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The kesterite-structured semiconductors Cu,ZnSnS, and Cu,ZnSnSe, are
drawing considerable attention recently as the active layers in earth-abundant
low-cost thin-film solar cells. The additional number of elements in these
quaternary compounds, relative to binary and ternary semiconductors,
results in increased flexibility in the material properties. Conversely, a large
variety of intrinsic lattice defects can also be formed, which have important
influence on their optical and electrical properties, and hence their photo-
voltaic performance. Experimental identification of these defects is currently
limited due to poor sample quality. Here recent theoretical research on
defect formation and ionization in kesterite materials is reviewed based on
new systematic calculations, and compared with the better studied chal-
copyrite materials CuGaSe, and CulnSe,. Four features are revealed and
highlighted: (i) the strong phase-competition between the kesterites and
the coexisting secondary compounds; (ii) the intrinsic p-type conductivity
determined by the high population of acceptor Cuz, antisites and Cu vacan-
cies, and their dependence on the Cu/(Zn+Sn) and Zn/Sn ratio; (iii) the role
of charge-compensated defect clusters such as [2Cuz,+Snz,], [VcutZnc.]
and [Zns,+2Znc,] and their contribution to non-stoichiometry; (iv) the
electron-trapping effect of the abundant [2Cu,+Snz,] clusters, especially in
Cu,ZnSnS,. The calculated properties explain the experimental observation
that Cu poor and Zn rich conditions (Cu/(Zn+Sn) =~ 0.8 and Zn/Sn = 1.2)

e \)i\i‘”§

www.MaterialsViews.com

Classification of Lattice Defects in the Kesterite Cu,ZnSnS,
and Cu,ZnSnSe, Earth-Abundant Solar Cell Absorbers
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1. Introduction

In the search for low-cost and high-effi-
ciency solar cell absorbers, the semiconduc-
tors Cu,ZnSnS, (CZTS) and Cu,ZnSnSe,
(CZTSe) have drawn intensive attention
recently.l!Il They are expected to be an
ideal substitute for the currently com-
mercialized solar cell absorbers CdTe and
Cu(In,Ga)Se, (CIGS). The materials com-
bine: (i) component elements that are
earth-abundant and non-toxic; (ii) band
gaps (around 1.0 and 1.5 eV,/~"3 respec-
tively) close to the optimal band gaps for
single-junction solar cells according to the
Shockley-Queisser model;®* (iii) large
light absorption coefficients (>10* cm™);
(iv) zincblende-derived structures that are
related to those of CdTe and CIGS through
elemental substitution; (v) electronic struc-
ture and optical properties comparable
to CIGS, and thus device architectures
and growth techniques can be inher-
ited, drawing from decades of research
activity."!

Studies of Cu,ZnSnS, and Cu,ZnSnSe,

result in the highest solar cell efficiency, as well as suggesting an efficiency date back to late 1950s when Goodman

limitation in Cu,ZnSn(S,Se), cells when the S composition is high. and Pamplin designed quaternary I,-
II-IV-VI, semiconductors through the

cation cross-substitution in I-11I-VI, chal-

copyrites.'®17] In 1988 Ito and Nakazawa
studied the photovoltaic properties of Cu,ZnSnS,,1"® and until
the late 1990s the solar cell efficiencies were increased to 2.3%
by Friedlmeier et al. and to 2.63% by Katagiri et al.'>2% Since
2005, research on Cu,ZnSnS, and Cu,ZnSnSe, based solar
cells have drawn an increasing amount of attention, and the

S. Chen

Key Laboratory of Polar Materials
and Devices (MOE)

East China Normal University
Shanghai 200241, China

E-mail: chensy@ee.ecnu.edu.cn

S.-H. Wei efficiency has reached 11.1% recently by Todorov et al. using
National Renewable Energy Laboratory Cu,ZnSn(S,Se), (CZTSSe) as the absorber layer,2-2%1 and 9.2%
Golden, CO 80401, USA by Repins et al. for a Cu,ZnSnSe, based solar cell.'® Table 1
E-mail: suhuai.wei@nrel.gov lists the reported CZTS, CZTSe and CZTSSe solar cell perform-

S. Chen, X.-G. Gong

- L . o
Key Laboratory for Computational Physical Sciences (MOE) ance with efficiencies higher than 5%.

Surface Physics Laboratory There was a long gap in the time between the first design
Fudan University of quaternary semiconductors and their application in solar
Shanghai 200433, China cells, and one important reason is that the increased number
A. Walsh of component elements make their properties much more

Center for Sustainable Chemical Technologies
Department of Chemistry
University of Bath

complicated than those of binary and ternary semiconduc-
tors.[324 Lattice defects are important material properties, and

Claverton Down, Bath BA2 7AY, UK are crucial to the application of semiconductors in photovoltaic
devices, since they directly influence the generation, separa-
DOI: 10.1002/adma.201203146 tion and recombination of electron-hole pairs. For CZTS and

1522  wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 1522-1539


http://doi.wiley.com/10.1002/adma.201203146

ADVANCED
MATERIALS

.“\5
Mo View'S
www.MaterialsViews.com

CZTSe, the number of possible lattice defects (e.g. vacancies,
interstitials, antisites) increases relative to the well-studied
binary and ternary semiconductors. What are the dominant
defects in the synthesized samples, and how do they influence
their structural, electronic and optical properties? In this per-
spective review, we show that great progress has been made in
answering these questions for the kesterite materials, and we
provide a number of new insights into their defect chemistry
and physics.

1.1. Observations Related to Defects

Experimentally, there have been scattered reports concerning
elemental non-stoichiometry, carrier concentrations, electrical
conductivity and other properties of CZTS, CZTSe, and CZTSSe
samples, as well as the basic solar cell performance, which are
closely related to the intrinsic lattice defects.

(1) Non-stoichiometry: The stoichiometric ratio of Cu, Zn, Sn
and S (or Se) elements is 2:1:1:4, i.e., Cu/(Zn+Sn) =1, Zn/Sn =
1 and (Cu+Zn+Sn)/S = 1; however, most of the CZTS and
CZTSe samples synthesized so far are non-stoichiometric, and
these ratios deviate from the integral values. In Figure 1, the
distribution of Cu/(Zn+Sn) and Zn/Sn ratios for the reported
solar cells with different efficiencies are plotted. Obviously,
most of the solar cells have Cu/(Zn+Sn) ratio between 0.75
and 1, and Zn/Sn ratio between 1 and 1.25, with deviation by
as large as 30%. All the cells with efficiencies higher than 8%
have these two ratios around 0.8 and 1.2, respectively. This is
mentioned frequently as an empirical rule that the Cu poor
and Zn rich growth condition gives the highest solar cell effi-
ciency;!1326.15.25-2 however, the underlying mechanism is not
clear.

Two possible reasons are responsible for the significant
non-stoichiometry in CZTS and CZTSe samples, the coex-
istence of the secondary phases and the high concentration
of intrinsic defects or defect clusters. CZTS or CZTSe has a
series of competitive binary and ternary compounds, e.g. for
CZTS these include CuS, Cu,S, ZnS, SnS, SnS,, Cu,SnS;, etc.
which may form as the secondary phases depending on the
synthesis conditions.?*-33 Furthermore, Cu,ZnSnS, (similarly
for Cu,ZnSnSe,) can be synthesized using these compounds
(Cu,S+ZnS+SnS,;, 2CuS+ZnS+SnS or Cu,SnS;+ZnS) as the
starting materials,3%313449 therefore their coexistence is highly
possible. The detection of the secondary phases has been given
much attention recently.*1115283141-43] Some compounds such
as CusS, Cu,S, SnS, and SnS, have totally different crystal struc-
tures from CZTS and are detectable according to the X-ray dif-
fraction (XRD) patterns; however, the structures of ZnS and
Cu,SnS; have the same zincblende framework as CZTS,*4 and
they are difficult to be detected using XRD techniques alone.
Alternative techniques such as energy-dispersive X-ray spec-
troscopy (EDS),®] Raman scattering analysis,***8 and X-ray
absorption near edge structure analysis,*’) have been used to
identify the ZnS, Cu-Sn-S, ZnSe, Cu-Sn-Se related secondary
phases. Direct evidence of the coexistence of ZnS and ZnSe
near the CZTS/Mo and CZTSe/Mo interfaces, and sometimes
even in the CZTS samples with the ideal Zn/Sn ratio,***% have
been reported.

Adv. Mater. 2013, 25, 1522-1539

structural and electronic pr
fellow of the American Physical Society.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

Shiyou Chen is an Associate
Professor in the Department of
Electronic Engineering and the
Key Laboratory for Polar Materials
and Devices (MOE), East China
Normal University. He obtained
his PhD in Condensed Matter
Physics from Fudan University in
2009. His research focuses on the
calculation of multicomponent
semiconductors for photovoltaic
and photocatalytic applications.

Aron Walsh is a Reader

in Chemistry and a Royal
Society University Research
Fellow at the University of
Bath. He obtained his PhD in
Computational Chemistry from
Trinity College Dublin in 2006
and has since worked at the
National Renewable Energy
Laboratory and University
College London. His research
focuses on the development

and application of modelling techniques for functional
materials design and characterisation.

