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INTRODUCTION

In today's climate of growing energy needs and increasing environmental concern,
alternatives to the use of non-renewable and polluting fossil fuels have to be found
and investigated. One such alternative source is solar energy. The major advantage
of the photovoltaic systems is that they tap an almost inexhaustible resource that is
free of charge and available everywhere in the world [1].

Solar cell technology dates to 1839 when French physicists Antoine-Cesar
Becquerel and Alexandre Edmond Becquerel — father and son - observed that
shining light on an electrode submerged in a conductive solution would create an
electric current - the phenomenon called as photovoltaic effect. Over the following
century, the conversion efficiencies of solar cells stayed below 1 %. The first cells
yielding efficiencies of about 6 % were developed by Chapin et al. at Bell Labs in
1954 [1]. At that particular point in time, solar cells were made from
semiconductor grade single crystalline silicon and were used as the power sources
for space applications such as for satellites. The systems were very reliable, and
cost was of little concern with regard to huge space program budgets.

Currently, the cost of photovoltaic systems is one of the main obstacles preventing
production and application on a large scale. One approach to bring down the costs
of solar cell production is to develop cheep technologies; one of them is the
monograin layer (MGL) solar cell technology. The development of these new
types of solar cells is promoted due to the possibility to make these cells almost
unlimited areas.

This thesis is devoted to the absorber material properties in the field of
development of MGL solar cells based on CulnSe, monograin powders. The thesis
consists of four parts. Chapter 1 presents the structure of the CIS solar cell. Further,
the known structural, electronic and optical properties of CulnSe, are compiled
from literature data.

In Chapter 2, the used experimental technological approaches are described.
Additionally, the design of the CulnSe, monograin layer solar cell and the
procedures of its preparation are given. The methods used for the analysis of
chemical and phase composition and for the investigation of properties of the
absorber materials and developed devices on their bases are given.

The obtained experimental results and their discussion are presented in Chapter 3.
The first part of this chapter contains the characteristics of CIS monograin powders
grown in different flux materials. The deviation of materials from stoichiometry,
crystal structure, morphology, electrical and optical properties depending on
different process parameters are presented. The second part of this chapter presents
the results of solar cells studies based on the grown CulnSe, monograin powders.
The relationship between the solar cell efficiencies and the composition of CulnSe,
powders is discussed. It is also demonstrated how the post-treatments in different
atmospheres and chemical treatments of absorber material surface influence the
solar cell parameters. Chapter 4 summarizes the main results obtained and presents
conclusions of this work.
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1. LITERATURE REVIEW AND AIM OF THE STUDY
1.1. CulnSe; based solar cells

CulnSe, as an absorber material in solar cells is mainly used in the form of thin
films. Thin films are considered to have a large potential for the cost reductions of
solar cells because of reduced material and energy consumption for their
production. Conversion efficiencies between 12 and 15% have already been
achieved for devices based on a pure CulnSe,/CdS/ZnO heterojunction [2, 3, 4].
The bandgap of CIS can be continuously modified over a wide range (i.e. 1.0-
1.65eV) by partial substitution of In with Ga or substitution of Se for S. [5]. Recent
trends in CulnSe, research and development focus on these higher bandgap
chalcopyrite alloys and record conversion efficiencies up to 19.5% [6] have been
achieved until now.

At the same thin film technologies involve many drawbacks also, for example high
cost of vacuum equipment in thin film production and uniform composition of
films can hardly be achieved. The main advantage of the alternative powder based
technology is the uniform homogeneous composition of grains in the whole patch.
Since 2000, research in the Laboratory of Semiconductor Materials Technology of
Tallinn University of Technology has been directed to the technologies of
monograin powders of CulnSe, and monograin layer solar cells based on these
powders [7].

1.2. Material properties of CulnSe,

Hahn et al. first synthesized the ternary semiconductor CulnSe, in 1953 [8]. Since
that time CIS has become a widely studied ternary material with applications in the
areas of solar cells, non-linear optics and optical communications.

The electrical and optical properties of CIS materials are strongly dependent on
their stoichiometric composition, defect chemistry and structure, which in turn are
related to the growth parameters.

In this chapter, an introduction to structural and electronic properties of this
material will be provided as a basis for the interpretation of the experimental
results obtained.

1.2.1. Crystal structure

CulnSe, belongs to the family of I-III-VI, semiconductor materials that crystallize
in the tetragonal chalcopyrite crystal structure. The tetragonal structure of CIS can
be described as the stacking of two cubic zinc blende structures along the z-axis.
The measured c/a ratio for the CIS is near 2. The lattice constant of CulnSe, has
been widely studied and the early results by Spiess and co-workers [10] are in
excellent agreement with the most recent measurements of bond lengths [11].
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Fig. 1.1 Chalcopyrite unit cell for CulnSe, [9]

Typically measured values of lattice parameters of CulnSe; are a = 5.784 A,
¢ =11.616 A. The unit cell of CulnSe;, is shown in Fig. 1.1 [9].

1.2.2. The phase relations in the Cu-In-Se system

The phase equilibrium of Cu-In-Se alloys has been of interest, providing basic
understanding of material formation as a tool for fitting of parameters of technical
applications based on the materials. Depending on the composition and the
processing conditions, Cu-In-Se thin films possess a complex microstructure and
contain a large variety of different phases. So far, however, it is not clear how the
different phases influence the photovoltaic properties and how these phases evolve
during material growth [12].
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Fig. 1. 2 Cu,Se-In,Se; pseudobinary phase diagram [8]
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The Cu,Se-In,Se; system has been investigated by several authors [8,13,14,15].
However, most of them consider the stoichiometric phase of CulnSe, as falling
along the Cu,Se-In,Se; tie line on the ternary phase field of this system. One of
more reliable pseudo-binary phase diagram that was determined by Fearheiley [8]
is shown in Fig. 1.2.

According to the given phase diagram, various compounds (e.g. Cu,InsSes,
CulnzSes, CusInSe4 and CulnSe,) are likely to occur in this ternary system. At this
diagram the chalcopyrite, single-phase CulnSe, extends from a stoichiometric
composition of 50 mole% In,Se; to the In-rich composition of about 55 mole %
In,Se;. The corresponding Cu/In atomic ratio for this single-phase region lies
between 1.0 and 0.82. If the Cu/In atomic ratios are greater than 1.0, the materials
are expected to contain secondary phases of Cu,Se and in contrast (Cu/In atomic
ratio less than 0.82), the materials are expected to contain secondary phases of
Cu,InsSe; and CulnsSes.
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Figure 1.3 Cu,Se-In,Se; quasibinary phase diagram [15]

The phase diagram of CulnSe, was recently re-investigated by Haalboom et al.
[15] with a special focus on the temperature region between 20 - 900°C and the
composition range of 15-30 at% Cu (Fig. 1.3). According to Haalboom et al. the
homogeneous a-phase is stable at composition range ~ 24-24.5 at% Cu at room
temperature. At higher temperatures, the existence range of single-phase CulnSe; is
broadening to the In side and does not involve the stochiometric composition with
25% Cu as it was reported in [9, 13, 14]. The situation changes if indium is
partially replaced in the crystal lattice with Ga [16] as well as if Na-doping is used.
In both cases, the existence range of single phase of CulnSe, considerably widens
[17, 18]. To summarize, the addition of Na prevents to some extent the formation
of the f#-phase in the system.
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1.2.3. Optical properties

CulnSe, and related compounds have experienced considerable interest due to the
extremely high absorption coefficient (=10 cm™), exhibited by these materials
[19]. This high value of a implies that 99% of the incoming photons are absorbed
within the first micrometer of the material. As a result, a layer with a thickness of
only about 1um is required to absorb effectively nearly all incoming photons.

Early measurements of the bandgap of single-crystalline CulnSe, exhibited
nominal discrepancies [20, 21], suggesting a value in the range of 1.02 to 1.04 eV.
Optical characterization of polycrystalline CulnSe, absorber films suitable for
devices usually indicates to a significantly lower, approximately 0.9 eV, effective
bandgap [22]. These variations in the optical properties of CulnSe, materials are a
direct consequence of variations in the composition of various samples of single-
crystalline crystals and thin films.

1.24. Defect composition of CulnSe; and electrical properties

The composition of CulnSe, could be described by two parameters, non-
molecularity and non-stoichiometry, which have been defined by Groenink and
Janse [23] as parameters Am and As. These parameters determine the deviation
from molecularity and stoichiometry, respectively:

Am =120 €))

gy 2l @)

[C u] + 3[In]
The deviations of these parameters from zero indicate the following:
1. Am>0 materials are Cu rich, probably containing the secondary phase of
Cug_XSe
Am<0 materials are In rich, probably containing the secondary phase of
IHZSe3
2. 45 >0 materials are with excess of selenium
As <0 materials are with selenium deficiency

The primary intrinsic defects in the CulnSe,, which are also called native defects,
include copper vacancies (V¢,), copper-on-indium (Cuy,) antisites, indium-on-
copper antisites (Inc,), and selenium vacancies (Vs.). The former two are acceptor
type defects, whereas the latter two give rise to donor-type defects. Depending
upon the ratio of metal components, CulnSe, can be made either Cu-rich or In-rich.
It is therefore possible to vary crucial electrical parameters by simple variation of
the Cu/In atomic ratio and/or by changing the pressure of Se used during growth or
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annealing [24, 25, 26]. Material is generally p-type, due to a large concentration of
Cuy, defects. The performance of the solar cells that have Cu-rich absorber layers is
usually low. This has been attributed to a high conductive Cu-Se separate phase
that is located between the grain boundaries, and thereby shortens the p-n junction.
The In-rich CulnSe, material, on the other hand, does not contain copper selenide
separate phase. This type of material could be in either n- or p-type of conductivity.
Usually, the Inc, donor defects and the V¢, acceptor defects are present at the same
time in the material. As a result, conductivity of the layer is reduced due to the so-
called compensation effect. The efficient self-doping ability of CulnSe, has been
attributed to the exceptionally low formation energy of Cu vacancies and to the
existence of a shallow Cu vacancy acceptor level [27].

