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ABSTRACT: A sodium impurity is inevitable for Cu2ZnSnS4 on a substrate of
soda−lime glass during high-temperature processing. Recently, it was found that a
sodium impurity could improve the photovoltaic properties of Cu2ZnSnS4-based
thin film solar cells (including influencing crystallinity, affecting grain growth,
increasing hole density, shifting the acceptor level closer to the conduction band,
increasing carrier concentration, elongating minority carrier lifetime, and so on).
Thus, sodium doping becomes an effective modification means for Cu2ZnSnS4 on
the flexible substrate. However, there are some examples available in the literature
that discuss the underlying physical mechanism. In the present work, the crystal
structure, electronic structure, and optical properties of sodium occupying different
lattice sites or interstitial sites of kesterite Cu2ZnSnS4 were systematically
calculated by density functional theory within the GGA+U method. Na impurity
favors occupation of the interstitial sites. If Na impurity occupies the cation lattice sites, the band gap of Cu2ZnSnS4 will be
broadened, which is opposite to the situation of an Na impurity occupying the interstitial sites. The doping effects of Na in
Cu2ZnSnS4 are mainly exhibited by the following aspects: energy band shifting, energy band broadening or narrowing, and
effective mass of holes on the top of valence band reduction. The calculated results in the present work not only confirm
experimental observationa in published articles but also provide an in-depth understanding of them. Thus, the findings could help
to promote novel, high-efficiency Cu2ZnSnS4-based thin-film solar cells.

1. INTRODUCTION

As a multifunctional quaternary compound semiconductor,
Cu2ZnSnS4 (CZTS) in recent years has attracted more and
more attention, such as applications in solar cells,1,2 photo-
catalysis,3 and thermoelectricity.4 Especially in the field of solar
cell applications, it is a very promising material for use as a low-
cost absorber alternative to Cu(In,Ga)Se2 (CIGS), because it is
composed of only abundant, nontoxic, and economical
elements.5−9 In addition, CZTS has a direct band gap energy
of 1.0−1.5 eV, a large absorption coefficient of over 104 cm−1,
and excellent photoelectric properties similar to those of CIGS,
which is regarded as one of the best absorber materials for
sustainable and highly efficient thin-film solar cells. In 1967,
Nitsche et al. successfully prepared CZTS single crystals using
an iodine vapor transport method,10 in 1988, Ito et al. prepared
a CZTS thin film by an electron beam vapor deposition
method,11 and in 1997, Katagiri et al. succeeded in assembling
the first CZTS-based thin-film solar cell with a photoelectric
conversion efficiency of 0.66%.12 However, the best photo-
electric conversion efficiency of a CZTS-based thin film solar
cell to date is 8.4%,13 which is still much lower than the high
conversion efficiency of 20.4% obtained for CIGS-based thin-
film solar cells14 and the theoretical limit of conversion
efficiency (32.2%) for CZTS-based thin-film solar cells by
Shockley−Queisser photo balance calculations.15 Thus, it is
necessary to obtain a more detailed understanding of the
microstructure and fundamental properties of CZTS.

In order to improve the photoelectric conversion efficiency
of CZTS-based solar cells, researchers have attempted various
modification means. The common method is to synthesize a
Cu2ZnSn(S,Se)4 (CZTSSe) solid solution. In 2013, Mitzi et al.
prepared a CZTSSe-based thin film solar cell through a
nonvacuum hydrazine solution method and gained a high
photoelectric conversion efficiency of 12.6%, which is close to
the applied standard.16 In addition, the construction of a solar
cell device has also attracted attention: for example, grain
boundary, interface, antireflection layer, buffer layer, and so on.
It is very noteworthy that the best CZTS-based thin-film solar
cells used soda−lime glass (SLG) substrates in combination
with high growth temperatures of around 550 °C. In the high-
temperature processing, sodium (Na) impurities are inevitably
diffused into the absorber layer and the interfaces between
different layers. In CIGS-based thin-film solar cells, the effects
of Na include an enhancement of preferred orientation and
grain size, a decrease in resistivity, and an improved open-
circuit voltage and cell performance.17 The similar effects of Na
were observed in CZTS-based thin-film solar cells.18,19

