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Third-generation solar cells based on quaternary copper compounds

with the kesterite-type structure
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The state of the art in the studies aimed at improving the efficiency and reducing the cost of solar energy cells is analyzed. A
possible way to achieve these goals is to use absorber layers made of semiconductor materials based on a new, poorly studied
class of quaternary copper compounds Cu,ZnSnXy4 (X = S, Se) with the kesterite-type structure. Methods of synthesis and
the chemical composition of the kesterite absorber layers are discussed. Various types and operating principles of thin-film
solar cells as well as main factors influencing parameters of these devices are considered.
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1. Introduction

In the last decade, there has been intensive research into
various types of solar energy cells and, in particular, thin-
film solar cells based on quaternary copper compounds
CurZnSnXy (X =8, Se) and solid solutions
Cuy_Zn>_,Sn,S4_-Se. (0 <x, y <2, 0<z<4) with the
kesterite-type structure built of naturally abundant ele-
ments. In the literature, these compounds are designated
by CZT(S,Se). They are low-toxic, which facilitates disposal
of spent solar cells. It is important that many properties of
CZT(S,Se) films are similar to those of Cu(In,Ga)Se, films
(they are designated by CIGS); solar cells based on the
CIGS films exhibit the highest power conversion efficiency
(PCE) among all types of thin-film solar cells.!

Owing to higher natural abundance and lower toxicity
of zinc and tin compared with gallium and indium, kester-
ites CZT(S,Se) are thought to become a promising alter-
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native to CIGS.?3 This type of materials belongs to direct
band-gap semiconductors with a band gap, E,, of 1.5
(CZTS) and 1.0 eV (CZTSe), which meets the requirements
for photovoltaic solar energy converters. The band gaps of
sulfide —selenide compositions CurZnSnS4_ . Se,
(0 < x < 4) lie between 1 and 1.5 eV.

Katagiri et al.* pioneered in the studies of a CdS/CZTS
photovoltaic heterojunction with a PCE of less than 0.7%.
Since then the CZT(S,Se) materials have been discussed as
promising candidates for thin-film solar cells; probably,
they are the future of thin-film photovoltaics of the 21st
century.

In the last decade, a number of reviews on the design of
advanced CZT(S,Se) semiconductor materials for thin-film
photovoltaics have been reported.’~ ! However, some of
them only concern various methods of synthesis of the
materials, whereas other reviews are dedicated to applica-
tion of kesterite absorber layers in thin-film solar cells and
relevant methods of synthesis. The most complete informa-
tion on kesterites was collected in Refs 9 and 10; however,
new data became available since then.

It should be noted that the most appropriate method of
synthesis of CZT(S,Se) absorber layers is unknown; the
reasons for significant differences between the experimen-
tally achieved PCE of the solar cells based on CZT(S,Se)
and theoretically possible values are still to be clarified;
also, the defect structure and the presence of secondary
phases in the kesterite films as well as their influence on the
optical and electrophysical properties of CZT(S,Se) com-
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pounds remain debatable and unclear. Moreover, solar cells
based on kesterites are not industrially produced as yet.

The review is concerned with a particular type of solar
cells, namely, thin-film solar cells based on Cu>ZnSnXy
(X =S, Se) semiconductor absorber layers with the kester-
ite-type structure. This avenue of research in modern photo-
voltaics is rapidly progressing, still being in the early stage
of development. Published data on the methods of synthesis
and on the influence of the secondary phases and defect
structure on the properties of kesterite films are generalized
and possible reasons for short lifetimes of charge carriers
and, as a consequence, low PCE of the solar cells based on
CZT(S,Se) absorber layers are discussed.

We also outline changes in the character of recent
activity in the design of thin-film solar cells, namely, an
important role of kinetic studies, numerical simulation of
processes, analysis of the role of the elemental concentra-
tion gradients in the films, inter-grain boundaries, influence
of the band gap, efc. Research into these subtle aspects has
become possible owing to the emergence of new experimen-
tal methods.

I1. Kesterite thin films in solar photovoltaics

I1.1. The minerals kesterite and stannite

The CZT(S,Se) compounds are named after kesterite,” a
mineral from the stannine family. Kesterite is an opaque,
green-black or black mineral with the composition
Cua(Zn,Fe)SnS,. Its density lies in the range from 4.54 to
4.59 g cm—3. Isometric kesterite crystals belong to the
tetragonal crystal system, can be as large as a few centi-
metres and can form irregular grains and large aggregates.
The mineral occurs in hydrothermal quartz-sulfide veins at
tin deposits. The mineral stannite has the composition
CusFeSnS4. Its crystals also belong to the tetragonal crystal
system, but the space groups of kesterite and stannite are
different. Stannite contains small amounts of zinc, whereas
the Zn : Fe ratio for kesterite much exceeds that for stannite.

