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olar radiation is one of the cleanest

energy sources of almost unlimited

potential, delivering in an hour approxi-
mately the energy equivalent of the world's
annual consumption’ and, in a year, twice
the combined capacity of all other renew-
able and nonrenewable reserves.? The main
obstacle that has to be faced in order to
make solar energy widely available is the
development of low-cost, high-throughput,
and reliable photovoltaic (PV) production
methods. Thin-film solar cell materials are
of particular interest because they can
be fabricated in a cost-effective manner. The
Culn,Ga,_,Se;, (CIGS) thin-film cells have
received considerable attention in the past
decades, and the conversion efficiency has
been improved up to 20.3%.> However, the
fact that In and Ga are not earth-abundant
does not allow for low-cost production of
solar cells from these materials. Indium is
expensive because of the large amount of
consumption in solar cells and liquid crystal
displays. Cu,ZnSnS,Se,_ (CZTS) is regarded
as one of the alternatives for CIGS with In
and Ga replaced by Zn and Sn, two earth-
abundant elements. Great progress has
been made in fabricating CZTS solar cells
and improving their efficiency with various
methods such as solution processing,” ther-
mal evaporation,® sputtering,® and tuning
the composition of nanocrystals.”

Since grain boundaries (GBs) are ubiqui-
tous in the polycrystalline materials, exten-
sive studies have been carried out to investi-
gate their role in determining the efficiency
of solar cells. In general, the grain bound-
aries are expected to create deep levels
that act as recombination centers for the
photon-excited electron and hole pairs.®°
This process is detrimental to charge se-
paration required for the operation of solar
cells. While grain boundaries are generally
believed to be harmful to the performance
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ABSTRACT

We have studied the atomic and electronic structure of Cu,ZnSnSe, and CulnSe, grain

boundaries using first-principles calculations. We find that the constituent atoms at the grain

boundary in Cu,ZnSnSe, create localized defect states that promote the recombination of

photon-excited electron and hole carriers. In distinct contrast, significantly lower density of

defect states is found at the grain boundaries in CulnSe,, which is consistent with the

experimental observation that CulnSe, solar cells exhibit high conversion efficiency without

the need for deliberate passivation. Our investigations suggest that it is essential to effectively

remove these defect states in order to improve the conversion efficiency of solar cells with

Cu,ZnSnSe, as photovoltaic absorber materials.
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of solar cells, high conversion efficiency can
be obtained in CIGS solar cells without any
need for deliberate passivation of the grain
boundaries.’® To understand the role of
grain boundaries, different models have been
proposed to study the electrically benign
nature of the grain boundaries. Persson
and Zunger'' showed that Cu depletion at
grain boundaries may create hole barriers
through reduced coupling between Se
p and Cu d orbitals. Yan et al.'? found that
the large relaxation of atomic structures at
grain boundaries can pull the defect states
into valence bands of bulk CIGS. Meanwhile,
there are also a great deal of experimental
investigations on the grain boundary of
CIGS."*~"7 Despite the importance of grain
boundaries in the thin-film solar cells and the
potential for CZTS as a more cost-effective
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material compared to CIGS, there are very few studies
on the structure and electronic properties of the grain
boundaries in this material.'® Most studies to date have
focused on the physical properties of crystalline, defect-
free materials.'?~2*

In the present article, we report first-principles cal-
culations that examine the defect states of grain
boundaries of kesterite Cu,ZnSnSe, and chalcopyrite
CulnSe, by using density functional theory. Our work
shows the presence of defect states in the band gap of
corresponding bulk crystal, derived from the Cu 3d and
Se 4p orbitals at the grain boundaries in Cu,ZnSnSey,
underscoring the need for developing passivation
schemes for improving conversion efficiency. The
CulnSe, grain boundaries, in contrast, show signifi-
cantly lower density of defect states which are mostly
generated from Se 4p orbitals.

RESULTS AND DISCUSSION

The crystal structure of kesterite Cu,ZnSnSe,4 can be
derived from zinc blende via an intermediate chalco-
pyrite structure by using sequential cation cross-sub-
stitution.>> %’ In Figure 1, we depict the crystal struc-
tures of zinc blende CdTe, chalcopyrite CulnSe,, and
kesterite Cu,ZnSnSe,. In the zinc blende CdTe, the
cation Cd and anion Te occupy two interpenetrating
face-centered cubic (fcc) lattices independently. The
chalcopyrite CulnSe, can be derived from the zinc
blende structure by doubling the unit cell along the ¢
axis and replacing Cd by ordered Cu and In on the ca-
tion fcc lattice and Te by Se. The kesterite Cu,ZnSnSe,
could be obtained by further substituting In with orde-
red Zn and Sn. In the process of structure derivation,
anion atoms (Te, Se) are located at one fcc lattice while
cations share the other one.

