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INTRODUCTION

Electricity production with solar cells is promising for it is a renewable
energy source and zero harmful emissions are discharged to the Earth's
atmosphere. The most expensive part of photovoltaic generators is solar cells,
therefore researchers are focused on reductions in their cost. Historically,
crystalline silicon (c-Si) has been used as the light-absorbing semiconductor in
the “first generation” solar cells which have had a major share on the market
(about 80 %) during last 20 years [1]. Due to complexity of the growing
technology and its high energy consumption, the present solar cell technologies
need to be replaced by cheaper and more effective ones in the near future. The
price of the produced renewable electricity may be reduced by the use of new
materials with better properties and thin films as active component layers. In the
“second generation” of the solar cell technology, typically semiconductor
materials with thicknesses up to some micrometers are required, being 100-1000
times less than the thickness of a silicon wafer solar cell [1], thereby minimizing
the material costs. The highly effective thin-films solar cells have light-to-
electricity conversion efficiencies close to 20 % for CIGS [2], close to 17 % for
CdTe [3], less than 15 % for amorphous or polycrystalline silicon [1] and more
than 12 % for CulnS; [4] based absorbers. The thin film solar cells represent the
market share in an increasing volume [5].

The development of materials in the nanometer scale has generated new
photovoltaic materials and devices. In this area a revolutionary development has
been introduced by Gritzel and co-workers in the form of an electrochemical
dye-sensitized solar cell (DSSC) [6]. In this type of SC, nanostructured TiO, is
sensitized by a monolayer of an organic dye. A concept of an extremely thin ab-
sorber (ETA) layer solar cell has been developed on the basis of DSSC. In an
ETA cell a very thin semiconductor layer with thickness up to some tens of nm
will be used to replace a dye which often is non-stable.

The chemical spray pyrolysis (CSP) is an attractive technique to manufacture
thin films as it is a low-cost, large-area scalable and non-vacuum deposition
method. CulnS, is a promising absorber material due to its direct bandgap of
about 1.5 eV [7]. The deposition of CulnS; thin films by the low-cost CSP
method attracted researchers’ interest already ca 20-25 years ago [8]. As the
light-to—electricity conversion efficiencies of 2 % were obtained with solar cells
based on sprayed CulnS; in this stage [9], the interest disappeared. The studies
on the deposition of CulnS, films by CSP were newly initiated about ten years
ago when material cost became an important topic. Now main focus was shifted
to the studies of material properties. Most of the studies were devoted to the
development of the structure, morphology, optical and electrical properties of
the films [10-14]. Much less attention has been paid to the chemical composition
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of spray-deposited films, although chemical composition of the films largely
determines the film quality. Particularly, surface-sensitive analytical tools are
rarely applied to study the CulnS, films prepared by advanced preparation
methods [15-20], and very occasionally to characterize the surface of sprayed
CulnS; films [10-12, 21, 22]. A systematic study on the effect of technology
parameters on the chemical composition of sprayed CulnS, films and
relationship with the film other properties was practically missing.

The present doctoral thesis is a continuation of the studies on the deposition
of CulnS, films by the CSP method at the Department of Materials Science. The
aim of my doctoral thesis was to study the effect of the CSP process variables
and post-deposition treatments on the chemical composition of sprayed CulnS,
films to develop the absorber preparation process. CSP-CulnS, thin film
absorber layer was used in a nanostructured solar cell, technology and design of
that was invented (with application for a patent) in the Laboratory of Thin Film
Technologies at the Department of Materials Science of Tallinn University of
Technology.

The thesis is divided into four Chapters. Following the introduction, main
properties of CulnS, and deposition methods of CulnS; thin films, properties of
CSP deposited CulnS, films, and solar cells based on CSP-CulnS, absorber are
summarized in Chapter 1. Chapter 2 reviews the preparation of CulnS; films by
the CSP method and a nanostructured solar cell using CSP-CulnS, as an
absorber layer as well as characterization methods. Chapter 3, divided into five
sections, presents the results of the study. Sections 3.1 and 3.2 summarize the
results of the studies of as-deposited CulnS; films prepared by CSP, published in
papers II and III. Results on the effect of post-deposition treatment on properties
of CulnS; films, published in papers I and II, are outlined in sections 3.3 and 3.4.
Application of the sprayed CulnS, thin film as an absorber layer in a
nanostructured solar cell, discussed in paper IV and presented in the patent
application V, is summarized in section 3.5. The main conclusions are given in
Chapter 4.

The work is financially supported by the Estonian Ministry of Education and
Research (SF0142515s03, SF0140092s08), Estonian Science Foundation (grants
ETF6954, ETF5612), Estonian Doctoral School of Materials Science and Mater-
ials Technology and funding from Estonian Graduate School of ”Functional Ma-
terials and Processes™ received from the European Social Fund under project
1.2.0401.09-0079.
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1. LITERATURE REVIEW AND AIM OF THE THESIS

1.1. Main properties of CulnS,

Copper indium disulfide (CulnS,) is a promising wide-gap chalcopyrite absorber
for photovoltaic applications due to its direct bandgap of 1.55 eV [7]. Hence, it does
not necessarily require alloying with other materials for bandgap adjustment as
CulnSe, with lower bandgap (1.04 e¢V) does [23]. CulnS; has a number of additional
potential advantages, such as high absorption coefficient 0=10°> ¢cm™ [15], p-type of
conductivity [24, 25], and as it does not contain any toxic components, it is a
perspective absorber layer for thin film solar cells.

The Gibbs' phase triangle of the Cu-In-S system at room temperature and
atmospheric pressure [26] is presented in Fig. 1.1a. The equilibrium in the Cu-In-S
system is only partially known due to its complexity. The homogeneity region of
CulnS; appears to cover a small deviation from the ideal stoichiometric composition
[27, 28]. The homogeneity range for CulnS; extends up to 2 mole % of In,S; and up
to 1.5 mole% of Cu,S in the Cu,S-In,S; pseudo-binary system [29]. In the CuS-InS
system, the homogeneity region is narrower, up to 0.1 mole% of InS [29].

The phase diagram of the Cu-In-S system along the Cu,S-In,S; tie line in the
Gibbs phase triangle is presented in Fig. 1.1b [29]. The interaction between the
binary sulfides gives rise to two ternary sulfides, CulnS; and CulnsSs. CulnS; exists
in three modifications: up to 980 °C in chalcopyrite structure, between 980 °C and
1045 °C in the zinc-blende structure, and above 1045 °C up to the melting point
(1090 °C) in the wurtzite structure [29]. The CulnsSs semiconductor has the spinel
structure over the whole temperature range, from room temperature up to the melting
point (1085 °C). Formation of CulnsSs is non-wanted when a p-type absorber is
planned to synthesize as CulnsSsis an n-type material [30].

1150 =

1100 —

1050 —

1000 —

950 —

Temperature / °C

900 —

850 —

Fig. 1.1. a) Gibbs phase triangle for the Cu—In—S system at room temperature and
atmospheric pressure [26] and b) phase diagram of the Cu-In-S system along the CuS-
In,S; tie line [29].
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CulnS; crystallizes in the chalcopyrite structure, which is thermodynamically
stable. The lattice type is primitive tetragonal, the corresponding space group is

142d, its mineral name is roquesite, and lattice parameters are: a=0.5523 nm,
c=1.1141 nm (JCPDS 027-0159) [31]. Besides chalcopyrite (CH) structure,
CulnS; can also crystallize in the form where the stacking sequence of cations
(Cu, In) is changed compared to that in the CH ordered structure. The structure
with changed stacking sequence of cations in the [102] and [111] directions
results in so-called Cu-Au ordered structure (space group P4m2) [32-34]. As the
formation energies of those cation orderings (CH or Cu-Au) are very similar, CH
and Cu-Au ordered structures can co-exist [34].

However, presence of Cu-Au ordered CulnS, in an absorber leads to an
inferior quality of a solar cell, thus being unwanted [24, 26, 35]. Presence of Cu-
Au ordered phase cannot be verified by a conventional XRD study due to
overlapping of almost all XRD peaks [36]. The Raman spectroscopy is a proved
technique to determine the content of CH and Cu-Au ordered phases of CulnS,
[33-36].

1.2. Methods for deposition of CulnS; thin films

CulnS, layers with chalcopyrite structure and p-type conductivity can be
grown by several deposition techniques.

The most successful absorber preparation methods are multi-source
evaporation and two-step (sulfurization of metal precursor films) processes [16-
20]. The two-step process is developed due to its potential for industrial
production. Rapid thermal processing (RTP) was introduced shortly after that,
leading to reduction of typical annealing times from 1 h to 3 min [17-18]. Cells
based on RTP-CulnS; absorbers have reached a confirmed total area efficiency
of 11.4 % [18]. The RTP-process is a basic method for manufacturing of
CulnS;-based solar cell modules at SULFURCELL, the company was first to
commercialize the solar cell based on the CulnS; absorber layer [37]. A specific
feature for multi-source and two-step processes is that the best absorber material
is grown under the high excess of Cu compared to In, resulting in Cu-S phases,
which eliminates kinetic limitations of the compound formation, makes the very
fast RTP process feasible and stabilizes the p-type conductivity [17-20].

Due to needs for reducing production costs of solar cells, also wet chemical
deposition methods, such as chemical spray pyrolysis (CSP) [38-45],
electrodeposition [46-47], chemical bath deposition (CBD) [48-49],
solvothermal deposition [50], ion layer gas reaction (ILGAR) [51, 52], etc. have
been applied to prepare CulnS, films. Up to date, CulnS, films prepared by
solution based techniques have not reached the properties obtained by the RTP
or CISCuT technique [17, 53] and solar cells based on wet chemically deposited
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CulnS, absorber layer show low conversion efficiencies (2-3 %) in thin film
solar cells. On the other hand, significant progress recently achieved with an
alternative In,S; buffer layer deposited by CBD, CSP and ILGAR methods in
CIGS and CulnS; absorber thin film solar cells [54] still makes these methods
promising also for ternary compounds.

1.3. CulnS; thin films deposited by chemical spray pyrolysis
1.3.1. Chemical spray pyrolysis method

Chemical spray pyrolysis (CSP) is a low cost, large-area scalable, non-
vacuum thin film deposition technique first described by Chamberlin and
Skarman in 1966 for the preparation of CdS films [55]. With this method, the
precursor solution, usually containing the salts of the constituent elements of the
desired compound dissolved in a solvent, is pulverised in the form of micron
dimension droplets onto the preheated substrate where the thermal
decomposition of the precursor salt or a new precursor formed in the spray
solution takes place, and adherent film of thermally more stable compound
forms [56].

According to the method of generation of fine droplets (‘atomization’) of the
precursor solution, CSP could be classified as pneumatic, ultrasonic, and
electrostatic spray (electrical field is applied between the spray nozzle and
substrate), respectively (See Fig. 1.2) [57-59].

f'---'\‘ Mist ST
L=m  precursor Chamber B

R _solution H/ ) /
& g -
ol = - N

; - N, \m_

temperature N0ZZlE~Y 4

Heating element

/ Far Thermocouple ' Substrate

rotameter

Air compressor |
mnrmllir | ‘ —
1-,".=._.nc substrate . , Substrate
. -
-
heater Ultrasonic Temperature I
Actuator Controlled
Hot-Plate ~ Pump Precursor liquid

a)

b)

©)

Fig. 1.2. Diagrams of a) pneumatic [57], b) ultrasonic [58], and c) electrostatic spray
[59] systems.

For successful film deposition by the CSP method, the precursor salts must be
soluble in a solvent (water, alcohol, alcohol-water mixture). It is highly
important that a precursor or an intermediate formed in spray solution would not
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volatilize before its thermal decomposition [60].

In the spray pyrolysis process, the substrate temperature is the key parameter
that determines the final compound morphology and properties. By increasing
the temperature, the morphology of the final product can change from a well
adherent thin film to a cracked layer, or a porous film [61]. Other important
parameters which influence the deposition process and thus the final product
quality are: the carrier gas and solution flow, deposition time, nature of the
substrate [59], the volatility and viscosity of the solution used, the distance
between spray nozzle and substrate, solution amount and concentration of the
precursor in solution [61].

Finally, the properties of the layer and the morphology can be modified by use
of the various additives in the precursor solution.

In general, the CSP technique is a simple, low-cost and relatively rapid
method for deposition of metal oxide, metal sulfide and selenide thin films with
a large area [61-63]. In addition to its simplicity, CSP has a number of other
advantages: 1) easy way to dope with any element in a ratio of required
proportion through the solution medium; 2) deposition at moderate temperatures
of 100-500 °C and technological ability to mass production [61, 64, 65]; 3) the
film thickness is easily controlled by an amount and concentration of sprayed
precursor solution [57].

However, as any other method, CSP has some disadvantages that can be
listed as follows: 1) possible oxidation of sulfides/selenides when processed in
the air atmosphere; 2) three-dimensional growth mechanism [66, 67]; 3) the
growth of temperature is difficult to control directly during the film growth; 4)
limited number of precursors, especially for metal sulfide and selenide films; 5)
no industrial set-up available up to now. Only very recently the production of
spray pyrolysis equipment has been launched by the SPD Laboratory Inc in
Japan [68].

1.3.2. Properties of as-sprayed CulnsS films
Formation of CulnS,in CSP process

In general, the formation of a metal sulfide (Me=Cd, Zn, Cu) film in the CSP
process using metal halogenide and thiourea (tu) as starting chemicals in an
aqueous solution, passes through the formation of a complex compound — an
intermediate from the point of view a film formation. Complex compound could
be presented with a general formula [Me(tu),]XnyH20O, where X is a halogen,
and n, m and y are parameters depending on the metal and metal halogenide to
the thiourea ligand molar ratio [69-71].

For the deposition of CulnS, films usually CuCl, InCl; and SC(NH,), (tu)
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have been used as starting chemicals [62]. Cu-chloride-thiourea complexes, such
as [Cu(tw)CI]-0.5H,O [69] and Cu(tu);CI'-H,O [70] could be formed in an
aqueous solution containing CuCl, and SC(NH,),. Interaction of InCl; and
SC(NH:), in an aqueous solution is not yet known, studies are initiated and are
in progress in our laboratory.

According to the thermogravimetric (TG) and differential thermal analysis
(DTA), the complexes [Me(tu),]XmyH.O formed in the spray solution are
thermally stable up to ~200 °C. The thermal decomposition of [Me(tu),]|XnyH-O
is a complicated multistage process, MeS forms at temperatures above 200 °C
independent of the cation and atmosphere [61, 72].

Thermal behavior of a solid precursor for CulnS, films obtained by drying of
spray solution containing CuCl,, InCl; and tu at a molar ratio of 1:1:3 is studied
by M. Krunks et al. [72] and O. Kijatkina [73].

204

404

TG,

60 4

-80 T T T T -80 T T T
0 200 400 600 800 0 200 400 600 800

Temperature, °C Temperature, °c

a) b)
Fig. 1.3. TG/DTA curves of the dried precursor for CulnS>.. TG/DTA curves are
recorded in flowing a) He and b) air at the heating rate of 10 °C min™ [73, 74].

TG and DTA curves of a CulnS,-precursor material, which contains a Cu-tu
complex compound [73, 74] and may contain an In-tu complex compound [75],
are presented in Fig. 1.3. As can be seen, thermal degradation of the precursor
for CulnS, is a complicated multi-step process, where CulnS, forms at
temperatures close to 210 °C independent of the atmosphere. All decomposition
steps in an inert atmosphere are endothermic processes and CulnS, is the final
decomposition product. In an oxidative atmosphere, endothermic decomposition
reactions in the temperature region of 200-300 °C are less pronounced due to
overlapping with simultaneously running oxidation reactions [73]. Oxidation
becomes very strong at temperatures > 400°C (Fig. 1.3b) and the mixture of
CuO and In,Os phases is the final decomposition product [73].

Results of the thermal analysis studies show that the deposition of CulnS,
films in air could be performed in a quite narrow temperature region of about
230-380 °C, whereat oxidation of a condensed matter is not excluded [71, 72,
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74]. Higher deposition temperatures could be used only in an inert atmosphere.

The formation of CulnS, in the CSP process could be compared with the
formation of ternary compound in a different vacuum based technologies where
the reaction between binaries, such as Cu,S and In,S; yields CulnS; [76, 77].
When using copper and indium chlorides and thiourea as precursor materials in
an aqueous solution sprayed onto the preheated substrate, the formation of the
CulnS; in the CSP process could be divided into the next stages [73]:

1) formation of intermediate metal chloride thiourea complexes in an aqueous
solution;

2) spraying of the solution, evaporation of the solvent;

3) thermal decomposition of individual complex(es) with the formation of
copper and indium sulfide (formation of binaries) and by-products;

4) ternary compound formation from binaries.

According to the literature not only copper and indium salts such as Cu and In
sources, and thiourea (or its analogues) as a sulfur source have been used as
starting materials to deposit CulnS, films by the CSP method. In the early 1990s,
Hirpo et al. reported the synthesis of a new family of single source molecular
precursors for CulnS, [78]. Two compounds of the type [(P(i-But)'s),Culn(SEt)4]
(where P- phosphorus, S- sulfur, Et- ethyl and i-But- isobutyl) were structurally
characterized, and it was observed that these compounds decomposed at
temperatures below 300 °C yield CulnS,. More recently, Hollingsworth et al.
and J. Harris et al. demonstrated that [(P(i-But);),Culn(SEt).4] could be used to
deposit CulnS; films by a spray method [78-81]. When using these molecular
precursors, one cannot change the [Cu]/[In] molar ratio to tune the film
properties and the deposition should be made in a closed system in an inert
atmosphere [81]. It should be pointed out that properties of the CulnS, film (as
well as properties of corresponding solar cells) are not superior compared to
those manufactured in air using metal chlorides and thiourea as starting
materials.

Next, the properties of CulnS; films obtained by spray of solutions containing
copper chloride, indium chloride and thiourea are outlined.

Properties of sprayed CulnS. films controlled by the growth
temperature

According to XRD, the films deposited at temperatures below 400 °C do not
contain secondary phases independent of the precursors molar ratio in solution,
spray set-up and carrier gas (compressed air, N,) used [44, 62, 73]. Deposition at
temperatures above 400 °C result in an additional crystalline In,Os phase in the
sprayed CulnS, films (see Fig. 1.4) [44, 72, 82]. It has been reported that the
film deposition temperature has an effect on the preferred orientation and size of
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crystallites. Increase in the film deposition temperature enhances the preferential
orientation along the (112) direction and increases the mean crystallite size [10,
33, 73, 82]. Deposition temperature has also an effect on the optical bandgap
value as Eg of 1.44 eV is measured for the films deposited at ca 320 °C, while
deposition at ca 380 °C results in Eg of 1.46 eV [44]. Electrical resistivity of
sprayed CulnS, films ([Cu]/[In]=1.0 in solution) decreases with an increase in
the deposition temperature from 320 to 380 °C (see Fig. 1.5) [35, 83]. It is
explained by the recrystallization processes resulting in larger crystallite size
[34, 35, 82]. When the film is deposited from the Cu-rich solution ([Cu]/[In]=1.2
in solution], the electrical resistivity is independent of the deposition
temperature.

Chemical purity of the films was found to increase by increasing the deposition
temperature. According to Energy Dispersive X-ray Spectroscopy (EDS) study

(a) 3000 —— T T

Cu/ln=1.0
+mo,  PHS
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116)/(312
(204)/(220) (116)/C | ()2244
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Fig. 1.4. XRD patterns of sprayed CulnS: films prepared at a) Ts=320 °C and b) Ts=
380 °C using CuClL:InCl; = 1:1 (molar ratio) in an aqueous spray solution [44].
Deposition of the films was made in air.

(see Fig. 1.6), the content of chlorine in the films is decreased increasing the
deposition temperature [82]. Also, the content of C, N containing residues
originated from thiourea as a sulfur source, is lower in the films grown at higher
temperatures [82, 83].
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Fig. 1.5. The electrical resistivity of as-sprayed Fig. 1.6. Concentrations of chlorine in
Jilms depend on the film deposition temperature sprayed CulnS, films grown at
using spray solutions with [Cu]/[In]=1.0-1.2, different temperatures and solution
[S]/[Cu]=3 [83]. compositions [82].

Thus, the content of residues originated from the precursor materials is
decreasing with the deposition temperature. Much less attention has been paid to
the determination of the oxygen content in the film, nevertheless its high content
in the film could be expected according to the process chemistry studies [43, 44]
and as confirmed by XRD in the films prepared at temperatures above 400 °C
[82].

Contamination of sprayed CulnS, films with oxygen has been studied in few
papers. Oxygen content as high as 16.7 at.% was detected by RBS [82]. The
XPS technique as a sensitive tool to investigate the composition of sprayed
CulnS, films is infrequently applied. T.T. John et al. investigated sprayed
CulnS; films deposited at 300 °C in air ([Cu]/[In]=1.0 in spray solution) and
detected oxygen only as a surface contamination [22]. Marsillac et al. recorded
oxygen bonded to metal (O1s with BE of 530.0 eV [11]) in sprayed CulnS; films
deposited in the temperature interval of 317-377 °C ([Cu]/[In]=1.1 in solution)
after Ar” ion cleaning for 1 minute [10]. Thus, metal oxide was present in the
film at the depth corresponding to the Ar” etching time 1 minute. Based on these
data, the authors speculate that a metal oxide phase may be placed on the grain
boundaries and could also control the transport of charge carriers in the sprayed
CulnS; film [11, 16].

Properties of sprayed CulnS, films controlled by the precursor molar
ratio in spray solution

XRD analysis of the films deposited from In-rich solutions shows that films
are multiphase consisting of CulnS, and of an extra phase. For example, the
XRD pattern of the film deposited from In-rich solution with [Cu]/[In] molar
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ratio of 0.8 at 370 °C (Fig. 1.7) shows only one strong replica at 26=46.5°
belonging to the (220)/(204) plane of CulnS, [34, 73] and an extra reflection at
20=26.5° (marked by ‘x’ in Fig. 1.7) which does not belong to the CulnS, phase
[34, 73]. Increase in [Cu]/[In] molar ratio in spray solution from 0.8 to 1.0
decreases the relative intensity of ‘x’ peak and increases the intensity of the
(112) peak of CulnS, (Fig. 1.7).
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Fig. 1.7. XRD patterns of as-deposited CulnS; films prepared at 370 °C using the [Cu]/
[In]<I in spray solution [35].

This extra reflection at 26=26.5° on the XRD pattern (‘x’ peak) has been
assigned belonging to an indium sulfide phase [84], organic residues [65], or
CulnsSs phase [34]. Raman spectroscopic study of the films from In-rich
solutions shows Raman bands characteristic of CulnS, and a band at 348 cm’,
which could belong to CulnsSg [34]. The films deposited from solutions with
[Cu)/[In]=0.8-1.0 have a crystallite size less than 10 nm [35], but these films
show a smooth surface (Fig. 1.8a). According to hot probe measurements, films
from In-rich solutions show the n-type of conductivity [73].

Fig. 1.8. SEM micrographs of KCN etched sprayed CulnS- films deposited at 380 °C
from stock solution with different [Cu]/[In] molar ratios: a) [Cu]/[In] = 1.0 [44]; b)
[Cu]/[In] = 1.25 [44].

21



Using the solution with [Cu]/[In]=1.0, the film surface is still smooth and
homogeneous (Fig. 1.8a), but the films show p-type conductivity [73] in spite of
the fact that the film may contain the crystalline ‘x’ phase using growth
temperatures up to 370°C (Fig. 1.7).

Contrarily, the deposition of Cu-rich solutions ([Cu]/[In]>1) results in single
phase CulnS, films with significantly increased crystallite size according to
XRD [35, 43, 85]. For example, the films grown from the solution with the [Cu]/
[In] ratio of 1.1 showed the mean crystallite size of ca 44 nm (see Fig.1.10 in
section 1.3.3), and the films deposited from the solution with [Cu]/[In]=2.0 had
the crystallite size of about 120 nm [35, 73, 85]. Further increase of the [Cu]/[In]
molar ratio in the spray solution has an insignificant effect on the mean
crystallite size [35, 44, 73, 85]. According to SEM studies, the deposition of Cu-
rich solutions leads to the films with un-homogeneous, rough surfaces (Fig.
1.8b). The films show two different surface areas - flat area and area with large
grains (Fig. 1.8b). Area of large grain domains increases with increasing the
[Cu)/[In] molar ratio in spray solution [73, 85]. The mechanism of the formation
of large grain domains in a sprayed CulnS, film was thoroughly studied by M.
Krunks et al. by use of EDS analysis and electrical resistivity measurements
before and after the KCN treatment of the films [83, 85]. It has been shown that
the Cu,S phase formed in addition to the CulnS, when Cu-rich solutions are
sprayed is responsible for increased mean crystallite size and formation of large
grain domains. Films from Cu-rich solutions show lower optical transmittance
due to light scattering from rough surfaces [35]. Although the spray of highly
Cu-rich solutions results in the films showing closely single-phase composition
and p-type conductivity after KCN etching [73, 85], the large grain areas show
In-rich elemental composition and are not dense after KCN etching [85]. The
latter makes the films out-of-use for solar cells [35]. Thus, non-uniform
morphology and elemental composition of the films deposited from Cu-rich
solutions ([Cu]/[In]>1.1) is the reason why most of the studies on the deposition
of CulnS; films by the CSP method are made using slightly Cu-rich solutions
(up to [Cu)/[In]=1.1 in the spray solution).