Xin-Gao Gong received his PhD
from the Institute of Solid State
Physics, Chinese Academy of
Sciences, in 1993. He joined
Fudan University in 2000 and

is currently a Xie Xide Chair
Professor of Physics, and also
Director of the Key Laboratory
of Computational Physical
Sciences, Ministry of Education.
His research is focused on
computational studies of the
operties of materials. He is a

Su-Huai Wei received his PhD
from the College of William
and Mary in 1985. He joined
the National Renewable Energy
Laboratory in 1985 and is cur-
rently a Principal Scientist and
Manager for the Theoretical
Materials Science Group. His
research is focused on devel-
oping electronic structure
theory of materials, especially
for energy applications. He is a

Fellow of the American Physical Society.

wileyonlinelibrary.com

.-
.
o
@
-
m
"
w
.
m
v
*]
3




=
o
(o]
A
]
[
)
2]
]
[
0
o
e
A

1524  wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

Mok

www.MaterialsViews.com

Table 1. The reported performance parameters (open circuit voltage V,,, short circuit current density ], fill factor (FF) and light-to-electricity con-
version efficiency 1) of Cu,ZnSnS,, Cu,ZnSnSey and Cu,ZnSn(S,Se)4 based solar cells with variable chemical components as described by the Cu/

(Zn+Sn) and Zn/Sn ratios.

Component Cu/(Zn+Sn) Zn/Sn Voc Jse FF n References
(mV) (mA/cm?) (%) (%)
CuyZnSnsS, 0.85 1.25 610 17.9 62 6.77 [72]
CupZnSns, 0.82 12 587 17.8 65 6.81 65]
Cu,ZnSnS, ~0.78 ~1.25 661 19.5 65.8 8.4 28]
CuyZnSnSe, 0.86 115 377 37.4 64.9 9.15 [s]
Cu,ZnSn(S,Se) 0.925 1.0 622 15.87 60 5.9 n2]
CuyZnSn(S,Se), 0.79 m 420 30.4 52.7 7.2 182]
CuyZnSn(S,Se), 0.9 11 497 20 5.4 183]
CuyZnSn(S,Se) 0.8 1.22 562.7 24.07 60 8.13 84]
Cu,ZnSn(S,Se), 0.8 12 516 28.6 65 9.66 U]
CuyZnSn(S,Se), 0.8 1.2 517 30.8 63.7 10.1 [22]
Cu,ZnSn(S,Se), 459.8 34.5 69.8 1.1 [21]
N A TS been syn.thesized.[“’“] Similarly, the high population of de.fect
1.6~ 2 CZTS,M: 1%-3% || clusters in CZTS and CZTSe samples can also cause serious
u O CZTS,n: 3%-5% non-stoichiometry. However, it is currently a question of what
L5 O CzT18,n>5% kind of intrinsic defects are dominant in the samples with dif-
3 o CZTSe,: 1%-3% | ferent Cu/(Zn+Sn) and Zn/Sn ratios.
L4 ©® CZTSe,m:3%-5% (2) Carrier concentrations: The ionization of intrinsic acceptor
- @ CZTSe,n>5% |4 and donor defects produces holes and electrons, respectively,
L3 O cz1sse.n>5% - so the high population of intrinsic defects can cause high car-
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Figure 1. The element ratio (Cu/(Zn+Sn) and Zn/Sn) distribution of the
CuyZnSnS,, CuyZnSnSe, and Cu,ZnSn(S,Se), based solar cells with dif-
ferent light to electricity conversion efficiencies.[1:6:12:15:22:27-29,35,65,67,72-84]

For the samples without secondary phases, non-stoichi-
ometry results mainly from the high population of intrinsic
defects. Possible defects include the Cu, Zn, Sn or S vacancies
(Vcw Vzn, Vs, and V), interstitials (Cu;, Zn;, Sn; and §;), and
the antisites Ay with element A replacing element B (Cugy,,
Znc,, Zng,, Sny,, etc.). Besides these, the donor and acceptor
defects may also compensate and attract each other, forming
defect clusters (Veyt+Zng,, 2Cuyz,+Sny,, Zng,+27Zn¢,). In ter-
nary CulnSe,, 2V +Inc, defect clusters with very high popula-
tions can give rise to a significantly lower Cu/In ratio than unity,
e.g. the non-stoichiometric phases CulnsSeg and Culn;Ses have

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

rier concentrations in the samples and thus influence the
electrical conductivity. CZTS, CZTSe and CZTSSe samples
have been widely found to show the p-type (hole mediated)
conductivity intrinsically,®20343755-641 while n-type samples
have not been reported. Despite the certainty of the p-type
character, the reported concentration of the majority carriers
(holes) from different experiments varies significantly, span-
ning a range from 1.2 X 10" to 3.1 x 10% cm™, as shown in
References. [2232,34,56,64-71]

Three factors may contribute to the significant scatter in the
numbers, including the uncertainties of different measurement
techniques, 64676979 the influence of secondary phases (e.g.,
the p-type Cu,,Se secondary phase can contribute in CZTSe
samples**2)) and the component difference quantified by the
deviation of Cu/(Zn+Sn) and Zn/Sn ratios from unity. Consid-
ering the large difference in the Cu/(Zn+Sn) and Zn/Sn ratios,
the third contribution can be very large. If we assume Cu
vacancy (V¢,) and Zng, antisite defects cause the deviation of
Cu/(Zn+Sn) and Zn/Sn ratios, respectively, a simple estimate
shows that a 1% deviation requires the concentration of V¢,
and Zng, defects to be as high as 102 cm=3, which will generate
holes with the same order of concentration provided they are
completely ionized. If this assumption is true, the hole concen-
tration would increase linearly with 1-Cu/(Zn+Sn) and Zn/Sn-1
and can be as large as 5 x 10*! cm™3 when 1-Cu/(Zn+Sn) = 0.2
and Zn/Sn-1 = 0.2. However, the real situation is much more
complicated, because the defect clusters such as V¢ +Znc,
and Zng,+2Zn¢, can also be formed and contribute to the Cu/
(Zn+Sn) and Zn/Sn deviations. Such defect clusters are charge-
neutral, without any contribution to the carrier concentrations,

Adv. Mater. 2013, 25, 1522-1539
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so the concentration of holes can be still low even when the
Cu/(Zn+Sn) and Zn/Sn deviation is large.

Although plenty of papers have reported the synthesis of
CZTS, CZTSe and CZTSSe samples with different stoichio-
metric ratios, the relationship between the hole concentration
and the element ratios is so far not clear, e.g., it is unknown
why the hole concentration is even lower in the samples with
Cu/(Zn+Sn)=0.8 (at the order 10" cm™ >®)) than in those
with value closer to 1 (10'® cm= [32°]), On the other hand, con-
sidering that a low Cu/(Zn+Sn) ratio around 0.8 is reported to
be crucial for high solar cell efficiency, one can arrive at the
conclusion that the high efficiency is achieved at relatively low
concentration of the majority carrier, rather than a high concen-
tration. This seems difficult to understand because it is usually
expected that a relatively high carrier concentration should be
beneficial for the electrical conductivity and thus the solar cell
performance. These open questions limit the optimization of
solar cell performance through tuning of the electrical conduc-
tivity of the absorber layer.

(3) Voo Jic and FE: Besides the scatter in the levels of non-
stoichiometry and carrier concentrations, the device perform-
ance parameters (open circuit voltage, V,; short circuit cur-
rent, Jo; and fill factor, FF) reported by different groups are
also scattered.[1'6:12.15,2227-29,35,65,67.72-84] 'y of most CZTS cells
span a range from 350 to 650 mV, but their |, are generally
low, spanning a range from 3 to 20 mA/cm?; V,. of CZTSe
cells are generally low, at about 200 to 400 mV, but their J,
span a range from 20 to 40 mA/cm? CZTSSe cells combine
the higher V. from CZTS and the higher J,. from CZTSe and
are thus usually higher in the overall efficiency, as reported
in several recent experiments about CZTSSe cells with low S
composition.[16:12:23.82]

Understanding what factors in the fundamental proper-
ties of absorber semiconductors limit V,, Ji, FF and the
resultant efficiency has become an urgent problem that needs
to be addressed in this field, e.g., Barkhouse et al. proposed that
their record CZTSSe device is primarily limited by the inter-
face recombination, minority carrier lifetime and series resist-
ance.?2l Obviously intrinsic defects in the CZTS, CZTSe and
CZTSSe lattices are an important factor and can have a signifi-
cant influence on these issues, either directly or indirectly. The
deep defect levels can not only diminish J,. through acting as
recombination centers for electron-hole pairs and decreasing
the minority carrier lifetime, but also limit the V,.. On the other
hand, intrinsic defects are also responsible for the self-doping
of a semiconductor (influencing the carrier concentration), and
can influence the electrical conductivity, the serial resistance,
and thus both FF and V,. Therefore a comprehensive under-
standing of different intrinsic defects is crucial for investigating
these limiting factors. Furthermore, it may reveal the relation-
ship between the element ratios [Cu/(Zn+Sn) and Zn/Sn], the
defects, the electrical and optical properties, and the solar cell
performance.