The atomic structures of grain boundaries in CIGS
and CZTS materials remain unclear. However, we can
model the grain boundaries of CulnSe, and Cu,ZnSnSe,
based on the experimental observations of the struc-
tures of grain boundaries in CdTe via high-resolution
transmission electron microscopy (HRTEM)® because of
the structural similarities between CdTe, CulnSe,, and
Cu,ZnSnSe,. Depending on the arrangement of con-
stituent elements Cu, Zn, Sn, and Se, four different
kinds of grain boundaries were constructed. Figure 2
and Figure 3 show the atomic structures of Cu,ZnSnSe,
grain boundaries. The grain boundary (114) plane is
indicated by the dashed line. For convenience, the
atomic sites at the grain boundary are numbered as
1,2,..6,as shown in Figure 2. A n is used to denote the
atom A at position n and An(—Bm) denotes the atom
A at position n bonded to atom B at position m. The four
grain boundaries we consider can be distinguished by
the combination of atom types at positions 1 and 6, as
shown in Figure 2 for GB-l, Il and Figure 3 for GB-IlI, IV.
Both GB-I and GB-lll have Se atoms at position 1.
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Figure 1. Schematic structures of (a) zinc blende CdTe,
(b) chalcopyrite CulnSe,, and (c) kesterite Cu,ZnSnSe,. The
coloring scheme emphasizes the derivation of the kesterite
structure from the zinc blende via the chalcopyrite
structure.

Figure 2. Relaxed atomic structure of Cu,ZnSnSe, GBs. Left
grain boundary is denoted as GB-l containing a Se core and
alternating Cu and Zn at position 6. Right grain boundary is
denoted as GB-ll containing alternating Cu and Sn at posi-
tion 1 and Se atom at position 6. The isosurfaces (yellow) set
at 3 x 1073 e/A3 represent the partial charge densities of
energy states within the band gap of perfect Cu,ZnSnSe,.

Figure 3. Relaxed atomic structure of Cu,ZnSnSe, GBs. Left
grain boundary is denoted as GB-lll containing a Se core and
alternating Cu and Sn at position 6. Right grain boundary is
denoted as GB-IV containing alternating Cu and Zn at
position 1 and Se at position 6. The isosurfaces (yellow)
setat 3 x 10> e/A® represent the partial charge densities of
energy states within the band gap of perfect Cu,ZnSnSe,.

Figure 4. Relaxed atomic structure of CulnSe, GBs. Left
grain boundary is denoted as GB-V containing a Se core.
Right grain boundary is denoted as GB-VI containing a
cation core. The isosurfaces (yellow) set at 3 x 1073 e/ A3
represent the partial charge densities of energy states
within the band gap of perfect CulnSe,.

At position 6, there are alternating Cu and Zn in GB-|,
while in GB-ll, Cu and Sn alternate. GB-Il and GB-IV have
Se atoms at position 6. At position 1, there are alternating
Cu and Sn in GB-ll, while in GB-IV, Cu and Zn alternate.
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Figure 5. Projected density of states of Cu,ZnSnSe, GB-I for (a) Cu, Sn, and Se at the bulk region of the supercell; (b) Se1
bonded to Cu6 and Zné6; (c) Cu and Sn at position 2; (d) Se3 bonded to Sn2 and Cu2; (e) Cu atoms at positions 4 and 6; (f) Se5
bonded to Cu and Zn at position 6. The 3d, 4s, and 4p orbitals are shown for Cu, Sn, and Se, respectively. The zero of the energy
scale is set at the VBM of bulk Cu,ZnSnSe,, and the arrows indicate the peak positions of defect states. The corresponding
partial charge densities ranging from VBM to CBM of perfect Cu,ZnSnSe, are shown in Figure 2.

For CulnSe,, two kinds of grain boundaries, GB-V with a
Se core and GB-VI with a cation core, can be con-
structed and are presented in Figure 4. In addition to
the atomic structures of GBs, in Figure 2, Figure 3, and
Figure 4, we also depict the isosurfaces of partial
charge densities to illustrate the localization of the
defect states arising from grain boundaries.