Raman spectroscopy studies showed that the share of chalcopyrite (CH) and
Cu-Au (CA) ordered CulnS; phases in as-deposited films are almost independent
of the [Cu]/[In] ratio in the spray solution [34, 35].

The optical bandgap values in the range of 1.40-1.45 eV are characteristic of
sprayed CulnS, films [8, 34, 42-44, 85]. There is no direct evidence on the effect
of the [Cu]/[In] molar ratio in solution on the bandgap although some authors
report that bandgap decreases increasing the [Cu]/[In] ratio in spray solution [22,
86].

In brief, the precursor molar ratio in spray solution is an important
technological parameter controlling the phase composition, crystallite size,
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morphology, optical properties, conductivity type and electrical resistivity of the
sprayed CulnS, film.

1.3.3. Post-deposition treatment of sprayed CulnsS films

Chemical treatment

Post-deposition treatments have been applied with the aim to improve the
film properties.

Cu,S phase present on the surface of as-deposited films from Cu-rich
solutions with [Cu]/[In]>1 is usually removed by etching in the KCN solution,
which is a strong selective etchant for copper sulfides and does not affect the
underlying CulnS; [85]. It has been observed that the resistivity of initially Cu-
rich films is increasing by two orders of magnitude after the chemical treatment
in the KCN solution [83]. Due to toxicity of KCN, some authors try to replace
the KCN etching procedure by electro-chemical treatment to remove of the Cu,S
phases [77].

Thermal treatments

Post-deposition treatment of sprayed CulnS, films deposited from solutions
with the precursors molar ratio of [Cu]:[In]:[S]=1:1:3 and 1:1:6 in vacuum or in
an inert atmosphere at temperatures above 400 °C leads to significant
improvement in the film crystallinity [10, 82], and also reduces the chlorine
content in the films according to EDS [10, 82]. The treatment of CulnS, films
grown from In-rich solutions at 500 °C in vacuum does not result in any
structural improvement [44, 83]. Nevertheless the extra reflection at 26=26.5 °
disappears, a new XRD peak appears at 20 = 30.6 deg in the XRD pattern
corresponding to In,O; [44] and as a result, the film conductivity type changes
from p-type to n-type [35, 73]. Observed phenomenon is explained by the
decomposition of an oxygen containing indium compound into In,Os [73]. It is
also possible that the crystallization of an amorphous In,Os, initially present in
as-deposited film prepared by spray of In-rich solutions at temperatures close to
380 °C, takes place during the thermal treatment.

The thermal treatment of sprayed CulnS, films deposited from the solution
with [Cu]/[In]=1 in H, atmosphere at temperatures above 400 °C removes extra
reflection at 26=26.5 ° in the XRD pattern [101] and increases the crystallite size
from 7.8 nm (as-deposited film) to 32.6 nm (H, treated film). The sprayed
CulnS; films deposited at 380 °C using a solution with precursors molar ratio
[Cu]/[In]=1.25 demonstrate the crystallite size of 20.1 and 41.6 nm before and
after the H, treatment, respectively [83]. But thermal treatments of sprayed
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CulnS; films from In-rich solutions ([Cu]/[In]<1) do not show any structural
improvement by annealing in H, at temperatures up to 500 °C [82, 83].

Thermal treatment of sprayed films in sulfur containing atmosphere was
found to be effective to reach the composition close to the stoichiometric CulnS,
[11]. Deficiency of sulfur in as-deposited CulnS; films is a characteristic feature
for sprayed films [10, 11, 35]. Annealing in sulfur vapour significantly improves
the film stoichiometry as [S]/ ([Cu]+[In]) in the films increases from 0.85 (as-
sprayed) to 1.0 (after annealing) [11]. In addition, chlorine and metal-bonded
oxygen (Ols with BE=530 eV) were removed from the film surface (Fig. 1.9)

[11].
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Fig. 1.9. XPS spectra of Ols core level of a) as-sprayed CulnS films and b) after the
thermal treatment in S vapour atmosphere [11].

It has been reported that H,S treatment temperature of 450 °C is not sufficient
to improve the structural properties of CulnS; films deposited from the solutions
with [Cu]/[In]£1.0 [34, 35] (Fig. 1.10a). The treatment temperature above 500
°C should be applied to obtain well-crystallized films [34] (Fig. 1.10a). For
example, annealing of the film deposited from In-rich solution in H,S
atmosphere at 525 °C for 120 minutes leads to a well-crystallized film with
crystallite size of about 98 nm (Fig. 1.10b) [34].

Post-deposition thermal treatments in different atmospheres have been found

to be effective to increase the film purity, removing chlorine residues from the
film [10, 11, 82].
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Fig. 1.10. XRD patterns of a) as-sprayed CulnS, films using the precursor molar ratio
[Cu]/[In]=0.8 in solution and annealed in H> at 500 °C and in H>S at 525 °C [34] b) as-
sprayed CulnS: films using the precursor molar ratio [Cu]/[In]=1.0 and 1.1 in solution
and treated in H,S at 450 °C and 525 °C [34].

According to Raman spectroscopic studies, the treatment in the H,S
atmosphere at 525 °C for 120 minutes has been found to increase also the
CulnS; chalcopyrite ordering. The film quality factor (QF), expressed as
QF=I(CH)/{(I(CH) +I(CA)}, where I(CH) is the peak intensity of A; mode of
the CH structure and I(CA) is the peak intensity of A;* mode of the Cu-Au
ordered structure [34, 35] increased from 40 % to 62 % for the film deposited
from the solution with precursors molar ratio [Cu]/[In]=1.0 [34]. In the case of
the films deposited from In-rich or Cu-rich solutions the structure improvement
was found less pronounced [34].

1.4. Solar cells based on sprayed CulnS, thin films

Interest in thin film solar cells based on sprayed CulnS, absorber was aroused
more than 20 years ago due to the fact that the spray method allows preparation
of all layers for solar cell at extremely low cost. Tiwari et al. [9] was the first
who prepared all-layers-sprayed solar cell based on CulnS; as an absorber with
an efficiency of about 2 % in 1987. In this stage of development, the properties
of a sprayed absorber were poorly studied, and due to low light-to-electricity
conversion efficiencies interests in the spray technology for an absorber material
disappeared. The CSP deposition method emerged again at the end of 1990s
when the production cost of a solar cell became an important issue. In parallel
with studies on material properties, CSP-deposited CulnS, was also tested in
solar cells. Table 1.1 summarizes the results for solar cells based on a sprayed
CulnS; thin film.

Thin film solar cells with efficiencies close to 3% were prepared in our
laboratory [87]. This solar cell is built up in a superstrate configuration (row 4 in
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Table 1.1). It has been shown that indium sulfide is an appropriate buffer layer
for solar cells with CSP deposited CulnS, absorber [88].

To date the conversion efficiency of about 1 % is the maximum obtained with
a sprayed CulnS, absorber based solar cell in the substrate configuration (row 5
in Table 1.1). Interestingly, the solar cells based on the CulnS, absorber layer
prepared from a single molecular precursor solution in an inert atmosphere show
lower conversion efficiencies (up to 1 %) [89] than those prepared by CSP in air
[87, 88].

The research group at Cochin University has reported a conversion efficiency
of 5.87 %, which is the highest efficiency for thin film solar cells based on
sprayed CulnS; absorber [90]. It is noteworthy that the presented current density
jse = 44.03 mA/cm? (Table 1.1) overcomes the theoretical limit (43 mA/cm?) for
the CulnS; thin film solar cell [92].

Table 1.1. Output parameters of solar cells based on sprayed CulnS, absorber.

Structure Cell output parameters Year Ref.
1 ITO/ZnO/CulnS,(Cu- Voe =280 mV, j = 13.3 mA/cm?, 1987 [9]
rich)/Al FF=38%,1=2%

Vee =304 mV, ji = 5.25 mA/cm?,

2 Mo/CulnSy/CdS/ZnO/Al i~ 30!y T s 5 2003 [81]
3 TiO»/In(OH),S,/CulnS,* ;’;:g&fx;j;j 13/00'7 mAJCI’, 004 [88]
4 solarcells TiOYIn-0-8/Culns,* M Af’nX’:j;; g mAl M 2004 [87]
5 Mo/CulnSy/CdS/ZnO:F/Al Voo~ 309 mV, ju =46 mAem’, 00 )

FF =36.8 %,n=1.03 %
6 ITO/CdS/CulnS, n=10.65% 2005  [86]

Vo =450 mV, ji. = 44.03
mA/cm?, FF =29.5 %, 1 =5.87 %

Voe =710 mV, j = 23 mA/cm?,
FF = 43 %, n=7 %

* Solar cell made at TUT, ** 3D solar cell.

7 ITO/CulnS,/In,Sy/Ag 2006 [90]

8 Structured TiOsporous/In,S;/CulnS,**

solar cells 2008 [91]

The results of the solar cells based on the as-sprayed CulnS, absorber (Table
1.1) clearly show that materials with lower quality cannot be effectively used in
classical thin film devices. Fortunately, the development of materials in the
nanometer scale has generated new photovoltaic (PV) materials and devices that
could potentially lead to the realization of high-efficient low-cost solar cells
(SC) in the future [93].

In this area a revolutionary development has been introduced by Gratzel and
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co-workers in the form of an electrochemical dye-sensitized solar cell (DSSC)
[6]. In this type of SC, nanostructured TiO, is sensitized by a monolayer of an
organic dye. DSSC has reached an efficiency of 11% [7] and commercial
production of such devices commenced in 2007.

A concept of an extremely thin absorber (ETA) layer SC has been developed
on the basis of DSSC (Fig. 1.11a) [94, 95]. In an ETA cell a very thin
semiconductor layer with a thickness up to some tens of nm will be used to
replace a dye which often is non-stable. The electrons photogenerated in a
semiconductor have to travel a very short distance before being abstracted by the
TiO,. Therefore an absorber with much lower quality than required for a thin
film cell may still result in good conversion efficiencies. Thus, absorbers for
ETA cells could be manufactured using low-cost chemical methods, such as
chemical bath deposition (CBD), chemical spray pyrolysis (CSP), successive-
ion-layer-adsorption—and-reaction (SILAR), etc. According to the theoretical
model, efficiencies of 10-15 % are predicted for ETA cells [96].

Absorber materials, such as PbS, CdSe, CdS, In,S; made by CBD or SILAR
are commonly used in ETA cells on TiO, nanoparticle layer [99, 100, 101, 125],
the highest efficiency of 3.4 % was obtained with CBD-Sb,S; [97]. In the 3D
solar cell, the highest efficiency of 7 % was obtained with CSP-CulnS; (Fig.
1.11b) [91]. High recombination losses during electrons path through a large
number of TiO, nanoparticles to the electrode strictly limit this type of the SC.
Replacing TiO, particles by vertically aligned nanorod arrays will exclude this
disadvantage [126].
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Fig. 1.11. Sketches of a) “extremely thin absorber” (ETA) solar cell based on CulnS.
absorber [95], and b) 3D solar cell based on meso-porous TiO: and sprayed CulnS,
absorber layer [91].

In the first ZnO nanorod ETA cells absorber materials like CBD-CdTe [98]
and CBD-CdSe [99] have been used, and a conversion efficiency of 2.3% has
been achieved with CdSe [99]. Applying a In,S; layer by the ion-layer-gas-
reaction (ILGAR) technique onto ZnO nanorods (ZnO;.) and using CuSCN as a
p-conductor, ETA cells with efficiencies of 2.5-3.4 % have been prepared
recently [100, 101].

27



1.5. Analytical methods for the determination of the film elemental
composition

1.5.1. Energy dispersive x-ray spectroscopy

Energy Dispersive X-ray Spectroscopy (EDS) is an analytical technique
which utilizes X-rays that are emitted from the sample when it is excited by an
electron beam to identify the elemental composition of the sample [102-104].
When the sample is bombarded by an electron beam, electrons are ejected from
the atoms on the sample surface (photoelectric effect). A resulting electron
vacancy is filled by an electron from an outer shell, resulting in the emission of
an Auger electron or X-radiation to balance the energy difference between the
two electrons and to fulfil the momentum conservation law (see Fig. 1.12a)
[105]. The EDS X-ray detector registers the energy and the intensity of the
emitted X-rays. The energy of the X-ray quantum is characteristic of the
chemical element from which the X-rays were emitted. The intensity of the X-
rays, characteristic of a chemical element, is proportional to the abundance of
the element atoms in the excited volume.

Spatial resolution on a lateral and depth scale of approximately 1 pm to 3 um
can be achieved, depending on the energy of the exciting beam and sample
composition (see Fig. 1.12b) [102-104].

If there is an inhomogeneous distribution of elements in the specimen depth,
the composition measured by EDS represents an average composition.
Uncertainties in the quantitative determination of elements could arise if for
some of the elements the L-lines and for others K-lines are used. Modern SEM is
equipped with an EDS analyzer, a combined tool widely used to characterize PV
materials and thin films [103-104].
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Fig. 1.12 a) Energy diagram of EDS signal formation [102], b) Schematic
representation of the interaction of an electron beam with a sample [102].
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1.5.2. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS), also known as electron
spectroscopy for chemical analysis (ESCA), is a surface-sensitive method for the
characterization of the chemical composition of materials with a depth resolution
of approximately 2 nm to 7 nm [105]. Surface analysis by XPS is carried out by
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Fig. 1.13. Energy diagram illustrating the generation of a photo-electron and an Auger
electron [106].

irradiating a sample in ultra-high vacuum (UHV) with soft X-ray radiation
(usually from achromatic Mg Ka, hv=1253.6 eV or from monochromatic Al Ka,
hv=1486.6 ¢V) [105, 106].

The energy diagram of the allowed electron states in an atom is presented in
Fig. 1.13. The photoelectron excited by an incident X-ray beam with an energy
of hv, is ejected from the material surface with a kinetic energy of KE from an
occupied state (1s) with a potential energy of BE (Binding Energy). The kinetic
energy (KE) of the emitted photoelectrons is given by the formula [105]:

KE =hv - BE — ¢, (1.1)

where hv is the energy of the X-ray photon, BE is the binding energy of the
electron, s is the work function of the detector.

The chemical shifts, i.e. the variations in the elemental binding energies,
caused by differences in the chemical potential and polarizability of the elements
in compounds, can be used to identify the chemical state of the elements [105].

The Auger process, characteristic of both XPS and EDS, can be understood
by considering the ionization process of an isolated atom. The vacancy of the
inner shell can be generated by irradiation with electrons or X-rays.

During XPS measurements X-rays cause the ejection of photoelectrons,
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ionizing the core level (e.g. the K level). The vacancy thus produced is
immediately filled by another electron from L, level (Fig. 1.13 process (1)). The
energy (Ex — Ei») released from this transition will be transferred to another
electron in the L; level and as a result, this electron could eject as an Auger
electron (Fig. 1.13 process (2)). The kinetic energy (KE) of the Auger electron is
given by the formula [105]:

KE=Ex—E .- E 13, (1.2)

where Ex is the energy of K level, Ey, is the energy of L, level and E; is the
energy of Ls level, respectively. This excitation process is denoted as a KL,L;
Auger transition. It is obvious that at least two energy states must exist and two
electrons must take part in an Auger process. Therefore, H and He atoms cannot
eject Auger electrons. Several transitions (KL,L;, KL;L,, LMM,, etc.) exist,
with different probabilities for the transition to occur. The kinetic energy of the
Auger electrons is characteristic of the element and is independent of the
incident beam energy [106].

The XPS technique provides qualitative information about the elements and
their chemical valence states by obtaining the binding energies of core levels and
changes in the signal peak shape. Therefore we have a possibility to distinguish
different elements with different oxidation states or elements with the same
valence state, but in a different environment.

The possibility to distinguish elements by their chemical valence state is the
main advantage of XPS compared to the EDS technique.

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

The studies reported in the literature of chemical spray CulnS; thin films and
solar cells based on the sprayed CulnS, absorber layer can be summarized as
follows:

1. CulnS; thin films by CSP are usually deposited using aqueous or alcoholic
solutions containing Cu and In chloride and thiourea (or its analogue N, N,
dimetylthiourea) in an appropriate molar ratio. CulnS; films could also be
prepared using a single molecular source [(P(i-But);),Culn(SEt).] dissolved
in toluene.

2. When Cu and In chlorides and thiourea are used as starting materials, a metal
chloride and thiourea form a complex compound in an aqueous solution,
CuCl; and thiourea form [Cu(tu)CI]-0.5H,O and/or Cu(tu);CI-H,O depend on
the precursors molar ratio. InCl; may also form a complex with thiourea, but
the composition of the complex it not yet determined. It is expected that
CulnS; forms from binary sulfides, binary sulfides aroused from the thermal
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decomposition of complexes formed in spray solution.

. CulnS; films by spray of aqueous solutions containing Cu and In chloride and
thiourea were deposited in the temperature range of 230-400 °C using
compressed air or nitrogen as carrier gas in air. The lowest growth
temperature is determined by the decomposition temperature of metal-
chloride-thiourea complexes. The highest growth temperature used is close to
400 °C as at higher temperatures the In,O; phase was present in sprayed
CulnS, films according to XRD. The content of residues originated from
precursors is decreased by increasing the film deposition temperature. It
could be expected that oxygen content increases with an increase in the
deposition temperature, but has not been systematically studied.

. The phase composition, crystallinity and morphology of sprayed CulnS,
films are controlled by the [Cu]/[In] in spray solution. Deposition of In-rich
solutions results in the films with smooth surface and small crystallite size
(<10 nm), films contain a secondary phase (In-S or the second ternary). Films
grown by spray of Cu-rich solutions ([Cul]/[In]>1) compromise well-
crystallized CulnS, due to the presence of CusS phase acting as a
crystallization agent. Cu,S segregates on the film surface and could be easily
removed by the KCN etching. Films from Cu-rich solutions show a rough
surface with large crystals irregularly placed on the film flat area. After KCN
etching areas with large crystals with a size of some tens microns leave
behind a sparse structure.

. The post-deposition thermal treatment of as-sprayed films in an inert or
reducing atmosphere at temperatures up to 500 °C leads to the purification as
well as to the improvement of the film structural properties. Thermal
treatment in sulfur containing atmospheres decreases the sulfur deficiency,
the treatment in H»S was found to increase the chalcopyrite ordering.

. Elemental composition of sprayed CulnS, films had been mainly
characterized by the EDS method, which is limited in terms of detection of
light elements. The surface-analysis technique of XPS, giving information on
both the elements and their chemical valence state, has been rarely applied.

. Thin solar cells based on sprayed CulnS, absorber layer show conversion
efficiencies close to 3 %. 3D solar cells on nanoporous TiO, using CSP-
deposited CulnS, absorber show a conversion efficiency of 7 %, indicating
the sprayed absorber potential for nanostructured cells.

Aim of the study

On the basis of the studies made on sprayed CulnS, films and from an
application point of view to develop solar cell materials and solar cells by low-
cost deposition techniques, the aims of the doctoral thesis were:
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to study the chemical composition of CulnS, films deposited by CSP at
different growth temperatures using aqueous spray solutions containing
CuCl,, InCl; and SC(NH,), with the [CuCl;]/[InCl;] molar ratio of 1.0 and
1.1;

to study the effect of post-deposition thermal treatment in hydrogen
disulfide atmosphere on the structure, optical properties and chemical
composition of sprayed CulnS, films;

to study the elemental composition of sprayed CulnS; films;

to study the distribution of the elements in depth of sprayed CulnS; films;

to prepare and characterize flat and nanostructured solar cells where CulnS,
prepared by CSP is used as an absorber layer.
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2. EXPERIMENTAL

2.1. Spray pyrolysis deposition and post-deposition treatment of
CulnS§; films

2.1.1. Deposition

CulnS, films were deposited by chemical spray pyrolysis method using a
pneumatic spray mode and N, or compressed air as a carrier gas. Aqueous
solutions containing CuCl,, InCl; and SC(NH,); in the molar ratio of 1:1:3 ([Cu]/
[In]=1.0) or 1.1:1:3.1 ([Cu]/[In]=1.1) were sprayed onto the preheated bare or
ITO covered glass sheets both with a thickness of ca 1 mm. The stock solution
of InCl; with the concentration of [In**]=0.1 mol/l was made, dissolving Indium
(Indium wire, 2.0 mm diameter, purity 99.99%, Alfa Aesar) in HCI (purity p.a.,
37%, Merck). CuCl,'2H,O (purity p.a., >99.0%, Merck) and CS(NH>), (purity
for synthesis, >98%, Merck) were used as copper and sulfur sources,
respectively. The films were grown in the temperature region of 250 - 370 °C,
the deposition temperature was kept with an accuracy of £5 °C with the help of
the feedback control system for the heater supply. The film deposition
temperature was measured from the glass surface under the spray of the
deionized water. Details of the deposition conditions for CulnS, films prepared
in this thesis are summarized in Table 2.1.

Table 2.1. Spray deposition conditions for CulnS, thin films in the papers included in
the thesis.

Film deposition conditions Annealing in H,S
[Cu*], [Cul/[In] Solution Dep. Carrier Spray | Temp., Time, Cooling Paper
mmol/ molar volume, Temp., gas rate, °C min
1 ratio ml °C ml/min
in sol.
60,
2 1.1 100 370 N, 2.5 530 120 R*, S** 1
60,
2 1.0 100 370 N, 2.5 530 120 R*, S** 1
2 1.1 100 350 N, 2.5 530 60 S** 11
2 1.0 50 350 air 1 - - - I
2 1.0 50 250 air 1 - - - I
2 1.0 35 270 air 1 - - - v,v

*-rapid cooling, **-slow cooling
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2.1.2. Post-deposition treatment

Chemical etching of sprayed films was performed in a 5 % KCN aqueous
solution for 5 min at room temperature to remove a copper sulfide from the film
surface. After etching the samples were cleaned by rinsing in deionized water
and dried [I, IIJ.

Post-deposition heat treatments were performed in a flowing H,S atmosphere
at 530 °C for 1 and 2 h, followed by rapid or slow cooling with the cooling rates
of about 25 °C/min and 2 °C/min, respectively [I, II]. Hydrogen sulfide (purity
99.999 %) was purchased from Linde Gas (Linde AG).

2.2 Characterization of CulnS, thin films
2.2.1. Crystal structure

The crystal structure of the films was characterized by the X-ray diffraction
(XRD) patterns recorded on a Bruker AXS D5005 [I] and Rigaku Ultima IV
[1II] diffractometers using monochromatic Cu Ka radiation (A=1.540560 A),
anode voltage 40 kV, anode current 40 mA. The average crystallite size was
calculated from the FWHM of the (112) diffraction peak of CulnS, (JCPDS card
00-027-0159) using Scherrer's formula [35].

Raman spectroscopy was used to determine the short-range ordering of
sprayed CulnS, films [III]. Raman spectra of the films were recorded in the
backscattering nonpolarized mode at room temperature using micro-Raman
spectrometer HORIBA Jobin Yvon Model HR 800. The excitation radiation
wavelength was 532.0 nm and the power density was ca 2.5 0.5 10* W/cm?.

2.2.2. Elemental composition

The elemental composition of the films was studied by the energy dispersive
x-ray spectroscopy (EDS) on a Link Analytical AN 10000 spectrometer using an
accelerating voltage of 7 kV and a beam current of 3 nA. EDS measurements
were made from the surface area of 2 x 2 um? at four different characteristic
points on each sample [I]. EDS study was performed by Dr. V. Mikli.

X-ray photoelectron spectroscopy (XPS) experiments in the present study
were carried out using a LAS-3000 ISA-Riber (University of Vilnius) and
SCIENTA SES 100 (University of Tartu) with the photon energy of Mg Ka
(hv=1253.6 eV) radiation [II], and on Kratos AXIS Ultra DLD with
monochromatic Al Ka radiation (hv=1486.0 ¢V) [I11] at a base pressure of about
2x10® Torr [II, III]. The Ar" ion sputtering was used for the depth profiling to
obtain information of the film bulk composition. Energy calibration was
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performed using the Cls line at 284.6 eV for LAS-3000 ISA-Riber and
SCIENTA SES 100 [II] and at 285.0 eV for Kratos AXIS Ultra DLD [III] as a
reference. The atomic concentrations of the elements (x;) were calculated from
the Cu2p, In3ds,, S2p, Ols and Nals core level peak areas using the following
formula:

[i

S.

1

[k
%5,

X,=

) 2.1
where

Ii — is the integrated area of a core level peak of a certain element (proportional
to the number of emitted photoelectrons for a certain element);

Si — is the sensitivity factor of the element. In the case of XPS study on LAS-
3000 ISA-Riber [II], S; is the Scofield's ionization cross-section [105] with no
corrections for both A (mean free path of photoelectrons) and analyzer
transmission function. In the case the XPS measurements were performed on
Kratos AXIS Ultra DLD [III], the sensitivity factors provided by the Vision
2.2.6 analysis software were used;

k — is the number of the elements in the film.

More detailed description of the XPS experiments is given in papers II and III.

2.2.3. Morphology

Scanning Electron Microscopy

Morphology and cross-sectional views of the films and solar cells were
studied by scanning electron microscopy (SEM) on Leo Supra 35 [I] and Zeiss
HR FESEM Ultra 55 [IV], respectively. The image of the p-n junction [IV] was
investigated with the help of an electron beam induced current (EBIC) detector.
The SEM and EBIC studies were made by Dr. O. Volobujeva.