However, so far, the problems of unambiguous identification of nonstoichiometric
defects and establishment of the composition—property relationships are far from
solution [27-31]. The authors of [32] have established the correlation between
composition, type and concentration of nonstoichiometric defects, structure and
properties of CulnSe, after equilibrium with various binary compounds CuSe,
InSe, In,Se; and Se. They proposed Cuy, substitution defects as most probable in
the case of CuSe. An unexpected decrease in the charge carrier concentration
(down to ~10" cm™) and a simultaneous increase in the electron mobility (up to
~470 cm?/V s) were observed when extrastoichiometric InSe (up to ~1.5-2 mol%)
was introduced into CIS. They found that at higher Se concentration than 50.5 at.%
the ordering of cation vacancies can occur. It was found that only the first portions
of dopants produce electrical action, at higher concentrations the formation of
electrically neutral complexes is probable.

In general, the conversion of p- to n-type corresponds to a strong decrease in the
carrier concentration and conductivity [24]. In order to achieve high efficiency
ZnO/CulnSe, heterojunction solar cell devices, a p-type absorber with an optimum
carrier concentration of about 10'°-10""cm™ is required.

1.2.5. CulnSe; composition modification by post-treatments

1.2.5.1. Effect of thermal treatments

The electrical properties of the chalcopyrite phase have been reported to be
critically dependent on the method of preparation and annealing treatments after
fabrication.

In the equilibrium of gaseous and solid phases of CulnSe, the reaction of thermal
dissociation of CulnSe, (3) offers a possibility to change the molecularity and the
stoichiometry of CulnSe, by applying overpressure of In,Se or Se, vapors [33]

2 CulnSe, — Cu,Se (solid) + In,Se (gas) + Se, (gas) Kp= PposePser (3)
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Several groups have reported an enhancement of the performance of CulnSe,
devices after a post-deposition Se, S or vacuum annealing treatments. Since the
freshly prepared (un-annealed) films have many defects such as voids, grain
boundaries, dislocations, pin holes, etc., a mild heat treatment could be used for
annealing out these defects. The annealing leads to stress relief and to the local
structural rearrangements, resulting in recovery of stoichiometry in the films. The
stress relief is caused by the reduction or removal of defects that results in the
lowering of the charge carrier concentration and hence resistivity and capacitance
[34]. Annealing in vacuum leads to the loss of selenium and recrystallization at
temperatures higher than 673K [35, 36].

As was found in [37, 38, 39], temperature has a major influence on the defect
structure of CIS. Therefore, heat treatment of different sequences is required. Se
vapour treatment has been found to influence the bulk composition and structural
properties, and the result is the increase of Se content [40]. Treatment in Se vapor
shifts the PL. band maximum to the higher values of energy. This is attributed to the
filling of Se vacancies in the process of high Se pressure annealing [41].

Cu-poor n-type CIS becomes p-type by heating in Se overpressure and p-type CIS
could be converted to n-type by thermal treatment in a Se low-pressure
environment [42]. This effect is believed to originate from the selenium vacancy
acting like a donor.

Although the direct bandgap of CulnSe, (1.04 eV) is quite well suited for
fabrication of thin film solar cell devices, the values of bandgap of about 1.2 -
1.3eV are considered optimal for maximizing conversion efficiencies. Therefore,
several technologies have been developed for the modification of composition
(tailoring of bandgap) of CIS. There have been attempts to modify the bandgap of
CulnSe, to better suit the solar spectrum. For example, Culn(Se,,Sy), alloys have
been produced by the systematic substitution of selenium (Se) with sulfur (S)
atoms. CulnS, has a bandgap of about 1.55 eV and the bandgap of Culn(Se«,S)>
ranges from 1.0 to 1.55 eV, depending on the concentration of S in the film.
Systematic studies aimed to investigate sulphur diffusion into CIS and to produce
materials with various Cu/In ratios have been carried out by [43, 44]. It was found
that the bulk diffusion constants of S in Cu-rich and Cu-poor CIS were different by
about two orders of magnitude and S inclusion is much more favourable in a Cu-
rich material. It was found that a slight increase in surface roughness after
sulfurization is revealed [45].

Recently it was found that it is desirable to have a larger bandgap region near the
surface of the absorber where the junction is formed because this can potentially
yield in devices with higher open circuit voltage values [45].

A widening of E, will result in a reduced recombination rates. It is an advantage of
CIS materials that £, can be easily changed. Increased sulphur concentration will
lower the position of valence band in the band scheme, leaving the conduction
band location nearly unchanged. A lowered conduction band will reduce the hole
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concentration and result in decreased recombination. This was confirmed
experimentally by T. Walter et al. [46]. They found that the hole concentration
decreases exponentially with the S/(Se+S) ratio.

1.2.5.2. Surface modification by chemical treatments

Controlled modifications of interface properties of a semiconductor are the key to
improving the performance of a device. Although different research groups [48-58]
have studied the influence of various chemical etchants for this purpose, detailed
analytical investigations of surface composition studies of monograins to
understand the effect of surface modifications and chemical changes occurring on
the surface in the etching process have not been carried out.

In the studies [47,48] etching experiments in aqueous solutions with various pH
and in the presence of oxidizing species of MnO, , H,SO4 and H,0, have been
carried out. Authors used a thermodynamic approach to analyze the etching process
of CIS. Manganese (VII) etching allowed either a continuous or a self-saturated
etching, the hydrogen peroxide allowed stationary etching in the presence of
EDTA. Peroxide as strong oxidizing agent, leaves a strongly oxidized metal-rich
surface layer [49]. As a result, they were able to control the surface composition
during etching in some conditions, but usually these etching processes could not be
controlled.

Due to the segregation of Cu-Se binaries, it is necessary to remove these phases
with strongly selective etchant that only attacks Cu-Se and does not harm the
CulnSe,. The only chemical etchants, which are presently known to fulfil this
condition, are cyanide-containing solutions, such as potassium cyanide (KCN) [50,
51, 52, 53] and/or sodium cyanide (NaCN) [54, 55]. The cyanide etching solutions
always contain potassium hydroxide (KOH) to avoid the formation of easily
volatile and toxic hydrocyanic acid in the etching process. A KCN solution has
been used to eliminate Cu,,Se [52], Cu,,S [53] impurities on the surface of Cu-
rich CIS and CulnS,, respectively their molecularity is changed drastically after the
KCN treatment.

In the CBD process, the CdS layer is deposited in a solution containing NHj.
Treatment of CIS in a NHj; solution was suggested to have an effect on the
modification of the CIS surface [51, 52, 56, 57]. Ammonia etching leads to the
complete removal of surface oxides [57, 58], to a significant increase of the surface
Cu/In ratio, and to a removal of the initial surface inversion.

HCI etching is commonly used to remove CdS from CdS/CulnSe, devices.
Therefore, influence of HCI treatment on CIS surface was investigated by Nelson
et al. [56]. They found that after HCI etching the surfaces appeared to be
unoxidized and Se rich. At the same time it does not affect the surface morphology
significantly.
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1.3. CulnSe; monograin powder growth

Isothermal recrystallization of II-VI and I-III-VI polycrystalline powders in the
presence of liquid phase of a suitable solvent material (flux) in an amount
sufficient for repelling the initial crystallites leads to the formation of
semiconductor materials with single-crystalline grain structure and narrow-disperse
granularity, so-called monograin powders. The driving force in this process is the
difference of surface energy of crystals of different size. The growth of
monocrystalline powder grains takes place at temperatures above the melting point
of the used flux materials (much lower than the melting point of a semiconductor
compound). Once the powder grains have the desired size, quenching stops the
growth. Thereafter the fluxing agent is removed [59].

Research directed to the development of CIS monograin powder technology for
solar cell application began at TUT in the Laboratory of Semiconductor Materials
from 1994 [60]. Already the first results indicated to a possibility of production of
CIS monograin powders by recrystallization of polycrystalline powders in
isothermal ampoules in the presence of liquid selenium [60].

Afterwards the recrystallization of polycrystalline powders was replaced with a
similar process where the synthesis of the compound and the growth process were
combined and proceeded in CuSe [61]. The used flux material has its specific
impact on the properties of the grown material due to the doping of growing
semiconductor (the matrix) crystals with constituent components of solvent at the
level of solubility of these ones at growth temperature. From the technological
point of view, the process of flux removal is also of great importance. Due to this,
Se and CuSe, the flux materials difficult to remove, used before, have been now
superseded by water-soluble potassium iodide.

