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We present evidence that bandgap narrowing at the heterointerface may be a major cause of the

large open circuit voltage deficit of Cu2ZnSnS4/CdS solar cells. Bandgap narrowing is caused by

surface states that extend the Cu2ZnSnS4 valence band into the forbidden gap. Those surface states

are consistently found in Cu2ZnSnS4, but not in Cu2ZnSnSe4, by first-principles calculations. They

do not simply arise from defects at surfaces but are an intrinsic feature of Cu2ZnSnS4 surfaces. By

including those states in a device model, the outcome of previously published temperature-

dependent open circuit voltage measurements on Cu2ZnSnS4 solar cells can be reproduced quanti-

tatively without necessarily assuming a cliff-like conduction band offset with the CdS buffer layer.

Our first-principles calculations indicate that Zn-based alternative buffer layers are advantageous

due to the ability of Zn to passivate those surface states. Focusing future research on Zn-based buf-

fers is expected to significantly improve the open circuit voltage and efficiency of pure-sulfide

Cu2ZnSnS4 solar cells. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4976830]

Even though Cu2ZnSnS4 (CZTS) solar cells could be a

sustainable solution to the increasing global energy demand,

they are still plagued by a low open circuit voltage compared

to their Shockley-Queisser limit, which has so far prevented

them from reaching a sufficiently high efficiency for com-

mercialization.1 In this work, we show evidence of an inter-

face mechanism limiting the open circuit voltage, and we

demonstrate that this mechanism can be overcome by choos-

ing a particular class of materials as interface partners of

CZTS.

Knowledge of the “recombination energy deficit” D/,

i.e., the difference between the bandgap of the absorber and

the activation energy (/) of the main recombination path,

can help identify where the limiting mechanism is located.

D/ can be estimated by a temperature-dependent open cir-

cuit voltage measurement.2 If D/ > 0, recombining elec-

trons and holes are separated by an energy distance that is

smaller than the absorber bandgap. Here, there is a signifi-

cant difference between CZTS and its selenide equivalent

Cu2ZnSnSe4 (CZTSe). State-of-the-art CZTSe solar cells are

limited by bulk recombination because measured D/ values

correspond roughly to the depth of the bulk tail states of

CZTSe, from which carriers recombine.2 Conversely, in

state-of-the-art CZTS solar cells, D/ is around 0.4 eV,3–5

even though the depth of the CZTS bulk tail states is only

0.1–0.2 eV lower than the bandgap.6,7 Such a mismatch

implies that the energy distance between recombining elec-

trons and holes is further reduced somewhere in the solar

cell. A popular hypothesis is that the interface between

CZTS and its usual heterojunction partner CdS (or “buffer

layer”) features a cliff-like conduction band offset (CBO). In

such a scenario, the energy distance between recombining

electrons on the CdS side and holes on the CZTS side is

reduced by an amount equal to the CBO. However, even

though many reports of a cliff-like CBO exist for devices

with efficiency below 5%, all band alignment measurements

on CZTS/CdS solar cells with efficiency above 7% yielded a

spike-like or nearly flat CBO8–11 (Fig. S1, supplementary

material). Therefore, we conclude that a large cliff-like CBO

may exist in some lower-performance CZTS/CdS solar cells

but not in the best reported CZTS/CdS solar cells.

In an attempt to identify another mechanism that may con-

tribute to the large D/ value, we performed first-principles

electronic structure calculations on the CZTS(100)/CdS(100)

and CZTSe(100)/CdS(100) interfaces. The calculations were

based on a density functional theory-nonequilibrium Green’s

function approach (DFT-NEGF) within the generalized gradi-

ent approximation (GGA-PBE) as implemented in the

Atomistix ToolKit,12 similarly to a previous publication.13 A

semi-empirical Hubbard energy term was added to the GGA-

PBE exchange-correlation potential to correct for self-

interaction of localized d-orbitals and yield accurate bandgaps

(DFTþU approach). All calculations were performed with a

double-zeta-polarized basis set based on a linear combination

of atomic orbitals (LCAO). Atomic positions of the CZTS(e)

were relaxed keeping the experimental lattice parameters. For

CdS, we relaxed the atomic positions until all forces were

below 0.02 eV/Å in a cell strained to fit that of CZTS(e) in the

directions parallel to the interface. The lattice parameter per-

pendicular to the interface was relaxed until the stress was

below 0.005 eV/Å3. The choice of (100)/(100) interface

orientation can be justified based on transmission electron

microscopy results, which consistently show a (100)-oriented
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CZTS/CdS epitaxial interface.14,15 This also justifies modeling

the CZTS/CdS interface as epitaxial in our calculation. For the

bulk calculations of CZTS (CdS), we used a 5� 5� 3

(5� 5� 5) Monkhorst-Pack k-point grid. For the interface cal-

culations (density of states (DOS) calculations), we used 5� 3

(21� 21) transverse k-points. As explained in a previous pub-

lication,13 a forward voltage bias was applied across the super-

cell to remove residual slopes of the local potential near the

electrodes. For an appropriate magnitude of the applied volt-

age, flat-band conditions are achieved. To justify this approach,

we emphasize that: (i) the electrostatic potential drop at the

junction (band bending) occurs over a much larger length scale

than the supercell length;4,6,16 thus, to a first order approxima-

tion, the bands can be assumed to be flat within the calculated

region; (ii) the optimal working point of the solar cell device is

indeed close to flat-band conditions (forward bias).