1.2. Challenges in the Study of Defects

Although there are various methods to measure the element
ratios, the carrier type and concentration, and the device

Adv. Mater. 2013, 25, 1522-1539
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performance, it remains a challenge to study the isolated defects
or defect clusters in the synthesized samples. Such studies
require high quality crystal samples, which are rare for the
quaternary CZTS and CZTSe compounds. Optical (e.g., photo-
luminescence or deep-level transient spectroscopyl!?:61:66.85.86]
and other (capacitance and admittance spectroscopy!?2%7:88)
techniques can give important information on the defect transi-
tion (activation, ionization) energy levels in the band gap and
even the defect or carrier concentration, but it still requires
speculation on the origin of those levels as well as what are
the dominant defects in the samples. Currently, experimental
studies are more abundant on the thin-film synthesis and device
fabrication (Table 1) as well as the nanocrystal synthesis, 828993
but limited work has been done to reveal the fundamental fac-
tors associated with the intrinsic defects.

A state-of-the-art first-principles approach based on den-
sity functional theory (DFT) offers an alternative method for
avoiding the difficulty in the experimental methods. Calcu-
lations based on DFT can give a direct microscopic picture
of the formation and ionization of individual defects and are
hence highly complementary to experimental studies. Efficient
calculation models have been developed and widely used to
investigate the defects in various classes of semiconductors,
including not only the group IV, III-V, II-VI semiconductors
with the common zincblende and wurtzite structures, but also
many new semiconductors (such as metal oxides) with more
complicated structures.®*2 It has also been used in studying
the defects in the chalcopyrite and kesterite semiconductors
recently,P1°297-103] which will be reviewed here.

In the following, the theoretical study of the defect properties
will be reported in the order:

(i) defect simulation methods;

phase stability of CulnSe,, CuGaSe,, Cu,ZnSnS, and
Cu,ZnSnSe, relative to their secondary phases;

defect formation and ionization in CulnSe, and CuGaSe,;
defect formation and ionization in Cu,ZnSnS, and Cu,Zn-
SnSey;

defect and carrier concentration control in Cu,ZnSnS, and
Cu,ZnSnSey.

2. Defect Simulation Methods

2.1. Equilibrium Defect Concentrations

The probability of the formation of an intrinsic defect is deter-
mined by its energy of formation. For a point defect o in the
charge state g, its equilibrium concentration in a crystal can be
given by,

—AH(ag)
c(er, q) = Niiresgge ™7 1)

where kg is the Boltzmann constant, T is the temperature,
AH(a, q) is the formation energy (the vibrational entropy con-
tribution is neglected), Ny, is the number of possible atomic
sites at which the defect may be formed. g, is the degeneracy
factor, which equals the number of possible configurations
for electrons occupying the defect levels and changes with the
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charge state q.['%%1%] This relation is true at thermodynamic
equilibrium and in the dilute regime where the concentration
is sufficiently low that defect-defect interactions are negligible.
With the information about the formation energies of different
defects, the transition energy levels between charge states, the
crystal structure, and electronic band gap and effective masses,
the defect and carrier concentration and the Fermi energy can
be calculated self-consistently, as discussed by Ma et al. in
Ref. [105] for CdTe.

2.2. Supercell Model

To simulate the formation of point defects in semiconduc-
tors, the supercell model has been developed and widely used,
in which a defect is placed in a large supercell, e.g., with 64,
128, 256 or 512 atoms, assuming that the interaction with the
image defects in the neighboring cells are negligible. Through
the standard first-principles total energy calculation, the defect
formation energy AH () can be derived according to,

AH(a) = E(@) — E(host) + > mi(E: + i) @

where E(host) and E(a) is the total energy of the supercell
without and with a defect o, respectively. F; is the total energy
of the component element i in its pure phase, e.g., Cu and Zn
metals with the FCC structure, Sn crystal with a-Sn structure,
Ga and In with the Ga (III) structure (space group I4/mmm),
o-S (Sg), and Se with the monoclinic a-Se structure in the
present study; n; is the number of atoms i removed from the
supercell to the external reservoir of the element i with the
chemical potential y; in forming the defect o, e.g., nc, =-1 and
ny, =1 for o0 = Cuy,. Y; is referenced to the total energy E; of
the pure element phase, and y; = 0 means the element is so rich
that the pure element phase can form. From this formulation,
it is clear that the formation energy of a defect is a function
of the elemental chemical potentials (i.e. growth or annealing
environment).

For the ionized defect o in the charge state g, its formation
energy AH(a, q) is also a function of the electron chemical
potential represented by the Fermi energy E,

AH(o,q) = E(a,q) — E(host)
+ 3 mi(Ei + i) + q [evam(host) + Ef] (3)

1

where E(o, q) is the total energy of the supercell with a defect
o in the charge state g, and Er is relative to the valence band
maximum (VBM) of the host eypy(host). For non-degenerate
semiconductors valid values of Ep range from the VBM to the
conduction band minimum (CBM), i.e., from 0 to the value
of the band gap. In a periodic supercell, an absolute reference
potential is ill-defined, and the calculated eigenvalue spectra
from different calculations are not directly comparable, so a
common reference (the deep 1s core levels of the atoms far
away from the defects) is used in our approach.

For a given value of Ef, the defect is stable at the charge state
with the lowest formation energy amongst all the accessible

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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charge states. The defect transition energy level g,(q/q) is
defined as the Ep at which the formation energy AH(a, q) of
the o defect with a charge g is equal to AH(o, ¢’) with a dif-
ferent charge g This represents the adiabatic (thermal) transi-
tion energy between two defect charge states, which includes
effects relating to structural relaxation.1:4

More calculation details are given in Ref. [98], and the
improvement in the current work includes: (i) a larger 128-atom
supercell is used as standard, (ii) both the valence band overes-
timation and conduction band underestimation (Aygy = 0.40,
0.39, 0.36 and 0.36 eV, Acpy = 1.01, 0.92, 1.30 and 1.04 eV for
CZTS, CZTSe, CGSe and ClISe in order) are corrected using the
same procedure as given for CGSe and CISe in Ref. [52,120], (iii)
for donor defects with deep levels (Snc,, Snz,, Zn;), Acgy is cor-
rected partially according to the dispersion of the corresponding
defect band, which gives results more consistent with those from
calculations using a non-local hybrid density functional.l100124]

3. Chemical Potential Range
3.1. Secondary Phase Competition

Under different growth conditions, e.g. elemental partial pres-
sures, the populations of various intrinsic defects are also dif-
ferent, which can be quantitatively described by their formation
energy dependence on the chemical potentials, as given by
Equation 3. To study the defect properties, the possible chem-
ical potential range of the component elements that favors
the growth of the target compound semiconductors (CulnSe,,
CuGaSe,, Cu,ZnSnS, and Cu,ZnSnSe,) should be determined
first. A series of thermodynamic conditions must be satisfied:
(i) the sum of the chemical potentials of the component ele-
ments should be at the equilibrium with the formation energy
of the compounds, e.g., the following equations for CulnSe,
and Cu,ZnSnSe,:

Meut M+ 2pse = AHg(CulnSe;)
2heyt Mznt sat 4tse = AHe(Cu,ZnSnSey) (4)

where AH({(X) relates to the formation energy of the compound X
(the energy change during the formation of the compound from
the pure phases of the component elements, AH{CulnSe,) =
-1.86 eV and AH({Cu,ZnSnSe,) = -3.31 eV). (ii) The formation
of the secondary compounds, such as CuSe, Cu,Se, InSe, and
Culn;Seg for CulnSe,, and CuSe, Cu,Se, ZnSe, SnSe, SnSe,
and Cu,SnSe; for Cu,ZnSnSey, should be avoided, as described
by the following relations:

Heu+ tse < AHf(CuSe) =— 0.30eV
2picy + tse < AHg(Cu,Se) =— 0.24eV

Min + Use < AHg(InSe) =— 1.09eV
Mcu+ St + 8use < AHe(CulnsSeg) =— 7.28eV
Lizn + Wse < AH(ZnSe) =— 1.45eV )

Msn + se < AHg(SnSe)=— 0.90eV
Msn + 2ise < A Hf(SnSe;) =— 1.04eV
2ftcy + tsn+ 3pse < AHe(Cu,SnSes) =— 1.80eV

Adv. Mater. 2013, 25, 1522-1539
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Figure 2. The calculated stable chemical potential region of CulnSe, in
the (Ucy, Win) plane. The black area shows the chemical potentials under
which CulnSe, is thermodynamically stable against different competing
secondary compounds (represented by the lines with the corresponding
colors).

In principle, all of the possible secondary compounds should
be considered, while the limit is usually determined by the stable
ones that have been well studied. (iii) All of the component ele-
ments should favor the formation of the compound, rather than
the pure elemental phase, thus, ¢, <0, Uz, <0, U, <0, Ug, <
0, and pg. < 0. When the elemental chemical potentials satisfy
all the above conditions, the single-phase CulnSe, and Cu,Zn-
SnSe, compounds should be stable thermodynamically without
the coexistence of any secondary phases.