Atomic Force Microscopy
Atomic force microscopy (AFM) images were obtained using NT-MDT
scanning head Smena, Scanning Probe Image Processor SPIP V3.2.4.0 and

MicroMasch cantilevers CSC 21 with silicon probe tip in a contact mode. The
AFM study in [II] was made by Mrs. R. Nisumaa.
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2.2.4. Optical properties

The optical bandgap (Eg) of sprayed CulnS; films was determined from the
absorbance spectra (measured on a Varian Techtron 635 model UV-VIS-NIR
spectrophotometer [I]), applying an analysis model presented by Davis and Mott
[107], using the formula:

n

A-(hv—EG
hv , (2.2)

o=

where
A — parameter depending on the transition probability;
o — absorption coefficient;
h — Plank's coefficient;
v — frequency of the radiation;
Eq — optical bandgap;
n — coefficient depending on the transition type, n=1/2 for direct allowed
transition.
The Eg is found from the plot (o-h-v)? versus the photon energy h-v by the
extrapolation of the linear portion of the plot up to a=0.

2.2.5. Electrical properties

The electrical resistivity of the films was calculated using the following
conventional equation:

R-A
B 2.3)

where

p — resistivity;

R — resistance of the film (resistance was calculated from the I-V curve
measured on the Keithley-616 electrometer [I] and the AUTOLAB PGSTAT 30
set-up [11]);

1 — length of the current path between the contacts;

A — area of the current channel.

To characterize non-homogeneity of the films, the electrical resistance of
sprayed CulnS, films was measured by two routes — across the film thickness
(“perpendicular” resistance) and along the surface (“longitudinal” resistance)
using the films sprayed in the same deposition process onto ITO/glass substrate
and glass substrate, respectively [II].
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To perform the electrical conductivity measurements, the Pt-Au contacts with
an area of 1.83 mm* were made by sputtering on the top of the films. The ITO
was used as a back contact.

2.3. Preparation and characterization of solar cells

CSP deposited CulnS; films were used as an absorber layer in the thin film [II,
IV] as well as in nanostructured solar cells based on the CSP deposited ZnO
nanorod array [IV, V].

The thin film solar cells had the following structures:

a) superstrate configuration: glass/ITO/ZnO/CdS /CulnS,/Contact [II].

b) substrate configuration: glass/ITO/CulnS,/CdS/ZnO/Contact [II].

¢) glass/ITO/ZnO/blocking layer/buffer layer/CulnS,/Contact [IV, V].

The nanostructured solar cells had the following structure [IV, V]:
glass/ITO/ZnOy./blocking  layer/buffer layer/CulnS,/Contact.  Preparation
conditions of the component layers of a nanostructured solar cell and a flat thin
film cell in brief are presented in Table 2.2. Preparation details are provided in
[IV] and [V].

Table 2.2. Deposition conditions of component layers for nanostructured solar cells
using CulnS; as an absorber layer. Glass/ITO sheets were used as a substrate.

Molar
. ratioof  Acidity  Spray .
Layer Layer Method Staljtmg starting of rate, DepOSItcl)OIl
function chemical(s) . . . temp., °C
chemicals solution ml/min
in solution
Window ZnO.q CSP ZnCl, - 2.5 550
IIIC13, Q1. N
Buffer In,S;  CSP SC(NHa), In:S=1:3 pH=3 2.5 300
IHC13, Q1. N
In,S; CSP SC(NH.), In:S=1:3 pH~=S5 1 270
Blocking
TiO, sol-'gel )
dip T1(0C3H7)4 - - -
coating
CuCl  cyutnis=
Absorber CulnS, CSP InCl;, 1'_1,'3 pH~3 1 270
SC(NH.), o

Output characteristics of solar cells based on the sprayed CulnS, thin film
absorber were characterized by I-V characteristics measured in the dark and

37



under halogen lamp illumination (intensity 100 mW/cm?)
recorded on AUTOLAB PGSTAT 30 set-up.
The solar cell efficiency was calculated by the formula:

jsc.voc.FF
n=———100%
Py

where

n — efficiency;

Jse— short circuit current density;
V.. — open circuit voltage;

FF — fill factor;

P, — power of the halogen lamp illumination (100 mW/cm?).

The fill factor of the solar cell was calculated by the formula:

Fr=Jd Ve
j sc’ Voc ,
where
Jefr — current density at maximum power output;

V. — voltage at maximum power output.
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3. RESULTS AND DISCUSSION

3.1. Properties of CulnS; films deposited by CSP using the precursor
molar ratio [Cu]/[In]=1.1 in solution

The properties of as-sprayed films were studied in order to investigate the
influence of the deposition temperature and the [Cu]/[In] molar ratio in the
solution on the phase and elemental composition of sprayed CulnS, films.

This part of the thesis summarizes the studies on the phase and chemical
composition of sprayed films prepared by spray of slightly Cu-rich solutions
with precursor molar ratio CuCl,:InCli= 1.1:1 ([Cu]/[In]=1.1) using a growth
temperature of 370 °C. The films are labelled CIS-1.1. Details of the deposition
are presented in section 2.1.1. Spray solution composition with [Cu]/[In]=1.1
was chosen according to the literature data and to the results previously obtained
in our research group [65, 82]. Using the [Cu]/[In]=1.1 in a spray solution, the
films are composed of a well-crystallized CulnS, phase and show relatively
smooth surface compared to the films deposited from the solutions with [Cu]/
[In]>1.1 [85].

Results are published in papers [I] and [1II].

3.1.1. Structure of as-sprayed films

XRD pattern of a CIS-1.1 film deposited at 370 °C is presented in Fig. 3.1,
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Fig. 3.1. XRD pattern of KCN etched Fig. 3.2. SEM image of KCN etched CIS-1.1

CIS-1.1 film on the glass substrate, film on the glass/ITO substrate, Ts=370 °C.
Ts=370 °C.

SEM image is exhibited in Fig. 3.2. According to XRD, the film is composed of
the tetragonal chalcopyrite CulnS, phase (JCPDS card 00-027-0159) showing
preferred orientation along the (112) plane, no additional crystalline phases were
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detected. The crystallite size was about 44 nm, as calculated from the FWHM of
the (112) diffraction peak. XRD pattern of the film and size of crystallites is
close to that reported in literature [10, 11]. The film has smooth surface with
some ‘spot-like’ areas (Fig. 3.2) which are characteristic of CIS-1.1 films
prepared by spray [10, 11, 43, 44, 81]. The as-sprayed CIS-1.1 film shows the
optical energy gap of 1.44 eV.

3.1.2. Surface analysis of as-sprayed films

XPS spectra

According to the XPS survey scan from the as-sprayed surface, signals from
Cu, In, S, O and C were detected (Fig. 3.3). The signal characteristic of chlorine
with binding energy (BE) around 198-200 eV that often is present in the XPS
spectra of sprayed CulnS, films [10] was not detected. The peak positions of
Cu2psp, In3dsn, S2p core levels were at BE 932.7 eV, 444.6 eV, 161.5 eV,
respectively (See Fig. 3.4). The BE values of copper, indium and sulfur core
levels were close to those reported for sprayed CulnS, films [10, 108].
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Fig. 3.3. XPS wide scan spectrum of the as-sprayed CIS-1.1 film. Spectra were recorded
on LAS-3000 ISA-Riber.
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Fig. 3.4. Culps;, In3ds,, Ols and S2p core levels spectra of as-sprayed (solid line) and
Smin-KCN-etched (dashed line) CIS-1.1 films. Spectra were recorded on SCIENTA SES
100.

The Cu2p;., core level peak at BE=932.7 eV has FWHM of 2.1 eV. The
binding energies characteristic of Cu” and Cu*" states are in the interval of 932.0
—932.8 eV and 932.7 — 934.1 eV, respectively [110]. Thus, the existence of Cu
in both oxidation states is possible [111]. Weak copper shake-up peaks at around
BE of 940 and 944 eV were observed in the wide-scan XPS spectrum (see inset
in Fig. 3.3), indicating the existence of phases containing copper in the Cu?* state
[111].

The Ols spectrum from the as-sprayed surface shows two peaks: at BE=532.0
eV and BE=530.0 eV corresponding to the oxygen in (OH)" groups adsorbed on
the surface and oxygen bonded to the metal (Me-O), respectively [109].

The detected S2p core level peak at BE=161.5 eV (Fig. 3.4) is characteristic
of sulfides [109]. In addition, the sulfur signal at 168.9 eV, characteristic of
sulfates [109], can be clearly seen on the S2p core level spectrum (Fig. 3.4).

After KCN etching, the Cu2ps;, peak is located at BE=932.0 eV, also
characteristic of Cu2p;, peak position in CulnS, prepared by 2-stage process
[112]. The FWHM of the peak is decreased from 2.1 eV to 1.65 eV (Fig. 3.4).
KCN etching decreases the intensity of the S2p peak characteristic of sulfate

41



(168.9 eV) and increases the intensity of sulfide peak (161.5 eV), whereas no
significant changes were observed in the binding energies and intensities of
In3ds;, and O1s peaks.

Changes in the film surface composition resulting from KCN etching could
be characterized using the Cu2p;,, In3ds,, S2p and Ols (BE=530.0 eV)
integrated area ratios. By KCN etching, the [Cu]/[In] ratio is decreased from 0.5
to 0.2, Cu/S from 3.8 to 0.9, whereas no significant changes were observed in
the In/O ratios. Observed changes in the composition support the EDS results on
removal of Cu-S phases by KCN etching [73] according to the chemical
reaction:
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Fig. 3.5. Culpsp, In3dss, Ols and S2p core level spectra of the KCN-etched (solid line)
CIS-1.1 film and of this film after Ar® sputtering for 95 minutes (dashed line). Spectra
were recorded on LAS-3000 ISA-Riber.

XPS spectra of the Cu2psp, In3ds», Ols and S2p core levels of KCN-etched
CIS-1.1 films and KCN-etched films after Ar™ sputtering for 95 minutes are
presented in Fig. 3.5. It can be seen that the spectra are different. After Ar”
sputtering the intensity of the copper signal is increased, however, the position of
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the Cu2ps, core level peak (BE=932.7 eV) is similar to that of the Cu2ps,, core level
peak for as-sprayed CIS-1.1 with no KCN treatment (Fig. 3.4). It indicates that
phases similar to those on the surface of the as-sprayed CIS-1.1 film could also be
present in the film bulk. As shake-ups around BE=940 eV and 944 eV, characteristic
of Cu** containing pieces [111], were not detected in the spectra after Ar” treatment,
the presence of Cu** containing phases is not proved. It is possible that two different
Cu-containing phases are present in the film bulk. Auger spectra are discussed below
to clarify this speculation.

After Ar® sputtering for 95 minutes, the signal from oxygen in metal oxide
(BE=530 eV) is still present but the peak intensity is significantly decreased
compared to that on the film surface. It allows a conclusion to be made that metal
oxide phase is present in the bulk of the film.

Auger spectra

In every XPS measurement not only photoelectrons but also Auger electrons are
detected. In MusNusNss and Cu LsVV spectra of as-deposited and KCN-etched CIS-
1.1 films are presented in Figs 3.6 and 3.7, respectively. Spectra were recorded for
both samples from the surface and from the bulk, in depth that responds to the Ar"
sputtering for 15 minutes.

In MusNasNus Auger maxima on the surfaces of as-deposited and KCN-etched
films have similar energies (KE=406.6 e¢V) (curve 1 in Fig. 3.6a and 3.7a). Ar’
bombardment of both as-deposited and KCN-etched films causes indium Auger
maxima shift of ~0.7 eV to lower binding energies (curve 2 in Fig. 3.6a and 3.7a),

indicating lower impact of In-oxides in the film bulk compared to that on top [113].
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Fig. 3.6. a) In M;NysNys and b) Cu LisVV Auger spectra of the as-deposited CIS-1.1 film
recorded from the surface (curve I in graphs a and b) and from the depth after Ar*-sputtering for
15 minutes (curve 2 in graphs a and b). Spectra recorded on SCIENTA SES 100.
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Fig. 3.7. a) In MysNysNys and b) Cu LosVV Auger spectra of the KCN-etched CIS-1.1 film
recorded from the surface (curve 1 in graphs a and b) and from the depth after Ar*-
sputtering for 15 minutes (curve 2 in graphs a and b). Spectra recorded on SCIENTA
SES 100.

KCN etching causes a shift of the Cu L3VV Auger peak from KE=917.8 eV
(as-sprayed) to 917.2 eV (See curve 1 in Figs 3.6b and 3.7b). Ar” sputtering of
KCN-etched results in the shift of the Cu Auger peak towards lower KE values
(see curve 2 in Figs 3.6b and 3.7b), indicating the presence of the Cu” containing
phases [114]. Cu L;VV Auger peak at KE=916.6 eV is very close to that
reported for RTP-CulnS; [52]. Interestingly, there appears an additional peak at
KE around 918 eV (Fig. 3.7b, curve 2), which could be originated from the Cu*
based pieces [111] or due to Cu” in octahedral coordination [111]. As shake-ups
were not detected in the XPS spectrum, there is no confirmation of the presence
of Cu* containing pieces. Cu Auger peak at KE close to 918 eV coincides with
the peak position observed for the Spray ILGAR deposited Cu,S film [52].

3.1.3. Elemental composition of as-sprayed films

XPS analysis

The atomic concentrations of the detected elements on the film surface and at
the depth after Ar" etching for 95 minutes were calculated from integrated areas
of Cu2psp, In3ds,, Ols and S2p core levels peak using Scofield's cross-sections.
Content of oxygen was calculated from the Ols core level peak at BE=530.0 eV.
The calculated atomic concentrations of elements are presented in Table 3.1.

According to the results of XPS, the surface of the KCN-etched CulnS, film
is highly indium and oxygen rich, probably with a high amount of In-oxide on
the surface. Contents of In and O are decreasing while copper concentration is
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increasing from the surface to the film bulk. Content of oxygen as high as 17 at.
% in the film bulk (Table 3.1) is close to the oxygen concentration (16.7 at.%)
determined by RBS in CulnS, films deposited at 380 °C [82]. Our XPS results
indicate that the surface of KCN-etched CIS-1.1 film is Cu-deficient (Cu - 3 at.
%, In - 32 at.%, S - 32 at.%, O - 31 at.%, Na - 2 at.%) which is in agreement
with XPS results reported by Zouaghi et al. for sprayed CulnS, films deposited
from a Cu-rich solution (Cu - 7 at.%, In - 48 at.%, S - 45 at.%) [10]. In spite of
the fact that Zouaghi et al. in their study [10] detected oxygen on the surface,
they did not take it into account in quantitative calculations.

According to quantitative analysis, composition of the KCN-etched surface is
quite different from that after Ar" ion etching. Thus, it is likely that the elemental
composition throughout CulnS, film is graded.

Table 3.1. Elemental composition of as-deposited CIS-1.1 films calculated from the data
of the XPS analysis*.

In Cu, S o Na,
Treatment at.‘;A) at.‘% at.‘;A) (Me:)O), at."/:) In/Cu  S/(CutIn)
at.%
KCN etching 32 30 32 31 2 10.7 0.9
Ar” etching for 95 min. 28 11 44 17 0 2.5 1.1
E}tfnl?mg in (NH:8:0s for 6 oo 53 49 ¢ 0 12 1.0

* Atomic concentrations of the elements presented in Table 3.1 are not absolute values
due to absence of the reference sample.

According to XPS, the spray-deposited CIS-1.1 film grown at 370 °C in our
experiment has differences in its chemical, and consequently, phase composition
on the film surface and in the bulk.

The film graded composition is also reflected in the electrical resistivity (p)
of the step-by-step chemically etched CIS-1.1 film measured in “longitudinal”
and “perpendicula” modes. Chemical etching was made in peroxydisulfuric acid
diammonium salt ((NH4),S,0s, ammonium persulfate) aqueous solution. For
acceleration of the chemical etching reaction, some drops of H,SO, was added
into the solution [115]. Etching depth was controlled via etching time. Chemical
dissolution of In,O; and CulnS, in the ammonium persulfate solution could be
described as follows:

6H*
In,05 + 3(NH.),S:05 — Iny(SO4)s + 3(NH,),80.+ 3H,0 (3.2)
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H+
2CuIH82 + 3(NH4)2SzOg —> 2CuSO4 + 11’12(804)3 + (NH4)2SO4 + 4(NH4)HS
(3.3)

(NH,)HS — NH;1(g) + HaS1(g) (3.4)

AFM image of the CIS-1.1 film after etching for 6 minutes is presented in
Fig. 3.8. Elemental composition according to XPS at the similar depth obtained
by etching for 6 minutes (ca. 150 nm as evaluated from the AFM image) is given
in Table 3.1.

Electrical resistivity (p) of the chemically etched CIS-1.1 film depends on the
etching depth controlled by the etching time, as presented in Fig. 3.9.

Y ® e s
.
1x10°
£
£
= 1x10°4
® '"Perpendicular”
A Longitudinal"
1x10° T T T
0 5 10 15

Etching Time, min

Fig. 3.8. AFM image of the CIS-1.1 film Fig. 3.9. Electrical resistivity (p) of CIS-1.1

etched in 0.01 M (NH,),S:0s solution. films vs. etching time in (NH4),S:Os solution.

Etching time was 6 minutes. Electrical resistance was measured across
the film (“perpendicular”) and along the
film surface (“longitudinal”).

It can be seen that the electrical resistivity of the un-etched sample measured
by two modes, in “longitudinal” or “perpendicular” modes, respectively, differs
more than three orders of magnitude (p=1x10' Q.cm vs. p>1x10* Q.cm). The
value of the “perpendicular” resistivity of 2.5 x10* Q.cm was measured for CIS-
1.1 films in [I]. Phenomenon that the resistivity of sprayed CulnS; films depends
on the measurement mode was reported earlier [35]. “Perpendicular” resistivity
is much higher than “longitudinal” one independent of the etching time. By
increasing the etching time, “longitudinal” resistivity increases, obviously due to
removal of the more conductive (In and O-rich) upper layer.

I-V curves of solar cells in a substrate (ITO/CulnS,/CdS/Zn0O) and superstrate
(ITO/ZnO/buffer/CulnS,) configurations, using sprayed CIS-1.1 as an absorber
layer, are presented in Fig. 3.10. It can be seen that the preparation of the solar
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cell in the substrate configuration (buffer and window layers are deposited onto
the absorber layer) was not successful. It could be speculated that the more
conductive upper layer of CIS-1.1 is also responsible for the unsuccessful
heterojunction preparation in substrate configuration.

06
Voltage, V

T . . - T
03 0{0 0.3

-+ - Substrate
—— Superstrate

Fig. 3.10. Current-voltage characteristics of a superstrate (ITO/ZnO/CdS/CulnS.,, solid
line) and a substrate (ITO/CulnS,/CdS/ZnO, dashed line) configuration solar cell based
on the sprayed CIS-1.1 absorber layer under the halogen lamp illumination of 100
mW/cnv’.

In conclusion, both resistivity measurements of step-by-step etched CIS-1.1
films and I-V characteristics of substrate and superstrate configuration solar cells
support the results of the XPS study on the film’s graded composition in
thickness.

Polarographic and EDS analyses

According to polarographic analysis, the [Cu]/[In]=1.06 in the as-deposited
CIS-1.1 film (no KCN etching) is close to the precursor molar ratio in a spray
solution ([Cu]/[In]=1.1). KCN etching turns the film slightly In-rich ([Cu)/
[In]=0.9) [II].

Elemental composition of the as-deposited KCN-etched CIS-1.1 film
according to EDS is as follows: Cu- 26.4 at.%, In- 26.6 at.%, and S- 44.4 at.%,
with [Cu]/[In]=0.99 and S/(Cu+In)=0.83 [I]. Composition of sprayed CIS-1.1
films as determined by EDS in this study is different to that reported by M.C.
Zouaghi et al. [10], S. Marsillac et al. [11] and O. Kijatkina [73] for sprayed
CulnS; films deposited from slightly Cu-rich solutions. Differences in the results
of our EDS investigations and the literature are explained by the KCN treatment
applied before the measurement.

Differences in the elemental composition of the sprayed CulnS, films studied
by EDS and XPS can be explained by the differences of those techniques (see
chapter 1.5). In addition, the concentrations calculated from the XPS data are not

47



absolute values due to missing of a calibrated reference sample.
Summary

The as-sprayed CIS-1.1 films prepared at 370 °C from the solution with the
precursor molar ratio [Cu]/[In]=1.1 are composed of relatively well-crystallized
CulnS, with crystallite size of about 44 nm, and no other crystalline phases in the
film according to XRD. These findings correspond to the results reported by
different authors [10, 35, 73, 85].

Results of the XPS study could be summarized as follows:

e Cu and S containing secondary phases such as Cu sulfide and sulfate are
present on the surface of the as-deposited film. Thus, the XPS study
confirms the results of previous studies where the presence of the Cu-
sulfide phase on the surface has been proved by other direct or indirect
methods. Chemical etching in the KCN solution is necessary to remove
copper-sulfide phase(s) from the film surface.

e An additional copper containing phase could be present in the bulk of
the film according to the XPS and Auger spectra.

e Oxygen bonded to metal, probably in the form of In,Os_is present on the
film surface and in the film bulk. The content of oxide on the surface is
much higher than in the film bulk. Presence of In,O; phase on the
surface of the as-sprayed CIS-1.1 film has been reported earlier [10, 11],
in this study we showed that oxide phase could be present in a high
amount in the bulk of the film deposited at 370 °C.

e The elemental composition of the film is given also quantitatively. We
showed that the film has un-uniform composition through the film (from
the film surface to the bottom), as it is also reflected in the differences of
the film’s electrical resistivity measured from the film surface or across
the film (“longitudinal” and “perpendicular” resistivity, respectively).

3.2. Properties of CulnS; films deposited by CSP using the precursor
molar ratio [Cu]/[In]=1.0 in solution

CulnS, films obtained by spray using [Cu]/[In]=1.0 solution have been
investigated less than those obtained from Cu-rich solutions as the films were
low-crystalline and may contain secondary phases [35, 65, 73, 101]. In this study
CulnS, films using [Cu]/[In]=1.0 solution were deposited at two different
temperatures 250 and 350 °C. Films were characterized to their phase
composition and structure by the XRD and Raman spectroscopy. XPS was
applied to study the elemental composition. The films sprayed from the solution
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with [Cu]/[In]=1.0 are labelled CIS-1.0.
The studies of as-deposited CIS-1.0 films are published in paper [III].

3.2.1. Structure of as-sprayed films

Fig. 3.11 presents the XRD and Raman spectra of the films deposited at 250
and 350 °C. According to XRD (Fig. 3.11a), the film grown at 250 °C has poor
crystallinity, the main reflections belong to the CulnS, phase (JCPDS card-00-
027-0159). An additional reflection at 26=26.4° (marked by 'x' in Fig. 3.11a) is
recorded and it could belong to In,S, or CulnsSs phases [34]. The results for the
'x' phase are in good correspondence with the earlier results on spray-deposited
CulnS; films [34, 65]. Deposition at 350 °C leads to narrowing of the reflections
indicating an increase in the crystal size. The crystallite sizes of about 8 and
about 20 nm have been calculated from the XRD patterns of sprayed films
deposited at 250 and 350 °C, respectively. The XRD pattern of the film grown at
350 °C shows an additional diffraction peak at 26=30.5° belonging to the (222)
reflection of the In,O; phase (JCPDS card-00-006-0416). In,Os phase has not
been earlier detected by XRD in the sprayed CulnS, films deposited at
temperatures T<400 °C. Appearance of the peaks belonging to In,O; in the XRD
pattern could be explained by better resolution of an advanced XRD apparatus
and low deposition rate (Table 2.1).

. -In0, b) 294.cm’.4f 3050m’
X - \rway or Culn,S, a0 1%

(112)

Ts=350°C
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26(CuKa), deg. Raman Shift, cm™
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Fig. 3.11. a) XRD patterns and b) Raman spectra of as-sprayed at 250 °C and 350 °C
CIS-1.0 films.

Figure 3.11b shows the Raman spectra of as-deposited CulnS, films grown at
250 and 350 °C. The obtained results show that the most intensive Raman band
consists of two bands, A; band of chalcopyrite (CH) ordered compound at 294
cm ™' and A* band of Cu—~Au (CA) ordered phase at 305 cm™ [34]. Although the
phase composition and crystallinity of CIS-1.0 films was strongly affected by
the deposition temperature (Fig. 3.11a), the short-range ordering of sprayed
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CulnS; films is similar and is almost independent of the deposition temperature
in the temperature region of 250-350 °C (Fig. 3.11b).

3.2.2. Surface analysis of as-sprayed films

The XPS spectra of as-sprayed CIS-1.0 films deposited at 250 and 350 °C
were recorded. The binding energies (BE) of Cu2pss, In3ds,, S2p core levels
located at 932.5 eV, 445.0 eV, 162.0 eV, respectively, were detected for both
samples. These binding energies correspond to those of copper, indium and
sulfur in spray deposited CulnS, films [10, II].