11.2. The properties of kesterite layers: a comparison
Currently, silicon-based solar cells are used most widely.
However, they have a number of severe drawbacks due to
intrinsic properties of crystalline silicon, in particular, a
relatively large film thickness (~200 um) and, as a conse-
quence, poor mechanical properties of the devices. Silicon-
based solar cells have almost reached their potential,
namely, commercially available samples are characterized
by PCE ~ 17%.14-17 Further improvement of their effi-
ciency requires expensive ultrahigh-purity silicon. Solar
cells based on amorphous silicon also have an efficiency
threshold. Also, hydrogen present in the silicon structure
favours manifestation of negative Staebler — Wronski effect
(light-induced degradation of physical properties).!6-18
Solar cells based on gallium arsenide represent an
alternative to silicon photocells. Gallium arsenide, a semi-
conductor whose solar-power properties are identical to
those of silicon, is more efficient from the standpoint of

T The mineral was discovered at the Kester deposit (Arga-Ynnakh-Khaya
granite massif, Yana-Adycha Region, Yana River Basin, Yakutia/Sakha
Republic, Russian Federation). It was first described in 1948 as ‘silver zinc
stannite’ despite the fact that the silver content was only 0.005%. The
mineral was named ‘kesterite’ in 1956.11-13

performance. That is why GaAs-based solar cells have a
much higher PCE of up to 44%, outside the Earth’s
atmosphere.'® However, this type of solar cells is used
more rarely, mainly in specialized industries (e.g., space
industry) because of very high cost of the devices (this is
their main drawback). Both the material and fabrication
technology are much more expensive than those of the
silicon analogues. Besides, gallium 1is quite a rare
metal.3- 1619

In this connection, other technologies including thin-
film ones are intensively developed. They are used to
prepare solar cells based on CdTe, CIGS and, of course,
CZT(S,Se) thin films.3-16-19-20 [Note that CdTe-based solar
cells rank second worldwide in production volume (~25%)
after silicon-based devices.] Solar cells based on CdTe are
characterized by PCE values of about 10% —12% and cheap
fabrication technology. High toxicity of cadmium and
relatively low natural abundance of tellurium preclude*
large-scale production of CdTe-based solar cells in many
countries. ! 1°

Devices based on CIGS films have PCE > 12% and are
in the commercialization process. However, they contain
rare expensive elements, indium and gallium.!-'® In this
connection, a possible alternative to CIGS is to use quater-
nary copper compounds CZT(S,Se) (kesterites) that have
been studied quite recently. They have an optimal band gap
(Ee = 1.0-1.5¢V), high absorption coefficient
(¢ ~ 10* cm— 1), and almost complete absorption of solar
radiation is provided with a layer nearly 3 pm thick
(0 ~ 3 um). Also, the constituent elements of kesterites are
low-toxic and abundant in nature. However, the PCE of the
solar cells based on CZT(S,Se) is at most 13%, being much
lower than the theoretically possible value of 30%.2~> The
reasons for this difference have been poorly studied as
yet.22=25 Also, no industrial-scale production of this type
of solar cells is currently available.

The CZT(S,Se) semiconductor materials have hole-type
conductivity. The concentration of current carriers in them
lies in the range 10'8—10%° cm—3 (see Refs 3,26 —30). The
Hall mobility of holes (un) depends strongly on the method
of synthesis (Table 1). A maximum Hall mobility of
120 cm? V—! s—! was reported for magnesium-doped sam-
ples.

i However, First Solar, Inc. (USA) has been producing this type of
modules since 1990s and has no plans to change the strategy.?!

Table 1. The Hall mobility of holes.

Compound up fem? V—1g—1 Ref.
CusZnSnS, 6.3 31
CuZnSnSy 6.0 30
CurZnSnS4 <0.1 32
CuxZnSnS4 12.6 33
Cu>ZnSnSey 39.7 34
CuyZnSnSey 36.5 35
(Cuz—xMg,)ZnSnSeq 120 35
Cuy.75Zn(Sn; —,Al,)Ses 32.5 36
Cul_f,Zn1+:Sn172S€4 113 37
Cu»ZnSnSey (single crystal) 40-50 38
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Table 2. Absorber layers of industrially produced one-cascade solar cells: a comparison.

Absorber layer Advantages Drawbacks Ref.
Si (crystalline) PCE > 25% 0 ~ 200 pm, expensive technology, brittle 14-17,39
Si (amorphous) PCE > 10%; o > 10° cm~—! Staebler — Wronski effect (a decrease in PCE 16,18, 40
(0 ~0.5-1.0 pm) by 5% every 6 months)
GaAs PCE ~ 30%; 0 ~ 1 pm Expensive substrates, brittle, toxic element As 3,16, 19, 41
CdTe PCE to 21%; cheap Toxic element Cd and rare element Te 16, 19 (see?)
CIGSe PCE to 21%; low-toxic; Rare and expensive elements In and Ga 1, 16 (see®)
0=~ 2-3pum
CuZnSnX4 (X = S,Se)  PCE of laboratory-scale samples No industrial-scale production 2-5,42

to 12.6%:; cheap; 0 ~ 2—3 um;
low-toxic

aSee also First Solar Press Release, ‘First Solar Builds the Highest Efficiency Thin Film PV Cell on Record’, 5 August 2014.

(http://investor.firstsolar.com/releasedetail.cfm?ReleaseID = 864426).

bSee also Solibro Press Release, ‘Solibro Beats World Record for Solar Cells’, 12 June 2014.
(http://www.zsw-bw.de/uploads/media/pr12-2014-ZSW-Worldrecord CIGS.pdf).

Key properties (PCE, thickness) and the advantages and
drawbacks of the absorber layers for industrially produced
one-cascade solar cells are compared in Table 2.

11.3. Main methods of synthesis of kesterite thin films
Kesterite thin films CuZnSnXy4 (X = S, Se) are most often
synthesized using vacuum and solution methods.