3.2. Stable Chemical Potential Range

With the thermodynamic conditions established, now we can
discuss the chemical potential limits for the ternary and quater-
nary compounds. For CulnSe,, only two of the chemical poten-
tials ey, Wi and Us. are independent as a result of Equation 4.
If uc, and g, are chosen as the variables, their allowed range
limited by the above inequalities can be plotted in a 2-dimen-
sional (Ucy, Uin) plane, as shown in Figure 2. uc, <0, ty, <0 and
Use < 0 limit the range in the triangle and the inequalities (5)
further limit it in the black region, i.e., beyond the green (blue,
red) line the formation of InSe (CulnsSeg, CuSe) becomes pos-
sible. A similar chemical potential region exists for CuGaSe,.
For the quaternary compound Cu,ZnSnSe,, the limit to the
chemical potential region is more complicated. As a result of
Equation 4, Uc,, Uz, and U, can be independent variables. The
stable region limited by the inequalities (5) is bound in a poly-
hedron in the 3-dimensional (Uc,, Uz, Usn) Space. To show the
region more clearly, two planes with pc, =—0.20 and —0.40 eV are
plotted in Figure 3 (right column), in which the triangle deter-
mined by iy, <0, Us, < 0 and Us. < 0 becomes smaller when
Ucy, becomes more negative. The stable region of Cu,ZnSnSe,
against CuSe, Cu,Se, ZnSe, SnSe, SnSe, and Cu,SnSe; is very
narrow as shown by the black area, and it becomes only a point
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in the Uc, = -0.40 eV plane. This indicates the range of pic, that
stabilizes single-phase Cu,ZnSnSe, is between —0.40 and 0 eV,
and Cu cannot be poorer than the condition under which pc, =
—0.40 eV. Similarly the chemical potential range that stabilizes
Cu,ZnSnS, against CuS, Cu,S, ZnS, SnS, SnS; and Cu,SnS;
is also plotted in Figure 3 (left column). Comparing the stable
regions of CZTS and CZTSe, we can see that the shapes are
similar because they are limited by similar secondary com-
pounds (binary and ternary sulfides and selenides).

The strictest limit comes from ZnS (ZnSe) and Cu,SnS;
(Cu,SnSe;), which will form spontaneously when Zn is too
rich or too poor, respectively. The resultant Zn chemical poten-
tial pz, lies in an extremely narrow range (less than 0.2 eV),
thus making its control crucial for synthesizing stoichiometric
single-crystals. Relatively speaking, the range of stable pc,, Us,
and g, are wider (more than 0.4 eV).

Compared with the stable region of CulnSe,, the uc, range
(between —0.4 and 0 eV) of Cu,ZnSnSe, is slightly narrower
than that of CulnSe, (between -0.5 and 0 eV); however, the pz,
range (about 0.2 eV wide) and ug, range (about 0.6 eV wide)
are much narrower than that of uy, (about 1.0 eV). Cu,ZnSnSe,
can be taken as being derived from CulnSe, through replacing
two In by Zn and Sn, which makes the crystal structure satisfy
the local charge-neutrality (octet) condition,?*1%! but this anal-
ysis shows that more strict chemical potential control of the two
cations Zn and Sn is necessary in the synthesis of the derived
quaternary compounds.

Phase inhomogeneity is frequently observed in synthesized
CZTS and CZTSe samples,!*11:41:45,4649.107.108] which is natural
considering their narrow stable chemical potential range. This
highlights the necessity of careful analysis of the component
uniformity in experimental synthesis of the quaternary semi-
conductors, i.e., excluding the coexistence of binary and ternary
secondary compounds, especially for the samples with serious
non-stoichiometry Cu/(Zn+Sn) = 0.8 and Zn/Sn = 1.2. Some
phases (ZnS and Cu,SnS;) are difficult to distinguish due to
the structural similarity.***’* Only when the component
uniformity (no secondary phases coexist) is guaranteed, can
the non-stoichiometry as shown in Table 1 be taken as being
caused by the intrinsic defects, and the electrical and optical
properties of the samples can be explained based on the point
defect properties.

4, Defect Formation and lonization
in Chalcopyrites

Now we will introduce briefly the defect properties of the ter-
nary chalcopyrites. More specific discussion can be found in
Ref. [51,52,103,109-114]. The defect formation energy change
as a function of the Fermi energy is plotted in Figure 4 for six
possible defects in CulnSe, and CuGaSe,, under the chem-
ical potential condition that Cu is so poor that CulnsSeg or
CuGasSeg can be formed, as shown by the point A in Figure 2.
For a given Fermi energy, only the most stable charge state is
plotted, and the charge state changes at the circles (open for
acceptors and filled for donors), which correspond to transition
energy levels within the bandgap of a material. From Figure 4,
we can observe three important characteristics:
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(- u, (eV) u, (V) the Cu poor conditions, so their effect can
Zn Zn p

(o] 4 35 3 25 -2 15 -1 05 0 325 2 -5 -1 05 0 be neglected, but under Cu rich conditions,
& Cu,SnSe, their formation can be favored and diminish
o 05 -0.5 the solar cell performance.['!?]
@ -1 (2) The Inc, or Gac, antisites have rela-
" s -1 tively deeper donor levels than Cu;, and espe-
[TT] ' & = cially the Gag, levels are quite deep and have
[ IR | 7= been reported to form electron-traps as DX
(L) o5 5, centers.[10% 199113l The deeper Gac, and Ing,
o 1 donor levels can be understood based on the
e 3

- B 25 low Ga 4s and In 5s orbital energies.’l In
A . =0.20 eV g

35 G p-type samples with Fermi energy close to

4 -3 VBM, the formation energy of the ionized

Gac,?" is reduced to a low value (Figure 4),
and can be further decreased if Cu becomes
poorer, which can be detrimental to solar cell
performance. The much deeper Gac, levels
than Inc, are considered as one important
reason for limiting the photovoltaic perform-
ance of Culn,_Ga,Se, alloys with high Ga
composition.1011%]

(3) Donor-acceptor compensation between
Veu and Ing, (Ing,) is energetically favored

and popular in the ternary chalcopyrites,

@ 2.5 leading to facile formation of 2V ,+In
B, =040 eV 8 cutllcy
-3.5 I ] (2VcyutIng,) defect clusters and even the for-
I | | mation of the ordered vacancy compounds
- (OVC) such as CulnsSeg.'4 When the
Figure 3. The calculated stable chemical potential region (black area) of Cu,ZnSnS, (left)®”%#  acceptor and donor defects aggregate, the
and Cu,ZnSnSey (right) in (Uzy, Us,) planes with different i, in the (Ucy, Hizn, Uisa) chemical  formation energy of the defect cluster can be
potential spaces. significantly lowered relative to the sum of
the isolated defects, contributed by three fac-

(1) The V¢, acceptor has a shallow transition (ionization) tors: (i) Charge compensation, i.e., the electrons which occupy
energy level and much lower formation energy than the donor  the high-energy donor states will transfer to the acceptor site
defects like Inc, (Gac,) and Cu;, which explains the intrinsic  and occupy the low-energy acceptor state, making both the
p-type conductivity and the difficulty to dope CulnSe, and  donor and acceptor charged. The energy lowering due to this
CuGaSe, to n-type.”1*»199114 Other acceptors such as Cuj, and  compensation could be as large as the band gap; (ii) Coulomb
Vi have much deeper levels and high formation energies under  attraction between the charged donors and acceptors; (iii) Strain

relief."1%] For example, when V¢, and Ing,
‘ i aggregate, the resultant [2V ¢, +In¢, "] defect
cluster has a formation energy of less than
0.1 eV (see Figure 4).

The positive effect of the donor-acceptor
compensation is that the deep donor level
of Inc, is removed from the gap for the iso-
lated 2V +Ing, cluster, and there is even a
type-1I band alignment between the Cu-poor
1 OVC (like CulnsSeg) and stoichiometric
1 e | CulnSe,."" This is considered as a reason

Ve, | for the good photovoltaic performance of
E\ non-stoichiometric Culn; Ga,Se, solar cells,

0 2V, *Gag, because the grain-boundaries are usually Cu
r 1 poor,”l and the type-II alignment between
-10 ‘ 0‘2 ‘ 0‘4 ‘ 0‘6 : 0‘8 : :‘I. -10 0‘5 ‘ :‘I. ‘ 15 the Cu poor and rich regions can facilitate the

. . separation of the photo-generated electron-
Fermi Energy (eV) Fermi Energy (eV) hole pairs.''8 However, when the Ga compo-

Figure 4. The change of the defect formation energy in CulnSe, (a) and CuGaSe, (b) as a §ition is _high, the POSitiV? effect becqmes lirr_l-
function of the Fermi energy, under the elemental chemical potential conditions (point A as ited, which can be explained according to: (i)
shown in Figure 2). in CuGaSe, the compensation of 2V, Gac,

B, =0.55eV

L \ R
(a) CuInSe2 (b) CuGaSe2

Formation Energy (eV)
N
Formation Energy (eV)
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can not fully remove the deep Gac, level from the gap due to the
too low Ga 4s orbital energy, and (ii) the OVC has a low conduc-
tion band, limiting the band gap increase obtainable through
increasing the Ga composition. This is another possible reason
for the degraded performance of Culn,_,Ga,Se, solar cells with
high Ga composition.