For the CIS-1.0 film deposited at 350 °C, the second Cu2ps, core level peak
at 935.0 eV and shake-up satellites in the BE region of 940-944 eV both
characteristic of Cu®* state [111], were recorded from the as-sprayed film surface
(Fig. 3.12). Also, the second observed peak of S2p core level at BE=168.9 eV,
corresponding to sulfur in the form of sulfates, was detected on the surface (Fig.
3.12). The Ols core level peaks at 532.0 and 530.0 eV BE, characteristic of
oxygen in the form of adsorbed (OH)" groups and oxygen bonded to metal (Me-
0) [109], respectively, were present in the XPS spectra recorded from the film
surface (Fig. 3.12). The Cu2p peak at BE of 935 eV, S2p peak at 168.9 ¢V and
Ols peak at 532.0 eV were not detected in the XPS spectra of the film after their
Ar" sputtering.

In the case of the CIS-1.0 film deposited at 250 °C, the secondary peaks of
Cu2ps, and S2p core levels with BE of 935.0 eV and 168.9 eV, respectively,
were not detected on the film surface (XPS spectra of the films deposited at 250
°C are not presented). The Ols peak at BE=532.0 eV was present in the
spectrum recorded from the as-sprayed film surface and refers to the surface
contamination from the ambient. The Ols core level peak at BE=530.0 eV was
on the noise level.

Also, weak response from Cl12p at BE=198.7 eV has been detected in the XPS
spectra due to contamination originated from the metal chloride precursors.
Content of chlorine impurity on the surface was about 1.0-1.5 at.% in the film
deposited at 250 °C, its content dropped below 1 at.% in the film prepared at a
higher temperature.

3.2.3. Elemental composition of as-sprayed films: XPS depth-profiling

Figure 3.12 presents the XPS spectra of Cu2ps,, Ols and S2p core levels of
the CIS-1.0 film deposited at 350 °C after different Ar" ion etching cycles. The
number of the Ar” sputtering cycles is given in the graphs: the upper spectrum is
recorded from the as-sprayed surface, by increasing the number of etching
cycles the signal is recorded from the film bulk region down to the substrate.
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Due to similarity of In3d binding energies in CulnS, and in possible secondary
phases, such as In,Os, In,S; etc., the chemical shift of the In3d core level peak
was not observed. Independent of the deposition temperature and profiling
depth, the BE of In3ds is located at 445.0 eV.

There is no shift in the positions of Cu2ps, In3ds, (not shown) and S2p core
level peaks in the film depth.

The intensity of Ols core level peak at BE=530.0 eV (Me-O) is decreasing
from the film surface to the bulk. It can be observed that the Me-O peak
intensity increases before the signal at BE=533.6 eV, characteristic of oxygen in
silicates (in glass) [109], becomes apparent.

The positions as well as the intensities of Cu2ps;,, In3ds» and S2p core level
peaks were close throughout the CIS-1.0 film deposited at 250 °C.

Cu2p 932.5 eV O1s 932084 o eV 168.9 eV S2p
312 ‘_J\/ - M\\M 162.0 eV
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Fig. 3.12. Culp, Ols and S2p core level spectra of the spray deposited CIS-1.0 film
taken from the film surface and after different Ar* sputtering cycles. CIS-1.0 film was
deposited at 350°C. Spectra recorded on Kratos AXIS Ultra DLD.

The atomic concentrations of detected elements were calculated from the
integrated peak areas of Cu2psp, In3ds,, Ols and S2p core level spectra using
the formula 2.1. Content of oxygen was calculated from the Ols core level with
BE=530.0 eV. The atomic concentrations of the elements vs. the number of Ar”
ion sputtering cycles of CIS-1.0 films deposited at 250 and 350 °C are presented
in Fig. 3.13.

Atomic concentrations of the elements presented in Fig. 3.13a and b are not
absolute values, as already mentioned in section 3.3 due to the absence of
appropriate reference samples. Fig. 3.13a shows the results of the depth profiling
analysis of the CIS-1.0 film deposited at 350 °C. It can be seen that the
distribution of the elements throughout the film could be divided into three
regions. Non-uniform distribution of In and Cu is characteristic of the first
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region, whereat [Cu]/[In] is much lower than 1. In the second region, the overall
composition is still In-rich, but concentrations of In, Cu and O are almost
constant and the concentration of sulfur starts to decrease. In the third region, the
concentration of sulfur is decreasing from about 44 at.% to 30 at.% and is
accompanied by an increase in the amount of oxygen (Me-0O). The presence of
the In,O; phase was confirmed by XRD (Fig. 3.11a). The XPS depth profiling
shows that the In,O; phase is present throughout the film thickness. Furthermore,
the amount of Me-O oxygen is increasing (and sulfur concentration is
decreasing) before the signal from a glass substrate (Si) becomes apparent at
about 15 Ar” sputtering cycles (Fig. 3.13a). Probably the In,O; phase is easily
formed in an initial stage of the film growth at this deposition temperature.
Concentration depth profiling of the CIS-1.0 film deposited at 250 °C (Fig.
3.13b) shows homogeneous distribution of the Cu, In and S throughout the film.
Content of oxygen (Me-O) in the film is about 1 at.%. Concentration of sulfur is
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Fig. 3.13. The element concentration depth profiling in CIS-1.0 films deposited at a)
350°C and b) 250 °C onto glass substrates.

above 50 at.% and refers to a sulfur-rich film compared to the stoichiometric
CulnS,. Obviously, secondary phases such as In,S, or CulnsSs could be present
in the film deposited at 250 °C. This assumption is supported by the XRD
pattern of the film (Fig. 3.11a) and literature data on CulnS, films deposited at
low temperatures [10, 11, 108].

Summary

The as-sprayed CIS-1.0 films deposited from the solution with the precursor
molar ratio [Cu]/[In]=1.0 at 350 °C are consisting of polycrystalline CulnS, with
the crystallite size of about 20 nm. XRD pattern recorded on an advanced X-ray
diffractometer indicate presence of In,O; phase. Films grown at 250 °C are
composed of low-crystalline CulnS, with the crystallite size below 10 nm and
contain a secondary phase which could be an In,S, or the second Cu-In-S-ternary
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compound. According to Raman spectroscopy studies, both the chalcopyrite

(CH) and Cu-Au (CA) ordered CulnS, phases are present in the film, and the

short-range ordering is almost independent of the growth temperature.

The results of the film composition study could be summarized following:

e According to the XPS results of the film deposited at 350 °C, the Cu?**
containing pieces are present only on the film surface, the film elemental
composition in the film bulk region is graded as shown by depth profiling.
The film contains oxygen (Me-O) ca 5-8 at.%. Oxygen is present in the form
of In,Os, as also confirmed by XRD.

e XPS study showed that the CulnS, films with low amount of oxygen (1 at.%
or less) and uniform distribution of Cu, In and S throughout the film
thickness can be produced by the CSP method in air using the deposition
temperature close to 250 °C.

3.3. Properties of H,S treated CulnS; films deposited by CSP using
the precursor molar ratio [Cu]/[In]=1.1 in solution

Results are published in papers [I] and [II].
3.3.1. Structure and optical properties of H.S treated films

Figure 3.14 presents the XRD spectra of the films deposited from solutions
with precursor molar ratio [Cu]/[In]=1.1 at 370 °C (CIS-1.1) after the heat
treatment at 530 °C in an H,S atmosphere. According to XRD, the main
reflections belong to the CulnS, phase (JCPDS card 00-027-0159). The film is
well-crystallized and shows preferred orientation of crystals along (112) plane.
By annealing the mean crystallite size is increased from about 44 nm,
characteristic of as-deposited film, to ca 90 nm, as calculated from the FWHM
of the (112) diffraction peak.

H,S treatment was found to increase the bandgap of the film. The as-sprayed
CIS-1.1 film shows the optical energy gap of 1.44 eV (Section 3.1). After the
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temperature.

heat treatment in an H,S atmosphere followed by slow cooling, the bandgap
energy is 1.49 eV (Fig. 3.15).

In summary, post-deposition treatment at 530 °C in an H,S atmosphere
improves the crystal quality of the films, as also has been shown in the previous
studies in our laboratory [34, 35] and by other research groups [11, 116].

3.3.2. Surface analysis of H>S treated films

XPS measurements were performed for KCN-etched CIS-1.1 films (grown at
350 °C) after their annealing in an H,S atmosphere.

Cu2psp, In3ds,, S2p and Nals core level spectra recorded from the film
surface and after Ar" sputtering are presented in Fig. 3.16. The binding energies
(BE) of Cu2ps., In3ds, S2p and Nals core levels measured from the as-sprayed
surface and after Ar" sputtering (35 min) are placed at 932.7 eV, 444.6 eV, 161.6
eV and 1072.7 eV, respectively. The presence of sodium could be explained by
diffusion of sodium atoms from the substrate (soda-lime glass sheets) during the
heat treatment at temperatures above 500 °C.
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Fig. 3.16. Cu2ps;, In3ds;, Nals and S2p core levels spectra of CIS-1.1 film annealed in
the H,S atmosphere. CulnS: film was grown on glass substrate.

o

This explanation is supported by an experiment using quartz substrates, as Na
was not detected on the surface of the annealed CulnS, film grown on a quartz
slide. After Ar" etching the intensities of the Cu, In and S peaks were increased
due to removal of the highly Na-contaminated surface layer (Fig. 3.16). The
position of Cu2ps, core level peak (BE=932.7 eV) is independent of the depth
profiling and is similar to that recorded in the depth of the as-deposited sample
(See Fig. 3.5). BE of 932.7 eV for Cu2ps; core level allows a speculation that a
H.S treated film is contaminated with some Cu®" containing pieces [111]. The
observation that prolonged etching in KCN solution detaches the film from the
substrate, obviously due to the presence of the CuxS phase, is an indirect proof
to the speculation made.

There is also no shift in In and S core level binding energies compared to as-
sprayed films (Fig. 3.5). No signal from oxygen was detected. Therefore, indium
oxide, present on the surface and bulk of the CIS-1.1 film prepared at 370 °C,
was converted into In-sulfide during the H,S treatment. Similar conclusion on
the effect of post-deposition annealing in sulfur-containing atmosphere was
made by Marsillac et al. for spray deposited CulnS, films [11], and later by
Camus et al. for spray-ILGAR deposited CulnS, films [52]. Marsillac et al.
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suggested that the In-sulfide phase is located on grain boundaries [11].

3.3.3. Elemental composition of H,S treated CulnsS; films

According to the EDS measurements of the CIS-1.1 sample after the H.S
treatment at 530 °C for 60 minutes, followed by a rapid cooling procedure,
shows slightly In-rich composition (Cu=24.8 at.%, In=26.0 at.%, S=49.1 at.%)
[I]. The sample treated at similar conditions, but slowly cooled down shows
similar elemental composition (Cu=24.3 at.%, In=26.1 at.%, S=49.5 at.%) [I].
H,S treatment increases sulfur concentration from 44.4 at.% (as-sprayed film) up
to 49.3+0.2 at.%. The [S]/([In]+[Cu])=0.83 characteristic of as-deposited films is
increased up to 0.97 after rapid cooling and 0.98 after slow cooling. Therefore,
H,S treatment independent of the cooling rate results in the films with improved
stoichiometry.

According to the XRF measurements, also ILGAR-spray deposited CulnS,
films show In-rich composition (Cu=24 at.%, In=26 at.%, S=50 at.%) after
treatment in the H>S atmosphere at 550 °C for 45 min [52]. Thus, elemental
compositions of both of our CIS-1.1 films and ILGAR-spray deposited CulnS,
films after the H,S treatment at temperatures above 500 °C are very similar, as
proved by EDS and XRF, respectively.

Elemental composition of the H,S treated CIS-1.1 on the surface and at depth
after 35 min of Ar" sputtering is given in Table 3.2.

The composition of the as-sprayed surface is highly In and S rich. As-sprayed
CIS-1.1 film shows In/Cu=10.7 on the surface and In/Cu=2.5 at the depth after
Ar" sputtering for 95 minutes (Table 3.1). After the H,S treatment In/Cu=6.0 on
the surface and In/Cu=1.6 at the depth obtained by Ar" sputtering for 35 minutes
(Table 3.2). Higher values of In/Cu on the surface of the as-sprayed film
compared to the H,S treated film could be explained with sulfurization of the In-
oxide phase into In,S; during the heat treatment and its partial evolution due to
relatively high vapor pressure at temperatures close to 500 °C [117]. According
to XPS, the content of Na is higher on the surface than in the region below the
surface. Very high content of Na in the H,S treated film indicates diffusion of
Na from the glass substrate into the film. Thus, soda-lime glass sheet is not a
proper substrate material if sodium contamination should be avoided.

Nevertheless the atomic concentrations calculated from the XPS data are not
absolute values due to missing of calibrated reference samples, it clearly shows
that surface composition differs from that in the bulk and the film has graded
elemental composition in film thickness, as it also was characteristic of as-
sprayed films deposited at temperatures above 300 °C.
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Table 3.2. Elemental composition of CIS-1.1 films annealed at 530 °C in H,S
atmosphere for 60 minutes and slowly cooled to room temperature according to the XPS
analysis*.

In,at.% Cu,at.% S,at% Na,at.% In/Cu S/(Cu+In)
Surface 18 3 60 19 6.0 2.9

After Ar' sputtering

for 35 min 30 19 45 6 1.6 0.9

* Atomic concentrations of the elements presented in Table 3.2 are not absolute values
due to absence of the reference sample

To summarize, the thermal treatment of CIS-1.1 films in H,S atmosphere at 530

°C has the following effects:

e increases the crystallite size from ca 44 nm, characteristic of as-deposited
film, up to ca 90 nm according to XRD, and increases the optical bandgap
from 1.44 eV (characteristic of as-deposited films) up to 1.49 eV as
calculated from the optical transmittance spectra;

e removes oxygen from the film - indium oxide, originally present in as-
deposited films grown at 370 °C, is converted into the indium sulfide;

e increase in sulfur content makes the film composition closer to the
stoichiometric CulnS; - according to EDS results the [S]/([In]+[Cu]) in the
film is increased from 0.83 (as-deposited CIS-1.1 film) to 0.98 after the H,S
treatment. Increase in [S]/([In]+[Cu]) ratio is also confirmed by XPS;

e causes diffusion of Na atoms from a glass substrate into the film;

e no effect on a secondary Cu-containing phase present in bulk of sprayed
CIS-1.1 film, graded elemental composition in film thickness preserved.

3.4. Properties of H,S treated CulnS; films deposited by CSP using
the precursor molar ratio [Cu]/[In]=1.0 in solution

Results are published in paper [I].

3.4.1. Structure and optical properties of H.S treated films
Figure 3.17 shows that the main reflections of the H,S treated CIS-1.0 film

belong to the CulnS, phase (JCPDS card 00-027-0159). The film is well-
crystallized and shows preferred orientation along (112) plane. By annealing in

57



1000

(112)

800

600

— ITO

400

Intensity, a.u.

o
|
z ITO

200

—— (004)/(200)
—_ (204)/(220)
— (116)(312)

— (229

20 30 40 50 60
2 theta, deg

Fig. 3.17. XRD pattern of the CIS-1.0 film on the glass/ITO substrate annealed for 60
min at 530 °C in a flowing H>S atmosphere, slow cooling.

an H,S atmosphere at 530 °C for about 120 min with rapid cooling, the mean
size of crystallites is increased from about 20 nm, characteristic of as-deposited
films, to ca 90 nm as calculated from the FWHM of the (112) diffraction peak.

Fig. 3.18. SEM cross-sectional micrographs of CIS-1.0 films on glass/ITO substrate, a)
as-deposited CIS-1.0 film; b) CIS-1.0 film annealed for 60 minutes at 530 °C in a
flowing H>S atmosphere, slow cooling.

The crystallite size calculated from the XRD pattern is similar to that of
annealed CIS-1.1 films (see section 3.3). The development of grains is
characterized by the SEM cross-sectional micrographs (Fig. 3.18). It could be
seen that H,S treated films at 530 °C for 60 min with slow cooling composed of
grains with sizes up to 300 nm. Thus, post-deposition treatment at 530 °C in an
H,S atmosphere improves the crystal quality of the films, as was shown in
section 3.3. The H,S treatment was found to increase the bandgap energy from
1.41 eV to 1.47 eV. The increase in the energy gap is reported for CulnS, films
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obtained by the vacuum thermal evaporation method and subjected to annealing
in sulfur atmosphere [118].

3.4.2. Elemental composition of H.S treated films

Elemental composition of H,S treated CIS-1.0 films was determined by EDS.
Results are presented in Table 3.3.

Table 3.3. Elemental composition of the CIS-1.0 films annealed at 530 °C in an H,S
atmosphere according to EDS. CIS-1.0 films were deposited at 370 °C.

Type of Cu,at% In,at% S,at.% Na,at.% Cu/In S/(Cutln)

Cooling

surface

Flat 23.1 24.1 483 4.5 0.96 1.02
Rapid

Crystals 0.5 24.8 49.2 25.5 0.02 1.94
Slow Flat 25.6 24.5 46.3 3.6 1.04 0.92

According to EDS, the CIS-1.0 and CIS-1.1 films deposited at 370 °C show
comparatively similar elemental composition after the H,S treatment at 530 °C
for 60 minutes [I, unpublished data]. H,S treatment increases sulfur
concentration from 44.5 at.% (as-sprayed film) to 48.3 at.% and to 46.3 at.%
using rapid or slow cooling, respectively. The [S]/([In]+[Cu])=0.83
characteristic of as-deposited films is increased to 1.02 (flat surface) by H,S
treatment using rapid cooling and to 0.92 using slow cooling (Table 3.3) [I,
unpublished data]. Interestingly, the cooling rate has an influence on the
composition of CIS-1.0 films. The use of rapid cooling from the heating
temperature to the room temperature results in a flake-like crystals, mainly
composed of Na, In and S, on the film surface (Table 3.3). Such crystals were
not detected on the surface of H,S-treated CIS-1.1 films.

It could be speculated that another In-rich ternary (Cuxln,S,) or an In-S phase
could be present in as-deposited CIS-1.0 films (Fig. 3.11), as also discussed in
literature [110, 116]. Sodium diffuses from the glass substrate and reacts with an
In-S compound, and as a result, a Na-In-S compound is formed. Interestingly,
flake-like crystals were not observed on the surface of H,S treated CIS-1.0 films
when slow cooling rate was used.

According to the XPS study of as-deposited CIS-1.0 films grown at 350 °C,
high content of oxygen bonded to metal (J[O]>5 at.%), In/Cu>1, and grading of
the elements concentration through the film thickness (section 3.2) is similar to
that recorded for as-deposited CIS-1.1 films (section 3.1). Probably, the indium
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oxide phase present in the CIS-1.0 film deposited at temperatures above 300 °C
is converted into an indium sulfide phase as proved for H,S treated CIS-1.1
films.

The fact that the electrical resistivity of H,S treated films (p=10° Qcm) is
higher than that of as-deposited films (p=10* Qcm) despite larger crystallites and
slightly higher concentration of charge carriers, supports the speculation that the
sulfurized phase on grain boundaries [11] is responsible for increased electrical
resistivity.

It was shown in section 3.2 that CIS-1.0 films deposited at 250 °C contain
low amount of oxygen ([O]<l at.%) and show uniform distribution of the
elements through the film thickness. It could be expected that the post-
deposition treatment of CulnS; films deposited at low temperature will result in
proper thin film absorber material.

Summary

To summarize, thermal treatment of CIS-1.0 films in an H,S atmosphere at 530

°C has the following effects:

e increases crystallite size from ca 20 nm, characteristic of as-deposited film,
up to ca 90 nm according to XRD, and increases the optical bandgap from
1.44 eV (characteristic of as-deposited films) up to 1.47 eV as calculated
from the optical transmittance spectra;

e increase in sulfur content makes the film composition closer to the
stoichiometric CulnS; - according to EDS results the [S]/([In]+[Cu]) in the
film is increased from 0.83 (as-deposited CIS-1.0 film) to 1.02 (flat surface)
after the H,S treatment;

e causes diffusion of Na atoms from a glass substrate into the film. The
formation of flake-like crystals with the composition of Na:In:S=1:1:2 on
the surface of an annealed film shows that probably the as-deposited CIS-1.0
film contains a secondary phase which forms a Na-In-S compound as a
result of Na diffusion.

In brief, it was shown that the post-deposition thermal treatment in an H»S
atmosphere has potential to improve the structural and optical properties,
increase the purity and sulfur content in sprayed CulnS, films. Contrarily,
electrical resistivity of the films obtained by spray at temperatures above 300 °C
in air is increasing by the H,S treatment. XPS study confirms that an oxide phase
is present in as-deposited films. Post-deposition treatment in H,S atmosphere
turns the oxide into the sulfide while non-uniform distribution of the elements in
the thickness of as-deposited films is preserved over the H,S treatment. Thus, the
spray procedure should be carried out using preparation conditions where the
formation of an oxide phase is suppressed. We believe that the post-deposition
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thermal treatment in H,S atmosphere of low oxygen content CIS-1.0 will lead to
better film quality and properties, respectively.

3.5. Sprayed CulnS; absorber based nanostructured solar cell

In the thesis, we describe the possibility for using of sprayed CulnS, films in
structured solar cells as an absorber layer.
Results are published in paper [IV], preparation of the solar cell is described in
[VI].

3.5.1. Structure of nanostructured solar cell on ZnO nanorod layer

A nanostructured cell on the spray-deposited ZnO nanorod layer using a thin
layer of sprayed CulnS; as an absorber layer has been developed in our group.
Figure 3.19 presents a sketch of the preparation of a structured solar cell.

1411 mAZNm

+ TiOy/InS + In,S;+ CulnS, = TCO

Fig. 3.19. Sketch of the preparation of a nanostructured solar cell based on sprayed
CulnS; absorber.

A provisional US patent application “Photovoltaic Cell based on ZnO
nanorods” was submitted 09.07.2007 [119]. Thereupon, international patent
application was submitted 09.07.2008 [V]. Currently patent pending is running
in the USA (US12/668443, 11.01.2010), in Europe (EP08773333.3, 01.02.2010),
in the People Republic of China (CN101861654A, 22.02.2010) and in the
Republic of India (IN 500/KOLNP/2010, 08.02.2010) [120].

In the structured solar cell developed, the component layers, such as ZnO
nanorod layer, In,S; buffer layer and CulnS, absorber layer, are prepared by the
CSP technique. Both In,S; and CulnS; in the spray process are obtained by spray
of acidic solutions. Acidic solutions are also used when deposited by another
solution based method, for example, by CBD [48]. Thus, chemical instability of
ZnO in an acidic medium should be taken into consideration as ZnO
nanocrystals could be dissolved. To protect ZnO nanorods from chemical
dissolution, a thin layer of TiO, or ‘In-S’ should be deposited onto ZnO
nanorods as a chemical barrier layer. TiO, barrier layer was deposited by
different methods, such as sol-gel dip-coating [IV, V], sol-gel spray or ALD
[121]. Thickness of the TiO, layer is a critical parameter controlling the cell
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efficiencies, since starting from some thickness it starts to impede the transport
of carriers resulting in s-shaped I-V curves [121]. TiO; film thickness could be
controlled by the number of dipping cycles [V], the number of spray pulses or
the number of ALD deposition cycles [121]. Instead of TiO, we proposed to use
a very thin layer of indium sulfide (‘In-S’) deposited from the spray solution
with low acidity [IV, V]. For that purpose diluted InCl; solutions with [In**] >
10*mol/1 should be used.

Fig. 3.20. SEM cross-sections of a) a spray deposited ZnO nanostructured layer on an
indium tin oxide (ITO) covered glass substrate, and b) the solar cell structure
(ITO/ZnOw/TiO/In>Ss/CulnS;) before conducting.

SEM cross-sectional micrographs in Figs 3.20a and 3.20b present the ZnO
nanorod layer and complete solar cell structure before applying the contact to the
absorber layer, respectively. As can be seen, ZnO crystals in the solar cell
structure are covered with a CulnS; layer with a thickness lower than 50 nm.
Thus, the solar cell formed could be classified as an ETA solar cell. CulnS, layer
thickness is almost uniform on top and side planes of the ZnO crystals, as shown
by the cross-section of one broken crystal (Fig. 3.20b).

3.5.2. Solar cell output characteristics
I-V curves of a flat and nanostructured cells are presented in Fig. 3.21, solar

cell output parameters of flat and structured solar cells with different blocking
layers are summarized in Table 3.3.
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Fig. 3.21. Current-voltage characteristics of a flat cell (ITO/TiO»/In,Sy/CulnS,) and a
nanostructured cell (ITO/ZnO,../TiO»/In,Sy/CulnS,) under halogen lamp illumination of
100 mW/cnr’.

Solar cell output parameters show that the current density (jsc) of the cell
built on ZnO nanorods is at least two times higher than that of the flat cell
prepared simultaneously with the structured one (Fig. 3.21, Table 3.3). Open

Table 3.3. Output characteristics of flat and nanostructured solar cells under the
halogen lamp illumination intensity of 100 mW/cm’.