Kesterite absorber layers can be synthesized using var-
ious methods including atom-beam sputtering,3>43 hybrid
sputtering,?® radiofrequency magnetron sputtering,** ther-
mal evaporation,* pulsed laser deposition,*®-47 electron-
beam evaporation of precursors followed by treatment in
sulfur (or selenium) vapours,*4® as well as using spray
pyrolysis,*%-30 sol —gel technology,’!32 erc. These methods
require expensive precursors and complex equipment. In
some cases, toxic side products are formed. Also, usually
one should work at high temperatures, which favours
interdiffusion of the constituent elements and significant
degradation of the quality of the thin-film solar cell struc-
ture.>® Some features of these methods of synthesis are
described in more detail in the literature.® 5% 33

I1.3.a. Vacuum methods

Currently, vacuum methods of synthesis are most often
used, because they allow one to prepare thin films of
specified composition and, hence, to study particular
aspects using model systems and compare the properties of
the films. Generally, a vacuum synthesis at 7= 500—550 °C
can be described by the following equation:

2Cu+ Zn + Sn + 4S —> CurZnSnS4 [€))]

The process begins with successive deposition of metals
onto a substrate and then the film is annealed in sulfur (or
selenium) vapours or in a hydrogen sulfide (or hydrogen
selenide) atmosphere.

Precursors can be deposited in different regimes in order
to assess how the order of deposition of constituent ele-
ments and the defect structure or the concentration gradient
of a certain element in the film influence the electrophysical
and optical properties of the film as well as the properties
and performance of the whole solar cell.>¢—>°

Two main kinds of vacuum methods include thermal
evaporation of elements and d.c. or a.c. magnetron sputter-
ing of targets. Copper, zinc and tin were either successively

deposited or co-deposited onto substrates®2 to give
stacks, which were subsequently annealed in the reactive
atmosphere of sulfur or selenium (or in a hydrogen sulfide
or hydrogen selenide flow) at ~500-550 °C to form the
final CZT(S,Se) structure. This made it possible to assess
the effect of the order of deposition of components and that
of substrate temperature; however, annealing of stacks can
be accompanied by the loss of some elements (e.g., Zn,
Se, S) and intermediates (SnS, SnSe) through their sublima-
tion. This will influence the final chemical composition of
the films.

The problem can be partially solved using intermetallics
or binary sulfides and metals as precursors.®? This operating
regime decreases the loss of elements from CZT(S,Se) films.
Examples are provided by the following reactions:3-64

> 480 °C

[Cuzs + SHS](]iq) + ZnS + S2(gas) I CUZZHSHS4 (2)
550 °C
0.17 CugSns + 0.096 CusZng + 0.3827Zn + 4S ——> 3)

—> Cui.5Zn1.158n0.8554

Radiofrequency d.c. and a.c. sputtering of targets onto
glass substrates is also a convenient method for the prepa-
ration of CZT(S,Se) thin films. Numerous studies on
successive deposition of constituent elements from mono-
metallic targets 367 and from multi-element targets %8-70
followed by annealing are available. In the latter case, one-
step precursor film deposition is possible, which reduces the
synthesis time. Also, combining radiofrequency sputtering
and thermal evaporation of elements allows the mechanism
of formation of CZT(S,Se) films of different composition to
be studied in more detail.”!-72

Optimization of conditions for thin-film vacuum depo-
sition in the last decade made it possible to improve the
PCE of thin-film solar cells based on CZTS from 0.66
(Ref. 4) to 6.8%.73-7* However, exact chemical composition
of CZT(S,Se) films corresponding to the maximum PCE of
solar cells based on these films remains unknown.

I1.3.b. Solution methods
The advantages of solution methods over vacuum ones are
as follows:75-78

— practical implementation of solution methods is
much cheaper;

— operation at ambient temperatures;
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— operation with large-surface-area substrates of arbi-
trary shape; and

— favourable working conditions.

Solution methods include first of all chemical bath
deposition (CBD) of precursor films onto various sub-
strates.”? 84 This allows one to study the mechanisms of
formation of colloidal nanoparticles and nanocrystalline
kesterite precursor films in the course of adsorption of
elements from solution to the substrate and to form the
film during the chemical reaction between the deposited
elements using additional annealing in a reactive sulfur- or
selenium-containing atmosphere.

Solution methods include, in particular, two versions of
electrochemical deposition, namely,

— successive galvanic coating and

— one-step electrochemical deposition.

In the former case, one deals with successive electro-
chemical deposition of metals and formation of a
Cu—Zn—Sn precursor film® -8 in an electrolyte bath
followed by sulfurization or selenization [see reaction (1)]
at specified temperatures (~500—550 °C) resulting in the
CZT(S,Se) film. The method assumes the use of particular
solutions to deposit each metal; this extends the synthesis
time. However, the advantage of the technique consists in
the possibility of studying the influence of the order of
deposition of components and the possibility of alloying in
the course of deposition.

In the latter case, all four components are simultane-
ously deposited from the same working solution. Examples
are provided by the electrochemical deposition of compo-
nents from the same solution at a common potential:

Cu?t +2e¢ —> Cu° 4)
Zn?* + 2¢ —> Zn° (%)
Sn2* 4+ 2e —> Sn° 6)
S,03” + 6H* +4e —> S° + 3H,0 (7

and low-temperature formation of a precursor film
Cu®+ Zn°+ Sn°+ S —» Cu—Zn—Sn—S 8)

Next, high-temperature (7 = 500—550 °C) annealing in
inert or reactive atmosphere is carried out to give
Cu,ZnSnS4. The method enables operation with only one
solution, thus making the preparation of precursor films
faster, and simplifies regeneration of the working solution.