5. Defect Formation and lonization in Kesterites
5.1. Electron Acceptors and Donors

Compared to the ternary chalcopyrites, Cu,ZnSnS, and Cu,Zn-
SnSe, have more intrinsic defects, including Vc,, Vz,, Vs, and
V. vacancies, Cuy,, Zney,, Cugy,, Sney,, Zng, and Sny, antisites,
Cu;, Zn;, Sn; and Se; interstitials, etc., in Cu,ZnSnSe, (similarly
for Cu,ZnSnS,). They can be classified to be electron accep-
tors and donors according to the formal valences of the ele-
ments,®" as shown in Figure 5. The formation energy change
as a function of the Fermi energy is plotted in Figure 6, under
the conditions of point P in the stable chemical potential region
(Figure 3).

The most obvious trend in Figure 6 is that the formation
energy of Cuy, antisite is lower than those of other defects,
including Vc,. According to Equation 3, the dependence of
the formation energies on the chemical potentials is also
plotted in Figure 7 for the low-energy defects when the Fermi
energy is near the VBM, which further confirms that Cuy, is
always the dominant defect in the stable chemical potential
region.

The dominance of the Cuy, antisite rather than V, is one
important feature in the defect properties of the kesterites
Cu,ZnSnS, and Cu,ZnSnSe,, at variance with the character
in the defect properties of their parent compounds (CulnSe,
or CuGaSe,).””%) Comparing the formation energy of Vg,
in Cu,ZnSnSe, with those in CulnSe, and CuGaSe,, it can
be found that the values at pc, = 0 are actually similar, about

0.8 eV. The ranges of L, that stabilize the
35
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Cu'* Cu'*

Zn%+
7 &
’\Sez‘;

& @

Snt Cu'l*

Figure 5. The crystal structure (left) and the nominal valence of cations
and anions (right) of kesterite Cu,ZnSnSe,. The circles show that the Se
anions are in the 8-electron full shell state (solid and dashed circles mean
the Se anions are in different layers parallel to the plane).

On the side of donor defects, they all have high formation
energy in the neutral state, much higher than those of the
low-energy acceptors, as shown in Figure 6. This gives a clear
explanation to the widely observed intrinsic p-type conduc-
tivity in Cu,ZnSnS, and Cu,ZnSnSe, samples.[820:3437,55-64]
Furthermore, intentional doping of Cu,ZnSnS, and Cu,Zn-
SnSe, to n-type through extrinsic elements may also be chal-
lenging, because the Cuy, and V¢, acceptors can form spon-
taneously when the Fermi energy level is shifted up from
near the VBM and compensate the introduced donors, as in
CulnSe, and CuGaSe,.’%

Since kesterite samples naturally occur as p-type, and the
Fermi energy is thus near the VBM, the donor defects can be
ionized and decrease the formation energies of the charged

three compounds are also similar (between
-0.5 and 0 eV), so the formation energy of V¢,
in Cu,ZnSnSe, is close to those in CulnSe,
and CuGaSe,. The formation energy of Cuy,
is actually higher than that of V¢, when uc,
= 0 and uz, = 0, but the stable chemical
potential range of yy, is rather low (always
lower than -1.2 eV, shown in Figure 3)
as a result of the strong competition from
ZnS, which decreases the formation energy
of Cuy, by more than 1.2 eV and makes it
more favorable than V.

Except for Cuy, and Vc,, other acceptor

3.0

N
S

N
S

=
o
T

Formation Energy (eV)
=
a1

o

defects such as Vy,, Zng, and Cug, have -0.55
much higher formation energy, no matter at
what chemical potential in the stable region,
as plotted in Figure 7. Therefore their contri-
bution to the electrical conductivity should
be negligible in the single-phase Cu,ZnSnS,

and Cu,ZnSnSe, samples. energy levels.
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Figure 6. The change of the defect formation energy in Cu,ZnSnS, (left) and Cu,ZnSnSe,
(right) as a function of the Fermi energy at the chemical potential point P (from Figure 3).
For the same Fermi energy, only the most stable charge state is plotted, and the charge state
changes at the circles (open for acceptors and filled for donors), which show the transition
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Figure 7. The formation energy of low-energy defects in Cu,ZnSnS, (top)

-0.40
-1.46
-1.06

and Cu,ZnSnSe, (bottom) as a function of the chemical potential along the

APQMNPG lines surrounding the stable region shown in Figure 3. The Fermi energy is assumed at the top of the valence band (p-type conditions),

and thus the donor defects are fully ionized.

states to low values, according to Equation 3. As plotted in
Figure 6, the positively charged Zn¢,", Sny,** and V¢?* have
much lower formation energy than their neutral states when
the Fermi energy is near the VBM. Under certain environ-
ments, their formation energies can be even lower than 0.75 eV,
especially in Cu,ZnSnS, as shown in Figure 7, which cor-
responds to a population on the order of 10° cm™ at room
temperature.

In the above discussion, the chemical potential is limited
to the stable region, so the results are for the defects in nearly
stoichiometric samples. When the chemical potential goes
beyond the stable chemical potential region, i.e., the secondary
or non-stoichiometric phases co-exist, the formation energies
and population of different defects can be changed dramatically
(according to Equation 3), so the dominant defects can be dif-
ferent too. For example, in the Cu,ZnSnS, and Cu,ZnSnSe,

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

samples with Cu/(Zn+Sn) = 0.8 and Zn/Sn = 1.2 (which corre-
sponds to the Cu poor and Zn rich condition frequently used in
the experiments), the formation energies of V¢, and Zng, are
decreased, while those of Cuy, and Sny, are increased dramati-
cally, making V¢, the dominant acceptor. To show the popula-
tion of different defects in these non-stoichiometric samples, a
section detailing the defect and carrier concentration control is
given later in the paper.

5.2. Transition Energy Levels

Whether the low-energy defects can produce free carriers and
contribute to the electrical conductivity depends on their transi-
tion (ionization) levels, which can be derived according to the
turning points in Figure 6 and are plotted in Figure 8.

Adv. Mater. 2013, 25, 1522-1539
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Figure 8. The ionization levels of intrinsic defects in the band gaps of
CuyZnSnS, (top) and Cu,ZnSnSe, (bottom). The red bars show the
acceptor levels and the blue bars show the donor levels, with the initial
and final charge states labeled in parentheses. The calculated (using den-
sity functional theory) band gaps are corrected to the experimental values
of 1.5 eV and 1.0 eV, respectively. Note that the new correction scheme
(see Section 2.2) used in the current work gives deeper donor levels for
Sncy SNz, and Zn; than previously reported results.[%8!
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Acceptor levels of V¢, and Cu,: As an intrinsic defect common
to both Cu-based chalcopyrites and kesterites, the acceptor level
introduced by V¢, is always shallow. It is not affected by the
replacement of the group III cations (Ga or In) by the group II
(Zn) and 1V (Sn) cations. The calculated (-/0) transition energy
level of V¢, (ionized from neutral to -1 charged) in Cu,ZnSnSe,
is similar to that in CuGaSe, and CulnSe,, and the value in
Cu,ZnSnS, is even 10 meV shallower.

The (-/0) level of Cuy, is 0.11 eV in Cu,ZnSnSe, and 0.15 eV
in Cu,ZnSnS, according to the present calculation (128-atom
supercell), which are both deeper than the values of V,. The
deeper level of Cuy, is easy to understand according to the band
component near the gap, as shown in Figure 9. Like the Cu-
based chalcopyrites, kesterite Cu,ZnSnS, and Cu,ZnSnSe, have
their upper valence band mainly composed of the antibonding
states between Cu 3d and S 3p (or Se 4p). This hybridization
is enhanced when one Zn atom is replaced by Cu, while weak-
ened when one Cu is replaced by a vacancy, so the associated
acceptor level of Cuy, is pushed up, and thus appears deeper
than that of V. Within the same hybridization framework, we
can also understand why the Cuy, level is slightly shallower (by
0.04 eV) in Cu,ZnSnSe, than in Cu,ZnSnS,, considering the
weaker hybridization in the selenide due to the longer Cu-Se
bond. In Ref. [98], the wavefunction of the Cuy, acceptor level
shows its distribution is mainly around Cu and S, similar to
that of VBM. On the other hand, the delocalized distribution
also confirms that the Cuy, acceptor state is not a deep local-
ized state, and actually the absolute position of the level is not
so deep; although it is deeper than that of V(. The ionization
of the dominant Cuy, antisites with a high population can pro-
duce a significant amount of hole carriers and result in good
p-type conductivity, as discussed in the next section.

Energy (eV)

-3

4

-5

S3p

Density of States

Figure 9. The calculated band structure, total and partial density of states, and the schematic plot of the band component for kesterite Cu,ZnSnS,.

Here a hybrid exchange-correlation functional (HSE06) is used.[06136137]
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Recently the experimental characterization of the acceptor
levels has also been reported. Using admittance spectroscopy,
Gunawan et al. observed a dominant acceptor with energy level
of 0.13-0.2 eV in several high performance Cu,ZnSn(S,Se),
solar cells with bandgap between 1.0 and 1.5 eV, consistent with
the calculated Cuy, (-/0) levels in Cu,ZnSnS, and Cu,ZnSnSe,.
Fernandes et al. revealed two defect activation energies of 45
meV and 113 meV in Cu,ZnSnS,, which agree well with the
calculated (-/0) levels of V¢, and Cuy,, respectively.®® Using
capacitance spectroscopy, Barkhouse et al. observed a dominant
defect level at 156 meV with an integrated defect density of 1.2 x
10" cm™ in the Cu poor and Zn rich Cu,ZnSn(S,Se), solar cell
which has a efficiency as high as 10.1%.22l This level can also
be associated with the Cuy,, defect considering the error in the
calculations and experiments, and the order of the defect con-
centration is comparable with the Cuy, concentration when the
Cu/(Zn+Sn) ratio is low, as discussed in the section 6.1.