Cellno. Cell structure  Blocking layer Voc,mV J,mA/cm* FF,% Eff, %

1 Flat 445 5.5 41 1.0
TiO,

2 Structured 425 12 43 2.2

3 Flat 485 43 63 1.3
‘In-S’°

4 Structured 455 9.1 60 2.5

circuit voltage (Vo) is slightly higher in the case of flat cells independent of the
barrier layer used (Table 3.3). This result could be explained by a higher
recombination in the structured cells. Additionally, the thicknesses of blocking
and buffer layers could be different in flat and structured cells. Figure 3.22
presents both the EBIC and SEM images of flat and nanostructured cells.
According to the EBIC and SEM images, the p—n junction is continuous and
follows the shape of ZnO crystals in the case of a structured cell. It can be seen
that the p—n junction area of a structured cell is larger than that of a flat cell, and
the current collection region is almost expanded into the CulnS, absorber.
Nanostructured solar cells based on ZnO nanorod layer show higher conversion
efficiencies due to increased current density caused by increased p-n junction
area.
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Fig. 3.22. a) Electron beam induced current (EBIC) and b) SEM cross-sectional views of
the structured cell ITO/ZnO,.o/TiOy/In:Ss/CulnS:. ¢) EBIC and d) SEM images of the flat

cell prepared in the same batch are presented for comparison.

With our cells were proved the concept of an advantage of a nanostructured solar
cell with larger active area compared to a flat thin film cell.

Nanostructured solar cells based on sprayed ZnO nanorod array and using
CSP-CulnS; as an absorber layer showed conversion efficiencies of 2.5 % in the
first stage of studies [IV, V, 121]. By further development of a nanostructured
solar cell, recently the light-to-electricity conversion efficiency of 4.17 % [122]
was reached with an optimized structure using extremely thin absorber layer, as
well as buffer and blocking layers with optimized thicknesses [121, 122].
According to our best knowledge it is the highest value reported to date for the
ZnO nanorod based solar cells with an inorganic absorber layer. For comparison,
efficiency less 1 % is reported for a nanostructured solar cell based ZnO
nanorods with sprayed CulnS, absorber [127] and of 2.3 % with CBD-CdSe
absorber [124].

Summary

The results from solar cell preparation and characterization could be summarized

as follows:

e It has been shown that the sprayed CIS-1.0 film could be used as an
absorber layer in a nanostructured solar cell based on ZnO nanorod array
with structure: ITO/ZnO,d/(‘In-S’ or TiO,)/In,S;/CulnS,.

e According to the EBIC and SEM images, the p—n junction of the
nanostructured solar cell (glass/ITO/Zn0O,0a/ TiO2/In,S;5/CulnS,) is continuous
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and follows the shape of ZnO crystals. The current density in a
nanostructured cell was at least two times higher than that obtained with a
flat cell (glass/ITO/TiO,/In,S;/CulnS,). Higher current density, leading to
higher conversion efficiency, was mainly due to the increased p-n junction
area.

The nanostructured solar cell with the structure of glass/TCO/ZnOed/ ‘In-S’
/In,S5/CulnS, was prepared by the in-line chemical spray pyrolysis
technique with the conversion efficiency of 2.5 %. Recent development by
our group results in the conversion efficiency of 4.17 %. According to our
best knowledge it is the highest value reported to date for the ZnO nanorod
based solar cells with an inorganic absorber layer.
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4. CONCLUSIONS

Results of the thesis could be summarized as follows:

1.

Copper indium disulfide films grown by the chemical spray pyrolysis (CSP)
method at temperatures around 350 °C, using aqueous solutions of CuCl.,
InCl; and SC(NH>), with [Cu]/[In] molar ratio of 1.1 or 1.0, are composed
of polycrystalline CulnS, according to XRD, but contain oxygen bonded to
a metal, probably in the form of In,Os; phase on the film surface and in bulk,
as confirmed by XPS studies. Deposition at temperatures close to 250 °C
results in films with low oxygen content (<1 at.%), the films deposited from
solutions with the [Cu]/[In] molar ratio of 1.0 consist of CulnS, with low
crystallinity, and could contain an additional phase according to XRD.

According to the surface analysis studies, CulnS, films deposited by CSP at
temperatures close to 350 °C contain additional copper (Cu®") and sulfur
containing phases such as copper sulfide and sulfate on the surface of as-
sprayed films independent of the [Cu]/[In] molar ratio in solution. The Cu,S
phase is present in bulk of the film deposited from Cu-rich solution. KCN-
treatment removes the Cu,S phase from the film surface. The Cu**
containing phases were not detected in the film deposited at 250 °C using
the [Cu]/[In] molar ratio of 1.0 in spray solution.

According to the XPS quantitative elemental analysis from Ar ion etched
surfaces, sprayed CulnS, films grown at temperatures close to 350 °C show
graded distribution of the elements (Cu, In, S, O) in the film thickness
independent of the precursor molar ratio ([Cu]/[In]) in the spray solution.
This observation explains differences in the Cu/In atomic ratio in the films
determined by polarographic and EDS analyses. Deposition at lower
temperatures, close to 250 °C, results in a uniform distribution of the
elements (Cu, In, S) in the film thickness.

Post-deposition thermal treatment of sprayed CulnS; films at 530 °C in the
H,S atmosphere significantly improves the film quality, increasing the
crystallite size and optical bandgap, chemical analysis shows removal of
chlorine and oxygen, and an increase in sulfur content. According to EDS,
the films with elemental composition close to that of CulnS, have been
formed. XPS study confirms that metal oxide is converted into metal
sulfide, while non-uniform distribution of the elements in the film thickness
of as-sprayed film is preserved upon the H,S treatment. Diffusion of Na
from the substrate into the film occurs during the thermal treatment if soda-
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lime glass is used as a substrate.

Results of the chemical composition studies of sprayed CulnS, films
showed that deposition of an absorber layer for solar cells by CSP in air
should be made at possibly low growth temperatures, at about 250 °C, to
keep the formation of oxide phases possibly low and elemental composition
in the film thickness uniform. This condition is valid in spite of the fact that
the films grown at low temperature from solutions with the [Cu]/[In] molar
ratio of 1.0 have small crystallite size, and could contain a high amount of
chlorine residues originated from starting chemicals. The crystallite size
could be increased and chlorine content decreased by post-deposition
thermal treatment. Further studies on the composition of CulnS, films
deposited at low temperature using Cu-rich solutions (Cu/In=1.1) and the
effect of post-deposition treatment on the properties of the films deposited
at low temperature are needed to clarify the preference of the [Cu]/[In]
molar ratio in the spray solution.

CulnS; absorber layer prepared by the CSP method at temperatures below
300°C, using aqueous solutions of CuCl,, InCl; and SC(NH,), with the
[Cu)/[In] molar ratio of 1.0, proved its working ability in a nanostructured
solar cell based on a ZnO nanorod array. The light-to-electricity conversion
efficiency of 2.5 % was achieved with a structure of ITO/ZnO,.«/blocking
layer/In,S;/CulnS,, entirely prepared by CSP. Further development of a
nanostructured solar cell, using an as-sprayed extremely thin CulnS,
absorber layer, resulted in the conversion efficiency of 4.17 %.
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ABSTRACT

The present doctoral thesis is a continuation of the studies on the deposition
of CulnS, films by the chemical spray pyrolysis (CSP) method carried out at the
Department of Materials Science. The aim of the doctoral thesis was to study
the effect of the deposition process variables such as the film growth
temperature and the precursor molar ratio in the spray solution, and post-
deposition treatments on the chemical composition of sprayed CulnS, films to
develop an absorber material for solar cells.

CulnS; is a promising absorber material for thin film solar cells due to its
direct bandgap of about 1.5 eV, high absorption coefficient and p-type of
conductivity. The CSP method is a simple, low cost, non-vacuum thin film
deposition technique where a thin film is obtained by spraying of a solution,
containing salts of constituent elements in required proportion, in the form of
micron-dimension droplets onto the preheated substrate where the film of
thermally more stable material forms.

In this study, CulnS; films were deposited by the CSP method using aqueous
solutions of CuCl,, InCl; and SC(NH;), with the [Cu]/[In] molar ratio of 1.1 or
1.0 at growth temperatures of 250 °C and around 350 °C. Post-deposition
treatments such as chemical etching in the KCN solution and thermal treatment
in the H,S atmosphere we applied to improve the film properties. X-ray
Photoelectron Spectroscopy (XPS) was used as the main characterization
method to study the chemical composition of thin films. The methods of XRD,
EDS, Raman and optical spectroscopy together with electrical resistivity
measurements were applied as supporting characterization tools.

The doctoral thesis is based on four papers published in international pre-
reviewed journals and an international patent application on the preparation of a
nanostructured solar cell where CSP-CulnS, is used as an absorber layer.

Results of the study showed that independent of the precursor molar ratio in
the spray solution, CulnS; films grown by CSP at ca 350 °C have graded
distribution of the elements (Cu, In, S, O) in the film thickness. Films contain
oxygen bonded to a metal (in the form of In,O;) on the film surface and in the
film bulk, and Cu** containing pieces (copper sulfide and sulfate) on the film
surface. The KCN-treatment removes a Cu,S phase from the film surface.
However, Cu,S phase is present in the film bulk when deposited from the Cu-
rich solution. Deposition at 250 °C results in low-crystalline films with a
uniform distribution of the elements (Cu, In, S) in the film thickness, where
oxygen is present in a trace amount.

Post-deposition thermal treatment of sprayed CulnS; films at 530 °C in the
H,S atmosphere significantly improves the film quality increasing the crystallite
size and optical bandgap, chemical analysis shows removal of chlorine and

75



oxygen, and an increase in sulfur content. Non-uniform distribution of the
elements in the film thickness, if present in as-sprayed film, is preserved upon
the H,S treatment. Diffusion of Na from the substrate into the film occurs
during the thermal treatment if soda-lime glass is used as a substrate.

CulnS, prepared by the CSP method proved its working ability as an
absorber layer in a nanostructured solar cell based on the ZnO nanorod window
layer. The light-to-electricity conversion efficiency of 2.5 % was achieved with
a structure ITO/ZnO,.¢/blocking layer/In,S;/CulnS,, entirely prepared by CSP.
By further development of a nanostructured solar cell, the conversion efficiency
of 4.17 % was obtained using an as-sprayed extremely thin CulnS; layer.

KOKKUVOTE

Kiesolev doktoritéd on itks osa TTU materjaliteaduse instituudis tehtavast
uurimist6ost keemilise pihustamise meetodil valmistatavate Shukeste kilede
valdkonnas.

Doktorit66 iilesanne oli uurida kilede kasvatamise temperatuuri, 1dhteainete
molaarsuhte ning jareltootluste moju pihustuspiiroliiiisi meetodil kasvatatud
CulnS; kilede keemilisele koostisele. CulnS, on sobiv materjal kasutamiseks
absorberkihina dhukesekilelistes pédikesepatareides tdnu keelutsooni laiusele 1.5
eV, korgele valguse neeldumise tegurile ja p-tiilipi juhtivusele. Keemilise
pihustamise meetod on lihtne ja odav 6hukeste kilede valmistamise tehnoloogia.
Kiled saadakse sobivaid ldhteaineid sisaldava lahuse pulveriseerimisel
iilipeenikeste piiskadena eelkuumutatud alusplaadile. Kuumal alusplaadil
toimub termiselt stabiilsema tahkise kile kasv.

Antud t66s kasvatati CulnS; kiled 250 ja ca 350 °C juures pihustuspiiroliiiisi
meetodil. CulnS, kilede saamiseks kasutati ldhteainetena CuCl,, InCl; ja
SC(NH,), ning pihustati vesilahust, milles [Cu]/[In] molaarsuhe oli 1.1 vdi 1.0.
Jareltootlustena rakendati s6ovitamist KCN vesilahuses ja termilist t66tlust 530
°C juures H,S keskkonnas. Kilede keemilise koostise uurimiseks kasutati
peamiselt rontgenkiire fotoelektronspektroskoopia (XPS) meetodit. Kilede
iseloomustamiseks kasutati tdiendavalt XRD, EDS, Raman ja optilise
spektroskoopia meetodeid ning elektritakistuse mdotmisi.

Doktorito6 baseeub neljal teadusartiklil, mis on publitseeritud
eelretsenseeritavates teadusajakirjades, ja tihel patenditaotlusel, mis on esitatud
nanostruktuurse péikesepatarei, kus absorberkihina kasutatakse
pihustuspiiroliiisi meetodil valmistatud CulnS, absorberkihti, tehnoloogia ja
disaini kohta.

Uurimist66 tulemused niitasid, et 350 °C juures sadestatud CulnS, kiled
sisaldavad metalli iooniga seotud hapnikku In,Os kujul nii kile pinnal kui kile
sisemuses, kusjuures elementide (Cu, In, S, O) kontsentratsioon kile ristldikes
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on ebaiihtlane. Kilede pinnal on Cu** ioone sisaldavad faasid nagu vasksulfiid ja
vasksulfaat. Soovitus KCN lahuses eemaldab Cu,S faasi kile pinnalt.
Vaserikaste lahuste ([Cu]/[In] =1.1) pihustamisel saadud kiled sisaldavad CuS
faasi kile mahus. Kilede sadestamisel 250 °C juures saadakse kiled, milles
hapniku kontsentratsioon on suhteliselt madal ning elementide (Cu, In, S) jaotus
kile sisemuses iihtlane. Kiled, mis on valmistatud 250 °C juures pihustades
lahust, milles [Cu]/[In] =1.0, on madala kristallilisusega ning sisaldavad
lisafaasi.

Termiline jarelt66tlus 530 ° juures H,S atmosfiéris parandab oluliselt kilede
omadusi suurendades kilede kristallilisust ja keelutsooni viartust, keemilise
analiiiisi jargi suureneb kilede puhtus, saadakse kiled, millede elementkoostis on
ladhedane CulnS, st6hhiomeetriale. Samas tuleb arvestada asjaoluga, et
elementide ebatihtlane jaotus pihustatud kile mahus séilib ka pérast H,S t66tlust
ning juhul kui kiled on sadestatud klaasile, toimub Na difusioon klaasalusest
kilesse.

Keemiliselt pihustatud CulnS, kilet saab kasutada absorberhihina
nanostruktuursetes piikesepatareides. ZnO nanovarrastel baseeruvas patareis
ITO/ZnO;.4/blocking-layer/In,S;/CulnS,, mille kdik komponendid valmistati
pihustuspiiroliiiisi meetodil, saadi antud uurimisto6 raames efektiivsuseks 2.5%.
Edasise arenduse tulemusena saavutati iilidhukese CulnS, absorberiga parateri
efektiivsuseks 4.17 %.
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M. Krunks, A. Mere, A. Katerski, V. Mikli, J. Krustok, Characterization of sprayed
CulnS; films annealed in hydrogen sulphide atmosphere, Thin Solid Films, 511-512
(2006) 434-438.

79






Available online at www.sciencedirect.com

sc.ENcE@D.“cTa

f'l‘q%%zzmzz

ELSEVIER Thin Solid Films 511-512 (2006) 434 — 438
www.elsevier.com/locate/tsf
Characterization of sprayed CulnS, films annealed
in hydrogen sulfide atmosphere
M. Krunks **, A. Mere ?, A. Katerski ?, V. Mikli °, J. Krustok ?
* Department of Materials Science, Tallinn University of Technology, Ehitajate 5, Tallinn 19086, Estonia
® Centre for Materials Research, Tallinn University of Technology, Ehitajate 5, Tallinn 19086, Estonia
Available online 19 January 2006
Abstract

The effect of post-deposition annealing in flowing H,S atmosphere at 530 °C on the properties of sprayed CulnS, (CIS) thin films was studied.
The structure and composition were characterized by XRD, SEM and EDX. The density of carriers was obtained from C— 7 measurements of CIS/
Al Schottky barriers at room temperature (RT), the resistivity was measured at RT and as a function of temperature. H,S annealing eliminates the
deficiency of sulfur and results in closely stoichiometric, well-crystallized films of CulnS,. Annealed films are consisting of grains with a size up
to 300 nm. By treatment, the optical band gap increases from 1.44 to 1.49 eV as determined from absorbance spectra. The electrical properties are
depending on the cooling rates. The specific resistivity of 107 and 10° Q cm and carrier concentrations in the order of 10'* and 10'7 cm™> are
characteristics of rapidly and slowly cooled films, respectively. Pronounced parabolic behaviour of the Ing vs. 1/7 plot of rapidly cooled samples
shows that grain boundaries effect should be considered in the conductivity mechanism. Slow cooling favours the removal of a resistive phase
from the grain boundaries and the film conductivity increases. The different predominating defects are assumed to be present in the rapidly and
slowly cooled films. The conductivity thermal activation energies of 80 and 160 meV are characteristic of slowly cooled samples deposited from
“stoichiometric” or “Cu-rich” solutions, respectively. It shows that not only the treatment conditions but also the film deposition parameters are

highly important in the development of the material properties.
© 2005 Elsevier B.V. All rights reserved.

Keywords: CulnS,; Spray pyrolysis; Post-deposition treatment; Electrical properties; Structure

1. Introduction

Large-scale introduction of solar energy requires a drastic
price reduction. This is why the efforts in the field of thin films
cost-effective deposition techniques and new design of solar
cells are continuously in progress.

Spray pyrolysis is an inexpensive technique which proved
its convenience to deposit homogeneous films over a large area
[1]. In the present study the method has been used to prepare
thin films of CulnS,. Copper indium disulfide is a potential
absorber material for high efficiency solar cells due to its direct
band gap of 1.5 eV, although actually the output parameters are
low compared to selenide based devices [2].

It has been shown that well-adherent (112) orientated CulnS,
films could be deposited by spray technique [3,4]. As-deposited
films grown at temperatures below 400 °C in air contain residues

* Corresponding author. Tel.: +372 6203363; fax: +372 6203367.
E-mail address: malle@staff.ttu.ee (M. Krunks).

0040-6090/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/.ts£.2005.11.072

originating from both the precursors and the ambient [5,6]. Post-
deposition treatments in reducing and sulfur containing atmo-
spheres were found to be effective to remove undesired residues
and improve the structural properties [6,7]. Still, very little
attention is paid to the carriers transport properties in the films
prepared by chemical methods. The electrical properties of the
sprayed CulnS; films have been studied in few works only [7—-9].

In our recent study we showed by Raman spectroscopy that
treatment at temperatures around 500 °C in flowing H,S
atmosphere is effective to improve the crystal quality of
sprayed CulnS, films [10]. In the present work we introduce
the effect of annealing in H,S atmosphere at different cooling
rates on the crystallinity, stoichiometry, optical and electrical
properties of sprayed CulnS, films.

2. Experimental

CulnS, (CIS) thin films were obtained by spraying the
solution containing CuCl,, InCl; and SC(NH,), onto pre-
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heated ITO covered glass substrates at 370 °C. The exact
description of the deposition procedure is published elsewhere
[9,10]. In the present work, molar ratios of precursors Cu/In/S
of 1:1:3 and 1.1:1:3.15 were used and the spray solutions were
called “stoichiometric” and “Cu-rich”, respectively. As-de-
posited films were etched in KCN solution for 5 min (called as-
deposited films) in order to remove the Cu,S phase at the film
surface. Post-deposition heat treatments were performed in
flowing H,S atmosphere at 530 °C for 1 and 2 h, followed by
rapid or slow cooling with cooling rates about 25 °C/min and
2 °C/min, respectively.

The crystal structure of the films was characterized by the
XRD patterns recorded by a Bruker AXS D5005 diffracto-
meter. The average crystallite size was calculated from the
FWHM of the (112) diffraction peak of CulnS, (PDF 27-
0159) using the Scherrer formula. The elemental composition
of the films was studied by the X-ray microanalysis (EDX)
on a Link Analytical AN 10000 spectrometer using an
accelerating voltage of 7 kV and a beam current of 3 nA.
EDX measurements were made from the surface area of
2%2 pm? at four different characteristic points. The film
cross-section micrographs were made on Leo Supra 35. The
optical band gap was determined from the absorbance
measurements using a Varian Techtron model 635 UV-VIS
spectrometer.

To perform the conductivity measurements, the Pt—Au
contacts with area of 1.83 mm? were made by sputtering on
the top of the film. The ITO was used as a back contact. A
Keithley-616 electrometer was used to measure the film’s
resistance. The temperature dependent conductivity was
measured in the temperature interval 200-400 K using a
vacuum cryostat to set the temperature. The concentration of
carriers was determined from the capacitance—voltage (C—V)
measurements of CIS—Al Schottky barriers prepared by
evaporation of Al contacts with area of the 1.83 mm? on
the top of the CIS layer. C—V measurements were performed
at room temperature (RT) using an Autolab PGSTAT 30
set-up.

3. Results and discussion
3.1. Structural and compositional properties

The crystallinity of sprayed CIS films could be significantly
improved by post-deposition treatments [6,7,10]. The effect of
annealing in flowing H,S atmosphere at 525 °C with rapid
cooling on the structure of sprayed CIS films is reported
elsewhere [10]. It has been shown that the annealing for 2
h significantly increases the film crystallinity and relative
importance of the chalcopyrite ordered CulnS,. Furthermore,
it was established that the treatment was effective to remove the
second ternary compound CulnsSg, which was present in as-
deposited films prepared from Cu-poor solutions.

The use of an annealing time of 60 min and a slow cooling
results in well-crystallized CulnS, films independent of the
spray solution composition according to XRD (Fig. 1). XRD
patterns of slowly cooled samples are similar to those presented
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Fig. 1. XRD pattern of the film deposited from the “stoichiometric” (Cu/
In=1.0) solution and annealed for 60 min at 530 °C in flowing H,S atmosphere
and subjected to slow cooling.

for rapidly cooled ones in [10]. The average crystallite size is
98 nm as calculated from the FWHM of the (112) replica of
CulnS, (Fig. 1). For comparison, the treatment for 120 min at
525 °C with rapid cooling results in mean crystallite size of
about 90 nm [10].

The development of grains by H,S annealing is character-
ized by the SEM cross-sectional micrographs (Fig. 2). It could
be seen that as-deposited film, consisting of grains with size
less than 20 nm (Fig. 2a), is turned into a film which comprises
grains with sizes up to 300 nm on preserved ITO electrode
(Fig. 2b). By annealing, significant changes could be observed
in the film elemental composition. The deficiency in sulfur
(Table 1) and contamination with chlorine with an amount of
about 1.5 mass% are characteristic of as-deposited films. The
results are in accordance with the literature data [6,7,11]. Upon
H,S treatment, the content of sulfur is significantly increased
and the chlorine is not detectable by EDX. The films on glass
substrate exhibit nearly stoichiometric composition whereas on
ITO covered glass a slightly In-rich composition has been
observed (Table 1). In the latter case the impact of indium from
ITO electrode is not excluded. The elemental composition of
the films from “Cu-rich” solutions is not affected by the
treatment time and cooling rates. The case of the films
deposited from “stoichiometric” solutions will be discussed
in Section 3.3.

3.2. Optical properties

The optical band gap of as-sprayed and H,S annealed films
was deduced from the absorption spectra measured at RT. The
absorption coefficient o was calculated using the expression
I=Iye™™, where ¢ is the thickness of the film. Following the
conventional analysis, the energy dependent absorption coeffi-
cient can be expressed by the relation for the allowed direct
transition as ahv=A(hv —Eg)"?, where 4 is a parameter
depending on the transition probability and Eg is the direct
band gap. Thus, E is found from the plot (/v)? vs. the photon
energy hv by extrapolating the linear portion of the plot up to
o=0.
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Fig. 2. SEM cross-sectional micrographs of CIS films deposited from “stoichiometric” (Cu/In=1.0) solutions: (a) as-deposited; (b) annealed for 60 min at 530 °C in

flowing H,S atmosphere and subjected to slow cooling.

As-sprayed films show the optical energy gap of 1.44 eV,
corresponding to the literature data for spray-deposited CulnS,
films [4,5], as well as for those prepared by reactive annealing
[12] or sulfurization of Cu—In alloys [13]. The treatment was
found to increase the band gap energy (Fig. 3). It appears that
H,S treatment followed by rapid cooling results in Eg
approximately 1.46 and 1.48 eV using the treatment duration
of 1 or 2 h, respectively. Using the treatment time of 1 h
followed by slow cooling, the band gap reaches a value close to
1.49 eV. The increase in energy gap is reported for CulnS,
films subjected to annealing in sulfur atmosphere [14].
Observed widening of optical band gap could be explained
by the improved crystallinity, nearly stoichiometric composi-
tion and higher purity of annealed films as shown above and in
[10].

3.3. Electrical properties

The films were characterized by specific resistivity, carrier
type, concentration, and temperature dependent conductivity
measurements. Hot probe measurements confirm the p-type
conductivity of all our films. Mott-Schottky model has been
used to determine the concentration of carriers. The results are
presented in Table 2.

As-deposited samples show a resistivity of about 10% Q) cm.
Similar resistivity values are reported for CulnS, films
prepared by spray [8] and reactive sputtering [12]. H,S

treatment, which was found to improve the film’s structural
and optical properties, significantly decreases the conductivity
and concentration of carriers (Table 2). The influence of
different cooling rates is distinctly expressed whereas the
deposition parameter (Cu/In in the solution) has minor effect
(Table 2). Specific resistivity of 107 Q) cm and concentration of
carriers in the order of 10" ¢cm™?2 is characteristic of rapidly
cooled films (Table 2). Such low carrier concentration is
reported for CulnS, films prepared by sulfurization of stacked
Cu-In layers [15] and reactive sputtering in H,S [12] as well
for as-grown single crystals [16]. It is believed that such low
carrier density is a sign of heavy compensation since the
concentration of intrinsic defects in this material is reported to
be much higher [16]. Applying slow cooling after the treatment
for 1 h, an increase in conductivity and carriers’ density has
been observed (Table 2). This observed behaviour is similar to
that described for polycrystalline CulnS, films grown by
coevaporation and subjected to annealing in sulfur atmosphere
[17], where the higher conductivity of slowly cooled films was
explained by the saturation of sulfur vacancies during the cool-
down period.