Although there are few studies on one-step electrochem-
ical deposition of CZT(S,Se) thin films, mention may be
made of some advances in the synthesis of the kesterite
CZTSe.8%-90 Also, attempts were made to prepare CZTS
thin films from a buffer solution containing citrate and
tartrate ions.8%-°1-%4 However, the system appeared to be
unstable and long-term used of the solution can result in the
formation of stable tartrate deposits. This reduces the
reproducibility of experimental results. Besides, annealing
was performed in the atmosphere containing no sulfur,
which also influenced the final film composition and the
films thus prepared were multiphase and contained large
amounts of impurities; this could be determined with ease
by powder X-ray diffraction. It was proposed to fabricate
CZTS thin films by one-step electrochemical deposition of
precursors from a stable citrate buffer solution followed by
annealing in a sulfur atmosphere.®> It was found that the

CZTS thin films thus synthesized contained no secondary
phases and were photoactive.

However, in spite of some advances in the field, solution
methods of synthesis of CZT(S,Se) thin films are almost not
used in the Russian Federation.

II1. The structures of kesterite and stannite

II1.1. The crystal lattices of kesterite and stannite

Two main structure types of the compounds ALBICIVXLY
are the kesterite-type structure and the stannite-type struc-
ture (Fig. 1).3-°6-101 Both of them belong to the tetragonal
crystal system and comprise an anionic matrix and cations
occupying 50% of structural voids. Thus, the two structures
are interrelated but belong to different space groups because
of different distributions of the cations A+, B2+ and C**.
Compounds CZT(S,Se) crystallize in the kesterite-type
structure. Hall er al.®® reported an ordered cation distribu-
tion, whereas Schorr and co-workers in a neutron powder
diffraction study '3 revealed a disorder of cations in the
Cu—Zn layer in positions 2¢ and 2d. Initial calculations for
CZTS predicted a kesterite-type structure with /4 symmetry
as the most stable, probably, owing to cation disorder in the
Cu-—Zn layer.

It was shown that CZTSe can crystallize in the stannite-
type structure with Zn?" cations occupying position 2a and
Cu™ cations occupying position 4d.'°2 Based on the results
of the initial calculations,'?? it was assumed that com-
pounds ALBUCIVXY with the kesterite-type structure are
more stable than those with the stannite-type structure. The
latter was reported in the literature (see, e.g., Ref. 102) as
the most probable owing to the disorder in the A— B layer
of the kesterite-type structure. A comparison of the exper-
imental and calculated crystal structures of the quaternary
compounds AJBUCIVXYY showed that this is incorrect.103
Structure refinement remains topical because of the need for
exact description of the chemical and physical properties of
these compounds as well as for their applications as
absorber layers in thin-film solar cells. Additional informa-
tion on the structure of kesterites can be found in the
literature.104-107

Figure 1. Crystal lattices of kesterite (a¢) and stannite (b) with
different positions occupied by copper and zinc atoms.”®
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I11.2. Phase composition, as determined from powder X-ray
diffraction data

Kesterite films CZT(S,Se) are polycrystalline, being mainly
identified by powder X-ray diffraction. The main lines in
the X-ray diffraction patterns of the CZT(S,Se) films with
the kesterite-type structure are near 26 = 28° (112), 47°
(220) and 56° (312) (Fig. 2).63-65.67.72,92,95 Gince the main
lines in the X-ray diffraction patterns of a number of binary
(ZnS, ZnSe, etc.) and ternary (Cu3SnS4) compounds are
observed at the same 20 values, the kesterite-type structure

400
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Figure 2. X-ray diffraction pattern of a CZTS film sample pre-
pared by magnetron sputtering of metallic targets followed by
annealing at 550 °C in hydrogen sulfide atmosphere.®’

cannot be unambiguously identified based only on the
powder X-ray diffraction data.!> Besides, the method is
low sensitive to small amounts of secondary phases, which
also precludes unambiguous conclusion of the single-phase
composition of the film prepared.

I11.3. Raman spectroscopy, as a method for identification of
the kesterite-type structure
Raman spectroscopy is used as additional method of
analysis. Vibrational spectroscopy provides fundamentally
important information on the molecular structure and on
the type of chemical bonds between molecules. Positions of
the characteristic peaks (in cm—!) are as follows:

— for CuxZnSnS4 — 288 —289, 338 -339, 351, 368 —373;

— for CuZnSnSes—171-173,194-196,230—-231, 390.

These peaks were reported as ‘fingerprints’ of the
CZT(S,Se) thin films with the Kkesterite-type struc-
ture.”1-72.89.91.93 The presence of these peaks in the spec-
trum confirms the presence of a compound whose films
have the kesterite-type structure. As an example, Fig. 3
presents the Raman spectra of the CZTSe samples prepared
by one-step electrochemical deposition from an electrolyte
at E=—1.15V (Ag/AgCl electrode).”® As can be seen,
position of the peaks of the secondary phases (Cu,SnSes at
186 cm—!, ZnSe at 251 cm—! and Cu,Se at 257 cm— 1) differ
from those of the peaks of the kesterite phase (main peaks
are near 195 and 171.4 cm—1'), which allows one to clearly
identify the structures formed and to control the amount of
the secondary phases in the final film.

The main Raman lines of all possible phases that can
form during the synthesis of CZT(S,Se) thin films are listed
in Table 3.

257 (Cu,Se)

186
(CuaSnSes)

125 150 175 200 225 250 275 300

Raman shift /cm—!

B b
195 (CZTSe)—_ Sample Cu/(Zn + Sn)  Zn/S
CZTSe
i 5.87 1.93
2 3.36 0.62 191 194.8
3 1.32 2.39
191 (CZTSe) 4 1.46 1.73 «_E? 196 218 237
\ 5 1.68 203 &
6 1.60 1.96 k=
7 0.93 0.76
_ 171.4 (CZTSe) (CZTSe)
Z 51g 230 236
g 242 (CZTSe) ‘ \
5 251 (ZnSe) 150 200 250

Raman shift /cm—!