Figs. 1(a) and 1(b) show the calculated density of states

(DOS) close to the band edges in the interface region for the

two material pairs. The resulting CBOs are þ0.2 eV for the

CZTS/CdS interface and þ0.6 eV for the CZTSe/CdS inter-

face. Besides the differences in band alignment, we note that

localized interface states are present at the CZTS/CdS inter-

face but are absent at the CZTSe/CdS interface.

The existence of the localized states results essentially in

an extension of the valence band up to 0.2–0.3 eV above the

original valence band maximum (VBM) of CZTS (Fig. 2(a)).

By repeating the calculation using different computational

techniques and modeling assumptions, we have verified that

the presence of the localized states (and their absence at the

CZTSe/CdS interface) is not an artifact of the calculation. This

is shown in the supplementary material. In a separate calcula-

tion on a S-terminated CZTS/vacuum interface (“surface cal-

culation”), localized states above the VBM of CZTS were also

observed (Figs. S6 and S7, supplementary material). This sug-

gests that the states are due to dangling bonds at the CZTS sur-

face that are not satisfactorily passivated by a CdS buffer

layer. In fact, the states are highly localized on Cu sites in the

first cationic layer of CZTS and on their neighboring S atoms

in the interface anionic layer (Fig. 1(c)). Since the valence

band of CZTS originates from Cu and S states,13,17 this

explains why those localized states affect the valence band but

not the conduction band. Interestingly, there exists some

experimental evidence of the presence of electrically active

surface states in CZTS and their absence from CZTSe, as pre-

dicted by our calculation. A surface photovoltage measurement

by scanning tunneling microscopy18 revealed that, in CZTSe,

the photocurrent scaled linearly with optical excitation inten-

sity, whereas in CZTS, the photocurrent saturated quickly. The

authors concluded that this was due to the predominance of

surface states in the CZTS response but not in the CZTSe

response. In another study, a work function measurement on

CZTSSe surfaces with inhomogeneous S/(Sþ Se) content

revealed that the Fermi level position in areas with higher S

content did not match the theoretical expectation based on the

band edge positions of ideal bulk materials.19

The identification of localized states at the CZTS/CdS

interface can help explain why state-of-the-art CZTS/CdS

solar cells still have a large D/ even in the case of an optimal

band alignment with CdS. To demonstrate this quantitatively,

we incorporate the first-principles calculation results into a

model for device-level simulation. The simulation of a CZTS/

CdS/ZnO solar cell was carried out with the finite element

method as implemented in the software SCAPS.20 Device

parameters are listed in Table S1, supplementary material.

FIG. 1. Local density of states of (a) the CZTSe/CdS interface and (b) the CZTS/CdS interface resolved along the direction perpendicular to the interface

plane. (c) Spatially resolved DOS of the localized states at the CZTS/CdS interface. The DOS at a single energy, marked by the arrow in (b), is plotted in the

figure.

FIG. 2. Local density of states close to the VBM at the three positions indi-

cated in Fig. 1(b) for the case of: (a) the CZTS/CdS interface and (b) the

CZTS/ZnS interface.
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Besides the inclusion of the localized states, the device model

has two important features. The first is the small spike-like

band alignment between CZTS and CdS, consistent with

state-of-the-art CZTS/CdS solar cells (Fig. S1, supplementary

material). The second is the distinction between an optical

bandgap of 1.5 eV and a transport bandgap of 1.35 eV. This

simulation approach has been suggested before21 to model the

mismatch between the bandgap of the extended states and the

bandgap from which bulk recombination occurs (which

includes the tail states due to bulk fluctuations in the CZTS

band edges). 0.15 eV is a typical depth for the tail states of

high-quality CZTS.6,7

The interface states are included in the device model as

follows. According to the first-principles calculations, the

states have a similar DOS to the valence band of bulk CZTS

up to 0.2–0.3 eV above the original VBM (Fig. 2(a)) and are

only present in an interface region that extends less than

5 nm into CZTS (Fig. 1(b)). Therefore, the interface states

are modeled as a 0.2 eV upward shift in the valence band

over a 5 nm region at the interface rather than a valence band

tail or a single defect level within the gap. This is equivalent

to narrowing the interface bandgap on the CZTS side of the

junction, which means that the energy barrier for recombina-

tion is reduced (by 0.2 eV) at the interface, much like the

case of a cliff-like CBO with CdS. The other material param-

eters of this interface region are kept identical to a baseline

CZTS device without interface states that we simulated for

comparison.

