. /Magistrikraad
Ulikool
3. Keelteoskus
Keel Tase
Rumeenia Emakeel
Inglise Korgtase
Vene Korgtase
Prantsuse Kesktase
Eesti Algtase
4. Taiendusdpe
Oppimise aeg Taiendusdppe korraldaja nimetus
TU ja TTU doktorikool
2011-2014 ,,Funktsionaalsed

materjalid ja tehnoloogiad”
(FMTDK), Eesti
Workshop of E-MRS 2012 Spring
Meeting: “Young Scientist
13 Mai 2012 Tutorial on Characterization
Techniques for Thin-Film Solar
Cells”, Strasbourg, Prantsusmaa
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9-16 September 2012 of Quantum Solar Energy

International Summer School on
Photovoltaics and New Concepts

Conversion (Quantsol),
Hirschegg, Austria

10 Detsember 2012

FMTDK Talvekool, Rakvere,
Eesti

7-9 Juuni 2013

Nordic Summer School on
Semiconductor Physics, Nauvo,
Soome

26-27 Juuni 2013

FMTDK Suvekool, Piihajérve,
Eesti

5-9 August 2013 “New Frontiers in Optical

7th Rahvusvaheline Suvekool

Technologies”, Tampere, Soome

5. Teenistuskéik

Tootamise aeg Tdoandja nimetus Ametikoht
“G. Calinescu” ~ .
2006 - 2010 Giimnaasium, Moldova Opetaja
2010 —2011 Moldova Riigi Ulikool Lektor
2008 — 2010 Moldova Riigi Ulikool Analiiiitik
Tallinna Tehnikaiilikool,
2013 - ... Keemia ja Insener
materjaliteaduse instituut

6. Teadustegevus, sh tunnustused ja juhendatud 16putd6d

Projektid

01.01.2008 —31.12.2013

01.10.2009 —30.09.2013

01.01.2012-31.12.2015

01.07.2012-31.12.2015

01.01.2014-31.12.2019

Ohukesekilelised ja nanostruktuursed materjalid
keemilistel meetoditel (SF 2008);

Korge kasuteguriga Shukesekileliste elastsete
mono- ja tandem-piikesepatareide arendamine II-
VI pooljuhtiihendite baasil, FLEXCOLCELL
(Viilisleping, VII raamprogramm);
Absorberkihid keemilise pihustuspiiroliitisi
meetodil nanostruktuursetele padikesepatareidele
(ETF 2012);

Efektiivsed plasmoonilised absorberid
paikesepatareidele (Riiklik T&A programm
"Materjalitehnoloogia");

Ohukesed kiled ja nanomaterjalid keemilistel
vedeliksadestusmeetoditel uue pdlvkonna
fotovoltseadistele (IUT 2014).
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Tunnustused

2014 Diplom, Moldovast périt tudengite gala, Chisinau (Moldova), 27.
detsember 2014;

2011 Austamise Diplom, XV rahvusvaheline konverents "Inventica", Iasi
(Rumeenia) 8-10 juuni 2011 (kaasautor);

2011 Kuldmedal, Euroopa Néitus loovuse ja innovatsiooni, lasi
(Rumeenia), 14. mai 2011 (kaasautor);

2010 Parim dpilane raamatut CAS konverentsi 2010, korraldas IEEE,
Sinaia (Rumeenia), 13-15 Oktoober 2010;

2009 Merit stipendium - teise klassi, kell Moldova parimad Gpilased
voistlus 2009-2010 aasta.

Kaitstud 16putood

2010 Ohukeste kaadmiumsulfiidi kilede valmistamine
keemilise vannsadestuse meetodil ja fiilisikaliste omaduste
uurimine, magistritdd (Moldova Riiklik Ulikool), juhendajad:
Dotsent Tamara Potlog, Dr. Jaan Hiie;

2008 Tagakontakti moju CdTe piikesepatarei

fotoelektrilistele parameetritele, bakalaureuset6o (Moldova
Riiklik Ulikool), juhendaja: Dotsent Tamara Potlog.

102



DISSERTATIONS DEFENDED AT
TALLINN UNIVERSITY OF TECHNOLOGY ON
NATURAL AND EXACT SCIENCES

1. Olav Kongas. Nonlinear Dynamics in Modeling Cardiac Arrhytmias. 1998.

2. Kalju Vanatalu. Optimization of Processes of Microbial Biosynthesis of
Isotopically Labeled Biomolecules and Their Complexes. 1999.