Recently, Nagaoka et al. have studied the effect of Na
incorporation in CZTS single crystals and influence on the
electrical properties using the temperature dependence of Hall
effect measurements and revealed that Na is an important
dopant in CZTS single crystals to control the electrical
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properties and provided a useful understanding in improving
the efficiency of CZTS solar cells.20 To sum up, the doping
effects of Na could improve the photovoltaic performance in
the following aspects: influencing crystallinity, affecting grain
growth, increasing hole density, shifting the acceptor level
closer to the conduction band, increasing carrier concentration,
elongating minority carrier lifetime, and so on.21−26 On the
basis of the doping effects of Na, researchers proposed a novel
Na-containing precursor solution to prepare suitable CZTS
thin films directly on flexible substrates other than rigid
substrates of soda−lime glass,24,27 which is very important in
expanding the applications of CZTS. However, only a few
studies are available that give a fundamental understanding of
the doping effect of Na on CZTS.
To better understand the in-depth physical properties of the

doping effect of Na on CZTS, we systematically investigated
the crystal structure, electronic structure, and optical properties
of Na-doped kesterite CZTS in the present work, in which Na
occupies the cation sites and the interstitial sites, using first-
principles calculations based on density functional theory
(DFT). With use of the calculated results, the relationship
between photovoltaic performance and Na impurity will be
discussed, and a possible explanation for previous experimental
observations will be provided. The findings of the present work
should help to clarify some previous conclusions in the
published articles and promote the development of novel,
highly efficient CZTS-based thin-film solar cells.

2. COMPUTATIONAL METHODS
In the present work, all the first-principles calculations were
implemented in the framework of density functional theory within
the generalized gradient approximation (GGA) using the PBE
exchange correlation potential and utilizing the plane-wave total
energy pseudopotential method as implemented in the CASTEP
code.28−30 The ion−electron interaction is modeled by ultrasoft
pseudopotential in the Vanderbilt form,31 which has yielded
satisfactory results in recent studies using the aforementioned
methods. The valence atomic configurations are 2s22p63s1 for Na,
3d104s1 for Cu, 3d104s2 for Zn, 5s25p2 for Sn, and 3s23p4 for S. The
energy cutoff for the plane wave basis set was 440 eV. In order to
obtain an accurate electronic structure, the method of GGA+U was
adopted to overcome the well-known shortcomings of GGA.32 The
Hubbard model is one of the most successful models in describing the
correlated electrons in solids. To construct an appropriate functional,
the GGA+U approach subdivides charge density into two subsystems:
delocalized and localized. The former remains described by its charge
density, while for the latter a site diagonal charge density matrix is
introduced. In the present work, the U value of a metallic element d
orbital was set as follows: Ueff = U − J = 5.00 eV, which is obtained by
comparing the calculated and measured band gaps of kesterite CZTS.
The Monkhorst−Pack scheme k-point grid sampling was set as 2 × 2
× 2 for the irreducible Brillouin zone. A 80 × 80 × 75 mesh was used
for fast Fourier transformation. The Broyden−Fletcher−Goldfarb−
Shanno (BFGS) scheme was chosen as the minimization algorithm.33

Its convergence criteria were set as follows: the forces on the atoms
were less than 0.01 eV/Å, the stresses on the atoms were less than 0.02
GPa, the atomic displacement was less than 5 × 10−4 Å, and the energy
change per atom was less than 5 × 10−6 eV. On the basis of the
optimized crystal structure, the electronic structure and optical
properties were then calculated. Using the above computational
method, we obtained the lattice constants of pure kesterite CZTS as
follows: a = b = 5.4709 Å, c = 10.9387 Å, which is very close to the
experimental measurement:6,34 a = b = 5.43 Å and c = 10.89 Å,
suggesting that the computational method in the present work was
reasonable.

In the present work, 2 × 2 × 1 supercells were used for constructing
the Na-doped kesterite CZTS models. To set the substitutional doping
models, one copper atom, one zinc atom, or one tin atom in the
supercell was replaced by one sodium atom, which will be notated by
Na@Cu, Na@Zn, and Na@Sn in the following text. In addition, to set
the interstitial doping models, one sodium atom occupies the vacancy
of the tetrahedron, which will be notated by Na@Vac in the following
text. For the crystal structure of kesterite CZTS, there are two copper
lattice sites, one zinc lattice site, one tin lattice site, and three kinds of
vacancies between the tetrahedrons (CuS4, ZnS4, and SnS4). Thus, we
considered four substitutional models and three interstitial models.