Figure 3. Raman spectra of CZTSe samples prepared by one-step
electrochemical deposition from electrolyte at E=—1.15V
(Ag/AgCl electrode) (a) and Cu—Zn—Sn—Se precursor film (5).%°

The elemental compositions of samples /—7 (in at.%) are shown in
the upper right corner in Fig a.
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Table 3. Main Raman lines of all possible phases that can form during the synthesis of CZT(S,Se) films.

Phase Raman shift /em~! Ref.

CZTS 338339 (main peak), 288 —289, 351, 368 —373 71,72,91-95
CZTSe 194 —197 (main peak), 171-173, 230231, 390 71,72,89,90
MoS» 288, 384, 410 (main peak) 71,72,91,93
ZnS(cubic) 352 (main peak), 275 (weak peak) 71,72,91,93
Cu,SnS3 (tetragonal) 297, 337, 352 71,72,91,93
Cu,SnS3 (cubic) 267,303, 356 71,72,91,93
CuxSnS; (orthogonal) 318 71,72,91,93
SnS 160, 190 (main peak), 219 (orthogonal phase), 314 (hexagonal phase) 71,72,91,93
Cuz_,S 475 (main peak), 264 (weak peak) 71,72,91,93
ZnSe 200, 250251 71,72, 89,90
MoSe» 168, 240, 258 71,72,89,90
Cuy_Se 262 71,72,89,90
CusSnSes 180, 236, 251 71,72,89,90
CuSe 91,262 71,72,89,90

I11.4. Why the defect structure is formed

Random distribution of cations in the crystal lattice may
lead to formation of point defects (vacancies and antistruc-
tural defects) and, hence, influence the electrical properties
of a material. Chalcopyrite absorbers (first of all, CulnSe»)
were studied using various absorption and photolumines-
cence techniques in order to describe the electronic energy
levels of point defects.!98-119 Clearly, the cation distribu-
tion and, especially, disorder in the Cu—Zn layer, which can
induce the formation of vacancies and antistructural
defects, also plays a significant role for compounds with
the kesterite-type structure.

In addition, the formation of a defect structure can be
due to the nonstoichiometric composition of the final
Cu—Zn—Sn—(S,Se) film. However, it should be noted
that nonstoichiometric composition of kesterite allows one
to improve the electrical properties of a solar cell based on
the kesterite absorber layer.

Various CZT(S,Se) absorber layers of different compo-
sition either enriched with or depleted in copper, zinc and
tin were prepared (see, e.g., Refs 70, 71, 89, 111) and their
electrophysical and optical properties were studied. Meas-
urements of the photovoltaic parameters of the samples
showed that they are suitable for thin-film solar cell appli-
cations. Additional information on the influence of the
defect structure of kesterites on the photovoltaic parameters
of solar cells can be found in the literature.!'2-113

IIL5. Inlfuence of secondary phases on the properties of
kesterite thin films

Nonstoichiometric composition of a film can favour the
formation of secondary phases, which in turn causes defect
formation and thus reduces the performance of thin-film
solar cells.!16=11% Energy defects in the semiconductor band
gap serve as charge carrier traps or recombination centres.
In this connection, the nature of defects in the CZT(S,Se)
films and the loss of photogenerated charge carriers should
be studied.

In most cases, CZT(S,Se) thin films are synthesized on
molybdenum substrates; therefore, annealing in a reactive
sulfur (selenium) atmosphere may lead to formation of not
only the main phase, but also a molybdenum disulfide
impurity phase at the Mo/CZTS interface.??> Published
data on the influence of the formation of this secondary

phase on the optical and electrophysical properties of
absorber layers in thin-film solar cells are contradic-
tory.25-120. 121 However, changes in the lifetimes of main
charge carriers, in the electron and hole trap distribution
and in position of the Fermi level upon doping the main
phase with impurities were confirmed in the studies of
Cu(In,Ga)Se,, CdTe and other thin films.!- 122126 [n par-
ticular, the formation of a molybdenum disulfide impurity
phase at the CZTS/Mo interface depends strongly on the
sulfurization conditions in the course of annealing.!?” The
photoconductivity of films prepared under different sulfu-
rization conditions is related to the intensity of the main
MoS; line in the Raman spectra of the films; the plot
represents a curve with a characteristic maximum (Fig. 4).
As the reduced intensity of the MoS; line in the Raman
spectra of the CZTS film increases, the photoconductivity
increases and then decreases. The maximum in the plot
corresponds to optimal ratio between the secondary phase
and the main phase, at which the maximum photocurrent of
the CZTS film is achieved. This is in good agreement with
the results obtained in a theoretical study '8 of the effect of
an additional MoS; layer on the performance of a solar cell.

—_ o w
T T T

Jlight —Jdark /MA cm 2

(=}
T
o]

0.1 1 10 100
Mvos,/IczTs

Figure 4. Photoconductivity (jiight —jdark) of CZTS films prepared
under different sulfurization conditions plotted vs. reduced inten-
sity (Imos,/Iczts) of the main MoS; line in the Raman spectra of
the films.'27

Jtight and jaarx are respectively the light photoconductivity and the
dark photoconductivity.
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Namely, the existence of such a maximum was predicted
and explained by the formation of an additional ohmic
contact between the MoS, layer and Mo and a diode
contact between the MoS, layer and CZTS.