The results of temperature dependent conductivity mea-
surements are presented as a plot of Ing vs. 1000/7 in Fig. 4.
We have assumed that the mobility of holes does not
significantly vary within the temperature region used. It
could be seen that as-sprayed samples follow the thermally
activated electrical conductivity according to the Arrhenius

Table 1

Elemental composition by EDX of CIS films as-sprayed and annealed at 530 °C in H,S atmosphere, as a function of the treatment time and cooling conditions

Substrate Cu/In/S in solution Annealing time (min) Cooling rate Cu (at.%) In (at.%) S (at.%) Cu/In S/(Cu+In)

Glass 1.1:1:3.15 - - 26.40 26.64 44.36 0.99 0.83
1:1:3 120 Rapid 25.79 24.51 49.70 1.05 0.99

Rapid* 0.45 35.25 64.48 0.01 1.83

1.1:1:3.15 120 Rapid 24.67 25.28 50.05 0.98 1.00

ITO 1.1:1:3.15 120 Slow 24.30 26.40 49.20 0.92 0.97
1.1:1:3.15 60 Rapid 24.76 26.04 49.07 0.95 0.97
1.1:1:3.15 60 Slow 24.34 26.08 49.48 0.93 0.98
1:1:3 60 Slow 24.14 25.72 48.41 0.94 0.97

*From the flake-like crystallites on the surface.
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Fig. 3. The plot of (2hv)? vs. energy for CulnS, films deposited from “Cu-rich”
solution (Cu/In=1.1) and treated for 60 min at 530 °C in flowing H,S
atmosphere and subjected to rapid or slow cooling.

relation o=0¢exp(—E/kT), where o, is a pre-exponential
factor, E, is the activation energy and k& is the Boltzmann’s
constant. The thermal activation energies of 114 meV and 170
meV were obtained for as-sprayed films deposited from “Cu-
rich” and “stoichiometric” solutions, respectively.

The plots of Ing vs. 1000/7 of H,S treated films show
parabolic behaviour (Fig. 4) and thus the mixed conductivity
activation mechanisms due to the defect levels and grain
boundary effects could be proposed [7,18,19]. Parabolic
behaviour is highly pronounced for the films subjected to
rapid cooling. By allowing the samples to cool down slowly, an
increase in conductivity with less pronounced curvature of Ing
vs. 1000/T plot could be observed.

In high temperature region (77>320 K) the plot of Ing vs.
1000/T of H,S treated films follows the Arrhenius depen-
dence for both rapidly and slowly cooled samples. Infinitely
high activation energies of 340 and 520 meV were found for
rapidly cooled samples prepared from “Cu-rich” and
“stoichiometric” solutions, respectively (Table 2). We believe
that these activation energies indicate that there are residues
of some unknown phase between the grains in rapidly cooled
samples and are not caused by some very deep acceptor
level in CulnS,. An indium and sulfur containing phase was
detected on the surface of the film from “stoichiometric”
solution after rapid cooling (Table 1, marked by asterisk).
Similar phase could be present at grain boundaries as well.
The existence of an indium sulfide phase has been observed

Table 2

Specific resistivity (p), carrier concentration (N,) at room temperature and
conductivity thermal activation energy (E,) for CIS films as-deposited and
annealed at 530 °C in H,S atmosphere

Cu/In/S in  Treatment time  Cooling p ({2 cm) N, (cm % E, (meV)
solution (min)

1:1:3 - - 46-10*  4.0-10' 170
120 Rapid  1.0-107  22-10" 520
60 Slow 69-10°  1.5-10" 83
1.1:13.15 - - 25-10*  1.9-10"7 114
120 Rapid  4.0-107  32-10"" 347
60 Slow 25-10°  2.3-10"7 160

T,K
400 360 320 280 240
T T T T
s Cu/In=1.1 (in solution)
As deposited
E,=114+1meV
-10
—_ Slow cooling
& E,=160+1 meV
-12 4
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Fig. 4. The plot of Ing vs. 1000/T for as-deposited from “Cu-rich” solution
(Cu/In=1.1) and annealed for 60 min at 530 °C in flowing H,S atmosphere
CulnS; films subjected to rapid or slow cooling.

at grain boundaries of sprayed CIS films annealed in sulfur
atmosphere [7].

By slow cooling, this highly resistive phase disappears and
the conductivity of samples increases. Thus, the slow cooling
results in the conductivity thermal activation energies of 80 and
160 meV (for the samples grown from “stoichiometric” and
“Cu-rich” solutions, respectively), which could be assigned to
the acceptor levels in CulnS,.

4. Conclusions

The post-deposition annealing of sprayed CIS films in
flowing H,S atmosphere significantly improves the film’s
crystallinity and stoichiometry by increasing the sulfur content.
The mean crystallite size in H,S annealed films is close to 100
nm as determined from the XRD pattern. Annealed films are
consisting of grains with size up to 300 nm according to SEM.
The optical band gap could be increased up to 1.49 eV, which
is the highest value reported for the CulnS, films initially
prepared by spray technique.

H,S treatment, which was a right action to improve the films
structural and optical properties has an adverse effect on the
electrical properties, particularly when cooled rapidly. The
specific resistivity of 107 Q) ¢cm and carrier concentrations in
order of 10" ¢m ™ are characteristic of rapidly cooled films.
Such low carrier density indicates that the material could be
highly compensated. The temperature dependent conductivity
measurements show that the grain boundaries effect should be
considered in the conductivity mechanism. We believe that
there are residues of some unknown phase between the grains
in these samples.

The film conductivity could be increased using slow cooling
which favours the removal of highly resistive phase from the
grain boundaries. The increased carrier density refers to the
changes in the predominating defects compared to the rapidly
cooled films. The conductivity thermal activation energies of
80 and 160 meV, which could be assigned to acceptor levels in
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CulnS,, are dependent on the Cu/In molar ratio in the spray
solution. Thus, not only the treatment conditions but also the
film deposition parameters are highly important in the
development of the material properties.
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Abstract

CulnS; films were deposited by spray pyrolysis method at 350 °C. Films were characterized by XPS, AFM and electrical resistivity. The effect
of chemical etchings in KCN and (NH4),S,0g solutions and thermal treatment at 530 °C in flowing hydrogen sulphide on the film surface
composition has been studied. Indium oxide as main secondary phase in surface region of KCN-etched films is probably responsible of high
surface conductivity and failure to prepare substrate configuration solar cell. Oxygen bounded to metal is present in the film bulk revealed by Ols
BE of 530.0 eV of Ar" sputtered profile. Hydrogen sulfide treatment transforms indium oxide into indium sulfide. Etching in ammonium
persulfate solution has found to be effective to remove conductive upper layer resulting in surface with composition Cu:In:S=28.3:22.5:49.3.
According to XPS, sprayed films show phase composition grading from the film surface to depth.

© 2007 Elsevier B.V. All rights reserved.

Keywords: CulnS,; Spray pyrolysis; XPS; Electrical properties

1. Introduction

CulnS, (CIS) has great potential for photovoltaic applica-
tions due to its high absorption coefficient more than 10* cm ™!
and optimum band gap of 1.5 eV. In comparison with analogous
Se-based compound CulnSe,, CulnS, offers some advantages
as no addition of gallium for bandgap widening is required and
more simple deposition process could be used to obtain high
quality films. Recently the two-stage process consisting in
sulfurization of metallic precursor layers has been scaled up for
the industrial production of CIS solar modules [1]. In addition,
various techniques as co-evaporation [2], atomic layer deposi-
tion (ALD) [3], ion layer gas reaction (ILGAR) [4,5], chemical
bath deposition (CBD) [6] and chemical spray pyrolysis [7,8]
have been used prepare CulnS, films. Spray pyrolysis is an
attractive method for deposition of large-area films due to its
simplicity and low cost, and has been used to prepare the
photovoltaic structures [9—12]. There are difficulties to obtain

* Corresponding author. Tel.: +372 6203363.
E-mail address: malle@staff.ttu.ee (M. Krunks).

0040-6090/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.ts£.2007.12.027

single phase CIS films without additional phases by chemical
spray method as it has been reported earlier [12—15]. Studies on
formation and thermal decomposition of CulnS, precursors
refer to complexity of thin films formation in spray pyrolysis
process [16—18]. Therefore, the control of the film bulk and
particularly of surface composition is vital to optimize the films
manufacturing parameters for efficient photovoltaic structures.
X-ray photoelectron spectroscopy (XPS) is a powerful tool to
obtain such kind information. XPS studies of sprayed CulnS,
films have briefly been introduced in few works only [15,19].
CulnS, films by spray showed highly In-rich surface [15].
Secondary phase of In,O; in the sprayed film and its
segregation at the grain boundaries is reported by Marsillac
et al. [19].

The aim of the present study is to characterise the elemental
composition of sprayed CIS films by XPS. Polarographic
chemical analysis, atomic force microscopy (AFM) and
electrical measurements (resistivity) of the films and -V
curves of solar cells have been used as supporting tools. The
effect of chemical treatments and annealing in hydrogen sulfide
atmosphere on properties of CulnS, films is discussed.
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2. Experimental

CulnS, (CIS) films were deposited by spray of an aqueous
solution containing chlorides of copper and indium at molar
ratio Cu/In=1.1, and thiourea (SC(NH,),) onto the preheated
ITO-glass substrates. The parameters of the spray procedure
such as growth temperature of 350 °C, spray solution volume of
100 ml, solution concentration and feeding rate were kept
constant for all samples. As-deposited films were etched 5 min
in 5% KCN solution at room temperature. Post-deposition
thermal treatment of KCN-etched films has been performed for
60 min at 530 °C in flowing H,S atmosphere.

The samples were characterized by XPS, AFM and
electrical resistivity measurements. XPS measurements were
performed in the UHV chamber of the electron spectrometer
LAS-3000 ISA-Riber and SCIENTA SES 100 using the Mg
Ka radiation (hv=1253.6 ¢V; FWHM of 0.7 eV). Energy
calibration was performed, taking the Cls line at 284.6 eV as
a reference. An error of measured absolute energies is equal
to or less than 0.1 eV. For some samples the atomic
concentrations of the elements were calculated using
Scofield’s ionization cross-sections with no corrections for
A (the mean free path of photoelectrons) and analyzer
transmission function (only for LAS-3000 ISA-Riber). The
most intense core levels, i.e. Cu2p, In3d, Ols and S2p, Nals
were used in the analysis. To obtain information of the film
bulk composition, Ar" sputtering has been used for the depth
profiling. In addition, chemical etching in the 0.01 M
(NH4),S,0g solution has been used to remove upper layers
of the film.

7111

The electrical resistivity of the films was calculated using the
following conventional equation:

R-A4
==

where p is the resistivity, R is the resistance of the film
(resistance was calculated from the I-V curve, measured by the
AUTOLAB PGSTAT 30 set-up), / is the length of the current
path between the contacts, 4 is the cross-sectional area of the
current channel. To characterise the sprayed film inhomogene-
ity, the electrical resistance of sprayed CIS films was measured
by two routes — across the film (“perpendicular” resistance)
and along the surface (“longitudinal” resistance) using the films
sprayed onto the ITO/glass substrate and glass substrate,
respectively, in the same deposition process.

AFM images were obtained using NT-MDT scanning head
Smena, Scanning Probe Image Processor SPIP V3.2.4.0 and
MicroMasch cantilevers CSC 21 with silicon probe tip in contact
mode.

3. Results and discussion

3.1. Phase composition of as-sprayed and KCN-etched CIS
films

Fig. 1 shows the XPS spectra of Cu2ps,, In3ds,, Ols and
S2p core levels of as-sprayed and 5 min-KCN-etched CIS films.
Both films are consisting of crystalline CulnS, confirmed by
XRD (not presented, see for example Ref. [14]). According to
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Fig. 1. Cu2psy, In3ds),, Ols and S2p core levels spectra of as-sprayed (solid line) and 5 min-KCN-etched (dashed line) CIS films.
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the XPS spectra of as-sprayed films, the binding energies (BE) of
Cu2psp, In3ds, and S2p are 932.7, 444.6 and 161.5 eV,
respectively. The binding energies recorded are close to that of
copper, indium and sulfur in spray deposited CIS films [15,20].
The Ols spectrum shows two peaks at 532.0 and 530.0 eV
corresponding to the oxygen in adsorbed (OH) groups and
bonded to the metal (Me—O), respectively [21]. Strong signals of
indium and oxygen refer that In-oxide could be the main metal
oxide phase. Our XPS spectra do not show the peaks at binding
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energies around 198-200 eV, characteristic of chlorine,
observed in spectra of sprayed CIS films by Zouaghi et al. [15].

The Cu2ps,, core level peak of as-deposited film at 932.7 eV
has FWHM of 2.1 eV. Binding energies characteristic of Cu'™ and
Cu®" states are in the interval of 932.0 — 932.8 eV and 932.7 —
934.1 eV, thus both states of Cu are possible. Weak copper shake-
up peaks at around 940 and 944 eV were observed in the wide-
scan XPS spectrum of as-deposited CIS film indicating the
existence of phases containing copper in the Cu®" state (for
example, see Ref. [22]). In addition to the sulfur BE of 161.5 eV
characteristic of sulfides also the BE signal at 169 eV,
characteristic of sulfates [21], can be clearly seen on the S2p
core level spectrum (Fig. 1).

After KCN etching, BE of the Cu2p;, is 932.0 eV and
FWHM of the peak is decreased to 1.65 eV (Fig. 1). KCN
etching decreases the intensity of the S2p peak characteristic of
sulfate (168.9 eV) and increases the intensity of sulfide peak,
whereas no significant changes were observed in the binding
energies and intensities of In3ds;, and Ols peaks.

Changes in the film surface composition by KCN etching
could be characterized using the Cu2ps,,, In3ds),, S2p and Ols
(BE=530.0 eV) integrated area ratios. By KCN etching, the Cu/
In ratio is decreased from 0.45 to 0.18, Cu/S from 3.8 to 0.9,
whereas no significant changes have been observed in the In/O
ratios. Observed changes in the composition support the EDX
results on removal of Cu—S phases by KCN etching [23].

Comparison of the Auger spectra of as-deposited, KCN-
etched and Ar-bombarded samples is presented in Fig. 2. In
MysNysNys Auger maxima of as-deposited and KCN-etched
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Fig. 3. Cu2ps», In3ds)», Ols and S2p core levels spectra of as-deposited and KCN-etched (solid line) and of 95 min Ar'-sputtered (dashed line) CIS films.
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Table 1
Composition of CIS films according to the XPS analysis
In Cu S O (MeO) Na In/Cu Cu/S In/S In/O
at% at% at% at% at%
As-dep. (KCN-etched) Surface 32.1 32 31.7 30.5 2.5 10.0 0.1 1.0 1.1
95 min Ar" sputtered (~170 nm) 28.3 11.2 44.0 16.5 0 2.5 0.3 0.6 1.7
Chemically etched (~150 nm) 28.3 22.5 49.3 0 0 1.3 0.5 0.6 -
+H,S treated Surface 17.8 3.7 59.9 0 19 4.8 0.1 0.3 -
35 min Ar” sputtered 29.6 19.4 45.1 0 59 1.5 0.4 0.7 -

samples have similar energies (Fig. 2, curves 1 and 2). Ar+
bombardment of both as-deposited and KCN-etched films
causes In Auger maxima shift of ~ 0.7 eV to lower binding
energies (Fig. 2, curves 3 and 4) indicating lower impact of
In-oxides in the film compared to that on top [24].

Concerning the Cu L,3VV Auger peak, the KCN etching
causes some shift towards higher binding energies. Ar-
sputtering results in the shift of ~0.7 eV towards higher BE
indicating the presence of the Cu'" containing phases on Ar-
cleaned surfaces (Fig. 2, curve 3’). Surprisingly, there appears an
additional peak at KE around 918 eV (BE~335 eV) in Cu-LV V-
Auger spectra of KCN-etched sample after Ar-bombardment
(Fig. 2, curve 4’), which could be of the Cu®" based pieces
[25,26] or due to Cu'" in octahedral coordination [22].
According to XPS study, the phases of CulnS,, In,O5, Cu-S
and a metal sulfate are present on the surface of as-deposited
film. Cu—S and metal sulfate are removed by etching in KCN
aqueous solution.

3.2. Quantitative elemental composition of as-deposited CIS
films

XPS spectra of Cu2p;,, In3ds/,, Ols and S2p core levels of
KCN-etched CIS films after “strong” Ar" sputtering (etching
depth~ 170 nm) are presented in Fig. 3 (XPS spectrum of KCN-
etched film before Ar” sputtering is given for comparison).
Increased intensity of copper signal could be clearly seen. The
signal from oxygen in metal oxide (BE=530 eV) is still present
but significantly decreased in comparison with that on the film
surface. The atomic concentrations of the elements on the film
surface and at the depth of ~170 nm were calculated from
integrated areas of Cu2ps,, In3ds,, Ols and S2p core levels
spectra using Schofield’s cross-sections. Content of oxygen has

Fig. 4. AFM picture of as-deposited CIS film after etching in 0.01 M
(NH,4),S,05 solution. Etching time 6 min.

been calculated from the Ols core level (BE=530.0 eV)
spectrum. The atomic concentrations are presented in Table 1.

General trends observed are that surface of KCN-etched CIS
film is highly indium and oxygen rich, and their content is
decreasing while copper concentration is increasing from the
surface to the film depth. The concentrations of the elements on
the surface of KCN-etched film are similar to that reported by
Zouaghi et al. [15]. Surprisingly, the atomic concentrations in
spray deposited CIS film are very similar to that reported for
electrodeposited CulnS, [25].

Polarographic chemical analysis was applied as a supporting
tool to determine the film composition. According to the
polarographic analysis, the Cu/In=1.06 in as-deposited films
(no KCN etching) is close to the precursors molar ratio in the
spray solution (Cu/In=1.1). KCN etching makes the film
slightly In-rich (Cu/In=0.9). Results of polarographic analysis
are in accordance with EDX results published earlier [13,23].

Taking into account both polarographic and XPS results, it
could be concluded that sprayed CIS films have different
elemental as well as phase composition in the film surface and
bulk areas.

3.3. Effect of chemical etching on composition and electrical
properties of sprayed CIS films

Chemical etching in ammonium persulfate solution has been
used to dissolve the upper In-oxide rich part of CIS film. Fig. 4
presents the AFM picture of the film after 6 minute etching. For
this sample part of the film was covered with a tape and only

® "Perpendicular"
4 “Longitudinal

5 10 15
Etching time, min

1x1()0 T
0

Fig. 5. Specific electrical resistivities of chemically etched CIS films depending
of etching time. The film resistance was measured across the film
(“perpendicular” resistivity) or along the film surface (“longitudinal” resistivity).
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uncovered area has been etched. The etching depth was
~150 nm as evaluated from the step in AFM image. The
elemental composition of the etched surface as calculated from
the XPS data is presented in Table 1. There is no oxygen on the
etched surface and the Cu:In:S=28.3:22.5:49.3. Thus, the
surface of chemically etched film is only slightly In-rich
compared to the stoichiometric CulnS,. This result is close to
that reported for KCN treated CIS films prepared by sputtering
of elements followed by annealing in sulfur containing
atmosphere [27].

We observed that electrical resistivities of the films calculated
from the film resistances measured in “longitudinal” and
“perpendicular” modes (see Experimental) are different [28].
Specific electrical resistivities of step-by-step chemically etched

A. Katerski et al. / Thin Solid Films 516 (2008) 7110-7115

CIS film are presented in Fig. 5. It could be seen that specific
resistivities of un-etched sample measured in two modes differ
more than three orders of magnitude. As “perpendicular”
resistivity is much higher than “longitudinal” one it could be
speculated that the film surface is more conductive than bulk. By
increasing the etching time, “longitudinal” specific resistivity
increases obviously due to the removal of more conductive
upper layer and comes closer to that measured in perpendicular
mode. “Perpendicular” resistivity is nearly constant and does not
depend on etching. The electrical measurements also refer to the
film graded composition.

1=V curves of solar cell structures based on sprayed CIS
using substrate and superstrate configurations are presented in
Fig. 6. Sprayed CIS absorber based solar cell can be prepared
using superstrate configuration of the cell (ITO/ZnO/buffer/
CIS). In this case the CIS absorber layer is sprayed onto the
previously deposited window and butfer layers [9,28]. It could
be speculated that more conductive upper layer is also
responsible for the failed heterojunction preparation using
substrate configuration (buffer and window layers are deposited
onto the absorber layer) of the cell.

3.4. Effect of annealing in hydrogen sulfide atmosphere on
composition of sprayed CIS films

Post-deposition annealing in H,S atmosphere at temperatures
above 500 °C has been found to increase sprayed CIS films
crystallinity, energy gap and chalcopyrite ordering [14,29].
Simultaneously, the electrical resistivity of the films increases
[29]. XPS spectra recorded from the surface and after Ar"
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Fig. 7. Cu2ps, In3ds/, and S2p core levels spectra of H,S treated CIS films.
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sputtering are presented in Fig. 7. Increase of the Cu, In and S
peak intensities after Ar-sputtering is obviously due to removal
of'a highly Na contaminated surface layer (Table 1). The position
of Cu2ps,, core level peak (BE=932.7 eV) of H,S treated films
is independent on the depth profiling. Copper binding energy in
H,S treated sample is similar to that recorded in the depth of as-
deposited sample (See Fig. 3). There is no shift in In and S core
level binding energies in comparison with the samples without
H,S treatment. Me—O bond is not observed after H,S treatment.
Atomic composition of the sample is given in Table 1. Film
surface is highly In- and S-rich, but In/Cu is lower than that in
KCN-etched sample before hydrogen sulfide treatment. It could
be supposed that In-oxide phase is transformed into In-sulfide
upon annealing and some part of In-sulfide is left into the vapor
phase. In-sulfide phase in the film could be responsible for high
resistivity of H,S treated films [29]. Marsillac et al. believed that
In-sulfide phase in sulfur atmosphere annealed CIS films is
located on grain boundaries [19]. Based on Cu2p;/, core level
binding energy of 932.7 eV it can be supposed that H,S treated
film is contaminated with some Cu®* containing pieces.
Nevertheless we have no straight evidence, it could be
speculated that CuS is present in trace amounts as the H,S
treated film detached from the substrate by prolonged KCN
etching.

4. Conclusions

X-ray photoelectron spectroscopic study reveals the presence
of indium oxide, copper sulfide and a sulfate as main secondary
phases in the uppermost surface layer of CulnS, film deposited
by spray at 350 °C in air. KCN etching removes copper sulfide
as expected leaving behind highly indium oxide rich film
surface. Using Ar" sputter depth profiling it appears that film
remains In-rich in bulk region although oxygen concentration
decreases from film top to down. Results of the film electrical
characterization show that film surface is more conductive than
bulk. This observation helps to explain failure of preparation of
substrate configuration sprayed copper indium disulfide based
solar cell. Etching in ammonium persulfate solution has been
found to be effective to remove conductive upper layer resulting
in the film composition of Cu:In:S=28.3:22.5:49.3. Never-
theless the thermal treatment in hydrogen sulfide atmosphere
significantly improves the sprayed films crystallinity and
chalcopyrite ordering, indium oxide originally present in the
sprayed film, is converted into the sulfide. Thus spray
conditions should be optimized leading to as low as possible
oxygen content in as-deposited films.
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Abstract

CulnS, films were deposited by spray pyrolysis method at 250 °C and 350 °C using aqueous solutions of CuCl,, InCl; and
SC(NH,), at molar ratio of precursors Cu:In:S=1:1:3 in spray solution. Films were characterized by X-ray diffraction (XRD),
Raman and X-ray photoelectron spectroscopy (XPS) techniques. According to XPS, the films grown at 350 °C have Cu®*
containing pieces on the surface, the film composition in bulk region is not homogeneous and contains metal bonded oxygen in
amount of 5-8 at.%. Deposition at 250 °C reduces the content of oxygen down to ~ 1 at. %, the films are low-crystalline with
uniform distribution of the elements throughout the film and contain some excess of sulfur compared to stoichiometric CulnS,.