3. RESULTS AND DISCUSSION
3.1. Crystal Structure. First, the lattice parameters of Na-

doped CZTS models were analyzed, and the results are
presented in Table 1. When Na impurity is introduced into the

host lattice, lattice distortion usually occurs, due to the
differences of ion radius and valence electron configuration.
However, in the present work, we found that the lattice
distortions are very slight for the four kinds of Na-doped CZTS
models. Therefore, even with implantation of an Na impurity,
kesterite CZTS still could maintain its exceptional photovoltaic
performance.24 While Na@Sn doping induces shortening of the
lattice constant c, Na doping elongates the lattice constants. In
addition, Na doping causes the crystal volume to expand for all
models, which is quite consistent with experimental observa-
tions.20,26,27 In these models, the crystal expansion of the Na@
Sn model is the smallest, while that of the Na@Vac model is
the largest.
Because there are two different lattice positions for sodium

replacing copper and three different vacancies for sodium
interstitial doping, we therefore first put the point defects on
different positions and compared the corresponding impurity
formation energies (Ef) to determine the stable structure for
each Na-doped model. This is a widely accepted approach to
compare the relative degree of difficulty for different defects
incorporated into the host lattice. In the present work, the
formula of impurity formation energy is referred to the
formalism defined by Van de Walle et al.35 In the case of
Na@Cu models, when Na occupies the Cu1 sites, in which Cu
atoms are on the same plane with Sn atoms along the [001]
direction, the impurity formation energy is smaller by ∼0.0478
eV than that of Na occupying the Cu2 sites, in which Cu atoms
are on the same plane with Zn atoms along the [001] direction.
In addition, the impurity formation energy of Na occupying the
interstitial site near the CuS4 tetrahedron is the smallest
(smaller by ∼0.2 eV). The calculated smallest impurity
formation energies are also presented in Table 1. On
comparison of these data, it is could be found that the impurity
formation energy of the Na@Vac model is obviously smaller
than that of other models. Therefore, Na occupying the
interstitial sites is a relatively stable doping fashion. Meanwhile,
this calculated result means that sodium ions could easily

Table 1. Variation of Lattice Constants of Kesterite CZTS by
Na Impurity Doping on Different Lattice Positions and the
Corresponding Impurity Formation Energy

Δa/Å Δc/Å ΔV/Å3 Ef/eV

Na@Cu 0.0461 0.0138 5.965 3.4429
Na@Zn 0.0327 0.0237 4.647 2.0916
Na@Sn 0.0246 −0.0295 2.065 4.6270
Na@Vac 0.0634 0.0920 10.437 0.5506

Inorganic Chemistry Article

dx.doi.org/10.1021/ic5013268 | Inorg. Chem. 2014, 53, 9235−92419236



diffuse the interstitial channels in the host of kesterite CZTS.
Thus, in the experimental high-temperature processing, sodium
ions could diffuse through the CZTS absorber layer to the
interface between the absorber layer and the buffer layer,
resulting in finally influencing the device’s microstructure and
the photovoltaic performance of CZTS-based thin-film solar
cells.
3.2. Electronic Structure. The calculated band structures

of all models are plotted and compared in Figure 1. As shown
in Figure 1, we found that pure kesterite CZTS is a direct band
gap semiconductor, with a band gap of 1.495 eV between the
maximum of the valence band (VBM) and the minimum of the
conduction band (CBM), which very close to the experimental
measurements (Eg = 1.49 eV).6,34 Furthermore, the conduction
band of pure kesterite CZTS is divided into two distinct parts:
the first part is an isolated band away from the main conduction
band with another band gap of 1.199 eV. This phenomenon
was observed in previous theoretical works in published
studies.5,36,37 In order to distinguish these bands, we defined
the lowest conduction band as CB1, which has a band gap of Eg1
with the valence band, and the lower conduction band as CB2,
which has a band gap of Eg2 with CB1. For pure kesterite CZTS,
the spin-up states coincide with the spin-down states, owing to
the completely paired valence electrons. When a sodium
impurity is implemented into CZTS, the first effect is symmetry
decrease: the symmetry group of pure kesterite CZTS is I4 ̅,
while in the cases of Na-substituted doping models the
symmetry group is P4̅ and in the case of Na interstitial doping
models the symmetry group is P1. Thus, in the band structure,
the degenerate energy levels are split: namely, the degeneracy is
lifted, which is especially obvious in the case of the Na@Vac
model. In the cases of Na@Cu and Na@Zn models, the spin-
up states still coincide with the spin-down states, while in the
cases of Na@Sn and Na@Vac models, the spin-up states do not
coincide with the spin-down states. Therefore, there are no
energy levels induced by Na impurity in the band gap of Na@
Cu and Na@Zn models. However, there are spin-down energy
levels (with a bandwidth of 0.72 eV) induced by Na impurity in
the first band gap of the Na@Sn model, which are deep
impurity energy levels, and there is a spin-up energy level at the
bottom of first conduction band of the Na@Vac model, which
is a shallow acceptor energy level. Another noticeable change is
the shifting of energy bands in the Na@Cu model. As shown in
Figure 1, the impurity energy levels of the Na@Sn model form
an isolated energy band that is separated from VBM (or CBM)