IV. Electrophysical and optical properties of
kesterite materials

IV.1. Band gap determination methods

Compounds CuxZnSnX4 (X =S, Se) are direct band-gap
semiconductors; their E; values are determined by analyzing
the absorption spectra (Fig. 5) or reflection spectra 129130
using extrapolation by a straight line until the intersection
with the abscissa axis. Two types of kesterite films have
different band gaps, namely, ~1.50 eV (CZTS)48-131-133
and ~1.0 eV (CZTSe).61-90-134.135 The theoretical E, value
for CZTSe is ~1 eV.!13¢ However, for long the band gaps of
kesterite semiconductor films were determined ambigu-
ously. Table 4 lists the E, values of CZTSe samples pre-
pared by different methods. As can be seen, they are
grouped around ~ 1.0 and ~1.5eV.

The reasons for these differences are difficult to find out
because the samples were prepared and the band gaps were
determined using different methods; however, the following
was stated with certainty:

— the value 1.5 eV was obtained from the near-red edge
optical absorption spectra, whereas the value 1.0 eV was
obtained by different methods (theoretical calculations,
from the solar cell efficiency, and from the results of
photoluminescence studies);

— most samples were analyzed only by powder X-ray
diffraction; this method can be insensitive to the presence of
the ZnSe and Cu,SnSes secondary phases, which can con-
tribute to the overall E, value.

Taking into account the aforesaid, it was con-
cluded 3¢ that the main reasons for differences between
the Eg values are due to either different methods used to
determine the band gap or to the presence of secondary
phases that can hardly be detected using powder X-ray
diffraction. Subsequent analysis showed that the former
reason is unlikely because all single-phase CZTSe sam-
ples were characterized by E; & 1.0 eV irrespective of the
method of determination.

An analysis of the CZTSe samples containing secondary
phases revealed clear-cut differences between the E, values
of the films prepared at different substrate temperatures.
This is first of all due to the fact that the content of tin
decreased and the ZnSe secondary phases formed in the
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Figure 5. Absorption spectra (a¢) and an example of band gap
determination (b) for the CZTS samples prepared by reactive
sputtering of Cu, SnS, and ZnS targets in different order and
annealed in H,S atmosphere.®*

Precursors were sputtered in the following order: Cu/SnS,/ZnS/
glass (), ZnS/Cu/SnS;/glass (2), and SnS,/ZnS/Cu/glass (3); « is
the absorption coefficient and /v is the photon energy.

final samples as the substrate temperature increased. These
ZnSe microinclusions are responsible for the overestimated
E, values of the CZTSe films under study.

Table 4. Calculated and experimentally determined Eg values in CZTSe samples.

E, eV Method of synthesis of CZTSe Method of determination of E, Ref.

0.8 Vacuum co-evaporation of precursors From the solar cell efficiency 137

1.02 High-temperature synthesis from coarse-grained powder Photoluminescence studies 138

1.0 Theoretical calculations 136, 139
0.94 Deposition of precursors followed by selenization From the solar cell efficiency 140

1.0 Solution process using hydrazine Optical spectroscopy 3

1.5 Vacuum co-evaporation of precursors The same 141

1.44 High-temperature synthesis of single crystal " 142

1.56 Radiofrequency magnetron sputtering " 70
1.41-1.6 Vacuum co-evaporation of precursors " 143
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IV.2. Photoconductivity

Photoconductivity belongs to the key properties of
absorber layers, which are of crucial importance for the
development of thin-film solar cells. It can be studied by
various contact methods including those using tailor-
made electrodes as well as by contactless methods, e.g.,
the microwave technique.

The suitability of a CZT(S,Se) absorber layer can also
be assessed using fast photosensitivity tests with a photo-
electrochemical cell. In many studies, kesterite films were
investigated by just this method 8% 92,94,95,127, 135,144,145
which is based on charge transfer between the photo-
sensitive working electrode [active CZT(S,Se) sample]
and the counter electrode in appropriately chosen electro-
lyte.

Possible electrolytes include aqueous europium
nitrate 8%:92:94.95.127 o1 sodium sulfate 133144 or a KOH —
KI-1, solution.!*> In many studies, the choice of euro-
pium nitrate is quite substantiated. Europium ions, Eu3™*,
can undergo reversible reduction to Eu?*
(Eu?* +e =2 Eu?") and thus not deposit on the cathode
[(i.e., the CZT(S,Se) film under study]; this facilitates
measurements and introduces no errors in the experimen-
tal results. Samples placed in this electrolyte are exposed
to chopped light (usually, with AM1.5 or related sources)
at different potentials. Illumination of the sample produ-
ces photogenerated charge carriers to be consumed in the
reduction of the Eu®* ions.

If the voltage —current curve of a CZTS sample (Fig. 6)
has clearly seen portions where the current density increases
(light on) and decreases (light off), the sample is considered
photoactive and can be used as absorber layer in thin-film
solar cells. Besides, changes in the current density are
suitable to determine the conductivity type of the semi-
conductor materials. Namely, if the photoresponse is
observed in the cathodic (anodic) region, the samples
exhibit p-type (n-type) conductivity. Usually, CZT(S,Se)

kesterite films possess hole-type conductiv-
ity.89.92.135.144,145
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Figure 6. The voltage—current curve of a CZTS sample in a
photoelectrochemical cell placed in 0.2M aqueous Eu(NO3)3
under chopped light.*?

IV.3. Lifetimes of photogenerated charge carriers in
CZT(S,Se) films

IV.3.a. Microwave photoconductivity

Under constant illumination (best conditions for solar cell
operation), the photoconductivity (¢) is given by

0=quan

where ¢ is the elementary charge, pq is the drift mobility of
excess (photogenerated) charge carrier, and n is the sta-
tionary concentration of charge carriers. In equilibrium, the
expression for n has the form

n=1Lt

where L is the intensity of incident light and 7 is the charge
carrier lifetime determined by the carrier loss processes
(recombination or trapping).