The developed monograin powder technology [59- 63] appears to be relatively
simple, inexpensive and convenient method to produce powder materials for solar
cell applications. The main advantage of the powder crystals growth in a liquid flux
is the uniform homogeneous composition of grains in the whole patch.

14. Motivation and objectives of the research

On the basis of literature review, the composition of CulnSe, as an absorber
material of solar cells, is crucial since the most important output parameters of
solar cell are influenced by deviations from molecularity and from stoichiometry.
At the same time, the bulk composition and the surface composition of crystals can
differ depending on deviation from molecularity and surface treatments. The
doping of CulnSe, with Na (K) also influences the surface composition and defect
structure (electrical and optical properties). The growth of monograin powders
proceeds in a flux material (CuSe, KI) at elevated temperatures, this enables one to
dope the growing materials and has a peculiar impact on the properties of grown
crystals.
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The main goal of the investigations basic for this dissertation was to determine
regularities of the formation of CulnSe, monograin powders and optimal
composition of device-quality CulnSe, monograin powders.

Specific objectives of this study were:

e to study the composition of CulnSe, monograin powders depending on the
chemical nature of flux materials and on the Cu/In ratio in precursor materials;

e to determine the effect of composition of the monograin materials to structural,
electrical and optical properties;

e to study the influence of thermal annealing in selenium and sulphur
atmospheres and in vacuum on the bulk and surface chemical compositions and
other properties of CulnSe, monograin powders;

e to study the effect of chemical treatments on the surface composition of CIS
monograin powders;

e to develop the monograin layer solar cells in the use of CulnSe, materials with
tailored volume and surface compositions and post-treated materials and to
determine factors that are critical for the parameters of solar cells on bases of
these materials.
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2. EXPERIMENTAL PROCEDURES

The research performed and described in this thesis is focused 1) on the preparation
of CulnSe, powder materials suitable for solar cell applications and 2) on the
determination of regularities of different technological processes used for the
formation of solar cells. The solar cell structure based on CulnSe, monograin
powders will be presented, followed by a brief succession of steps of the cell
fabrication process. The process of absorber material preparation will be described
in more detail.

2.1. Monograin powder preparation

All powders used in this study were synthesized by Senior Researcher Jaan
Raudoja and PhD. student Kristi Timmo.

A flow chart of processes in the monograin powder growth method for CIS is
shown in Fig. 2.1. The CulnSe, compound was synthesized from high-purity
elements (Cu, In, Se) in the liquid phase of a flux material in evacuated quartz
ampoules.
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Fig.2.1 A schematic representation of the technology for CulnSe,
monograin powder growth



In the first step, Cu-In alloys were synthesized in carbon-coated quartz tubes under
dynamic vacuum (continuous pumping) at the temperature of 1070 K. After the
thermal annealing process, ingots of Cu-In alloy were ground in a mortar.

The X-ray diffraction (XRD) spectra of the formed Cu-In alloys indicated to the
formation of an alloy with a composition of Cu;,Ing and separate metallic indium.
According to Ref. [64, 65], the precursor metallic Cu-In alloys (with the indium
composition of 47,62 at% - 60 at%) are identified as the mixtures of Cu;Ing
compound and indium with the solidification temperature of 426 K. The presence
of separate phase of metallic indium in In-rich precursors corresponds also to the
equilibrium phase diagram [66]. Above the melting point of In, the equilibrium
phases are liquid indium with Cu dissolved in it and solid Cu-In alloy. It has been
observed by several investigators that Cu;Ing is the most commonly observed
phase for Cu-In alloys [67].

Next, the ground Cu-In alloy and elemental Se were mixed with a desired amount
of flux. The amount of components for CulnSe, syntheses and the amount of flux
were nearly equal to provide the volume of liquid phases enough for the monograin
growth. The melting temperature of the used flux material limits the minimum
growth temperature and the temperature of the phase transition of CIS (1083K)
limits the maximum growth temperature. Samples were sealed into evacuated
quartz ampoules, annealed isothermally at various temperatures and quenched to
room temperature. The used flux was removed by deionized water (KI) or in 10%
KCN aqueous solution (CuSe-Se). Finally, the well-dried powders were sieved to
narrow fractions from 20pm to 112um. More detailed description of the procedure
of materials preparation is presented in papers [II, IV, V, VII].

2.2, Post-treatments of CulnSe, monograin powders
All CIS powders used as absorber materials in monograin layer solar cells were
post-treated in various atmospheres. Technological parameters of thermal post-

treatments are briefly summarized in Table 2.1.

Table 2.1. Parameters of thermal treatments of CIS monograin powders

Atmosphere of the Temperature, K/ vapour Duration Results
treatment pressure, Torr published
Vacuum, 107 Torr 473-873 5-120 min. | VI, VII, VIII
Se vapour 803/ 0.1 to 50 Torr 2-40 h 1V, VI
S vapour 683-843/0.01 —10 Torr 2-66 h I, 1V, VI

The interface of CIS/CdS heterojunction is the key factor of further improvements
of solar cell performance; therefore, various surface treatments of CIS were made
prior to the deposition of the CdS buffer layer. The choice of chemical reagents for
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surface modification of monograin powder crystals in the chemical etching process
was based on the following considerations (see also Table 2.2):
e KCN solutions are well-known and used everywhere as selective etchants
for copper binary phases and for elemental S and Se [68,69];
e HCI and NHj; treatments are used as processes of CIS solar cells for
removal of surface oxides [49,70] and In-rich OVC layer [71];
e Etching in KOH-in-ethanol solution is an essential step in the monograin
layer technology.

Table.2.2 The details of the ecthants used in this study

Chemical Concentration

KOH-etOH 10g KOH + 100g C,HsOH
HCl Concentrated (37%)
NH,OH 1M

KCN 10% KCN+ 0.5% KOH

The powders etched in different etchants were later used as absorber materials in
monograin layer solar cells and the influence of chemical etching to their output
characteristics was studied. More detailed description of the results obtained can be
found in paper [III].

2.3. Characterization Techniques

2.3.1. Material characterization

In this study, a wide variety of characterization techniques was used to evaluate the
material quality.

o Composition

The bulk composition of powders was determined polarographically and by
energy-dispersive X-ray analysis (EDS). Polarographic analyses were made with
Metrhom polarograph, which consisted of two parts: 746 VA Trace Analyzer and
747 VA Stand. EDS analyses were done by researcher O. Volobujeva using Rontex
EDS detector (LEO SUPRA 35). The surface composition of chemically etched
powder crystals was determined by XPS (in Stuttgart University, Germany).

e  Morphology and phase composition

The surface morphology and phase composition of the developed materials were
examined by the high-resolution scanning electron microscopy (LEO SUPRA 35)
and XRD, respectively. O. Volobujeva, Department of Materials Science, Tallinn
University of Technology, operated the SEM. XRD patterns shown in the present
thesis were acquired on Bruker AXS DS5005 diffractometer with the
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monochromatic Cu Ka radiation, analyzed by Researcher-Professor M. Krunks
(TUT).

e Optical and electrical measurements

Optical parameters, phase composition and defect structure were characterized by
photoluminescence (PL) spectroscopy. For the photoluminescence (PL)
measurements, the closed-cycle He cryostat (T = 9 - 300 K) and the He-Cd laser
were used. The PL signal was detected using a standard lock-in technique,
computer-controlled SPM-2 grating monochromator (f = 40 cm) and an InGaAs
detector. The signal detected was corrected in conformity with the grating
efficiency and detector sensitivity spectra.

The electrical resistance of the grain was determined by pressing the grain between
two indium contacts. The ohmic behaviour of contacts was proven by the linearity
of I-V curves. The conductivity type was determined by the hot-probe method.

2.3.2. Device characterization

Completed solar cell structures were characterized by dark and light current-
voltage (I-V) and quantum efficiency (QE) measurements. Measurements were
performed using an AUTOLAB PGSTAT 30 set-up. From the results of light
current-voltage measurements under standard test conditions (AM 1.5, 1000 W/mz,
25°C) the most important solar cell parameters, efficiency #, short circuit current
density Jy., open circuit voltage V,. and fill factor FF were extracted.

The efficiency of solar cell is the most important characteristic of a solar cell, given

by Eq. (4)

_J .V - FF

P
where P; is power of the standard illumination of AM1.5 (100 mW/cmz).
The fill factor (FF) is often used to characterize the quality of a solar cell junction,

calculated by Eq. (5)

4

J, -V,
v &)
where J, is current density at maximum power output and V,, is voltage at
maximum power output.

Spectral response measurements were performed using a computer-controlled
SPM-2 monochromator and a 100W halogen lamp. For bias-dependent
measurements, the Autolab PGSTAT-30 together with a lock-in amplifier were
used. All temperature-dependent measurements were made in a closed-cycle He
cryostat (7= 10 - 300 K).