First, we consider the structure of relaxed grain
boundaries in Cu,ZnSnSe,. The grain boundary intro-
duces bonds that are not tetrahedrally coordinated.
Therefore, not all of the atoms at positions 1—6 as
indicated in Figure 2 have coordination of four as the
atoms in the bulk region of supercell. The atoms at
position 1 are five-coordinated, the atoms at positions
2,4, and 5 four-coordinated, and the remaining atoms
at positions 3 and 6 are three-coordinated. After
geometry optimization, the GB-l and GB-lll show very
little change in the structure while GB-Il and GB-IV
undergo dramatic structural relaxation. The Cu and Zn
atoms at position 3 of GB-ll that are bonded in the sp®
configuration prior to relaxation become sp>-bonded
after relaxation. In GB-IV, only Cu3 atoms experience
this bonding change from sp® to sp® while Sn3 atoms
move toward the counterpart Sn3’ atoms to form
dimers of distance 2.86 A. The relaxed CulnSe, GB-V(VI)
has atomic structures similar to that of Cu,ZnSnSe, GB-
(IV). The GB-V shows little change in structure. In GB-
VI, the In3 and In3’ form a dimer of distance 2.73 A
while Cu3 atoms undergo a transition from sp> to sp?
configuration.

Second, because the changes in atomic structure
can be expected to have an important effect on the
electronic states around the Fermi level, we investigate
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the density of states projected onto the atoms at grain
boundaries. For the crystalline Cu,ZnSnSe,, only Cu 3d,
Se 4p, and Sn 4s orbitals play a role in determining the
energy states near the Fermi level. The valence band
maximum (VBM) is an antibonding state of Cu 3d and
Se 4p orbitals, while the conduction band minimum
(CBM) is an antibonding state of Sn 4s and Se 4p
orbitals. Zn atoms do not contribute to the states near
the Fermi level. In the analysis based on density of
states (DOS) for grain boundaries, we only show the
relevant orbitals such as Cu 3d, Sn 4s, and Se 4p. For
CulnSe,, the VBM is an antibonding state of Cu 3d and
Se 4p orbitals while the CBM is an antibonding state of
In 5s and Se 4p orbitals. Therefore, only Cu 3d, In 5s,and
Se 4p orbitals are described. The projected density of
states (PDOS) on these relevant orbitals for each grain
boundary are presented in the following.

Figure 5illustrates the PDOS of Cu,ZnSnSe, GB-I. The
peaks of defect states are indicated by arrows. As
shown in Figure 5b,c, the defect states from Sel and
Sn2 are peaked at about 0.58 eV, which is close to the
CBM. The Se3 atoms can bond to Cu and Sn atoms at
position 2, and therefore, the Se3—Se3’ dimers may
have two different bond lengths of 3.27 and 2.60 A. The
peaks in Figure 5d are derived from the antibonding
interactions of 4p orbitals of the dimers. Since the
interaction strength decreases with increasing bond
length, the peaks at 0.08 and 0.87 eV are corresponding
to the dimer lengths of 3.27 and 2.60 A, respectively.

The PDOS of Cu,ZnSnSe,; GB-Il are depicted in
Figure 6. The defect states peaked at 0.26 eV in Figure 6b
are from Cu atoms at position 1, while the defect
states in Figure 6¢ are from Se atoms at position 2.
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Figure 6. Projected density of states of Cu,ZnSnSe, GB-Il for

(@) Cu, Sn, and Se at bulk region of supercell; (b) Cu and Sn at

position 1; (c) Se2 bonded to Zn and Cu at position 3; (d) Cu at position 3 and Cu and Sn at position 5; (e) Se4 bonded to Cu and
Sn at position 5; (f) Se6 bonded to Sn and Cu at position 1. The 3d, 4s, and 4p orbitals are shown for Cu, Sn, and Se, respectively.

The zero of the energy scale is set at the VBM, and the arrows i
partial charge densities ranging from VBM to CBM of perfect

ndicate the peak positions of defect states. The corresponding
Cu,ZnSnSe, are shown in Figure 2.
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Figure 7. Projected density of states of Cu,ZnSnSe, GB-lll for (a) Cu, Sn, and Se at bulk region of supercell; (b) Se1 bonded to

Cu and Sn at position 6; (c) Cu at position 2, Cu and Sn at positi

on 4; (d) Se3 bonded to Zn and Cu at position 2; (e) Se5 bonded

to Sn and Cu at position 6; (f) Cu and Sn at position 6. The 3d, 4s, and 4p orbitals are shown for Cu, Sn, and Se, respectively. The
zero of the energy scale is set at the VBM, and the arrows indicate the peak positions of defect states. The corresponding

partial charge densities ranging from VBM to CBM of perfect

Although there are two peaks from Se6 atoms in
Figure 6f, they are located in the valence and conduc-
tion bands.