The influence of the parameter t on the efficiency of
thin-film solar cells was reported repeatedly.!4¢~14° For
instance, the loss kinetics of photogenerated charge carriers
in Cu;7Zn; 1SngoSes powders was studied by frequency-
time-resolved microwave photoconductivity (36 GHz) with
a time resolution of 5 ns.!'>® The microwave photoconduc-
tivity photoresponses had very small amplitude (AP) and
were noisy (Fig. 7 a).

It was found that a decrease in temperature led to an
increase in the photoresponse amplitude; the characteristic
decay times remained unchanged (~ 6 ns), being near the
time resolution of the instrument. This indicates that the
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Figure 7. Microwave photoconductivity decay curves at different
temperatures (dashed lines) and corresponding exponential best-fit
curves (solid lines) (a¢) and the product of amplitude by the
characteristic time of photoresponse decay plotted vs. temperature
for a Cuy.7Zn;.1Sng.oSeq powder (b).130
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lifetimes of minority charge carriers (electrons) in the
kesterite films and powders were shorter than 6 ns and
that the temperature dependence of the photoresponse
amplitude is due to changes in the characteristic decay
times. The temperature dependence of the product of
amplitude by the characteristic decay time of the photo-
response plotted in the Arrhenius coordinates is shown in
Fig. 7b. The activation energy of electron—hole recombi-
nation estimated from this plot is £, ~ 54 meV.!3°

IV.3.b. Time-resolved photoluminescence

Short lifetimes of photogenerated charge carriers were also
reported in another study.®® Based on photoluminescence
data, a luminescence peak was revealed in the region
0.96 eV (1290 nm). This is reasonably close to the theoret-
ical band gap of CZTSe equal to 1.0 eV !33 and agrees with
the results obtained '3¢ in a joint luminescence and optical
spectroscopy study.

The results of measurements are presented in Fig. 8.
The decay curves were obtained at different laser power.
Experimental data were fitted by the sum of two exponen-
tial curves. It was found that a decrease in the laser power
causes the lifetimes to increase from 0.45 to 0.60 ns for the
first component (7;) and from 1.65 to 2.5 ns for the second
component (t2). This difference indicates that for kesterite
materials the photoluminescence decays of both compo-
nents characterize complex dynamics of processes that
involve photogenerated charge carriers (mainly charge
carrier recombination on the sample surface and trap-

ping).

IV.3.c. Possible reasons for short lifetimes of charge carriers in
CZT(S,Se) films

Short photoluminescence decay times can be due to fast loss
of charge carriers on lattice defects both in the bulk and on
the surface of crystallites.

In addition, the charge carrier lifetimes can be influ-
enced by recombination processes on point defects in the
bulk of crystallites. At present, it is hard to decide between
the two mechanisms. However, the size of coherent scatter-
ing regions (CSR) can indeed affect the measured micro-
wave photoconductivity at an appropriate ratio between the
drift length and the CSR size.!46—148

Taking into account the possibility for CSR to influence
the loss of charge carriers (see above), one can assume the
existence of a barrier to the motion of electrons (holes) at
the CSR boundaries. Nonzero activation energy for photo-
conductivity can also suggest that the rate constant for
electron —hole recombination is temperature dependent (by
analogy with the results obtained in the studies of CIGS
systems 146-148 where a free electron recombined with a
trapped hole).

V. Solar cells based on CZT(S,Se) kesterite films

V.1. A typical structure of a solar cell based on CZT(S,Se)
films

A solar cell based on the CZT(S,Se) kesterite-type absorber
layer is a complex multilayer module (Fig. 9) comprising a
glass or flexible polymeric substrate, a back electrode (Mo,
ITO, etc.), an absorber layer [CZT(S,Se) thin film], a buffer
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Figure 8. Time-resolved photoluminescence decay curves of a
CZTSe sample at an excitation power of 0.5 (/), 1 (2) and
2 mW (3).90

The photoluminescence decay curves for CZTS sam-
ples with the kesterite structure were considered in more
detail in another study !4 where the 72 component was
ascribed to the minority carrier lifetimes and describes
defects in the interior of grains and at the absorber layer/
buffer layer interface and near the back contact. The 7,
component describes high carrier injection processes in
CZTS that are due to radiative recombination and redis-
tribution of excess charge carriers near the sample surface.
The charge carrier lifetimes (~ 10 ns) are still shorter than
their lifetimes in high-performance CIGS films
(200—250 ns).151-152

Ni/Al metallic grid

ZnO:Al contact

ZnS optical window

CdS buffer layer

CZTS absorber layer

— Mo back contact

Glass

Figure 9. Multilayer structure of a solar cell based on kesterite-
type CZTS absorber layer (¢) and a photomicrograph of a cut of
the solar cell ().%°
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layer (CdS, ZnS or In.S, thin film) which forms a
CZT(S,Se)/CdS heterojunction at the interface with the
active layer, an optical window (ZnO, Zn,_.Mg,0O) and a
ZnO: Al upper contact. Each layer should exhibit particular

properties necessary for normal operation of the solar
cell.1.3.15.16,21, 153~ 156

V.2. Maximum power conversion efficiencies of solar cells
based on CZT(S,Se) films

Although the efficiency of solar cells based on CZT(S,Se)
kesterite absorber layers gradually increased in the last
decade, it still remains at most 10%.