FF =
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3. RESULTS AND DISCUSSION

3.1. Properties of as-grown powders

As it was described in section 2.1, CulnSe, powder materials were synthesized
from Cu-In alloy and Se in liquid phase of molten fluxes. Two different fluxes —
CuSe-Se and potassium iodide (KI) - were used. CuSe is a suitable flux material
due to its consistent elements that are inherent to the CIS compound and thereby
the doping of CIS with foreign dopants is avoided. CuSe has relatively low melting
temperature (673 K). Addition of extra selenium into the CuSe flux is necessary
because it holds back the thermal dissociation of CuSe. After growth, the
dissolution of CuSe-Se flux was realized by leaching with 10% KCN solution. A
major technological advantage of the usage of KI as a flux material is the
possibility of removing it after the growth process very easily by a simple
dissolution process in distillated or DI water. The other advantage is the possibility
to change In content in the grown powders by changing the Cu/In ratio in precursor
alloys. The drawback of the usage of KI is possible contamination of CIS crystals
with potassium and iodine at the level of solubility of them in CIS at growth
temperature.

3.1.1. Composition of CulnSe, powders grown in CuSe-Se flux

During the first stage of the PhD. research, CuSe-Se flux was used as a flux for
growth of CulnSe, monograin powders. According to the papers concerning the
formation of CulnSe, and the phase diagram of Cu-Se [72], no other solid phases
exist in the system used, except for CulnSe, at temperatures higher than 803K. It
has been demonstrated that liquid binary Cu-Se phases promote the growth of large
CulnSe, grains [61] and Cu-Se binaries have already been used for the solution
growth of bulk CulnSe, crystals [73]. The amount of components for CulnSe, and
the amount of flux were found to be nearly equal for providing the amount of
liquid phase for the monograin growth.
In order to investigate the influence of several growth parameters on the chemical
and phase composition and properties of CIS monograin powders, the following
technological parameters were varied:

e The ratio of Cu/In in metal precursor;

e The ratio of CIS/flux;

e The growth temperature
The deviations from molecularity (4m) and from stoichiometry (4s) were
calculated from polarographic analysis data, presented in Fig. 3.1.
All the obtained results show that there is possibility to gain both - copper side and
indium side deviations from molecularity of composition of CulnSe, crystals
grown in the CuSe-Se flux. The molecularity Am was found to be dependent on
selenium content in the CuSe-Se flux (see Fig 3.1.a). In powders grown without
extra Se in the CuSe, Am had negative values and Am increased with increasing
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extra Se content in the CuSe-Se up to 5 %. Over 5% of extra Se in flux, the Am had
positive values. The materials grown at 1003K had more In-rich compositions as
compared to the materials grown at 803K. The results are in good correspondence
with the phase diagram of Cu,Se-In,Se; (see Fig. 1.3). The single-phase region of
CulnSe, has a little crook to the Cu-rich side at higher temperatures. In comparison
with the phase equilibrium of CulnSe,-Cu,Se, compositions of CulnSe, are shifted
to more Cu-rich side in equilibrium with CuSe-Se liquid phase and the shift
depends on the Se content in the system. The scattering of polarographic analysis
data is rather high. It is possible that the cooling rate of different samples can vary
and the high temperature equilibrium of phases is frozen in at different levels or
some amount of CuSe flux could remain unremoved from the inside of crystals of
CIS before dissolution of probes for polarographic analysis.
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Fig. 3.1 Deviations from molecularity and stoichiometry in CulnSe, monograin
powders grown in CuSe flux. Fig. 3.1a Molecularity dependent on selenium content in
the CuSe-Se flux

All of these as-grown materials were p-type but highly conductive. Grain
resistances were in the range of 10°- 10° Q and they were dependent on Se content
in the CuSe-Se flux. The high concentrations of carriers in grown powders made
the materials not suitable for solar cell application.

As it was not possible to grow CIS powders with more In-rich compositions in
CuSe-Se flux, it was necessary to find another flux material to satisfy In-rich
composition criteria for solar cell absorber material. It is well known that alkaline
halogenides are water-soluble and that iodine has low solubility in CIS materials
(agent of chemical transport reaction) [74]. It was also known that Na and K as
dopants in CIS have positive impact on the absorber material properties [75,76,77].
These considerations led to the idea to use KI as a flux material for CulnSe,
monograin powder growth.
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3.1.2. Composition of powders grown in potassium iodide flux

Potassium iodide is a suitable flux compound for several reasons:
e The melting point of KI is lower (953 K- 959 K) than the temperature of
phase transition of CulnSe,
e Klis water soluble (no need to use cyanide solutions)
e The solubility of CIS in KI is 0.17 £ 0.05 wt. % [78] (it is 50 times less
than in the CuSe-Se flux)
e Potassium (K) as a dopant promotes the formation of materials with p-
type conductivity [79].
e KI flux does not contain base material components. Thereby, it allows for
precise control of the Cu/In ratio in CulnSe, monograin powders.
More details about growth parameters of CIS in the KI flux are presented in [II]. In
order to grow CulnSe, MGP-s with different compositions, Cu-In alloys with
different Cu/In concentration ratios (0.5- 1.1) as precursor materials were prepared.
The results of the research of modifying CIS monograin powder growth in KI flux
in the single-phase region of CIS phase diagram are described in papers [I, V, VI].
The optimal Cu content in thin film CIS absorbers for solar cells varies from 22 to
24 at. % Cu. This composition lies within the single-phase region of a-phase at the
used growth temperature. However, during the cooling down to the room
temperature material composition enters the two-phase (o+f) region in the
equilibrium phase diagram (see Fig. 1.3). The situation described above could lead
to the formation of multiphase product at the slow cooling process of materials.
Fortunately, it is known that Na (K) incorporation into the CIS widens the
existence range of the o-(CulnSe;) phase in the phase diagram. Table 3.1 shows
the Cu/In concentration ratios of Cu-In alloys, deviation from molecularity and
deviation from stochiometry, as calculated from the polarographic analysis data of
grown powders and the conductivity type of developed powders.

Table 3.1. [Cu)/[In] in Cu-In alloy, powder analysis data, Am and As (calculated from
polarographic analysis data) and conductivity type of CIS monograin powders

[Cullinlin | o |, at%e | Sea% | am | as | Conductivity
Cu-In alloy type
11 258 24.9 494 | 004 | 0.02 p
1 241 25.6 504 | 0.06 | 0.00 b
0.92 237 25.6 507 | 0.07 | 001 »
0.83 227 262 510 | 0.13 | 001 D
0.71 20.6 271 523 | 024 | 0.03 D
0.66 19.1 29.0 519 | 034 | 0.02 o, 7
0.59 18.0 30.3 516 | 040 | 0.05 n
0.5 157 33.1 512 | 052 | -0.11 7

24



The Cu/In concentration ratios of the grown powders (determined
polarographically) versus those of the Cu-In alloys are shown in Fig. 3.2. In the
case of In-rich precursor alloys ([Cu]/[In]<1), Cu/In ratios in the grown powders
are nearly equal to the Cu/In ratios of initial Cu-In alloys (or slightly less indium-
rich). Powder materials from the Cu-rich ([Cu]/[In] >1) initial compositions “have
lost” some amount of copper. This indicates that material composition has entered
the multiphase region of the phase diagram. Additionally, we determined Cu, In,
and Se concentrations in the leaching solutions and found that relative Cu
concentrations in leaching solutions were in the range of 25-26 at%, while the
corresponding In concentrations were 21-23 at%.
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Fig. 3.2. Composition ratio of Cu/In in powders plotted as a function of Cu/In ratio in
the Cu-In alloys. The dashed line marks the equal values of Cu/In ratios.

The EDS analysis of single powder grains showed that the materials with
Cu/In>0.77 consisted of the crystals with uniform composition. At the same time,
the powder with Cu/In=0.67 consisted of crystals with two different compositions:
with Cu/In = 0.92 and with Cu/In=0.66. Thus, it can be confirmed that a
multiphase solid material was formed.

The obtained results suggest that the Cu/In composition can be well controlled by
the Cu/In ratio in the Culn alloy.

The selenium concentration of the synthesized powders, determined
polarographically and by EDS, as the function of the Cu/In ratio, is presented in
Fig.3.3. Selenium content in the powders increases with decreasing molecularity
and changes from 49 at% up to about 54 at%.
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Fig. 3.3. Selenium content in powder as function of Cu/In in CIS

Figs. 3.2 and 3.3 indicate to three regions in Cu/In ratios. Each region is
characterized by different crystal growth equilibrium and with different
compositions of powders. The approximate borders of those regions are marked
with dashed lines. The border of II/III region coincides with the changes of the type
of conductivity of as grown powder crystals. Single a-phase CulnSe, monograin
powders could be produced in the II region (0.77<Cu/In<1).

3.1.3. Structural properties

The results of the XRD study of powders with the Cu/In ratio between 0.5-1.1 are
presented in paper [I].
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Fig. 3.4. XRD patterns of monograin powders with different Cu/In ratios
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XRD patterns of stoichiometric or slightly In-rich as-grown powders showed very
sharp reflections, spectra revealed the presence of a single phase, corresponding to
the CulnSe, chalcopyrite compound. In XRD spectra for materials with the Cu/In
ratio less than 0.77, the (101), (211), (301) reflection peaks disappeared.
Additionally, the reflection peaks (220/204) and (312/116) were shifted to the right
side. Similar changes in XRD spectra are attributed in literature to appearance of a
new phase - CuyIngSe; - in the system [80]. Only reflections typical of CIS
appeared in the XRD spectra of Cu-rich materials, there were no reflections of
possible additional phases. This confirms that the single phase CulnSe,
chalcopyrite material was formed in the Cu-rich growth process or the content of
CuSe (Cu,Se) was below the XRD detection sensitivity.