by 0.365 eV (or 0.511 eV), while the impurity energy level of
the Na@Vac model is overlapping with the bottom of the CB.
Because the position of the Fermi energy level (EF) is fixed at 0
eV, the shifting of energy bands means the relative movement
of EF. Thus, EF shifts relatively upward in the Na@Cu model,
while it is maintained at the top of the valence band in the
other three doped models. The changes in band gap and
bandwidth caused by symmetry variance are given in Table 2.

These changes can be briefly described as follows: the first band
gap (Eg1) is increased except in the case of the Na@Vac model;
the second band gap (Eg2) is decreased except in the case of the
Na@Zn model; the width of the valence band (WVB) is
increased, except in the case of the Na@Cu model; the width of
the first conduction band (WCB1) is increased for all models,
while the width of the second conduction band (WCB2) is
decreased for all models. However, these changes are not
noticeable except in the case of the Na@Vac model. In the case
of the Na@Vac model, both band gaps are obviously decreased,
owing to the first conduction band broadening.
In order to further explain the doping effect, we fitted the

energy−momentum dependence of the energy states at VBM
and CBM and got the minimum of effective mass for electrons
or holes, which are given in Table 3. The minimum of effective
mass of photogenerated electrons on the bottom of conduction
band is ∼0.22m0, which is obviously smaller than that of the
typical oxide semiconductors (such as me* ≈ 1m0 of anatase
TiO2

38 and me* ≈ 3−20m0 of rutile TiO2
39,40). In addition, the

minimum effective mass of photogenerated holes at the top of
the valence band is ∼0.66m0, which is also obviously smaller
than that of oxide semiconductors (such as mh* ≈ 16m0 of
In2O3

41). In the field of photoelectric applications, the effective
mass of photogenerated carriers is lighter, implying that the
carriers have more probability to reach the interface of devices

Figure 1. Calculated band structures of kesterite CZTS and Na-doped CZTS and the corresponding distance between energy bands. The blue lines
represent spin-up states, while the red lines represent spin-down states.

Table 2. Parameters of Band Structure of Kesterite CZTS
and the Na-Doped CZTS, Including Band Gap and Band
Width (in eV)

Eg1 Eg2 WVB WCB1 WCB2 WIm

pure 1.495 1.199 2.856 1.035 2.372
Na@Cu 1.587 1.063 2.671 1.191 2.304
Na@Zn 1.579 1.120 2.868 1.069 2.338
Na@Sn 1.595 1.184 3.033 1.044 2.234 0.720
Na@Vac 1.120 1.049 2.949 1.327 2.362
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within their lifetime, thus improving the photoelectric perform-
ance. Therefore, the light effective mass of photogenerated
carriers in kesterite CZTS should favor the separation of
electron−hole pairs and improvement of photovoltaic proper-
ties. We found that Na doping could reduce the effective mass

of holes at the top of VB; in particular, Na impurity occupies
the cation lattice sites. This calculated result means that Na
impurity occupation of the cation lattice sites could increase the
diffusion length of photoexcited holes, so that more holes could
reach the interface of solar cell devices during their limited