(© 2010 Published by Elsevier Ltd

Keywords: CulnS,; Spray Pyrolysis; Thin Films; X-ray photoelectron spectroscopy; X-ray diffraction

Introduction

CulnS, (CIS) with chalcopyrite structure has been successfully used as a light absorber material in different types
of solar cells. Optimum band gap of 1.5 ¢V, high absorption coefficient (more than 10* cm™) and chemical stability
make this material important for photovoltaic applications. Thin film solar cells with CIS absorber made by rapid
thermal processing and reactive magnetron sputtering techniques exhibit conversion efficiencies of 11.4 % [1, 2].
For economical reasons, it will be useful to prepare thin films using a low-cost deposition technique. One of such
methods is spray pyrolysis technique, which allows obtain large-area films at extremely low cost [3, 4]. Extremely
thin absorber layer (ETA) cells with sprayed CIS absorber show conversion efficiencies ~ 7 % [5] and ~ 4 % [6],
made on TiO, or ZnO nanostructures, respectively. The control of the film surface and bulk composition is
extremely important to optimize the film preparation conditions to obtain the absorber material with properties
suitable for efficient photovoltaic structures. X-ray photoelectron spectroscopy (XPS) employing argon ion
sputtering is a technique to obtain this information. In the literature, there are few investigations on chemical
composition of sprayed CIS films by XPS [7-9]. CIS films obtained by spray of Cu-rich solution resulted in the
films with In-rich surface [7, 9] and contain In,O; as a secondary phase [8, 9] which one is segregated at the grain
boundaries [8]. The aim of the present study is to show the effect of the CIS deposition temperature on the
properties of the thin films when spraying aqueous solutions with equimolar concentrations of indium and copper
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chlorides. The films are characterized by XRD, Raman and XPS techniques. The effect of deposition temperature on
the structure and elemental composition of spray-deposited CIS films is discussed.

Experimental

CulnS, films were deposited by spray of an aqueous solution containing CuCl,, InCl; and SC(NH,), at precursors
molar ratio of Cu:In:S=1:1:3 onto the preheated glass substrates. The films were deposited at growth temperatures of
250 or 350 °C whereat other deposition parameters such as spray solution volume of 50 ml, solution concentration
([Cu*"] =2 mmol/l) and feeding rate were kept constant for all samples.

The crystal structure of the sprayed films was characterized by XRD patterns recorded on a Rigaku Ultima IV
diffractometer. Micro-Raman scattering measurements were performed at room temperature with the excitation
wavelength of 532 nm and output power of 2 mW on Horiba Jobin Yvon Model HR 800 spectrometer. X-ray
photoelectron spectroscopic (XPS) measurements were performed using a Kratos AXIS Ultra DLD X-ray
Photoelectron Spectrometer in conjunction with a 165 mm hemispherical electron energy analyser and delay-line
detector. Analysis was carried out with monochromatic Al Ka X-rays (1486.6 eV) operating at 15 kV and 225 W.
All XPS spectra were recorded using an aperture slot of 300 x 700 microns and pass energy of 20 eV. Binding
energy values for CulnS, were calculated on the basis of the Cls peak at 285.0 eV. The atomic concentrations were
determined from Cu2ps,, In3ds,, Ols, S2p, C12p and Si2p core level peak areas and sensitivity factors provided by
the Vision 2.2.6 analysis software. To obtain information of the film bulk composition, minibeam I ion (Ar") source
(4 kV, 20 mA, 5-10-8 Torr, 60 s per cycle) has been used for the depth profiling.

Results and discussion

Figure 1 presents the XRD and Raman spectra of the films deposited at 250 and 350 °C. According to XRD (Fig.
la), the film grown at 250 °C has poor crystallinity, the main diffraction peaks are belonging to the CulnS, phase
(PDF card No. 00-027-0159). An additional diffraction peak at 26=26.4° (marked by 'x' in Fig. 1.a) is recorded and
could belong to In,Sy or CulnsSg phases [11]. Deposition at 350 °C leads to narrowing of the diffraction peaks
indicating an increase in crystallite size. The crystallite size of 8 and 20 nm have been calculated from the XRD
patterns of sprayed films deposited at 250 and 350 °C, respectively. The film grown at 350 °C show an additional
diffraction peak at 26=30.5° belonging to the (222) diffraction peak of In,O; phase (PDF card No. 00-006-0416).
These results are in good correspondence with the earlier results on spray-deposited CIS films [3, 10, 11]. Fig. 1 b
shows the Raman spectra of as-deposited CIS films grown at 250 and 350 °C. It can be seen that the most intensive
Raman band consists of two bands, A; band of chalcopyrite (CH) ordered compound at 294 cm™ and A,* band of
Cu-Au (CA) ordered phase at 305 cm™ [11]. Although the crystallinity of the films was strongly affected by the
deposition temperature (Fig.1a), the short-range ordering of sprayed CulnS; films is similar and almost independent
of the deposition temperature in the temperature region of 250-350 °C (Fig 1.b).
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Fig. 1. XRD patterns a) and Raman spectra b) of as-sprayed CulnS, films deposited at 250 and 350 °C.
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Fig. 2. Cu2p, Ols and S2p core levels spectra of spray deposited CulnS, films taken from the film surface and after different Ar” sputtering
cycles. The film was grown at 350 °C.

According to XPS spectra of CIS films prepared by spray of aqueous solutions with molar ratio of precursors
Cu:In:S=1:1:3 at 250 and 350 °C, the binding energies (BE) of Cu2ps;,, In3ds, and S2p core levels are placed at
932.5 eV, 445.0 eV and 162.0 eV, respectively. The binding energies recorded correspond to that of copper, indium
and sulfur in spray deposited CIS films [7, 9]. The Ols core level peaks at BE of 532.0 and 530.0 eV, characteristic
of oxygen in adsorbed (OH) groups and oxygen bonded to metal (Me-O) [12], respectively, were present in the XPS
spectra recorded from the film surface. Also weak response from C12p at BE=198.7 eV has been detected in XPS
spectra due to contamination originated from the metal chloride precursors. Content of chlorine impurity was about
1.0-1.5 at. % in the film deposited at 250 °C, its content drops below 1 at. % when the film was prepared at higher
temperature.

Figure 2 presents XPS spectra of Cu2p;,, Ols and S2p core levels of CIS film deposited at 350 °C after different
Ar" ion etching cycles. Number of the Ar' sputtering cycles is given in the graphs: the upper spectrum is recorded
from the non-cleaned surface, by increasing the number of etching cycles the signal is recorded from the film bulk
region down to the substrate. Due to similarity of In3d binding energies in CulnS; and in possible secondary phases
such as In,0s, In,S; etc., the chemical shift of In3d core level peak was not observed. Independent of the deposition
temperature and profiling depth, the BE of In3ds, is located at 445.0 eV. This is a reason do not present In3d spectra
in Figure 2. The second Cu2ps, core level peak at 935.0 eV and shake-up satellites in the BE region of 940-944 eV,
both characteristic of Cu®" state [13], are recorded from the non-cleaned surface (Fig.2). Also the second peak of
S2p core level at BE=168.9 eV, corresponding to sulfur in sulfates, was detected on the surface (Fig. 2). These extra
peaks were not detected after Ar” sputtering. The intensity of Ols core level peak at BE= 530.0 eV (Me-O) is
decreasing from the film surface to bulk. It can be observed that the Me-O peak intensity increases before the signal
at BE=533.6 eV, characteristic of oxygen in silicates (in glass) [12], becomes apparent.

In the case of CIS films deposited at 250 °C, the secondary peaks of Cu2ps, and S2p core levels with BE of 935.0
eV and 168.9 eV, respectively, were not detected on the film surface (XPS spectra of the films deposited at 250 °C
are not presented). The Ols peak at BE=532.0 eV was present in the spectrum recorded from non-cleaned surface
and refers to the surface contamination from ambient. The intensity of Ols line at BE=530.0 ¢V was low on the
surface and in the film bulk. The positions as well as the intensities of Cu2ps,, In3ds;, and S2p core level peaks were
constant throughout the film.

The atomic concentrations of the elements vs. the number of Ar”ion sputtering cycles of the films deposited at
different temperatures are presented in Figure 3. Figure 3a shows the results of the depth profiling analysis of CIS
film deposited at 350 °C. It can be seen that the distribution of the elements in the film is not constant and the film
thickness could be divided into three regions. Non-uniform distribution of In and Cu is characteristic for the first
(surface) region, whereat Cu/In is much lower than 1. In the second region, the composition is still In-rich, but
concentrations of In, Cu and O are almost constant and concentration of sulfur starts to decrease. In the third
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Fig. 3. The elements concentration depth profiling in CIS films deposited at 350°C (a) and 250 °C (b) onto glass substrates

region, the concentration of sulfur is decreasing from about of 44 to 30 at. % and is accompanied by an increase
in amount of oxygen (Me-O). The presence of In,O; phase was confirmed by XRD (Fig. 1a). The XPS depth
profiling shows that In,O; phase is present throughout the film thickness. Even more, the amount of oxygen (Me-O)
is increasing (and sulfur concentration is decreasing) before the signal from glass substrate (Si) becomes apparent at
about 15 Ar" sputtering cycles (Fig. 3a). It refers that In,O; phase is easily formed in an initial stage of the film
growth at this deposition temperature.

Concentration depth profiling of CIS film deposited at 250 °C (Fig. 3b) shows homogeneous distribution of
elements such as Cu, In and S throughout the film. Content of oxygen (Me-O) in the film is about 1 at. %.
Concentration of sulfur is above 50 at. % and refers to a sulfur-rich film compared to the stoichiometric CulnS,.
Obviously, secondary phases such as In,S, or CulnsSg could be present in the film deposited at 250 °C. This
assumption is supported by the XRD pattern of the film (Fig.1) and is correspondence with literature data on CIS
films deposited at low temperatures [8].

Conclusions

Spray pyrolysis deposition of aqueous solutions containing CuCl, and InCl; in equimolar concentrations and
thiourea (Cu:In:S=1:1:3) at temperatures close to 350 °C results in polycrystalline CulnS, films with the crystallite
size of 20 nm. The films grown at 250 °C have the crystallite size in the order of 8 nm. According to Raman
spectroscopy studies both the chalcopyrite and Cu-Au ordered CulnS, phases are present, and the short-range
ordering is almost independent of the growth temperature. According to XPS of the film deposited at 350 °C, the
Cu** containing pieces are present on the surface of the film, the film elemental composition in the bulk region is not
homogeneous, content of oxygen (oxygen bonded to metal) is 5-8 at.%. Oxygen is present in the form of In,O; as
also confirmed by XRD.

In this study we showed that CulnS, films with low amount of oxygen (1 at.% or less) and uniform distribution of
the copper, indium and sulfur throughout the film can be produced by chemical spray pyrolysis technique in open air
using the deposition temperature close to 250 °C. These films are slightly sulfur-rich which refers that a sulfur-
containing secondary phase could be present as well.
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In this paper we present a realization of an extremely thin absorber (ETA) layer solar cell by the
chemical spray pyrolysis method. CulnS, absorber was deposited onto a blocking layer coated ZnO
nanorods grown on a transparent conductive oxide. Layers and cells were characterized by optical and
Raman spectroscopy, and scanning electron microscopy. Current-voltage, spectral response and
electron beam induced current measurements were applied to solar cells. ZnO nanorod cell showed
twice higher short circuit current density than the flat reference. ETA cells with efficiency of 2.2%
(j = 12mA/cm?, V, = 425 mV, FF = 43%) and of 2.5% were prepared using TiO,-anatase and an indium
sulfide blocking layer, respectively.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Low-cost deposition techniques and new designs are of
continuous interest to reduce production costs of photovoltaic
devices. In recent years, nanostructure use in photovoltaic devices
has attracted major interest. Dye sensitized photoelectrochemical
solar cell (DSSC) based on nanoporous titanium dioxide is the
best-known representative of the family of nanostructured PV
devices [1]. Stability problems of DSSC, including its solid-state
modifications, promote development of the concept of extremely
thin absorber (ETA) cell which uses an extra thin absorber
sandwiched between two strongly interpenetrating transparent
wide bandgap semiconductors [2]. TiO, is the most frequently
used n-type nanostructured window material in the ETA cell. As
an alternative, nanostructured columnar zinc oxide has been used
to prepare ZnO/CdTe ETA cell [3]. Inorganic absorber materials like
CdTe [3,4] and CdSe [5-7] have been used in nanostructured ZnO
based cells. The conversion efficiency of 2.3% has been achieved in
ZnO nanowire based ETA cells [5,6]. ZnO nanowire layers for
photovoltaic application have been fabricated by electrodeposi-
tion [3-7], metal organic vapour deposition [8] and hydrothermal
growth [9].

Recently a low-cost deposition route to grow ZnO nanorod
arrays on conductive transparent electrodes by chemical spray
was developed by our group [10-12]. In this study, we describe
the preparation and properties of solar cells based on nanos-
tructured layers comprising ZnO nanorods and copper-indium

* Corresponding author.
E-mail address: malle@staff.ttu.ee (M. Krunks).

0927-0248/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.solmat.2008.03.002

disulfide absorber layer. Both ZnO nanorods and the absorber
layer were deposited by the chemical spray pyrolysis method.

2. Experimental

ZnO nanorods were deposited by spray of zinc chloride
aqueous solutions onto the indium tin oxide (ITO) covered glass
substrates at deposition temperatures slightly above 500 °C. ZnO
nanorod layer (ZnOg) deposition by the spray technique is
reported in detail in our previous studies [10-12]. To prepare a
ZnO structured layer based solar cell, the following layers were
deposited by keeping the sequence: ZnOg, TiO, or ‘InS’ blocking
layer, In,S; and finally, CulnS, (CIS). A thin film of TiO, as a
blocking layer was prepared by the sol-gel dip coating method
using the titanium tetra-isopropoxide based titania sol [13]. As an
alternative, a dense layer of indium sulfide was used instead of a
TiO, blocking layer. This layer (named ‘InS’) was deposited by
spray using the solution containing InCl; and thiocarbamide
(SC(NH;),) in a molar ratio of In:S = 1:3 at pH~5. Indium sulfide
(InyS3) buffer layer was deposited by spray using the spray
solution of InCl; and SC(NH,), with the molar ratio of In:S = 1:3
at InCl; concentration of 2 x 10~>mol/l and pH~3. CulnS, (CIS)
absorber layer was deposited by spray using the solution
containing InCl;, CuCl, and SC(NH,), at the molar ratios of
Cu:In:S = 1:1:3, following the preparation route described else-
where [14]. Indium sulfide layers and CIS absorber layer were
grown at a similar temperature close to 300 °C. Flat solar cells (no
ZnO rods) as reference samples were prepared simultaneously
with the structured cells. Component layers were identified by
their bandgap (Eg) or Raman spectra. The optical transmittance
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and reflectance spectra of the component layers and the
structures were measured in the wavelength range of
200-2500 nm at room temperature on a Jasco V-670 UV-VIS-NIR
spectrophotometer fitted with an integrating sphere. Raman
spectra of the layers were recorded in the backscattering
nonpolarized mode at room temperature using a confocal laser
micro-Raman spectrometer HORIBA Jobin Yvon Model HR 800.
The excitation radiation wavelength was 532.0nm and the
intensity was 107 W/m?.

Surface morphology and cross-section views of the structures
were examined by high-resolution scanning electron microscopy
(SEM) on Zeiss HR FESEM Ultra 55. The image of p—n junction was
investigated with the help of electron beam induced current
(EBIC) detector. Photoconversion of the solar cells was character-
ized by I-V curves in the dark and under the halogen lamp
illumination (intensity 100mW/cm?). External quantum effi-
ciency (EQE) spectrum of the solar cells was measured in the
wavelength range of 400-1200 nm using 100 W halogen tungsten
quartz (HTQ) lamp and SPM-2 monochromator (f=40cm).
Graphite was used to make electrical contacts.

3. Results and discussion
3.1. Choice and characterization of solar cell component layers

In this study we prepared solar cell onto the spray deposited
nanostructured ZnO layers comprising elongated crystals. SEM
cross-sectional micrograph of the ZnO nanorod layer on ITO
electrode is presented in Fig. 1a. TiO, blocking layer was deposited
onto the structured zinc oxide to protect ZnO from dissolution
during the deposition of acidic solution to form In,S; buffer and
copper indium disulfide absorber layers. Another role of TiO,
blocking layer was to avoid electrical short-circuiting of the solar
cell structure. In previous studies, a continuous ZnO or TiO, layer
has been deposited first on the conducting transparent electrode
to avoid any contact and consequent short-circuiting between the
front and back contact [4,5,7,15] and ZnO rods were grown on
those metal oxide layers.

Fig. 2 shows Raman spectrum of the flat TiO, film as a
reference sample prepared in parallel to depositing TiO, onto the
structured ZnO layer. Raman peaks at 144, 196, 398, 518 and
638 cm™! confirm the formation of TiO,-anatase film [16].

An alternative blocking layer, ‘InS’, was deposited by spray in
order to reduce the preparation time, to keep spray process
continuous and thus to simplify the solar cell fabrication process.
According to the SEM study (SEM microphoto is not presented),
thin, dense and pinhole-free ‘InS’ film was formed. Both indium
sulfide films, ‘InS’ blocking layer and In,S; buffer layer, show a
similar band gap value of 2.0eV (Fig. 3). The bandgap of indium
sulfide films was calculated from the optical transmittance and

reflectance spectra, assuming the indirect transition type and
linearity of (ahv)'/? vs. hv plot.

The sequence of component layers in the solar cells based on
nanostructured ZnO and their flat references together with cell
numbering is as follows:

ITO/TiO/In,S3/CIS (flat);
ITO/ZnOg/TiO,/In,S3/CIS (structured);
ITO/'InS’/In,S5/CIS (flat);
ITO/ZnOg/‘InS’[In,S3/CIS (structured).

L

SEM cross-sectional microphoto of ITO/ZnOg/TiO,/In,S3/CIS
structure (cell 2) is presented in Fig. 1b. As can be seen, ZnO
crystals in the solar cell structure are covered with a CIS layer with
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Fig. 2. Raman spectrum of the TiO, film made by sol-gel dip coating on a glass
substrate and annealed for 30 min at 450 °C in air.
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Fig. 3. Determination of the optical bandgap of the spray deposited indium sulfide
buffer layer.

Fig. 1. SEM cross-sections of spray deposited ZnO nanostructured layer on indium tin oxide (ITO) covered glass substrate (a), and the solar cell structure (ITO/ZnOg/TiO,/

In,S3/CIS) before conducting (b).
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a thickness lower than 50 nm. Thus, the solar cell formed could be
classified as an ETA layer solar cell. CIS layer thickness is almost
uniform on top and side planes of the ZnO crystals, as shown by
the cross-section of one broken crystal (Fig. 1b). The blocking layer
of TiO, and the buffer layer of In,S; cannot be clearly
distinguished from the SEM microphoto, due to their low
thickness.

3.2. Optical properties of solar cells

Fig. 4 presents the transmittance spectra of the substrate
(glass/ITO), substrate with ZnO rods (glass/ITO/ZnOg) and the
completed cell (glass/ITO/ZnOg/TiO2/In,S3/CIS). In the case of
glass/ITO/ZnOg sample interference fringes disappear (curve 2 in
Fig. 4), which indicates the loss of the flat morphology. The energy
gap close to 3.2 eV for ZnO and 1.4 eV for CIS was estimated from
these spectra, using the relation for the direct transition.

The effective reflectance (Rg, determined as the ratio of
integrated reflectance to the integrated photon flux) and the
effective absorbance (Ag, determined as the ratio of integrated
absorbance to the integrated photon flux) are solar cell relevant
parameters characterizing the light trapping ability of the
photovoltaic device [4,6]. Rg and Ag were calculated for the flat
(cell 1) and structured cell (cell 2) using total reflectance and
transmittance spectra recorded in the wavelength range of
400-800 nm. The results are summarized in Table 1. Ag of the
structured cell (~56%) is 14% higher than that of the flat cell
(~42%) mainly due to the higher reflectivity of the latter.
Structured cell 2 has Ag~56% and Rg~35% vs. Ag~89% and
Re~8% of the glass/Sn0,/Zn0/ZnOg/CdSe cell [6]. Consequently,
the ZnOg/CdSe cell, where CdSe absorber with a layer thickness of
30-40nm was deposited onto the ZnO rods with a length of
~2um, indicates a much better light trapping ability than
the structure composed of sprayed rods with a length of ~1um
(Fig. 1). To achieve a higher light trapping in the structures based
on sprayed ZnO rods, longer and thinner rods should be used.

3.3. Solar cell output characteristics

I-V curves of flat (cell 1) and structured (cell 2) cells are
presented in Fig. 5. Solar cell output parameters of flat and
structured cells with different blocking layers are summarized in
Table 2. Solar cell output parameters show that current density (j)
of the cell built on ZnO nanorods is at least two times higher than
that of the flat cell prepared simultaneously with the structured
one. Current density of 12 mA/cm? achieved for structured cell 2 is
three times higher than that obtained on ZnOg/CdSe structure
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Fig. 4. Optical transmittance spectra of glass/ITO substrate (1), glass/ITO/ZnOg (2)
and completed solar cell structure glass/ITO/ZnOg/TiO/In,S3/CIS (3).

Table 1
Effective reflectance (Rg) and effective absorbance (Ag) of the flat and structured
cell in the spectral region of 400-800 nm

Structure type Re (%) Ag (%)
Flat 43 42
Structured 35 56

10 4
/

154

Structured

Fig. 5. Current-voltage characteristics of flat (cell 1: ITO/TiO,/In,Ss/CIS) and
structured (cell 2: ITO/ZnOg/TiO,/In,S3/CIS) solar cells under halogen lamp
illumination of 100 mW/cm?.
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Fig. 6. External quantum efficiency (EQE) spectra of the flat and structured solar
cells. Flat cell—cell 1, ITO/TiO/In,S3/CIS; structured cell—cell 2, ITO/ZnOg/TiO,/
In,S5/CIS.

Table 2
Output characteristics of the flat and structured solar cells under the halogen lamp
illumination intensity of 100 mW/cm?

Cell no. Cell structure Blocking layer V,. (mV) j(mA/cm?) FF (%) Eff. (%)

1 Flat TiO, 445 5.5 41 1.0
2 Structured 425 12.0 43 22
3 Flat ‘InS’ 485 43 63 13
4 Structured 455 9.1 60 25

Cell numbering is given in Section 3.1.

(4mA/cm?) made by electrochemical deposition in spite of the
fact that much better light trapping was observed in the ZnOg/
CdSe cell [5,6]. Open circuit voltage (V) is slightly higher in the
case of flat samples independent of the barrier layer used. This
behaviour could be explained by a higher recombination in the
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Fig. 7. Electron beam induced current (EBIC) (a) and SEM (b) cross-sectional views of the structured cell ITO/ZnOg/TiO,/In,S3/CIS. EBIC (c) and SEM (d) images of the flat cell

prepared in the same batch are presented for comparison.

structured cells. Additionally, the thicknesses of blocking and
buffer layers could be different in flat and structured cells.
Thicknesses of component layers have been found to control the
output parameters of ETA cells prepared by SILAR technique [17].
No marked differences were found in the fill factors (FF) of the
structured and flat cells. Interestingly, the FF of the cells based on
sprayed ‘InS’ blocking layer were always higher (~60%) than those
of TiO, layer samples (~40%) (Table 2). In the current stage of
studies, we cannot make any conclusions yet of which blocking
layers should be preferred.

EQE spectra of structured and flat cells are presented in Fig. 6.
As expected, the EQE graphs of the flat and structured cells show a
similar shape. At the same time, the cell based on ZnO rods shows
higher EQE (Fig. 6), and about twice higher current density than
the flat cell (Fig. 5). Fig. 7 presents the EBIC image (a) and the SEM
image (b), both recorded from the same cross-section area of the
structured sample. According to the EBIC and SEM images, the p-n
junction is continuous and follows the shape of ZnO crystals. EBIC
and SEM images of the flat cell are presented for comparison
(Fig. 7c and d). It can be seen that the p-n junction area of the
structured cell is larger than that of the flat cell. The current
collective region is almost expanded into the CIS absorber, as seen
from the junction EBIC views (Fig. 7a and c). Thus, the increased
current density of structured cell is mainly due to increased p-n
junction area.

4. Conclusions

It has been shown experimentally that ZnO nanorod arrays
grown by the spray pyrolysis method could be successfully used
to fabricate a nanostructured solar cell. The conversion efficiency
of 2.5% was obtained using the spray pyrolysis technique for both
ZnO nanorod and copper indium disulfide absorber layers. To our
knowledge, it is the highest value reported to date for the ZnO
nanorod based solar cells, based on an inorganic absorber layer.