3.14. Morphology of grown crystals

Our SEM studies revealed that flux material and Cu/In ratio in CulnSe; crystals has
a substantial effect on the crystal size and surface morphology.

Fig. 3.6 Monograin powder grown from KI flux

Morphology of monograins drastically changes depending on the flux material.
SEM studies showed that monograins grown in CuSe flux are orbicular, but the use
of KI flux resulted in tetrahedral shape of grains. It could be explained with
different solubility of CIS in CuSe and KI. The solubility of CulnSe, in molten
fluxes was determined by the weight loss method, the description of this method
and the results are presented in paper [1I].
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Fig. 3.7. SEM micrographs of CulnSe, monograin powders with different Cu/In ratios
A) Cu/In =1.1:1; B) Cw/In = 1:1.1; C) Cuw/In = 1:1.5

SEM studies confirm an increase in grain size by increasing the Cu/In ratio in
powders. The obtained results indicate that the growth of CIS under slightly In-rich
or stoichiometric conditions leads to larger grains. The mechanism of sintering of
powder crystals is revealed more clearly for highly In-rich powders.

3.1.5. PL study of CulnSe, powders

The shape of PL spectra is a valuable tool to verify deviations from the
stoichiometric composition. Fig. 3.8 shows the PL spectrum of a Cu-rich CIS
grown in the CuSe-Se flux. The PL spectrum has a narrow symmetrical band with
the peak maximum at 0.973 eV and another band at 1.04 eV that corresponds to the
bandgap of CulnSe,.
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Fig. 3.8 PL spectra of Cu-rich CulnSe, grown in CuSe-Se flux
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Fig. 3.9 PL spectra of Cu-rich, near stoichiometric and In-rich CulnSe, at 9K. The
Cu/In ratio of precursor Cu-In alloys is shown numerically.

Fig. 3.9 shows the PL spectra of CIS powders with different indium contents. The
change of the In content in CIS influences the shape of the PL spectrum and the
positions of the peaks maxima in spectra. A broad asymmetric band characterizes
the typical PL spectrum of In-rich CIS with the maximum around 0.93 eV. The PL
spectra of In-rich samples (Cu/In<0.83) exhibit two broad bands with peak
positions at ~0.86 and 0.93eV. The broad band at ~ 0.86 eV is probably related to
the recombination through deep intrinsic defect levels (~245 meV) that are caused
by indium interstitials (In;) or Inc, [81]. The relative intensity of the latter band
increases with the increasing indium content, which seems to be a prerequisite for
the creation of corresponding defects. The wide PL peak at about 0.99 eV
dominates the PL spectra of Cu-rich powders.

3.1.6. Electrical resistance and conductivity type

According to literature review, CIS having p-type charge transport mechanism is
used as an absorber in solar cells. The type of electrical conduction in CIS depends
on its elemental composition [82]. Therefore, it is essential to attain the skill and
ability to control the type of conduction in CIS powder crystals. Fig. 3.10 shows
the electrical resistance of as-grown CulnSe, grains as the function of Cu/In molar
ratio of precursor Cu-In alloys. All the measured grains were in sizes of 112-
150pm.
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Fig. 3.10. Grain resistance depending on the Cu/In ratio in the material (measured
grain sizes within 112-150 pm)

The data of resistance measurement for grains with compositions corresponding to
the n-type region are represented by solid squares, while the p-type ones are shown
as open squares. As the Cu/In ratio increases from 0.5 to 1.1, the grain resistance
decreases from 2x10” to 8x10” Q. The change of conductivity type occurs in the
region of the Cu/In ratio values of 0.67-0.71. Within this region, the materials
consist of crystals with both different types of conductivity. According to EDS
analysis, materials consist of crystals with different compositions: with Cu/In=0.92
and Cu/In=0.66. Based on the results of EDS and grain resistance, we can conclude
that crystal growth at this initial composition takes place in multiphase conditions.
In that region materials selenium content of materials is rather high (about 52 at%).

3.2 Modification of composition of monograin powders

In most cases, as-grown powders need post-treatment in different gaseous ambients
to improve properties for using powders as absorber materials. For this purpose,
selenization and/or sulfurization were used. Se vapour treatment has been found to
influence the bulk composition [83]. Sulfurization of the powders is formed in
CulnSe, crystal surface region with a higher bandgap that is a precondition for the
development of devices with higher open circuit voltage (V).

Different chemical treatments of surfaces of CulnSe, powder crystals were used to
improve the interface properties of CulnSe,/CdS heterojunction.

Thermal treatment in vacuum

CulnSe, powder materials were annealed in dynamic vacuum (10> Torr)
(continuous pumping) at different temperatures and process durations. The EDS
results for the annealed materials did not show any remarkable changes in
molecularity but indicated to the loss of selenium already after 5 min annealing at
473K, making it possible to generate selenium vacancies Vs, that act as donors in
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p-type CulnSe,. As it was found [VII], the grain resistivity increases during a
15min vacuum annealing process with the increase of annealing temperature up to
673K. At higher annealing temperatures grain resistivity decreases. We suppose
that at higher temperatures than 673-723K, besides the loss of selenium, the
thermal dissociation of the ternary compound CulnSe, becomes remarkable,
resulting in the loss of In,Se [84].

0.20 0.25 0.30 0.35
Cu,mol%

Fig. 3.11 Compositions of vacuum annealed CulnSe, powders plotted in the ternary
phase diagram. Filled square indicates the as-grown powder composition.
Temperature was varied from 373- 773 K , annealing time was constantly 15 minutes.

Thermal treatment in Se vapor

In the selenization studies, different selenium vapour pressures (0.1 to 50 Torr)
were applied to the CulnSe, monograin powder (Am<0) in two-zone quartz
ampoules (803K, =17 h). The ampoules were placed into a two-zone tube furnace,
where the temperature of both zones were controlled and regulated precisely. In
such an arrangement, Se vapour pressure was determined and controlled by the
lowest temperature in the system.

The results of the polarographic analyses showed (Fig. 3.12) that initially slight In-
rich composition of the material (Am<0) (shown in the figure as “as-grown”)
became slightly Cu-rich (Am>0) at lower Se pressures than 5 Torr. The positive
deviation from stoichiometry As (Se-rich) remains nearly unchanged at Se vapor
pressures higher than 1 Torr.
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Fig. 3.12. Influence of Se vapour pressure on the CIS composition and grain resistance

The as-grown materials had lower resistivity than the selenium treated materials.
We assume that selenium vapour pressure lower than 5 Torr did not hold back
anymore the thermal dissociation of CulnSe, shown as the reaction (6):

2CulnSe; — Cu,Se(solid) + In,Se(gas) + Sey(gas); Kcumsez = PruzsePses. (6)

Higher selenium overpressures pushed the direction of this reaction to the left side.
Fig. 3.13 shows the normalized photoluminescence (PL) spectra of CIS monograin
powders heat-treated in Se vapors. It is seen that annealing in low-pressure
selenium atmosphere (0.5 Torr) improves the crystallinity, as the signal/ noise ratio
of the unishape spectrum is improved. Treatment at selenium pressure 50 Torr
shifts the PL peak position to the higher value, up to 0.98 eV. This is attributed to
the filling of Se vacancies in the process of high Se pressure annealing [41].
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Fig. 3.13 PL spectra of nearly stoichiometric CulnSe,
treated under different Se vapour pressure
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Thermal treatment in sulphur vapour

Sulfurization of CIS is believed to be a promising method for absorber materials
bandgap engineering. Furthermore, it has been reported that the incorporation of
sulfur into CIS reduces the carrier recombination in the space charge region [85].
Sulfurization experiments were carried out in the same arrangement as selenization
experiments.
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According to the XPS data, the surface composition of the sulfurized powder
crystals was 8.5, 19.6, 15.3, and 56.6 mol % for Cu, In, S, and Se, respectively.
This result shows that the surface composition of powder crystals is similar to the
composition of Culn;Ses or a two-phase material containing Culns;(Se,S)s and
Iny(Se,S); [56]. At the same time, the bulk composition of the powder crystals
corresponds to the CulnSe, compound: Cu, In, and Se contents in atom percentages
were 23.8, 26.1, and 50.1, respectively (Cu/In=0.915).

Sulphur distribution in powder grains represents a gradient throughout the surface
of grains to the volume. EDX compositional profile of sulphur distribution is given
in Fig. 3.14.

Chemical etching of CulnSe, surface
The quality of interface between p- CulnSe, and n- CdS plays the key role in solar

cell performance. Therefore, the quality of CIS grains surface cleaning and/or
chemical etching before CdS deposition is very important. The effect of chemical
treatment depends on concentration, temperature and chemical nature of etchant,
sometimes also on the oxygen content in solution [69]. The chemical nature of
etchant has a dramatic influence on both — on the surface composition and on the
interface chemistry [49].

Etching of Cu-rich powders. In one of monograin layer solar cells technologies,
the absorber crystals were embedded into polyurethane (PU). The contacting areas
of crystals were released from PU by etching with KOH-EtOH. Polarographic
analysis showed that the etching solutions of copper-rich (Cu:In:Se = 25,6 at.%:
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24,2 at.%: 50,2 at.%) powders contained only selenium. Fig. 3.15 presents the
surface of monograins after etching with KOH-EtOH solution

oo 5, s

Fig 3.15. a) CIS monograin and b) grain surface after etching
with KOH-EtOH solution

The removal process of the excess selenium from the material could be described
as the following reaction:

3 Se + 6 KOH = K,SeO; + 2 K,Se + 3H,0 @)

As aresult, the crystal surfaces should remain metal-rich.