All other acceptor defects (Cugy,, Zng,, Vz, and Vg,) are high
in formation energy (Figure 7), and induce a valence change
of more than two. The acceptor levels associated with them,
especially the transition between the high charge states such
as (4-/3-) and (3-/2-), are deep. As a result, their contribution
to the observed p-type conductivity could be negligible in the
single-phase kesterite samples. However, they could contribute
to luminescence and act as recombination centers.

Shallow donor level of Zn,: Across the stable elemental chem-
ical potential range, the charged Znc,* antisite is the lowest-
energy donor when the sample is p-type. Its (0/+) transition
energy level is shallow in both Cu,ZnSnS, and Cu,ZnSnSe,, in
contrast to the dominant donor Gac,** in CuGaSe,. The reason
could be understood from two points: (i) Cu and Zn have small
differences in both the size and the chemical valence, thus the
replacement has small impact on the electronic structure; (ii)
the conduction band is composed mainly of the Sn 5s and S
3s (Se 4s) states (see Figure 9), almost independent of Cu and
Zn 4s states, which are much higher in energy than Sn 5s (see
Table 2 of Ref. [24]). The electronic wavefunction of the Znc,
donor state resembles that of the CBM, mainly around Sn and
S,1°8 confirming the weak influence of the Zn, antisite itself.

Deep donor levels: Since the kesterite Cu,ZnSnS, and Cu,Zn-
SnSe, are intrinsically p-type, the deep levels of the charged
donor defects can act as electron-hole recombination centers,
which could limit the performance of the kesterite solar cells.
The deep donor levels in Cu,ZnSnS, and Cu,ZnSnSe, can be
seen in Figure 8, e.g., those of Snc,, Snz,, Zn;, Vs and V.

The shallow Snc, (0/+) level, and deep Snc, (+/3+) and Sny,
(0/+) and (+/2+) levels can be explained according to the atomic
orbital energies of Sn 5s and 5p states, as listed in Table 2 of
Ref. [24]. When Sn replaces Cu, three extra electrons (two 5s
electrons and one 5p electron) occupy the donor levels. As
a result of the high orbital energy, the Sn 5p electron can be
ionized easily, which makes Snc, (0/+) extremely shallow and
even in the conduction band according to the present calcula-
tion. However, as a result of the much lower 5s orbital energy,
the ionization of the two 5s electrons is more difficult, and
thus the (+/3+) level is deep in the band gap. Similarly when
Sn replaces Zn, two 5s electrons occupy the donor levels and
thus the (0/+) and (+/2+) levels are almost as deep as Snc,
(+/3+) level. The same mechanism also explains why Sn can

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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be stable in compounds with both the upper 4+ and lower 2+
oxidation states,M and the so-called multi-valence of Sn.[1%
Since the formation energy of Snc, and Sny, decreases when
Sn becomes richer and Cu, Zn become poorer, they (especially
the charged Sny,2* as shown in Figure 7) may have high popu-
lation in samples with low Zn/Sn and Cu/Sn ratio, which could
be detrimental to the solar cell performance.

The deep donor levels of anion vacancies (Vg and V) have
been reported in many chalcogenide semiconductors.129121] In
CuGaSe, and CulnSe, the calculated levels of V. are both deep,
but their formation energy (no matter in neutral or charged
state) is quite high and thus their contribution can be neglected.
A similar situation exists for Vg, in Cu,ZnSnSe,. However, the
positively charged V%" in Cu,ZnSnS, has a formation energy as
low as 0.8 eV in the p-type samples, so a significant amount of
deep Vg donor levels may exist in Cu,ZnSnS, when the cation/
anion ratio is higher than unity. This suggests that sufficient
sulfurization could be important for improving Cu,ZnSnS,
solar cell performance. Comparing the formation energies of
the two deep donor defects (the charged Sny, antisite and anion
vacancies) in Cu,ZnSnS, and Cu,ZnSnSe,, we found that they
could be lower than 1.0 eV in Cu,ZnSnS,, while they are much
higher in Cu,ZnSnSe, (see Figure 7). This could be a reason
for why the efficiencies of Cu,ZnSnSe, or Cu,ZnSn(S,Se), alloy
solar cells have been higher than those of the Cu,ZnSnS, cells
(see Table 1).

5.3. Donor-Acceptor Compensation

Donor-acceptor compensation in the ternary materials CuGaSe,
and CulnSe, ([2Vc, +Gac,*'] and [2Ve, +Ing, 2], respectively)
are well known to have electrically benign character even in
highly non-stoichiometric samples. Whether the same behavior
exists in the quaternary kesterites is an important question.
Considering the multitude of low-energy intrinsic defects in
the quaternary compounds (see Figure 6), various self-com-
pensated defect clusters can be formed, such as [Cuy, +Znc,"],
[ZnSn27+SnZn2+]’ [VCu7+ZnCu+]7 [ZVCu7+SnZn2+]’ [Zcu2n7+sn2n2+]
and [Zng,>+2Zn¢,"]. The calculation shows clearly that the
overall formation energies of these defect clusters are signifi-
cantly decreased relative to the sum of isolated ones. Electron
transfer occurs from donor to acceptor defects and there is a
strong Coulomb attraction between the charge centers, as
explained previously. The clusters that have an overall formation
energy lower than 1.5 eV are given in Figure 7 and their energy
dependence on the chemical potentials is plotted.

Cation exchange and partial-disorder: Cuy, and Znc, are the
lowest-energy acceptor and donor defects, respectively, in both
Cu,ZnSnS, and Cu,ZnSnSe,. Their compensation leads to
the antisite pair [Cuy, +Znc,*] (in the following the labels of
charge state will be omitted for brevity as [Cuyz,+Zn¢,]), which
has an extremely low formation energy of 0.2 eV. When these
antisite pairs interact with each other and arrange in a specific
orientation (such as the (001) planel?*1%l), the average forma-
tion energy can be further decreased. A high population can
be expected, which results in the partially disorder of Cu and
Zn on the cation sites along (001) planes. Due to the similarity
of Cu and Zn in the atomic number and size, the Cu and Zn
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partial disorder can not be detected easily using standard XRD
techniques, which makes the kesterite structure sometimes
confused as the stannite structure.’>3%) The existence of the
partial disorder in Cu,ZnSnS, and Cu,ZnSnSe, have been con-
firmed using the neutron scattering method by the group of
Schorr.[122123]

Although there may be a high population of [Cuyz,+Znc,] in
the samples, their impact on the electronic structure and optical
properties is weak, as shown by the slight band edge shift
caused by a pair in the 128-atom supercell (see Figure 10), and
thus they can be taken as benign defects. However, two other
antisite pairs [Cug,+Snc,] and [Zng,+Sny,] are not so benign
and have more significant impact on the electronic struc-
ture, e.g., [Zng,+Sny,] decreases the band gap by 0.3 eV in
Cu,ZnSnS, and 0.1 eV in Cu,ZnSnSe,. Fortunately their for-
mation energy is high and the resulting population should be
negligible (see Figure 7).

As the antisite pairs are stoichiometry-preserving defects, their
formation energies and population are independent of the ele-
ment chemical potentials or the Cu/(Zn+Sn) and Zn/Sn ratios.

Defect clusters causing non-stoichiometry: The aforementioned
antisite pairs are stoichiometric, so the frequently observed non-
stoichiometry in Cu,ZnSnS, and Cu,ZnSnSe, samples must
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come from other sources. Some defect clusters like [V, +Znc,],
[VzntSnz,l, [Zng,+2Zne,] and [2Cuy,+Sny,] exchange atoms
with the environment, so their formation energies are more
sensitive to the chemical potential of the component elements
(the Cu/(Zn+Sn) and Zn/Sn ratios) than those of isolated
defects (see Equation 3). Such defects could be the primary
source of non-stoichiometry.

For the majority of the chemical potential range that stabi-
lizes single-phase Cu,ZnSnS, and Cu,ZnSnSe,, [2Cuz,+Sny,]
clusters have the lowest formation energies, about 0.2-0.6 eV
depending on the specific chemical potentials, as shown in
Figure 7. This corresponds to a population range from about
10" to 10'™ c¢m3. Although a population of 10'® cm™ clus-
ters causes a change in the Cu/(Zn+Sn) and Zn/Sn ratios of
around 0.0001, which is beyond the current limit of most anal-
ysis techniques, their influence on the generation, separation
and recombination of electron-hole pairs can be significant.
It is thus important to investigate the effects of [2Cuy,+Snz,]
defect clusters in the nominally stoichiometric single-phase
samples.[124

Another low-energy defect cluster in the stable chemical
potential range is [Vc,+Znc,|, whose formation energy can
be as low as 0.4 and 0.3 eV in Cu,ZnSnS, and Cu,ZnSnSe,,

q—-
p)
c
i
+ + + + + C
VZn ZnSn 2CuZn CuZn ZnSn NN-
-
O J

R
T
Sn,. | Sn, {Sn, Cu |Zn | < |
+ + + + + UC)
V.. | Zng,[2Cu,, Cu, | Zng, NN_
-
O

Figure 10. The calculated valence and conduction band shifts caused by different defect clusters in Cu,ZnSnS, (top panel) and Cu,ZnSnSe, (bottom
panel). The defect concentration is one defect cluster in an 128-atom supercell. The red and green lines show the valence and conduction band posi-

tions, respectively.
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respectively. All other clusters have higher formation energy
in the stable chemical potential space, but the values can be
changed significantly when the chemical potential goes beyond
the boundaries.