3. Ahto Buldas. An Algebraic Approach to the Structure of Graphs. 1999.

4. Monika Drews. A Metabolic Study of Insect Cells in Batch and Continuous
Culture: Application of Chemostat and Turbidostat to the Production of Recombinant
Proteins. 1999.

5. Eola Valdre. Endothelial-Specific Regulation of Vessel Formation: Role of
Receptor Tyrosine Kinases. 2000.

6. Kalju Lott. Doping and Defect Thermodynamic Equilibrium in ZnS. 2000.

7. Reet Koljak. Novel Fatty Acid Dioxygenases from the Corals Plexaura homomalla
and Gersemia fruticosa. 2001.

8. Anne Paju. Asymmetric oxidation of Prochiral and Racemic Ketones by Using
Sharpless Catalyst. 2001.

9. Marko Vendelin. Cardiac Mechanoenergetics in silico. 2001.

10. Pearu Peterson. Multi-Soliton Interactions and the Inverse Problem of Wave
Crest. 2001.

11. Anne Menert. Microcalorimetry of Anaerobic Digestion. 2001.

12. Toomas Tiivel. The Role of the Mitochondrial Outer Membrane in in vivo
Regulation of Respiration in Normal Heart and Skeletal Muscle Cell. 2002.

13. Olle Hints. Ordovician Scolecodonts of Estonia and Neighbouring Areas:
Taxonomy, Distribution, Palacoecology, and Application. 2002.

14. Jaak Nélvak. Chitinozoan Biostratigrapy in the Ordovician of Baltoscandia.
2002.

15. Liivi Kluge. On Algebraic Structure of Pre-Operad. 2002.

16. Jaanus Lass. Biosignal Interpretation: Study of Cardiac Arrhytmias and
Electromagnetic Field Effects on Human Nervous System. 2002.

17. Janek Peterson. Synthesis, Structural Characterization and Modification of
PAMAM Dendrimers. 2002.

18. Merike Vaher. Room Temperature Ionic Liquids as Background Electrolyte
Additives in Capillary Electrophoresis. 2002.

19. Valdek Mikli. Electron Microscopy and Image Analysis Study of Powdered
Hardmetal Materials and Optoelectronic Thin Films. 2003.

20. Mart Viljus. The Microstructure and Properties of Fine-Grained Cermets. 2003.

21. Signe Kask. Identification and Characterization of Dairy-Related Lactobacillus.
2003

103



22. Tiiu-Mai Laht. Influence of Microstructure of the Curd on Enzymatic and
Microbiological Processes in Swiss-Type Cheese. 2003.

23. Anne Kuusksalu. 2-5A Synthetase in the Marine Sponge Geodia cydonium.
2003.

24. Sergei Bereznev. Solar Cells Based on Polycristalline Copper-Indium
Chalcogenides and Conductive Polymers. 2003.

25. Kadri Kriis. Asymmetric Synthesis of C,-Symmetric Bimorpholines and Their
Application as Chiral Ligands in the Transfer Hydrogenation of Aromatic Ketones.
2004.

26. Jekaterina Reut. Polypyrrole Coatings on Conducting and Insulating Substracts.
2004.

27. Sven Nomm. Realization and Identification of Discrete-Time Nonlinear Systems.
2004.

28. Olga Kijatkina. Deposition of Copper Indium Disulphide Films by Chemical
Spray Pyrolysis. 2004.

29. Gert Tamberg. On Sampling Operators Defined by Rogosinski, Hann and
Blackman Windows. 2004.

30. Monika Ubner. Interaction of Humic Substances with Metal Cations. 2004.

31. Kaarel Adamberg. Growth Characteristics of Non-Starter Lactic Acid Bacteria
from Cheese. 2004.

32. Imre Vallikivi. Lipase-Catalysed Reactions of Prostaglandins. 2004.
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Indium Disulphide Films for Solar Cells. 2006.

46. Sille Ehala. Development and Application of Various On- and Off-Line
Analytical Methods for the Analysis of Bioactive Compounds. 2006.

47. Maria Kulp. Capillary Electrophoretic Monitoring of Biochemical Reaction
Kinetics. 2006.

48. Anu Aaspollu. Proteinases from Vipera lebetina Snake Venom Affecting
Hemostasis. 2006.
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