The increase in the short-circuit current density due to the
increased p-n junction area is mainly responsible for the higher
efficiency of the structured cell compared to the flat analogue. As

the preparation technology is simple and fast, operates at low or
moderate temperatures and there is no need for expensive and
sophisticated apparatus, thus it could be prospective for fabrica-
tion of efficient solar cells with large area at low cost. A detailed
study of physical properties of the cell and further development of
the deposition process are in progress.
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PHOTOVOLTAIC CELL BASED ON ZINC OXIDE NANORODS AND METHOD
FOR MAKING THE SAME

Background of the invention

Technical field

The invention relates to photovoltaic cells and methods of making photovoltaic cells,
particularly to methods of manufacturing photovoltaic cells on ZnO nanorod structures

b

whereas all layers of the nanorod structure are preferably prepared by chemical spray

pyrolysis.
Background art

Photovoltaic (PV) cell is a device that converts light energy into electrical energy. Harnessing
solar energy with inexpensive materials and manufacturing methods is an important
challenge. Low cost deposition techniques and new designs of PV devices are needed to
reduce the production costs. There has been much interest of using nanostructures in PV
devices. Dye sensitized photoelectrochemical solar cell (DSSC) based on nanoporous titanium
dioxide is the most known nanostructured PV device (B. O’Regan and M. Gritzel, Nature
353, 737 (1991)). Unsolved problem with DSSC is its instability, also of its solid-state
modifications. Another approach is an extremely thin absorber (eta) cell which has an extra
thin absorber sandwiched between two strongly interpenetrating transparent wide band gap
semiconductors (K. Ernst, et al, Semicond. Sci. Technol. 18, 475 (2003)). Most frequently
used n-type nanostructured window material for the eta-solar cell is porous TiO,.
Alternatively, ZnO nanowires or columnar ZnO structures have been used to prepare ZnO eta-
cells (C. Lévy-Clément, et al, Physica E 14, 229 (2002)). Inorganic absorber materials like
CdTe (C. Lévy-Clément, et al above; R. Tena-Zaera, et al, Thin Solid Films 483, 372 (2005)),
CdSe (Lévy-Clément, et al, Advanced Materials 17, 1512 (2005); R. Tena-Zaera, et al, C.R.
Chimie 9, 717 (2006); R. Tena-Zaera, et al Proceedings 21st European PV Solar Energy
Conf., 4-8 Sept. 2006, Dresden, Germany (2006), p.238) or In;S3 (D. Kieven et al, Applied
Physics Letters 92, 153107 (2008) have been used in ZnO based cells. The conversion

efficiencies of 2.3-2.5% are reached in ZnO nanowire based eta-cells (see C.R.Chimie, above;

D. Kieven et al, above).
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ZnO nanowire layers for photovoltaic applications have been fabricated by electrodeposition
(see C. Lévy-Clément, R. Tena-Zaera above), metalorganic vapour deposition (J. B. Baxter
and E.S. Aydil, Sol. Energ. Mater. Solar Cells 90, 607 (2006)), hydrothermal growth (M.
Guo, P. Diao, X. Wang and S. Cai, J. Solid State Chem. 178, 3210 (2005) and solution

deposition (D. Kieven et al, above).

In US patent application to Yang et al (Publication No. US 2005/0009224A1) is described a
method of growing zinc oxide nanowires (aspect ratios between about 10 to about 500) on
transparent conductive oxide (TCO) covered substrate, such as glass, and dye sensitized solar
cells, organic-inorganic solar cells and solid state sensitized solar cells built on such
nanowires. The nanowires in Yang are deposited by solution based processes, e.g., by dip

coating process.

Recently we have developed a low-cost deposition method of growing zinc oxide nanorod
arrays on conductive transparent electrodes by chemical spray (M. Krunks, et al, US
provisional application 60/671232; international patent application PCT/EE2006/000002,
published as W02006108425).

Disclosure of the invention

Embodiments of the invention are directed to novel structures of a photovoltaic (PV) cell,

based on nanorod layer, and methods for making the same.

One aspect of the invention is a new PV cell, comprising a transparent substrate covered with
transparent conductive oxide (TCO) layer, a nanorod metal oxide layer on said TCO layer, a
(chemically) blocking layer on said nanorod metal oxide layer, a buffer layer on said blocking
layer, an absorber layer on said buffer layer, and electrical contacts attached to said absorber

layer and to said TCO layer.

According to one embodiment, the nanorod metal oxide layer is a ZnO nanorod layer.
According to one embodiment, the ZnO nanorod layer is deposited by spray from solution

containing ZnCly.

According to one embodiment, the transparent substrate is glass, and the TCO layer is an

indium tin oxide (ITO), doped SnO,, or doped ZnO layer.
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According to one embodiment, the extremely thin blocking layer comprises TiO; and has
thickness less than 10nm, preferably less than 5nm. According to one embodiment, the
extremely thin blocking layer comprises In,Sy According to one embodiment, the buffer layer

comprises In,S3, CdS or ZnS. According to one embodiment, the absorber layer comprises

» CulnS;, or other Cu-based chalcopyrites such as CulnS;, CulnSe;, CulnGaS;, CulnGaSe; and

their solid solutions, or analogous Ag-based compounds and their solid solutions; or In-free

CZTS —type compounds, such as Cu,ZnSnSy4, Cu;ZnSnSe4 and/or their solid solutions.

According to one embodiment, the PV cell further comprises a thin conductive layer between
said nanorod metal oxide layer and said blocking layer. According to one embodiment, said

conductive layer is a doped metal oxide layer, such as indium or aluminium ZnO layer.

One embodiment of the invention is a PV cell, comprising a glass substrate covered with an
ITO layer, a nanorod zinc oxide layer, deposited by spray from solution containing ZnCl,; an
indium-doped zinc oxide layer, deposited by spray from a solution comprising zinc acetate
and indium ions (In*" ions); a blocking layer, prepared by dip coating or by spray from
titanium alkoxide sol; a buffer layer comprising In,S; and prepared by spray; and absorber

layer, comprising CulnS,, prepared by spray.

Another aspect of the invention is a method for manufacturing PV cells with structures as
described above. Such structures are prepared solely by or mostly by chemical spray pyrolysis

deposition.

According to one embodiment, the method comprises depositing a metal oxide, such as ZnO
nanorod layer by chemical spray deposition on a transparent conductive oxide layer on a
transparent substrate; depositing an extra thin blocking layer on said nanorod layer, said extra
thin blocking layer comprising TiO; or In,Sy (where x and y are integer numbers); depositing
a buffer layer on said thin blocking layer, said buffer layer comprising InS3; and depositing
an absorber layer on said buffer layer, said absorber layer comprising CulnSy; and attaching

electrical contacts to said transparent oxide layer and to said absorber layer.

According to one embodiment, the metal oxide nanorod layer is deposited by spray from

solution containing ZnCl,.
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According to one embodiment, the method additionally comprises a step of depositing a

conductive doped metal oxide layer on said metal oxide nanorod layer.

Brief description of the drawings

The technical essence of the invention is described in details by following figures.

Fig. 1 shows a simplified schematic view of a photovoltaic cell according to the invention;

Fig. 2 shows SEM images of a ZnO nanocolumnar layer before and after (inset) spraying on
that acidic (pH ~2.8) solution (Fig. 2A) and a solar cell structure ZnOg/Ti0,/In,S;/CIS
(Fig. 2B).

Fig. 3A shows a flowchart illustrating the method of manufacturing the PV cell according to

one embodiment of the invention.

Fig. 3B shows a flowchart illustrating the method of manufacturing the PV cell according to

another embodiment of the invention.

Fig. 4A is a current —voltage characteristics of a PV cell according to the invention (structured
cell) compared to a flat PV cell (respectively, cell 1 and cell 2 shown in Table 1) under

halogen lamp illumination of 100 mW/cm?2.

Fig. 4B is a current-voltage characteristics (in dark and under the illumination) of all-layers-
sprayed PV cell ITO/ZnOg/Ti02/In2S3/CulnS2 with a cell conversion efficiency of the cell
2.6 % (cell 4 shown in Table 1).

Fig. 4C is a current-voltage characteristics of structured PV cells with different thickness of
spray-deposited TiO2 layer. Thickness is controlled by number of the spray pulses shown by

Arabic numerals on the graph.

Fig. 4D is a current-voltage characteristics (in dark and under the illumination) of all layers
sprayed structured PV cell ITO/ZnOgr/In,S,/In,S3/CulnS,; with a cell conversion efficiency 3.9
% (cell 6 shown in Table 1).

Fig. 5 shows electron beam induced current (EBIC) (Fig. 5A) and SEM (Fig 5B) images of
the cross section of a structured solar cell TCO/ZnOg/ZnO:In/TiO,/InyS3/CIS.
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Fig. 6 is a spectral response of a PV cell according to the invention (structured cell) compared

to a flat PV cell (respectively, cell 1 and cell 2 shown in Table 1).
Modes for carrying out the invention

The photovoltaic cell (PV cell, or solar cell) according to one embodiment of the present
invention is schematically depicted in FIG. 1. The PV cell is built on suitable transparent
substrate 1 that is covered with transparent conductive oxide (TCO) layer 2. Glass is one of
the most suitable materials for the substrate. TCO layer is typically tin oxide, e.g., fluorine-
doped tin oxide (SnOy:F, or FTO), or indium tin oxide (ITO) or indium, fluorine or
aluminum-doped zinc oxide (ZnO:In, ZnO:F, or ZnO:Al). TCO-covered glass is

commercially available from many manufacturers.

A nanorod layer 3, such as zinc oxide nanorod (ZnOg) layer is deposited on said TCO
substrate. The nanorod layer is preferably prepared by chemical spray pyrolysis deposition
(hereinafter, spray). ZnO layer comprises elongated crystals. According to selective area
electron diffraction (SAED) study the sprayed ZnO nanorods grown at temperatures above
500 °C are single crystals. According to the photoluminescence studies which shows strong
near-band-edge (NBE) emission in UV region and very weak green emission, the sprayed

ZnO nanorods are of high crystal quality and chemical purity.

Electrical characterization, incl Kelvin probe measurements reveal that ZnO nanorods by
spray may be single crystals with low concentration of free carriers. For better carrier
collection, a thin conductive metal oxide layer 4, such as indium-doped zinc oxide (ZnO:In)
layer is deposited on the nanorod layer 3 and generally follows the shape of the rods. The
conductive layer 4 is also preferably prepared by spray. In background art, the ZnO rods,
typically prepared by electrodeposition, are heavily doped.

An extra thin blocking layer 5 (with thickness less than 50 nm, preferably less than 10 nm,
most preferably less than 5nm) is deposited on said conductive layer. Blocking layer 5 can
comprise TiO; and can be made by sol-gel spray or spin coating or dip coating using a
titanium alkoxide based sol. Other chemically inert oxides such as Al,Os3, ZrO; and Nb,Os
can be also used. The blocking layer protects the ZnO from chemical dissolution in acidic

medium during next deposition steps of solar cell fabrication, namely during the spray



10

15

20

25

WO 2009/006910 PCT/EE2008/000019

6

deposition of acidic (pH~3) solution to make In,S; buffer and copper indium disulfide (CIS)
absorber layers. Blocking layer also avoids the electrical short circuiting of the solar cell
structure. The thickness of the blocking layer should be optimized to provide tunneling of the

carriers.

The blocking layer 5 may comprise indium sulfide or titanium dioxide and may be deposited
by spray. This reduces the preparation time and preserves continual spray process and thus,
provides simple and straightforward solar cell fabrication process. According to the SEM

study, thin, dense and pinhole-free films of InS or TiO; can be formed by spray.

The buffer layer 6 is deposited on the blocking layer 5. Buffer layer may comprise In,S; and
is preferably deposited by spray. Absorber layer 7 is deposited on buffer layer. Absorber layer
is preferably CIS (CulnS,) layer, preferably deposited by spray. However, other chemical
vapor deposition and solution based techniques may be also used. Also other absorber
materials may be used, such as other Cu-based chalcopyrites such as CulnSe;, CulnGa$S,,
CulnGaSe; and their solid solutions, or suitable Ag-based materials and their solid solutions;

or In-free multinary compounds, CZTS, such as Cu,ZnSnS,, Cu,ZnSnSey.

The solar cell has electrodes attached to the p-type absorber layer as a back contact 8 and to
transparent conductive oxide layer as a front contact 9. For the back contact any suitable
method and material commonly used for electrodes can be used, e.g., metals with high work
function Co, Au, Ni, Pd, Pt or graphite or hole conductor layer PEDOT:PSS, CuSCN, Cul,
CuAlO,, NiO with a céntact formed of suitable metal such as Co, Au, Ni, Pd, Pt.

Figs. 3A and 3B show flowchart, illustrating the methods of manufacturing PV cells

according to the embodiments of the invention.

The method shown in Fig. 3A comprises step 100 of depositing a nanorod layer 3 of metal
oxide by spray on suitable TCO substrate, such as ITO covered glass. Metal oxide is
preferably zinc oxide. Then follows step 300 of depositing an extra thin blocking layer 5 on
said nanorod layer, covering the tops and sides of the rods. The blocking layer is preferably
also deposited by spray and comprises In,Sy (where x and y are integer numbers), or TiO».
Follows step 400 of depositing a buffer layer 6 on the blocking layer 5. The buffer layer may
comprise In,S; and is also preferably deposited by spray. Then follows step 500 of depositing
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absorber layer 7 on the buffer layer. Absorber layer is preferably CIS (CulnS,) layer, and is
preferably deposited by spray. The final step 600 is attaching suitable electrodes to the

transparent conductive oxide layer 2 and to the absorber layer 7.

The nanorod layer prepared by spray consists of single crystals while such crystals may be,
depending on the deposition parameters, of very high purity. To improve the carrier collection
in such PV cell, additional conductive layer may be needed between the nanorod layer and the
blocking layer. To manufacture such PV cells, the method is modified as shown in Fig. 3B.
The method additionally comprises step 200 after step 100. Step 200 is depositing a thin
conductive layer 4 of doped metal oxide, such as indium or aluminium doped zinc oxide onto
the nanorod layer 3 by spray, covering the tops and the sides of the rods. Then follows step
300 of depositing an extra thin blocking layer 5 on said thin conductive layer. Other steps
400, 500 and 600 are as described above.

Example 1

Zinc oxide (ZnO) nanorods were deposited by spray of zinc chloride (ZnCl,) aqueous solution
onto indium tin oxide (ITO) covered glass substrates placed on the hot plate (laboratory
device developed by Tallinn University of Technology) heated up to about 600 °C. The
concentration of ZnCl, in spray solution was about 0.1 mol/l. ZnO nanorod (ZnOg) layers
deposition by spray technique are described in more details in our PCT application
PCT/EE2006/000002, published as W02006108425.

The next layers of the solar cell were deposited in the following order: a thin conductive layer
of indium doped zinc oxide (ZnO:In), an extra thin blocking layer TiO», a buffer layer In,S3
and finally, CulnS,; (CIS) absorber layer.

The conductive layer of indium-doped zinc oxide (ZnO:In) was deposited onto the ZnO
nanorods at hot plate temperature of about 500 °C from about 20 ml of about 0.2 mol/l

Zn(CH3COO0); solution containing InCl; ([In}/(Zn]= 3 at %).

The extra thin blocking layer of TiO, with thickness less than or about 10 nm was prepared by
sol-gel dip coating method by immersing the substrate in the titania sol (acetylacetone
stabilised titaniumtetraisopropoxide, prepared at TTIP:acacH=1:1 in ethanol (other alcohols,

such as isopropanol, 2-metoxyethanol may be used) where TTIP=titaniumtetraisopropoxide,
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Ci2H,304Ti and acacH= acetylacetone, CsHgO,). Dip coating was made at room temperature
followed by drying at about 80°C, and then heated for about 30 minutes at about 450 °C in a

laboratory oven.

Indium sulfide (In,S3) buffer layer was deposited by spray using an aqueous spray solution of
InCl; and SC(NH,), with molar ratio of In:S =1:3 at concentration of InCls of 2x10” mol/l
and pH ~ 3.

CulnS; (CIS) absorber layer was deposited by spray using a solution containing InCls;, CuCl,
and SC(NH,); at molar ratios of Cu:In:S=1:1:3 and following the deposition route described
in details in our US patent application published as US20050271827. Indium sulfide layers

and CIS absorber layer were deposited at similar temperature of 300 °C.

For comparison, flat PV cells (i.e., with flat ZnO layer instead of ZnOg layer) were prepared
simultaneously with the structured samples. As can be seen from Fig. 4 and from Table 1,

examples 1 and 2, the structured PV cell has substantially higher current j and efficiency.

Example 2

Zinc oxide (ZnO) nanorods with length of about 1 micron were deposited as in Example 1.

TiO, films were deposited by sol-gel spray pyrolysis method onto the substrate with ZnO rods
using a sol composed of a titanium alkoxide (titanium (IV)isopropoxide) with concentration
0.1 mol/l and a stabilizer (acetylacetone) at molar ratio of 1:2 to 1:4 in ethanol (other alcohols
may be used). The sol was pulverized onto the substrate heated up to 450° C employing 2 to
20 spray pulses (1 second spray+30 second pause). Sprayed TiO, films were amorphous
according to Raman spectra. X-ray photoelectron spectroscopic study revealed that four spray

pulses had produced a continuous and pinhole free TiO; film with the thickness of less than 5

nm on planar surfaces.

Indium sulfide (In,S;) buffer layer and CulnS, (CIS) absorber layer were deposited as in
Example 1.

TiO, film from 2-4 spray pulses forms a chemical blocking layer on ZnO rods resulting
simultaneously in reduction of the electrical short circuits between front and back contacts

and sufficient tunneling of the charge carriers through the interface barrier. Applying thicker
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TiO; films led to S-shaped I-V curves of the solar cells (see Fig. 4C), accompanied by a
drastic decrease in the cell fill factor and efficiency due to an additional rectifying interface in
the circuit. The best all-layers-sprayed ZnOg/TiO»/In,S3/CIS cell shows conversion efficiency
of 2.6 % (Voc=450 mV, j= 11 mA/cm2, FF=54%) versus 1.6 % of the flat PV cell under
white light illumination of 100 mW/cm?2. I-V curves of the structured solar cell with sprayed

Ti0; layer from 4 spray pulses is presented in Fig. 4B.

Example 3

Zinc oxide (ZnO) nanorod layer was deposited by spray. 50 ml of ZnCl, aqueous solution
with concentration of 0.07 mol/l with pH of 2.0-2.2 was sprayed at the rate of 2.5 ml/min onto
pre-heated ITO electrode coated glass substrates kept at constant temperature of about 600-
620°C. Acidity of the solution was adjusted via addition of HCI into the aqueous solution of
ZnCl,. The substrates were continuously rotated to obtain uniform layers. The air was used as

carrier gas with air flow rate 8 I/min.

Using acidic spray solution with pH of around 2 instead of 5 supports the formation of a layer
composed of ZnO nanorods, i.e., elongated crystals instead of a compact layer of ZnO. The
use of acidic solution reduces the number of ZnO nucleation centers by dissolving the smaller
nucleation centers and allowing rods to grow on bigger centers without growing together.
Using acidic spray solution makes the process much less dependant on the surface properties
of the TCO layer and thus makes easier to find suitable TCO substrates for manufacturing PV
cells. Also, ZnO nanorods grown from acidic solution are more conductive than nanorods

from non-acidic solution.

Thin, compact and dense layer of InsSy was deposited on the ZnO nanorod layer by spray
using 25 ml of the spray solution containing InCl; and thiocarbamide SC(NH>); at molar ratio
of In:S =1:3 with InCl; concentration of 4x10™ mol/l and solution pH ~ 5, solution spray rate
of about 1 ml/min, the substrate temperature was kept constant at about 300 °C. In,Sy is
composed of In and S atoms and there is no oxygen in the layer according to the X-ray
photoelectron spectroscopy. Band gap of In,Sy is 2.0 eV, assuming indirect transitions, and
thus, similar to that of In,S3. Layer of In,Sy on ZnO rods is amorphous according to Raman
spectroscopy; extremely thin layer of InSy is compact and without pinholes and covers

uniformly ZnO rods according to SEM study.
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In,S; buffer layer was deposited as in Examples 1 and 2.
CulnS; absorber layer was deposited as in Examples 1 and 2.

Conductive carbon paste was used to make a back contact to CulnS2 absorber. Carbon paste
contacts with determined area were prepared, solvent was removed by heating the contacts for
60 minutes at 200 °C in air. Our best cell showed the conversion efficiency of 3.9 % (Voc=
457 mV, j= 14.1 mA/cm2, FF= 60.3 %) under the white light illumination 100 mW/cm2. I-V

curves of the solar cell in dark and under the illumination are presented in Fig. 4D.

Table 1 shows output characteristics of flat and structured solar cells under the halogen lamp

illumination with intensity of 100 mW/cm2, where cell No denotes:
1- TCO / ZnO:In / TiOx(by dip) / In,S; / CIS (flat);

2- TCO / ZnOg / ZnO:In/TiO;, (by dip) / In,S;/ CIS (structured);
3- TCO / ZnO:In/ TiO; (by spray)/ In,S; / CIS (flat);

4- TCO / ZnOR/ ZnO:In / TiO, (by spray)/ In,S; / CIS (flat

5- TCO/ZnO / In.Sy/ In,S;3 / CIS (flat);

6- TCO/ZnOr /ZnO:In/ InkSy / InyS3 / CIS (structured).
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Table 1

Cell Cell Chemically Voc, I FF, Eff.,

No. structure Blocking mV mA/cm? % %

layer

1 flat TiO, (dipping) 445 5.5 41 1.0

2 Structured «“ 425 12.0 43 22
3 Flat TiO; (spray) 440 6.2 58 1.6
4 Structured “ 450 11.0 54 2.6
5 Flat In,Sy 485 43 63 1.3
6 Structured  IngSy, no ann. 420 12.8 53 2.9
In,S,, annealed 457 14.1 60 3.9

Although this invention is described with respect to a set of aspects and embodiments,
modifications thereto will be apparent to those skilled in the art. The foregoing description of
the embodiments of the invention has been presented for the purposes of illustration and
description. It is not intended to be exhaustive or to limit the invention to the precise form
disclosed. Many modifications and variations are possible in light of this disclosure. It is
intended that the scope of the invention be limited not by this detailed description, but rather

by the claims appended hereto.
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CLAIMS

. A photovoltaic cell structure, comprising:

a transparent substrate covered with a transparent conductive oxide layer;

a nanorod zinc oxide layer, deposited to said transparent conductive oxide layer;

an extremely thin blocking layer shelling said nanorods of said zine oxide layer, said
blocking layer comprising TiO, or In,S,, wherein x, y are integer numbers;

a buffer layer on said extremely thin blocking layer, said buffer layer comprising a
material selected from a group of In,Ss3, CdS and ZnS;

an absorber layer on said buffer layer, said absorber layer comprising a material
selected from the group of CulnS,, CulnSe;, CulnGaS,, CulnGaSe;, Cu,ZnSnS,4 and
CuZnSnSe,; and

a pair of electrodes, the first electrode attached to said transparent conductive oxide

layer and the second electrode attached to said absorber layer.

. A photovoltaic cell structure as in claim 1, comprising a thin conductive layer of

doped zinc oxide deposited on said nanorod zinc oxide layer.

. A photovoltaic cell structure as in claim 2, wherein said thin conductive layer is

indium doped zinc oxide layer.

. A photovoltaic cell structure as in claims 1 to 3, wherein said transparent substrate is

glass, transparent conductive oxide is selected from the group of indium tin oxide,

fluorine-doped tin oxide, and indium-, fluorine- or aluminum-doped zinc oxide.

. A photovoltaic cell structure as in claim 4, wherein all layers of the photovoltaic cell

are prepared by chemical spray deposition.

. A photovoltaic cell structure as in claims 1 to 5, wherein said extremely thin blocking

layer comprising TiO, has thickness less than 10nm.

. A photovoltaic cell structure as in claims 1 to 5, wherein said extremely thin blocking

layer comprising TiO, has thickness less than Snm.

. A method of manufacturing a photovoltaic cell, comprising:

depositing a zinc oxide nanorod layer by chemical spray deposition onto a transparent
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substrate covered with transparent conductive oxide layer;

depositing a conductive layer of doped zinc oxide by chemical spray deposition onto
said zinc oxide nanorod layer;

depositing an extremely thin blocking layer by chemical spray deposition onto said
doped conductive zinc oxide layer for chemically protecting said zinc oxide nanorod
layer during the next steps of manufacturing, said extremely thin blocking layer
comprising TiO; or In,Sy, wherein x, y are integer numbers;

depositing a buffer layer by chemical spray deposition onto said extremely thin
blocking layer, said buffer layer comprising In,Ss;

depositing an absorber layer by chemical spray deposition onto said buffer layer, said
absorber layer comprising CulnS;; and

attaching electrical contacts to said transparent oxide layer and to said absorber layer,

wherein all layers are deposited by chemical spray deposition.

A method of manufacturing a photovoltaic cell, comprising:

depositing a zinc oxide nanorod layer by chemical spray deposition onto a transparent
substrate covered with transparent conductive oxide layer;

depositing an extremely thin blocking layer on said zinc oxide nanorod layer for
chemically protecting said zinc oxide nanorod layer during the next steps of
manufacturing, said extremely thin blocking layer comprising TiO, or In,Sy, wherein
X, v are integer numbers;

depositing a buffer layer on said thin blocking layer, said buffer layer comprising
In,Ss.

depositing an absorber layer on said buffer layer, said absorber layer comprising
CulnS,; and v

attaching electrical contacts to said transparent oxide layer and to said absorber layer.

A method of manufacturing a photovoltaic cell, comprising:

providing a transparent substrate covered with a transparent conductive oxide layer;
depositing a zinc oxide nanorod layer onto said transparent conductive oxide layer by
chemical spray deposition from a solution comprising a Zn precursor and a solvent,
onto said transparent conductive oxide layer, wherein said precursor is selected from a

group of ZnCl, and Zn(CH3COO); and said solvent comprises H,O ;
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adjusting the pH level of the solution between 1.5 to 2.5 by adding an acid into said
solution;

depositing an extremely thin blocking layer on said zinc oxide nanorod layer, said
extremely thin blocking layer comprising TiO, or In,S,, wherein x, y are integer
numbers;

depositing a buffer layer on said extremely thin blocking layer, said buffer layer
comprising a material selected from a group of In,S;, CdS and ZnS; and

depositing an absorber layer on said buffer layer, said absorber layer comprising a
material selected from the group of CulnS;, CulnSe;, CulnGaS,, CulnGaSe,,
CuyZnSnS, and CuyZnSnSey.
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