The highest PCE value of 12.6% was achieved in 2013
for a laboratory-scale sample based on mixed sulfide-
selenide kesterite Cu,ZnSn(S,Se)s.*> A PCE value of
10.1% achieved in 2012 ranks second.!®” The semiconduc-
tor material synthesized by the solution method using
hydrazine was characterized by S/(S+Se)~ 0.4 and
E, = 1.15 eV. The best result for pure CZTS film (PCE =
8.4%) was obtained in a study !'°® where kesterite films were
synthesized by thermal evaporation of metals in vacuo
followed by sulfurization. The highest PCE of pure CZTSe
films (9.15%) was achieved using samples prepared by co-
evaporation of components onto the substrate.®®

In other cases, the PCE of solar cells based on kesterite
absorber layers was at most 6% — 7%, the lowest efficiencies
being characteristic of the devices containing absorber
layers synthesized by solution methods (Table 5).

The maximum efficiencies of kesterite-based thin-film
solar cells were compared in a number of publications.
Namely, samples prepared by CBD only,%? those synthe-
sized by different methods ¢ and the kesterite-vs.-chalcopyr-
ite-based solar cells ® were considered.

Kesterite-based solar cells were also prepared using
CZTSe powders and a CdS buffer layer in a polymer
matrix.101-164 However, their efficiencies were at most
5%_]63

V.3. Why the power conversion efficiency of kesterite-based
solar cells is so low
The reasons for the low PCE values of kesterite-based solar
cells can be reduced to the following:165-168

— reasons related to the kesterite absorber layer and

— reasons related to the assembly of high-grade solar
cells.

The efficiency of kesterite solar cells can be low owing to
structural imperfection of the CZT(S,Se) absorber layer.
Probably, this is related to the presence of structural
defects, to deviations from the stoichiometric composition
(although some authors state that nonstoichiometric com-
positions of the kesterite films make it possible to achieve
high PCE, see, e.g., Refs27, 71, 169—172), to the presence
of various secondary phases that also contribute to the
energy properties of the CZT(S,Se) active layer, etc. Struc-
tural imperfections in kesterites can immediately influence
recombination processes in the film, which in turn affects
the lifetimes of photogenerated charge carriers. As a result,
most photogenerated charge carriers recombine long before
they reach the boundary of the buffer layer, thus reducing
the quantum efficiency of the thin-film solar cell.

Taking into account the aforesaid, it becomes under-
standable why solar cells containing the CZT(S,Se)
absorber layer prepared by the vacuum method are charac-
terized by higher PCE than solar cells with the kesterite
layer prepared by the solution methods (see Table 4).
Namely, vacuum methods are more accurate and allow
one to fabricate kesterite films of specified composition
and thus exclude structural imperfections.

Also, subsequent annealing of precursor films plays a
decisive role. In this step, the final kesterite-type structure is
formed. In some cases, a mixture of phases
[CZT(S,Se) +secondary phase] rather than pure single-
phase structure can form, which will also influence the
absorbing properties of the kesterite layer.3~5-7-8.10

Most problems related to the assembly of high-grade
solar cells can be solved by ensuring optimal contact
between the CZT(S,Se) absorber layer and CdS buffer
layer and other contacts, as well as by eliminating leakage
current due to the presence of shunt resistance.!>22 173

VI. Conclusion

An analysis of published data presented in this review shows
that quaternary copper compounds CZT(S,Se) can act as
absorber layers in thin-film solar cells and become an
alternative to CIGS-technology because of high natural
abundance and low cost of the elements necessary to

Table 5. Power conversion efficiency of solar cells based on kesterites CZT(S,Se) prepared using different methods of synthesis of absorber layer.

Absorber layer Method of synthesis (%)  Use/mV Jsc FF (%) Ref.
/mA cm—?2

CZTS Magnetron sputtering of metallic targets followed by 5.75 590 20.5 48 65
annealing in H»S atmosphere

CZTS Magnetron sputtering of Cu, SnS and ZnS targets 6.2 603 19 55 66

CZTS (flexible substrate) Magnetron sputtering of metallic targets followed 3.08 491 10.6 59.2 159
by sulfurization

CZTSSe Magnetron sputtering of ZnS target and thermal 6 390 31.5 49 63
evaporation of metallic Cu and Zn

CZTSSe CBD 22 247.3 21.3 41.1 79

CZTS Sol - gel technology 2.03 575 9.69 36.4 160

CZTS Electrochemical synthesis 3.62 686 11.25 47 85

CZTSe The same 4.5 307 38.81 37.4 87

Note. Notations are as follows: { is the power conversion efficiency, Uq is the open-circuit voltage, js is the short-circuit current density and FFis

the fill factor.
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synthesize semiconductor kesterite materials. In spite of a
relatively short period of research (only 10 years), the PCE
of laboratory-scale samples of the solar cells based on
CZT(S,Se)/CdS heterojunctions is as high as 12.6%. This
value is lower than the theoretically possible limit (30%)
and the PCE of solar cells based on silicon and other thin-
film materials (CdTe, CIGS); however, the results obtained
give hope that kesterite materials can be used in new-
generation solar cells.

It should be noted that high performance was mainly
achieved using vacuum methods that are expensive and
poorly scalable. An alternative is provided by rapidly
developing solution methods, in particular, electrochemical
deposition. This technique is readily scalable, safe and
allows regeneration of the working solution. These advan-
tages may define the prospects for application of solution
methods in thin-film photovoltaics.

There has been intensive research into the photovoltaic
properties of kesterite materials. Since no industrial-scale
production of kesterite-based solar cells is available as yet,
activity along this line can cause reduction of the cost of one
Watt of the peak power produced by this type of solar cells.
Thus, solar cells based on CZT(S,Se) seem to have great
prospects for practical application.

The authors express their gratitude to Academician
S.M.Aldoshin for inspiring discussions and for his interest
in this work.
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from the Russian Foundation for Basic Research (Project
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