Table 3. Effective Mass of Holes at the Valence Band Maximum or Electrons at the Conduction Band Minimum along the
Different Directions, on the Basis of the Calculated Band Structure of Kesterite CZTS and Na-Doped CZTS

mh*/m0 me*/m0

pure Γ → Z ([1 ̅1̅1]): 0.664 Γ → X([001]): 3.854 Γ → N([01 ̅0]): 0.851 Γ → Z([1 ̅1̅1]): 0.256 Γ → X([001]): 0.226 Γ → N([01 ̅0]): 0.221
Na@Cu Γ → M([1 ̅1̅0]): 0.876 Γ → Z([001]): 0.241 Γ → X([01̅0]): 0.869 Γ → M([1 ̅1̅0]): 0.276 Γ → Z([001]): 0.310 Γ → X([01 ̅0]): 0.263
Na@Zn Γ → M([1 ̅1̅0]): 0.879 Γ → Z([001]): 0.245 Γ → X([01̅0]): 0.853 Γ → M([1 ̅1̅0]): 0.255 Γ → Z([001]): 0.275 Γ → X([01 ̅0]): 0.243
Na@Sn Γ → M([1 ̅1̅0]): 0.891 Γ → Z([001]): 0.249 Γ → X([01̅0]): 0.911 Γ → M([1 ̅1̅0]): 0.268 Γ → Z([001]): 0.325 Γ → X([01 ̅0]): 0.256
Na@Vac Γ → F([010]): 0.527 Γ → Z([001̅]): 0.406 Γ → F([010]): 0.283 Γ → Z([001̅]): 0.354

Figure 2. Calculated total density of states of kesterite CZTS and Na-doped CZTS. The corresponding local and partial densities of states of the first
conduction band or impurity energy band are also presented.
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lifetime. Thus, the carrier concentration will be increased, the
hole mobility will be enhanced, and minority carrier lifetime
will be elongated for the CZTS-based thin-film solar cell
devices, which is in agreement with experimental measure-
ments.20,23,24 However, at the same time, the effective mass of
electrons at the bottom of the valence band is slightly increased
by Na doping.
To clearly analyze the chemical bonding features, the density

of states (DOS) and projected contour maps of electronic wave
functions of the first conduction band along the (112) plane are
respectively illustrated and compared in Figures 2 and 3. In the
case of pure kesterite CZTS, the calculated DOS is very
consistent with previously reported results by other computa-
tional methods.5,42 After Na doping, the main features of the
valence band and the second band are not obviously changed.
As shown in Figures 2 and 3, the first conduction band is
mainly composed of the hybridization between S 3p states and
Sn 5s states. The doping effects are mainly exhibited by the

variation of the first conduction band, combined with the top of
the valence band and the bottom of the second conduction
band. In the case of pure kesterite CZTS, the DOS peak
corresponding to the first conduction band is very compact,
while in the cases of Na-doped CZTS models, this peak is
divided into two distinct peaks. This phenomenon is especially
obvious in the case of the Na@Zn model. As mentioned above,
the spin-up states are not coincident with the spin-down states
in the cases of Na@Sn and Na@Vac models, which are also
clearly exhibited in the DOS figures. As shown in Figure 3d, in
the case of the Na@Sn model, the impurity energy band is
dominantly composed by the S 3p states near the Na
impurities. In the case of the Na@Vac model, the separated
spin-up states become the shallow acceptor states, while the
two distinct spin-down peaks are similar to those of other Na
doping models. In combination with the results discussed above
regarding the electronic structure, the doping effects of Na are
mainly exhibited by the following aspects: energy band shifting

Figure 3. Projected contour maps of electronic wave functions of the first conduction band along the (112) plane: (a) pure Cu2ZnSnS4; (b)
Cu2ZnSnS4:Na@Cu; (c) Cu2ZnSnS4:Na@Zn; (d) Cu2ZnSnS4:Na@Sn (the impurity energy band); (e) Cu2ZnSnS4:Na@Sn; (f) Cu2ZnSnS4:Na@
Vac.
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and energy band broadening and narrowing. However, the
electronic states of Na do not take part in the variation of
electronic states near the band gap, implying that the doping
effects are indirectly presented by the interaction of Na
impurity with its neighboring atoms in the host of CZTS.
3.3. Optical Properties. The calculated absorption spectra

of pure kesterite CZTS and Na-doped CZTS by the
polycrystalline model are displayed in Figure 4. The spectrum