In order to eliminate semimetallic copper selenide phases and to improve the
semiconductor behaviour of a Cu-rich CIS material, chemical etching of materials
in KCN solution were performed.

2Cu(CN), — 2CuCN + (CN), (8)
cucN—Nfeu(en), —NScu(en)F —Njcu(en),F ©)

NHj; solution is known as an effective solvent for the removal of surface oxides and
the preferential etching of indium. The authors of [49,51] showed that NHj;
dissolves preferentially the In-rich, so-called ordered vacancy compound
(Culn3Ses) layer from the surface. On the base of XPS results they found that In-
excess layer disappeared after 1-hour treatment in 1 M NH; aqueous solution at
60°C, leaving behind the surface with nearly 1:1:2 composition. The behaviour of
Cu-rich CulnSe, in ammonia solutions has not been studied yet. Our experiments
showed copper and selenium concentrations (Cu/Se concentration ratio was
between 1.4-2.4) higher than indium content in the leaching solutions of copper-
rich monograin materials. The dissolution of copper from the material in aqueous
ammonia solution could be described by the formation of soluble copper-ammonia
complex ions ([Cu (NH;),]** and [Cu(NH;),]*):

Cu™ + 4 NH; (aq) = [Cu (NHy),]** (aq). (10)

Kessler ef al. [69] proposed that indium dissolution proceeds through the formation
of oxides that are soluble in ammonia solution. A prerequisite for this is the
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dissolved oxygen in the solution. Indium oxide is known as a native oxide on the
CIS surface. Therefore, the oxidation-dissolution process should proceed on In-rich
CulnSe, surface layers much faster than on Cu-rich layers. In monograin powders
every grain is formed in the growth process as an individual micromonocrystal in
isothermal equilibrium conditions by the liquid phase transport of the material.
Thereby the homogeneity of the composition of CIS crystals in the whole powder
is relatively high. This might be the reason for different results in our studies and
presented in [69], where in the etching experiments of even slightly Cu-rich
samples with NH; solution a relatively large loss of indium from materials was
detected.

Etching of In-rich CulnSe, powders. The results of XPS analysis of chemically
etched surfaces of In-rich CulnSe, powders are summarized in Table 3.2 and the

results of the analyses of etching solutions in Table 3.3.

Table 3.2 XPS compositional analysis of chemically treated CIS powder surfaces

Virgin surface composition | 10% KOH-etOH | Conc. HCl 10% KCN
(after S-treatment), at% 10 sec, at% 15 sec, at% 1min, at%
Cu 8.5 9.1 11.5 7.5
In 19.6 19.8 13.4 21.9
Se 56.6 54.3 59.1 53.7
S 15.3 16.8 16.0 16.9

These results show that the surface composition of powder crystals is similar to the
OVC (ordered vacancy compound) or to a two-phase mixture of Culn;(Se,S)s and
Iny(Se,S); [56]. The bulk composition of In-rich powder crystals determined
polarographically was: Cu 23.8 at%, In 26.1 at% and Se 50.1 at%.

Table 3.3 The concentration of elements in leaching solution as determined
polarographically

15 sec. HCI, 30 sec. KOH 1 min. KCN 15 min. NH;

mmole/ml mmole/ml mmole/ml mmole/ml
Cu no 1.3x107 4x107 6.8x107
In 2.8x10" 2.2x10” 1.8x10” 3.8x10”
Se no 1x107 3.8x10” No
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Fig. 3.16 PL spectra of the treated CulnSe, monograin powders

Fig. 3.16 shows the PL spectra of CIS powders after different chemical treatments.
Two broad bands were detected in the measured PL spectra of CIS samples. The
first asymmetric band with the maximum around 0.96 eV is typical of In-rich CIS
[86]. The additional peak of PL emission at energies higher than the bandgap of
stoichiometric CulnSe, (E,=1.04 eV) indicates that there are other phases than
1:1:2 in our investigated CIS samples. We can expect that heat-treatment in sulphur
vapour causes the formation of a solid solution on the surface. According to [87],
this broad band with higher energy probably originates from Culn(S,Se, ), alloy.
But it is also known that Culn;Ses and Cu,In,Se; phases have bandgaps higher than
that of CulnSe, and usually show PL emission at 4v = 1.05 — 1.1 eV [88,89]. Fig.
3.16 shows that HCI etching results in PL peak at higher energies, at hv = 1.09 eV.
At the same time untreated and KCN treated powders indicate to the peak of PL
emission at lower energies that could originate probably from the Culn;Ses
separate phase in materials.

3.3. Solar cells based on CulnSe, monograin powder

The section describes the results of monograin layer technology development and
characterization of the developed monograin layer solar cells. The current-voltage
and quantum efficiency measurements give very important information about the
properties of the developed photovoltaic devices. From the I-V measurements
under illumination, solar cell parameters V,., FF, and J,. were obtained.

36



Graphite

Cds
ClSe

[ EPOX
iZno

ZnO:Al
N n

— Glass

Fig. 3.17 Schematic illustration of the standard structure of CIS
monograin layer solar cell

Fig. 3.17 shows the structure of the solar cells developed in the Laboratory of
Semiconductor Materials. The “working” heterojunction is formed between the
absorber and a n- type ZnO window layer. In order to improve the performance of
the device, a thin, ~50 nm thick, CdS buffer layer is deposited between the
absorber and window layers. The CdS buffer layer is structurally and electronically
matched to the CulnSe, absorber and its presence decreases the density of interface
states and prevents the inter-diffusion of components of absorber layer (i.e. Cu, In
or Se) into the ZnO window layer, and vice versa. The CdS buffer layer is prepared
by the chemical bath deposition (CBD) technique. ZnO is an ideal window material
due to its wide bandgap (3.2 eV), high temperature stability and due to the fact that
it can be doped in any desired order. The ZnO window layers are deposited by
means of RF sputtering. The solar cell structure is completed by the evaporation of
1-2 pm thick indium grid contacts onto the ZnO window layer to diminish the loss
of current carriers.

3.3.1. Solar cells based on CulnSe, powders with different Cu/In ratio

As it was mentioned in the literature review, the performance of a solar cell is
strongly influenced by the composition of the absorber layer and by the interface
between the absorber layer and the following buffer layer.

Figs. 3.18a and 3.18b show the open circuit voltage (V,.) and the short circuit
current density (J,.) of MGL solar cells depending on the Cu/In ratio of precursor
Cu- In alloys. Dashed lines determine the concentration limits of the Cu-In alloy
composition that allow the In-rich single phase CulnSe, absorber materials growth.
Solar cells based on absorber layers prepared from slightly In- rich (Cu/In = 0.9)
and stoichiometric (Cu/In = 1.0) Culn alloys exhibited open circuit voltages up to
500mV and solar cell structure efficiencies up to ~ 9.5 %.
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Fig. 3.18 a) Values of open circuit voltage (V,.), b) values of current density (J,.) and
¢) barrier height (®;) of CIS MGL solar cells depending on different Cu/In ratios in
the precursor Culn alloy

The high In content (Cu/In<0.7) of the absorber material reduces the open circuit
voltage and decreases the current density about 5 times. The completed cell
structures from absorber materials with a substantial In-rich CIS composition
(Cu/In<0.77), displayed non-ideal S-shaped I-V characteristics with fill factors
(FF) less than 25% (Fig. 3.19). A sharp decrease in V,. values was noticeable in the
case of Cu-rich Cu-In precursor alloys (Cu/In=1.1) used.
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Fig. 3.19 S-shaped I-V curve for solar cells based on absorber with Cu/In ratio 0.5

The temperature dependent open circuit voltage measurements allow us to
determine the barrier height of p-n junction (@, ) [90].
The open circuit voltage can be given by the following equation:

D S N
v, ——- AL ln{q {’ J M

q q J

where A is the diode ideality factor, S, is the interface recombination velocity, j, is
the short circuit current density, g is the elementary charge, and N, is the effective
density of states in the valence band.

Dependence of @, on the absorber layer composition is presented in Fig. 3.18c.
The obtained barrier heights vary from 930-1140 meV. The barrier height depends
on the Cu/In ratio because the S inclusion mechanism in CIS is a strong function of
original composition of the absorber [43, 91]. The diffusion constants of sulphur in
Cu-rich and In-rich materials are different by about two orders of magnitude. As a
result, S inclusion is much more favourable in the Cu-rich material [43]. All the
barrier heights are lower than the bandgap energy of CulnS, (E,=1.5 eV) or the
bandgap energy of the ordered vacancy chalcopyrite compound (OVC) (E,=1.2eV).
This is the evidence of interface recombination as the main recombination path for
the photogenerated electrons [92].