In Figure 7, we present PDOS of Cu,ZnSnSe, GB-IIl.
The Se3—Se3’ dimers contribute to the antibonding
states of 4p orbitals, which peak at 0.0 and 0.25 eV as in
Figure 7d, corresponding to the dimer lengths of
3.15 and 2.85 A, respectively.
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Cu,ZnSnSe, are shown in Figure 3.

Figure 8 describes the PDOS of Cu,ZnSnSe, GB-IV.
The defect states peaked at 0.1 eV in Figure 8b are due
to Cu atoms at position 1. Defect states peaked at 0.1
and 0.2 eV from Se atoms at position 2 and 6 can be
observed in Figure 8c,f, respectively.

To further illustrate the charge distribution of the
defect states, we also calculated the partial charge
densities which include the energy states ranging from
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Figure 8. Projected density of states of Cu,ZnSnSe, GB-IV for (a) Cu, Sn, and Se at bulk region of supercell; (b) Cu at position
1and 5; (c) Se2 bonded to Cu and Sn at position 3; (d) Cu and Sn at position 3; () Se4 bonded to Cu and Zn at position 5; (f) Se6
bonded to Cu and Zn at position 1. The 3d, 4s, and 4p orbitals are shown for Cu, Sn, and Se, respectively. The zero of the energy
scale is set at the VBM, and the arrows indicate the peak positions of defect states. The corresponding partial charge densities
ranging from VBM to CBM of perfect Cu,ZnSnSe, are shown in Figure 3.

(@) i
B — Cu-d,In-s5,Se-p |
7;:/\ ; e —
L -~  Sel(-Cu6) |
Lo Sel(-In6)

T e S E—

= [(c) ~ i

S [ JARN - - Cu2 |

T 2N ]

s r B , \ . In2 1

= 8 s e : —

eI - = se3(-in2) ]

Kz i VT Se3(-Cu2) 1

g :(;5;.._';»-—.- S o /\‘L — y -

2 L(e i

2 L ’ -~ Cut |

o \

o L 2 Inda
[ P o/ S oo - . a
_(f)-f = == S + .
L - —  Se5(-Cu6) |
L Se5(-In6)
- /'/‘\. .
-f"‘]l ~ _Jr_——\-'-"—h ol Frl —[L
F =t =
k(g) I - - cus ]
r PNl e G
= - / b ~ N -

I = L e 1 —.
—4 -2 0 2 4

Energy (eV)

Figure 9. Projected density of states of CulnSe, GB-V for (a) Cu, Sn, and Se at bulk region of the supercell; (b) Se1 bonded to Cu
and In at position 6; (c) Cuand In at position 2; (d) Se3 bonded to Cu and In at position 2; (e) Cu and In at position 4 and 6; (f) Se5
bonded to Cu and In at position 6; (g) Cu and In at position 6. The 3d, 5s, and 4p orbitals are shown for Cu, In, and Se,
respectively. The zero of the energy scale is set at the VBM, and the arrows indicate the peak positions of defect states. The
corresponding partial charge densities ranging from VBM to CBM of perfect CulnSe; are shown in Figure 4.

VBM to CBM of the bulk Cu,ZnSnSe,. We depict the
isosurface plots of GB-l, Il in Figure 2 and GB-lll, VI in
Figure 3, respectively. The isovalues are set at 3 x 10> e/A3,
Note that the defect states are strongly localized near
the dislocation core region. Only in GB-IV there is

LI ET AL.

considerable contribution from Se6 atoms. This is consis-
tent with our PDOS calculation results.

Compared to the grain boundaries in Cu,ZnSnSe,,
the CulnSe, grain boundaries exhibit fewer defect
states. We present the PDOS of CulnSe, GB-V in Figure 9.
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Only the antibonding states caused by the Se3—Se3’
dimers bonded to Cu at position 2 are in the bulk gap.
Although the Se3—Se3’ dimers bonded to In at posi-
tion 2 create a peak, it is located at 0.35 eV below the
VBM. In Figure 4, we plot the isosurface of partial charge
density integrated from VBM to CBM for CulnSe; and set
the isovalues at 3 x 10~ e/A>. Figure 4a clearly suggests
that the defect states in GB-V are mainly contributed by
Se3 atoms. The GB-VI PDOS (not shown) exhibits no
defect peaks in the bulk gap of CulnSe, as evidenced
from the partial charge densities in Figure 4b. Yan
et al.'? using the local density functional approxima-
tions (LDA), studied the CulnSe; grain boundaries and
found that the defect states move into the bulk bands
as a result of large structure relaxation. Our results on
the CulnSe, obtained by using the EV-GGA density
functional are qualitatively consistent with their work
that adopts the LDA functional.