According to the calculated formation energy in Figure 7 and
the numbers of exchanged atoms in the formation of different
clusters, the contributing defects to the non-stoichiometric ele-
ment ratios can be predicted. [Vc+Znc,] and [Zng,+2Znc,
should be the highest-population defects and contribute to the
low Cu/(Zn+Sn) and high Zn/Sn ratios when Cu and Sn are
poor (very negative lc, and Ug,), whereas [2Cuy,+Sny,] should
be the highest-population defects and contribute to the high
Cu/(Zn+Sn) and low Zn/Sn ratio when Zn is poor (very nega-
tive ;). More quantitative predictions will be discussed in the
next section.

Bandedge shifts: Compared to the perfect bulk semiconductor,
the conduction and valence band edges of the material with
high concentrations of defect clusters are shifted in energy.
These fluctuations in potential will impact electron and hole
transport. Figure 10 plots the band edge shift for ten possible
self-compensated defect clusters when the defect concentration
is equal to one defect cluster in an 128-atom supercell. Because
of the hybridization between the donor and acceptor states, the
conduction band edge in Figure 10 is higher than the corre-
sponding donor level in Figure 8, and the valence band edge
is lower than the corresponding acceptor level. For example,
the hybridization between Cuy, acceptor and Znc, donor states
make the band edge shift caused by [Cuyz,+Znc,] cluster small,
and the resulting band gap decrease is negligible. The band gap
is even locally increased by [V, +Znc,] due to the valence band
downshift.

More significant shifts are associated with defect clus-
ters composed of the deep level defects, such as Sny,, Snc,,
Cus, and Zn;. The conduction band edge downshift induced
by all clusters composed of Sny, is similar, about 0.4 eV in
Cu,ZnSnS, and 0.1 eV in Cu,ZnSnSe,. The quite large down-
shift caused by Sny, related clusters in Cu,ZnSnS, could be a
detrimental factor to the solar cell performance if their popu-
lation is high, because the induced states are deep and may
trap photo-generated electrons from the high conduction band.
Considering that the population of [2Cuy,+Sny,] clusters could
be as high as 10® cm™ even in the chemical potential condi-
tions that stabilize the single-phase Cu,ZnSnS, (Cu/(Zn+Sn)
and Zn/Sn ratios near 1), the solar cell performance could be
limited by these clusters and special treatment may be required
to prevent their formation.

Impact on the photovoltaic performance: The frequently men-
tioned experimental observation that a low Cu/(Zn+Sn) ratio
around 0.8 and a high Zn/Sn ratio around 1.2 (Cu poor and
Zn rich) gives the highest solar cell efficiencies,[%615.25-29] a5
shown in Figure 1 and Table 1, can be explained partly according
to the detrimental effect of [2Cuyz,+Sny,] clusters. The forma-
tion energy of [2Cuz,+Snz,] is very sensitive to the chemical
potential of Zn, so when Zn becomes poor, its population
increases dramatically and degrades the solar cell performance.
However, low Cu/(Zn+Sn) and high Zn/Sn ratio mean that Zn
is very rich during the growth environment, which is just the
condition preventing the formation of [2Cuy,+Snz,] clusters, so
the resultant higher efficiency is easy to understand. Although
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a low Cu/(Zn+Sn) ratio near 0.8 and a high Zn/Sn ratio near
1.2 also mean the sample is seriously non-stoichiometric, the
contributing defect clusters are benign ones such as [V, +Znc,]
and [Zng,+2Zn¢,] that induce almost negligible band edge
shifts. Besides the low population of detrimental [2Cuy,+Snz,]
clusters, three factors are beneficial to the solar cell efficiency
under Zn rich and Cu poor conditions:

(i) a high population of [Vc,+Znc,] clusters are formed in
some domains within the CZTS or CZTSe absorber layers,
resulting in band bending that can facilitate the separation
of photo-generated electron-hole pairs!’:%};

(ii) the shallow acceptor V¢, becomes the dominant defect,
in place of the relatively deeper Cuy,, and determines the
population of the majority carriers (holes);

(iii) the population of isolated defects with deep donor levels is
diminished, such as Snz,?*, which has a formation energy
lower than 1.0 eV in Cu,ZnSnS, (Figure 6) and acts as a
recombination center.

Comparing the defect properties in Cu,ZnSnS, and Cu,Zn-
SnSe,, we can also explain another empirical trend drawn
from the numbers in Table 1 that the Cu,ZnSnSe, and
Cu,ZnSn(S,Se), solar cells have higher record efficiencies than
the Cu,ZnSnSy solar cells. It can result from two differences:

(i) theconductionbandedge downshiftcaused by [2Cuy,+Snz,]
in Cu,ZnSnSe, is much smaller than in Cu,ZnSnS,
(0.4 eV), so the electron trapping effect is much weaker in
Cu,ZnSnSey;

(ii) the formation energies of the isolated deep donor defects
Sny,>* and Vg 2* are much higher in Cu,ZnSnSe, than
in Cu,ZnSnS,, so the concentration of the recombination
centers is lower.

The nominal band gap of Cu,ZnSnS, is larger than that of
Cu,ZnSnSe,, but the photo-generated electrons may be trapped
on the deep defect levels, which can limit the open-circuit
voltage and the efficiency to a low value. As listed in Table 1,
currently the highest open-circuit voltage of pure Cu,ZnSnS,
solar cells is about 0.66 eV, close to the value (about 0.71 eV) of
the highest-efficiency Cu(In,Ga)Se, cells, while lower than that
(about 0.85 eV) of CdTe cells.'?! Considering that the band gaps
of Cu,ZnSnS,, Cu(In,Ga)Se, (when the efficiency is highest)
and CdTe are in the order 1.5, 1.2 and 1.5 eV, the open-circuit
voltage of the current Cu,ZnSnS, cells is lower than expected.

These differences may impose a limitation on the efficiency
and the open-circuit voltage of Cu,ZnSn(S,Se)4 solar cells. The
band gap of Cu,ZnSn(S,Se), alloys can be increased linearly
from 1.0 eV to 1.5 eV through increasing the S content,2¢l
closer to the optimal band gap (1.5 eV) for single-junction solar
cell absorber, so the efficiency is expected to be improved. How-
ever, the record efficiency has been achieved for Cu,ZnSn(S,Se),
alloys with low S content.!®122382 Recently Barkhouse et
al. even observed that the efficiencies of the alloy cells with
band gaps lower than 1.2 eV are higher than those with band
gaps larger than 1.4 eV./!l This is similar to the situation in
Cu(In,Ga)Se, solar cells that the efficiency can be increased
through alloying a low content of Ga, but further increasing the
band gap above 1.2 eV causes an efficiency decrease.
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6. Defect and Carrier Concentration Control

All of the above discussion on the defect populations and elec-
trical conductivity is qualitative. We will quantify defect and car-
rier concentration in the samples with different Cu/(Zn+Sn)
and Zn/Sn ratios. Since the formation energy and transition
energy levels of many defects are calculated, and the lattice
parameters, electronic band gaps and effective masses have also
been reported,['?”] it is possible to calculate the concentration
of these defects and the majority carriers in the samples under
different chemical potential conditions, through self-consist-
ently determining the Fermi energy.'®®! The calculated Cu, Zn
and Sn element ratios, population (density) of different defects,
Fermi energy and the concentration (density) of the majority
carrier (hole) at room temperature are plotted as functions of
the chemical potentials uc,, Uz, and pg, in Figure 11.

6.1. Cu Composition Control

The defect and hole concentration change in Cu,ZnSnS, and
Cu,ZnSnSe, when the Cu chemical potential varies from poor
to rich (uc, increases from —0.52 to 0 eV) is shown in Figure 11
(@) and (d). The vertical lines show the chemical potential point
P, which is in the region stabilizing the single-phase quaternary
compound (Figure 3). Starting from the single-phase and stoi-
chiometric line, the concentrations of the dominant acceptor
Cuy, and Cuy, increase exponentially when puc, increases,
which results in a lower Fermi energy, higher hole concentra-
tion and better p-type conductivity. However, the concentration
of the detrimental [2Cuy,+Sny,] defect clusters also increases
exponentially, which degrades the solar cell performance despite
the good p-type conductivity.