The solar cell with absorber layer with Cu/In<0.77 has the highest barrier height of
junction 1138+6 meV. Cu/In<0.77 represents the concentration region of Cu-In
alloys, the conductivity type of absorber material changes from p- to n-type and the
phase transition from chalcopyrite CulnSe, to Cu,InySe; occurs. The existence of
phase transition from chalcopyrite CulnSe, to Cu,InsSe; in this concentration area
was experimentally verified by the hot probe and XRD measurements.
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3.3.2. Solar cells based on post-treated CulnSe, powder materials

Solar cells based on vacuum annealed CIS absorber materials. The dependence
of V,. of solar cell structures that were made from vacuum annealed powders on
the annealing time is presented in Fig. 3.20.
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Fig. 3.20 V,. vs vacuum annealing time at different temperatures

A short annealing duration at a low temperature, where the loss of selenium from
absorber material prevails, results in a decrease of V... At higher temperatures and
for longer durations, the values of V,. increase but remain relatively low. As a
result, we can conclude that annealing in dynamic vacuum only does not allow us
to obtain an absorber material with the composition necessary for high technical

parameters of solar cells.
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Fig. 3.21 Values of V,. depending on the absorber material annealing time
in different atmospheres
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Solar cells based on selenisized CIS absorber materials. Heat treatments under Se
vapor pressure was also performed at 803K for different durations for a material
with the components ratio Cu/In=0.92. The use of powder annealed under Se vapor
(0.01 Torr) for 40 h leads to the increase of open circuit voltage V,. of the solar cell
by up to 150 mV as compared to the cells in use of vacuum annealed materials
(Fig. 3.21). At the same time, the values of the fill factor remained unchanged and
had still low values.

Solar cells based on sulfurized CIS absorber materials. The efficiency of the CIS
devices improved remarkably if CIS absorber material was additionally doped with
sulfur. We found that an optimal annealing temperature for sulfurization is 803K.
Fig. 3.22 shows the correlation between V,. of the completed solar cells and the
duration of material sulfurization. An increase in the annealing time resulted in a
marginal increase in the V,. values. However, sulphur incorporation consistently
resulted in decreased short-circuit current (/;.) values as compared with selenisized
absorber materials.
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Fig. 3.22 Maximum output parameters of solar cells vs absorber material annealing
time in sulphur vapour at 803K (ps=0.01Torr)

Fig. 3.23 shows the dependence of the output parameters on the annealing
temperature in sulphur vapour. After sulfurization, the efficiency of the active area
of the cell improved drastically up to 9.5% with maximum V,=530mV,
J,.=25mA/cm’ and FF=0.63, as compared to efficiencies before sulfurization. As
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can be seen in Fig. 3.22, V,. improved markedly and J,. decreased, both of which
can probably be attributed to an increase in the bandgap at the absorber surface due
to the formation of a wider bandgap Culn(Se,S), layer. The improvement in V,. is
presumably due to the passivation of deep trap states, resulting in the lowering of
space charge recombination [93,94], which also improved FF.

660 690 720 750 780 810 840 870
Anneling temperature, K

Fig. 3.23 Maximum output parameters of solar cells as a function of absorber material
annealing temperature in sulphur vapour (ps=0.01Torr, t=18h)

Solar cells based on chemically etched CIS absorber materials. All solar cells
made from KOH-etched powders had the lowered values of open circuit voltages
and short circuit currents as compared to those ones made from non-etched
materials.
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Fig. 3.24 V,. of monograin layer CIS solar cells made from Cu-rich powders
after etching in different etchants
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Already 5-second etching of the material with KOH-EtOH decreased the value of
V,. more than 50 mV (see Fig. 3.24). Consequently, the removal of PU by KOH-
EtOH etching is extremely critical for further success in monograin layer
technology.

The KCN etching of Cu-rich monograin powders resulted in improved solar cell
performance (see Fig. 3.24).

From the results of the present study, it can be concluded that the NH; treatment of
Cu-rich CulnSe, absorber material depletes the surface from copper and selenium.
As a result the open circuit voltage of solar cells decreased steadily with the
variation of NH; etching time from 3 to 100 minutes (see Fig. 3.25).
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Fig. 3.25 Open circuit voltage (V,.) as a function of NH; etching time

The results of I-V measurements of solar cells made from chemically treated In-
rich materials are presented in Fig. 3.26. It can be seen that after KOH-EtOH
treatment the values of I, are slightly lower, but the influence of etching is not so
destructive as it was in the case of Cu-rich powders. In spite of this, our results
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Fig. 3.26 V,. and I, of solar cells made on the basis of chemically treated In-rich
monograin powders
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confirm that polyurethane-etching time with KOH-EtOH has a crucial influence to
the parameters of the developed monograin layer solar cells.

The KCN etching is known as a process of removing binary phases of copper.
Accordingly, treatment of In-rich powders with KCN should not have a substantial
influence on the solar cell performance of the formed solar cell structures.
Nevertheless, the KCN etching of our In-rich powders before CdS deposition
resulted in improved fill factors and higher values of currents. The result could be
explained by the removal of elemental S or Se extra phases in the KCN etching
process. The formation of those extra phases on crystal surfaces after the Se or S
vapour treatments is highly probable.

The other possible mechanism of the improvement of solar cell parameters is that
the KCN etching depletes Cu sites on crystal surface, where later, in the process of
CdS buffer layer deposition, Cd adsorption and diffusion occurs [95, 96, 97]. Cd
atoms at Cu sites act as donor defects and, as a result, surface conductivity
decreases and even surface conductivity conversion becomes possible [98,99].
Therefore, the interface recombination is decreased. The latter mechanism for solar
cell improvement seems to be more likely, because the concentrations of removed
Se and In in the leaching solution were found to be nearly two orders of magnitude
lower than Cu concentration (see data in Table 3.1). Fig. 3.27 shows the current-
voltage curves of the monograin layer solar cells used with materials with various
KCN treatment durations.
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Fig. 3.27 I-V curves of CIS solar cells with different KCN etching times

HCI etching removes preferably indium from the CIS surface. The cells on the
bases of HCI treated materials showed higher values of currents, but lower values
of V,. than the cells on the bases of untreated materials. As Cd atoms can reside on
both Cu and In sites [99,100], then after HCI etching, Cd atoms can reside at
removed In sites and act as acceptor defects, thus increasing surface conductivity.
Table 3.5 gives the maximum measured parameters of various CIS monograin layer
solar cells prepared from various non-etched and etched materials.
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Table 3.5 Performance characteristics of various CulnSe, monograin layer solar cells
with and without etching

Etching time, etchant Ve, mV Jses mA/cm’ FF, % 1, %
Without etching 477 18.6 31.3 2.8
30 sec. KCN 486 22.9 39.0 4.3
1 min. KCN 489 24.7 52.6 6.3
5 sec. HCI 465 22.4 45.9 4.8
30 sec. HCI 477 24.8 46.7 5.5
1 min. HCI 473 24.8 51.8 5.9

In comparison with KCN etched samples, short time etching with concentrated HCI1
removes preferably In from the surface of the absorber material (Table 3.3) and
leads to improved values of currents, but about 10 mV lower values of open circuit
voltages (see Fig. 3.28).
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Fig. 3.28 I-V curves of CIS solar cells with different HCI etching times
34. Quantum efficiency measurements

The quantum efficiency of solar cell structures was measured as a function of the
wavelength of the incident light. Quantum efficiency is the measure of how
efficiently a device converts the incoming photons to charge carriers.

Quantum efficiency measurements have been performed in order to compare the
spectral response of the CulnSe,-based solar cells with different solar cell
performance. They reflect the charge carrier collection properties of the samples.
The effective bandgap could be additionally estimated from the onset of charge
collection at high wavelength. Fig. 3.29a shows the quantum efficiency (QE)
versus the wavelength and Fig. 3.29b shows its first derivative versus energy for
samples.
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Fig. 3.29 a) The normalized quantum efficiency and b) derivatives of the QE spectra
of MGL solar cell devices with different compositions of absorber material. Vertical
bars indicate approximate positions of E, of the components.

The behaviour of normalized quantum efficiency (QE) spectra of the solar cells
depends drastically on the precursor composition and parameters of post-treatments
(Fig. 3.29a). The only typical QE curve for pure CulnSe, was measured for the cell
with the absorber layer of the powder (Cu/In = 0.9) and post-treated in selenium
vapour. Significant loss in the long wavelength range of photons 4 > 800 nm could
be seen if MGL cells are made of sulphur vapour treated absorber layers. This loss
indicates that carriers generated by long wavelength photons contribute to a smaller
extent into the overall current.

The derivatives of quantum efficiencies (Fig. 3.29b) with respect to wavelength
show two peaks at the energy values of ~1.4 eV and ~1.03 eV. The first peak is
probably caused by the presence of a solid solution Culn,(S, Se), phase formed in
the near-surface region during the sulphurization process. The second peak position
corresponds very closely to the bandgap energy of CulnSe, The first peak is the
dominating one for the cells with the compositions in the range of 0.5<Cu/In<0.77.
The second peak appears if the Cu/In ratio is between 0.8-1.0.

Bias-dependent external quantum efficiency measurements were performed for the
investigation of carrier transport properties of devices of different absorber
composition by applying reverse bias voltages of -2V and -3V (see Fig. 3.30). The
figure shows typical behaviour of In-rich samples, where an applied bias leads to a
significant change in quantum efficiency.
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Fig. 3.30 Quantum efficiency measurements under 0V, -2V, -3V biases
for In-rich solar cell devices

The relative change of quantum efficiency is wavelength-dependent and very
pronounced in the near infrared light region. In brief, a large deviation of the
stoichiometric composition results in changes of the electric properties and leads to
the deterioration of photovoltaic performance, which mainly results in lower V.
and FF values. A worsening of the solar cell parameters is accompanied by the
reduction of the collection of charge carriers.