Because the CZTS is composed of earth-abundant
elements and is environment friendly compared to
CIGS, it is a promising candidate for low-cost thin-film
solar cells. The current highest efficiency of 9.6% of
CZTS cells* is still much lower than the record efficiency
of around 20% of CIGS. Our results show that the deep
levels at grain boundaries in CZTS facilitate the electron

METHODS

The structures of Cu,ZnSnSe, grain boundaries were opti-
mized using the Vienna ab initio simulation package (VASP),%®
with exchange-correlation functional described by Perdew—
Burke—Ernzerhof generalized gradient approximation (PBE-GGA)%®
and interaction between core electrons and valence elect-
rons by the frozen-core projector-augmented wave (PAW)
method.*° An energy cutoff of 276 eV was used for plane wave
basis expansion. The fully relaxed lattice constants a and ¢ and
tetragonal distortion parameter 7 = c/2a that we obtain for
crystalline Cu,ZnSnSe, are a = 5.761 A and 5 = 1.000, respec-
tively. Our results are close to a=5.763 A and 1 = 0.998 obtained
in previous computational work'® as well as experimental
studies (a = 5.68 A and 7 = 1.00).3" Although the widely used
PBE-GGA density functional can well describe the total energies
and geometries, it usually underestimates the energy gaps.
For crystalline Cu,ZnSnSe,, PBE-GGA gives zero band gap while
the experimental value is about 1.0 eV.3>? The energy gap of
0.85 €V can be obtained by using the correction of Heyd—
Scuseria—Ernzerhof (HSE) functional>*** The HSE hybrid func-
tional calculation is computationally expensive and cannot be
efficiently applied to large systems with defects, such as the
grain boundaries here. Instead of HSE and PBE-GGA functionals,
we use Engel and Vosko's generalized gradient approximation
(EV-GGA) which is obtained by optimizing the exchange-correlation
potential and can give better description of energy states.>>3¢
The EV-GGA density functional in the form of Vanderbilt
ultrasoft pseudopotentials®” as implemented in Quantum-
ESPRESSO>® was used in the calculations of electronic proper-
ties. The self-interaction correction was also included by setting
the on-site interaction Hubbard term to 5.0 eV for d orbitals of
Cu, Zn, and Sn. An energy cutoff of 680 eV was adopted for the
plane wave expansion of wave functions.

Similar to the calculations of grain boundaries in Cu,ZnSnSe,,
we relaxed the structures of CulnSe, grain boundaries and
calculated their electronic properties by using PBE-GGA and
EV-GGA, respectively. An energy cutoff of 273 eV was employed
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hole recombination and therefore are harmful to the
conversion efficiency of the solar cell. In CIGS, the large
relaxation experienced by atoms at the grain boundary
plays a role of decreasing the defect states from the
energy gap. The structure change, however, does not
have a similar effect in CZTS compared to CIGS. The
studies presented in the present work suggest that the
grain boundary may be a factor limiting the efficiency
of CZTS solar cell, and thus effective passivation treat-
ment is needed to improve the efficiency.

CONCLUSIONS

In summary, we have carried out a study of the
structure and electronic properties of grain boundaries
in Cu,ZnSnSe,; and CulnSe, using density functional
theory. We have found that the grain boundaries in
Cu,ZnSnSe, create more defect levels in the energy
gap of bulk crystal compared to CulnSe,. These defect
states can promote the recombination of excited
electron and hole carriers and should therefore be
detrimental to the charge separation in the solar cell.
Our work suggests that efficient passivation of these
defect states should be necessary to improve the
conversion efficiency of the solar cell with Cu,ZnSnSe,
as a photovoltaic absorber.

for the relaxation and 680 eV for the electronic properties'
calculations. The calculated lattice parameters are a = 5.870 A
and 7 = 1.007, which is in good agreement with the experimental
results (a=5.832 A and n= 0.996).° During relaxation, all atoms in
the supercells of Cu,ZnSnSe, and CulnSe, were allowed to
move until the force on each atom is less than 0.02 eV/A.
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