of pure kesterite CZTS is fully consistent with the experimental
measurements.43 On the basis of the electronic structure
calculations, the band gap between the valence band and the
second conduction band could be defined as follows: Eg3 = Eg1
+ Eg2 + WCB1, as the discussion in our previous works.44 Thus,
when electrons on the top of VB absorb the incident photo
energy, there are three kinds of electron transitions: VB→ CB1,
CB1 → CB2, and VB → CB2, whose transition energies
correspond to Eg1, Eg2, and Eg3, respectively. In the absorption
spectrum of pure kesterite CZTS, we could identify the
absorption peak centered at 640 nm as arising from the electron
transition between the top of VB to the bottom of CB1, the
absorption peak centered at 500 nm as arising from the electron
transition between the top of VB to the top of CB1, and
absorption peaks above 400 nm as arising from the electron
transition from the top of VB to the bottom of CB2. Because
CB1 is an unoccupied band above the Fermi energy level, in the
current first-principles calculations only the electron transition
between occupied states and unoccupied states is considered.
Thus, the absorption peaks corresponding to the electron
transitions CB1 → CB2 and VB → CB1 → CB2 were not
calculated. For Na-doped CZTS, the fundamental absorption
edge is blue-shifted when Na occupies the cation lattice sites,
while the fundamental absorption edge is red-shifted when Na
occupies the interstitial sites. In experiments, the difference in
absorption edges caused by different Na doping is also
observed.26,27 Importantly, Na doping enhances the absorption
of CZTS in the visible-light region for all models. Due to the
existence of impurity energy levels in the Na@Sn model, CZTS
could absorb sunlight whose wavelength is larger than 800 nm,
which is a very helpful response of a CZTS-based thin-film solar
cell to a lower-energy photon. These optical phenomena are
rooted in the variation of the first band gap and the
composition of an energy band near the band gap.

There have been only a few studies that report the optical
properties of Na-doped CZTS. Li et al. provided the optical
band gap of different Na-doped CZTS samples with various Na
contents and observed that a blue shift of the absorption edge
along with an increase in Na content.27 However, these
experimental phenomena are also caused by other effects, such
as other defects, crystallization, etc. In the present work, the
direct evidence of optical property variation caused by Na-
doped CZTS at different lattice sites is provided, which is very
helpful in understanding the related experimental phenomena.
On the basis of these calculated results, the different variations
of optical absorption in the different wavelength ranges of Na-
doped CZTS are worth considering, in addition to different Na
doping concentrations or doping lattice sites. As shown in
Figure 4, the absorption bands are blue-shifted fpr all Na-doped
CZTS samples, in comparison with that of pure CZTS, except
for the variation in fundamental absorption edge. The
absorption bands centered at 630 and 460 nm are respectively
blue-shifted to 560 and 420 nm. Moreover, the blue shift of the
Na@Cu model is the most obvious, while that of Na@Vac is
the least obvious. In other words, the optical absorption of
CZTS will be enhanced by Na doping when the incident
photon wavelength is smaller than 440 nm or larger than 530
nm, while its optical properties will be reduced by Na doping
when the incident photon wavelength is in the range of 440−
530 nm.

4. CONCLUSIONS

In order to systematically investigate the doping effect of
sodium in kesterite CZTS, the crystal structure, electronic
structure, and optical properties of Na occupying different
lattice sites or interstitial sites of kesterite CZTS were calculated
by density functional theory within the GGA+U method. In the
crystal structure, Na doping causes very gentle lattice distortion
and induces crystal expansion in all Na-doped CZTS models.
When Na occupies the cation lattice sites, the first band gap of
CZTS is broadened, while it is narrowed when Na occupies the
interstitial sites. In the case of Na occupation of the Sn lattice
sites, there is an impurity energy level in the middle of the first
band gap, which predominantly consists of the S 3p states near
the Na impurity. In the case of Na occupation of the interstitial
sites, there is a shallow acceptor level at the bottom of the first
conduction band, owing to the lifting of degeneracy. The
doping effects of Na are mainly exhibited by the following
aspects: energy band shifting and energy band broadening and
narrowing. However, the electronic states of Na do not take
part in the variation of electronic states near the band gap,
implying that the doping effects are indirectly presented by the
interaction of Na impurity with its neighboring atoms in the
host of CZTS. Importantly, Na doping could reduce the
effective mass of holes on the top of the valence band. Thus,
the carrier concentration will be increased, the hole mobility
will be enhanced, and minority carrier lifetime will be elongated
for the CZTS-based thin-film solar cell devices. With regard to
optical properties, the fundamental absorption edge of CZTS is
blue-shifted when Na occupies the cation lattice sites, while the
fundamental absorption edge is red-shifted when Na occupies
the interstitial sites. In addition, the optical absorption of CZTS
will be enhanced in most wavelength ranges, except for the
narrow range of 440−530 nm.

Figure 4. Calculated absorption spectrum of kesterite CZTS and Na-
doped CZTS.
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