47



CONCLUSIONS

In the present thesis, the composition of CulnSe, powders grown in different
molten fluxes with qualities acceptable for MGL design solar cells have been
studied. The results show that the efficiency of the developed MGL solar cells is
connected with bulk and surface composition of absorber materials.

Based on the results of chemical composition study of CulnSe, monograin powder,
the following conclusions can be made:

e The composition of copper indium diselenide monograin powders depends on
the origin of flux material.

1. The composition CulnSe, monograin powders grown in the CuSe-Se
flux is determined by the equilibrium of solid-liquid phases of
CulnSe,(solid)-CuSe-Se(liquid) at the growth temperature. In
comparison with the phase equilibrium of CulnSe,-Cu,Se, the
compositions of CulnSe, are shifted to more Cu-rich side. The shift
depends on the Se content in liquid CuSe-Se flux. The powder crystals
have p-type conductivity.

2. Potassium iodide (KI) flux allows changing the composition of
CulnSe, powders within a large deviation of molecularity. The
conductivity type of as-grown crystals depends on the Cu/In ratio in
the precursor Cu-In alloy. The existence range of single phase
CulnSe, is between 0.77-1.0 of Cu/In ratio in the system CulnSe,-KI
at growth temperature 990K (versus 0.82-1.0 without KI).

The optimal region of precursor Culn alloy compositions for the
growth of CulnSe, monograin powders as solar cell absorber materials
in potassium iodide is between 0.9<Cu/In<1

e The heat treatment in vacuum yields in CulnSe, powders with Se-deficient
composition and resistivity of material increases. Selenium vapour treatment
modifies selenium concentration in CulnSe, powders depending on Se vapour
pressure. Heat-treatment in sulphur vapour results in the formation of
Culn,(Se,S)y solid solution on the crystal surface.

e The influence of chemical etchants on the CulnSe, surface composition
depends on the deviations from the molecularity of absorber materials. The
NH,OH treatment of Cu-rich CulnSe, absorber material depletes its surface
from copper and selenium. NH,OH dissolves also indium from the In-rich
CulnSe, absorber material. KCN removes preferentially copper and selenium
from all CulnSe, absorber surfaces. HCI etching reduces the indium content in
In-rich materials. KOH in ethanol etching removes selenium from the CulnSe,
surface independent of the composition of the absorber.

o In a monograin layer solar cell the highest efficiency of ~9.5% is achieved
using CulnSe, powders with Cu/In=0.92 grown in KI. The maximum output
parameters for monograin layer solar cells are: V,=530mV, J,= 25 mA/cm’
and FF=63 %.
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ABSTRACT

The main goal of the investigations this dissertation is based on was to find the
regularities of formation and optimal composition of device-quality CulnSe,
monograin powders for monograin layer solar cells.

The composition of CulnSe, as absorber materials in solar cells is a topic of main
significance since the most important output parameters of solar cells are
influenced by deviations from molecularity and stoichiometry. The bulk
composition and the surface composition of CIS crystals can differ depending on
deviations from molecularity and surface treatments. The doping of CIS with Na
(K) also influences the surface composition and defect structure (electrical and
optical properties). The growth of monograin powders proceeds in a flux material
(CuSe, KI) at elevated temperatures, this enables us to dope the growing materials
and has its peculiar impact on the properties of grown crystals.

This study focuses on the composition of CulnSe, monograin powders depending
on the flux materials, variations of Cu/In in precursor alloys and post-treatments.
Monograin powders were grown in CuSe-Se and KI as flux materials and Cu/In
ratio varied from 0.5 to 1.1.

On the bases of the grown powders, the monograin layer solar cells were formed
and investigated. A wide variety of characterization techniques was used to
evaluate the material quality. The powders were characterized by polarographic
analyses, EDS, SEM, XRD, photoluminescence spectroscopy and electrical
properties by the hot-probe method. The monograin layer solar cells were
examined by dark and light current-voltage (I-V) and quantum efficiency (QE)
measurements.

It was found that the composition of CulnSe, monograin powders depends on the
flux material. The use of CuSe-Se flux results in Cu-rich CulnSe, powders. The
asgrown powder crystals have round shape and p-type conductivity with low
electrical resistance. The KI flux allows growing In-rich CulnSe, powders. The
conductivity type depends on the Cu/In ratio in the precursor Cu-In alloy. The
crystals have tetragonal shape. The single phase CIS can be formed in the Cu/In
ratio between 0.77-1.0.

Heat treatments in vacuum lead to CulnSe, powders with Se-deficient composition.
Se vapour treatment increases Se concentration and resistivity is increased after
selenization. According to the surface analysis, the sulphurization results in
Culn(Se,S), solid solution on the crystal surface.

The influence of different etching procedures on the surface composition of CIS
crystals was as follows: Cu-deficiency in the surface layer of CIS can be formed by
KCN etching, In concentration can be reduced by HCI or NH4OH etching and Se is
removable by KCN and KOH etching.
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The best CIS monograin layer solar cell have following output parameters:
V,.=530mV, J,.= 25 mA/cm?®, FF= 63% and efficiency of active area is ~9.5%.

KOKKUVOTE
CulnSe; monoterapulbri koostise uurimine ja rakendus piikesepatareides.

Monoterapulber-tehnoloogia on suhteliselt lihtne, odav ja sobiv meetod pulbrilise
absorbermaterjali valmistamiseks pidikesepatareide jaoks. Tehnoloogia peamiseks
eeliseks on see, et kristallide kasv sulandaja vedelfaasis tagab kristallide iihtlase
koostise kogu pulbri mahus, mis on aluseks péikesepatareide reprodutseeritavatele
omadustele.

Kéesolevas t66s uuriti CulnSe, monoterapulbrite koostise ja omaduste kujunemist
kasvatamisel erinevates sulandates eesmirgiga kasutada neid monoterakiht-
piikesepatareide absorberkihtide valmistamiseks. Absorbermaterjali koostise
korvalekalle molekulaarsusest ja stdhhiomeetriast mdjutab nii materjali strukuuri,
morfoloogiat kui ka elektrilisi ja optilisi omadusi.

CulnSe, monoterapulbrid kasvatati kasutades CuSe-Se ja KI sulandajat, mis
pohjustab CulnSe, legeerimise oma- ja vodrlisanditega kasvuprotsessi kdigus ja
mojutab kasvavate kristallide defektstruktuuri (elektrilisi ja optilisi omadusi) ja
pinnakoostist.

Kéesolavas t60s uuriti CulnSe, monoterapulbri keemilist koostist, struktuuri,
morfoloogiat sdltuvalt kasutatud sulandajast, Cu/In suhtest prekursorsulamis ja
sOltuvalt jireltootlustest, milleks olid termilised 160mustused erinevates
gaasikeskkondades ja keemilised absorbermaterjali pinnasdovitused.

Saadud materjalide omaduste iseloomustamiseks kasutati polarograafilist analiiiisi,
EDS, XRD, XPS, fotoluminessents spektroskoopiat ja elektriliste omaduste
modtmist. Monoterapulbrite baasil formeeriti ZnO/CdS/CulnSe,/grafiit stuktuuriga
piikesepatareid, mille iseloomustamiseks kasutati volt-amper ja spekrtaal-
tundlikkuse mddtmisi.

Leiti, et CulnSe, monoterapulbri koostis sotlub kasutatavast sulandajast.

CuSe-Se kasvatutud pulbrid saadi Cu-rikkad. Kristallid on timarad, p-tiitipi
juhtivuse ja madala takistusega. KI sulandajas kasvatatud pulbrid on In-rikkad.
Kristallid on tetragonaalsed, juhtivustiiiip soltub Cu/In suhtest ldhtesulamis.
Piikesepatarei absorbermaterjaliks sobiva CulnSe, saadamiseks peab Cu/In suhe
ldhtesulamis olema vahemikus 0.77-1.0.

Jareltootlus vaakumis muutis CulnSe, pulbri koostise Se-vaeseks. Seleniseerimine
aitas tOsta Se sisaldust ja iihtlasi tdstis ka kristallide takistust. Vddvi aururdhus
tootlemine tekitas kristallide pinnale Culn(Se,S), tahke lahuse.
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Keemilistest pinnatodtlustest selgus, et kasutatud soovituslahused omasid
selektiivset soOvitusvdimet: vase defitsiiti kristallide pinnakihis on vdimalik
saavutada soovitades KCN lahusega; In on vdimalik eemaldada sodvitades
soolhappelise v6i ammoniakaalse lahusega; Se eemaldamiseks voib kasutada KCN
voi KOH lahuseid.

Parimate CulnSe, monoterakiht-pdikesepatareide avatud pinna kasutegurid
ulatuvad 9.5%, kusjuures V,.= 530mV, J,=25mA/cm?2 ja FF=63%.

Doktorito6 baseerub 10 artiklil, t66 innovatiivsed tulemused on Kkaitstud 3
patendiga, millest kahes olen ka aurtoriks.
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