On the other side of the vertical line, when U, decreases,
the concentrations of both Cuy, and Cuy,” and thus the hole
concentration decrease, but when ¢, is lower than a certain
value (0.4 eV for Cu,ZnSnS, and —0.3 eV for Cu,ZnSnSe,),
the concentration of another acceptor (V¢, and V") increases,
which make the hole concentration increase after reaching a
minimum point, so the p-type conductivity is enhanced when
Cu becomes poorer and V¢, becomes more dominant than
Cuy,. Meanwhile, when Cu becomes poor, the concentration
of the [V +Znc,] and [Zng,+2Zn¢,] defect clusters increases
exponentially, which causes serious non-stoichiometry, i.e., the
Cu and Zn element ratio deviating from the ideal values (2 and
1 respectively in the stoichiometric case). Fortunately these two
defect clusters have little influence on the electronic structure
of the kesterites (Figure 10) and are electrically benign, so
their high population has no negative affect on the solar cell
performance. Actually, the valence band downshift caused by
[VcutZng,] clusters is even beneficial to the performance since
they enhance the electron-hole separation in the light-absorber
layer.

The above discussion gives a more quantitative explanation
to why a low Cu/(Zn+Sn) ratio (around 0.8) or a Cu poor and
Zn rich condition is crucial to the high efficiency of the kesterite
solar cells. Under those conditions, the population of the det-
rimental [2Cuy,+Sny,| defect clusters is forced to be very low,
while a reasonably high concentration (around 10— 10'¢ cm3)
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of holes from the ionized V(,~ is achieved. Experimentally, the
measurement of the hole concentration in the high-efficiency
Cu,ZnSnS, and Cu,ZnSnSe, solar cells shows that the values
are around 5 X 10" cm™ when the Cu/(Zn+Sn) ratio is near
0.8,22%1in good agreement with the present calculation consid-
ering that both the experimental and theoretical methods can
have relatively large margins of error. When the Cu/(Zn+Sn)
ratio is high (around 1), various measurements show that the
hole concentration is much higher with numbers scattered from
10" to 10" ¢cm3,1323456.66.67.69.70] which can be attributed to the
region near or on the right hand side of the vertical lines in
Figure 11 (a) and (d). In this region, the concentrations of Cuy,,”
and holes vary around 10'°-10'® cm™ and the Cu/(Zn+Sn) ratio
is around 1, both consistent with the measured results. How-
ever, the 10'°~10'® cm= population of [2Cuy,+Sny,] will result
in a poor photovoltaic performance. This gives an explanation
to the reported low efficiency of Cu,ZnSnS, solar cells with Cu/
(Zn+Sn) around 1.127:2%67.73.76.77]

6.2. Zn and Sn Composition Control

The defect and hole concentration changes as a function of
Uz, and Ug, are plotted for Cu,ZnSnS, in Figure 11 (b) and
(c), respectively, and for Cu,ZnSnSe, in Figure 11 (e) and (f),
respectively.

Several trends can be drawn:

(i) Under the considered conditions, the holes come mainly
from the ionization of the Cuy, antisites, so the hole popu-
lation decreases exponentially with p,, when Zn becomes
rich (Uc, is fixed), while the change in U, (Sn richness) has
weak influence on the hole concentration;

(ii) Three defect clusters [2Cuz,+Sny,], [VcutZng, and
[Zng,+2Zn¢,] contribute significantly to non-stoichiometry,
i.e., when either Zn is very rich or Sn is very poor, the con-
centration of [Zng,+2Zn¢,] and [V, +Znc,] can be very high,
e.g., higher than 102 cm™ when Zn/Sn ratio is around 1.05;
while when either Zn is very poor or Sn is very rich, the con-
centration of [2Cuy,+Snz,] becomes high.

From these trends and the numbers in Figure 11, the concen-
tration of defects in the samples with different Cu/(Zn+Sn) and
Zn/Sn ratios can be estimated, and thus their influence on the
solar cell performance can be predicted. Meanwhile, it should
be noticed that when the Cu, Zn and Sn element ratios are obvi-
ously deviated from ideal values due to the high population of
defect clusters (Figure 11), their chemical potentials are actually
far from the stable chemical potential range of Cu,ZnSnS, and
Cu,ZnSnSe,, so the real samples are not single-phase micro-
scopically and the secondary compounds should coexist, e.g.,
when Cu/(Zn+Sn) = 0.8 and Zn/Sn = 1.2, ZnS or ZnSe forma-
tion should be expected.[*>#74]

7. Conclusions

The increased number of elements in the quaternary kesterite
materials makes the properties of the intrinsic lattice defects
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Figure 11. The calculated change of the element ratio, defect density (cm™3), Fermi energy (in eV relative to the valence band) and hole density (cm~3)
at room temperature for Cu,ZnSnS, (left column): (a) uc, changes from —0.52 to 0 eV, with uz, =-1.23 eV and ps, = —0.50 eV; (b) uz, changes from
-1.53 t0 -0.93 eV, with uc, =-0.20 eV and us, = -0.50 eV; (c) Us, changes from —1.35 to 0 eV, with i, =-0.20 eV and iz, =-1.23 eV; and Cu,ZnSnSe,
(right column): (d) uc, changes from —-0.4 to 0 eV, with uz, =-1.17 eV and us, = —0.62 eV; (e) Uz, changes from -1.3 to —1.0 eV, with ¢, =-0.20 eV
and Us, =-0.62 eV; (f) Us, changes from —1.2 to —0.25 eV, with ¢, =-0.20 eV and uz, =-1.17 eV. The vertical lines in the figure show the chemical
potential corresponding to the point P in Figure 3.
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Table 2. Comparison of the band gap, electrical conductivity and intrinsic defects in the chalcopyrites and kesterites.

CulnSe, CuGaSe, Cu,ZnSnSe, Cu,ZnSnS,
Band gap (eV) 1.04 1.68 1.0 15
Intrinsic conductivity p-type p-type p-type p-type
Hole-generating acceptors Voo Veu Cuz,7, Veu©o Cuz,", Veu~
High-population deep donors Gag,2* Snz,?*, Vs?
High-population clusters 2VetHng, 2V, +Gag, VeotZng, Ve tZng,
Cuz,+Zne, Cuz,+Zne,
2Cuz,+Snz, 2Cuz,+Snz,
Zng,+2Zn¢, Zns,+2Zn¢,
Electron trapping clusters 2V, +Gag, 2Cuz,+Snz,

more complicated than for the previously studied ternary chal-
copyrites. They are also more important in influencing the
photovoltaic performance. Several points can be highlighted:

(1) The narrow chemical potential range is limited by the vari-
ous competing secondary compounds, such as CuS, Cu,S,
Cu,SnS;, ZnS, SnS and SnS,. ZnS and ZnSe coexistence is
highly possible in the kesterites with low Cu/(Zn+Sn) and
high Zn/Sn ratios.

The Cuy, antisite is the dominant point defect in the stoi-
chiometric Cu,ZnSnS, and Cu,ZnSnSe, samples. Its ioni-
zation level is deeper than that of V¢, but its high popu-
lation can still produce a significant hole concentration,
determining the intrinsic p-type conductivity and making
n-type doping difficult.

The formation energy and ionization level of V¢, in kester-
ites are similar to those in the chalcopyrites, but the popula-
tion is much lower than Cuy,, in the stoichiometric samples.
Under Cu poor and Zn rich conditions (Cu/(Zn+Sn) = 0.8),
Vc, becomes dominant and contributes to p-type conductiv-
ity, which reflects the situation in the real solar cells with
low Cu/(Zn+Sn) ratio and high efficiency.

The frequently observed non-stoichiometry in the quater-
nary kesterites results from the facile formation of self-com-
pensated defect clusters, such as [V +Zncy], [Zngn+2Znc,]
and [2Cuz,+Sny,].

[2Cuz,+Snz,] clusters induce electron-trapping states in
the absorber materials, and are thus detrimental to the
solar cell performance. Their facile formation and high
population even in the near-stoichiometric Cu,ZnSnS, and
Cu,ZnSnSe, samples degrades the efficiency of the solar
cells with Cu/(Zn+Sn) and Zn/Sn ratios near unity, so a
rather Zn rich and Cu, Sn poor condition is required to pre-
vent its formation and improve the solar cell performance.
This explains the empirical observation that Cu poor and Zn
rich condition is crucial for the high solar cell efficiency.
The electron-trapping caused by [2Cuz,+Snz,] in Cu,Zn-
SnSe, is much weaker than in Cu,ZnSnS,, is the main rea-
son for the observation that the Cu,ZnSn(S,Se), solar cells
achieve the highest-efficiency when S composition is low.
The lower population of isolated deep donor defects such as
Sny, and Vg, in Cu,ZnSnSe, is another reason. Consider-
ing the negative effects of lattice defects in Cu,ZnSnS,, a
limitation for the solar cell efficiency and the open-circuit
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voltage of Cu,ZnSn(S,Se), solar cells exists, similar to
Cu(In,Ga)Se,, where the highest efficiency is achieved at
relatively low Ga composition.

Finally, a comparison of the defect properties in the four
chalcopyrites and kesterites is given in Table 2 based on the cal-
culated results. The present study concerning the fundamental
defect properties in Cu,ZnSnS, and Cu,ZnSnSe, is useful not
only for their application as the solar cell absorber, but also for
the study of other kesterite or stannite structured I,-1I-IV-VI,
semiconductors which may have application as thermoelectric,
photocatalytic and optoelectronic materials.>+128-133]
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