The near-interface band diagram of the simulated device

is shown in Fig. 3(a). In a device with interface states, the

interface hole density increases by three orders of magnitude

compared to the baseline device, up to a range that is compa-

rable to the electron density (Fig. 3(b)). This is a crucial

effect that implies a higher Shockley-Read-Hall interface

recombination rate, because the latter increases with increas-

ing electron and hole densities, and is maximized when the

two densities equal each other.22 To verify that this device

model is compatible with real CZTS/CdS solar cells, we use

our device model to simulate a temperature-dependent open

circuit voltage measurement from which / is usually

extracted experimentally (Fig. 3(c)). Open circuit voltages

are obtained by simulating the current-voltage (JV) curve of

the solar cell under AM1.5 illumination at different simu-

lated temperatures (Fig. S9, supplementary material). For the

baseline case without interface states, extrapolation of the

open circuit voltage to 0 K yields 1.34 V. This matches the

value of the bulk transport bandgap (1.35 eV) defined in our

model, and it means that such a baseline device is not limited

by interface recombination. In the solar cell with interface

states, the open circuit voltage extrapolates to 1.11 V, which

matches the value of the transport gap minus 0.2 eV narrow-

ing at the interface as defined for the interface region

(1.15 eV). The corresponding recombination energy deficit is

0.39 eV, which fits very well the recombination energy defi-

cits of 0.3 eV, 0.4 eV, and 0.4 eV found experimentally in the

highest-efficiency CZTS/CdS solar cells.3–5 As long as the

simulated device is dominated by interface recombination,

the simulated value of the recombination energy deficit is

robust with respect to changes in various device parameters,

including defect characteristics.

Such findings demonstrate that narrowing of the inter-

face bandgap through an upward shift of the CZTS valence

band can explain existing temperature-dependent open cir-

cuit voltage measurements just as well as a cliff-like CBO

does. They also imply that optimal passivation of the inter-

face states can result in a considerable enhancement of the

open circuit voltage. This interesting prospect may be practi-

cally realized by replacing CdS with an appropriate passiv-

ation material. The question is which material would work.

Here, we limit our analysis to a (100)/(100) interface with a

metal chalcogenide (MX, where M is the metal and X is the

chalcogen) with a cubic or tetragonal structure. The interfa-

cial cationic layer of such a material breaks the bulk crystal

structure of CZTS by introducing a layer of 2MCu þMZn þ
MSn point defects. Therefore, one strategy could be to search

for a metal whose related defect complex does not form

states within the bandgap of CZTS. If one chooses M¼Zn,

FIG. 3. Simulated properties of the interface region of a CZTS/CdS solar

cell under AM1.5 illumination, with the inclusion of localized states at the

interface. (a) Band diagram and corresponding quasi-Fermi levels for elec-

trons and holes. (b) Electron and hole density in the same region. The hole

density increases significantly when interface states are added, whereas the

electron density is the same in both scenarios. (c) Simulated open circuit

voltage of CZTS/CdS solar cells as a function of temperature. The linearly

extrapolated 0 K intercept of the data yields the activation energy of the

dominant recombination path.
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the defect complex reduces to just 2ZnCu þ ZnSn. The effect

of this particular defect complex on the electronic properties

of CZTS has been investigated before.23 The result was that

the 2ZnCu þ ZnSn complex does not narrow the bandgap of

CZTS. Therefore, one may expect a Zn chalcogenide mate-

rial (such as ZnS) to remove the interface states.

To test this hypothesis, we repeated our CZTS interface

calculation replacing CdS with ZnS (the computational

methods involving ZnS are the same as for CdS). Strikingly,

Fig. 2(b) shows that no interface states are present anymore

within the resolution of the calculation. This indicates that

the ideal situation of a CZTS interface without bandgap nar-

rowing could be achieved by the replacement of CdS by a

Zn chalcogenide, with a corresponding shift of the dominant

recombination path from the interface to the bulk. Our

results provide a clear explanation of why open circuit volt-

age improvement due to interface modification has so far

been achieved experimentally by Zn-based alternative buf-

fers Zn1�xSnxOx,
7 (Zn,Cd)S,16 and another unspecified

Zn-based buffer.24 Zn1�xSnxOx has also been the only mate-

rial able to reduce D/ from the typical 0.3–0.4 eV down to

0.16 eV,7 which corresponds roughly to the depth of CZTS

bulk tail states.

To conclude, we have shown that the interface bandgap

of CZTS/CdS solar cells is narrowed by localized states that

shift the valence band maximum of CZTS to a higher energy.

The same effect does not occur at the CZTSe/CdS interface.

This phenomenon can explain why interface recombination

is always observed to dominate in CZTS solar cells but not

in CZTSe solar cells—a fact that has so far been attributed to

differences in the conduction band alignment of the two

materials with the CdS buffer layer. Zn-based chalcogenides

can effectively passivate CZTS surfaces by removing the

localized states. This can explain why Zn-based alternative

buffer layers have so far outperformed other buffer layer

materials, thus giving a clear recipe for future improvement.

See supplementary material for a review of the band

alignment between CZTS and CdS; confirmation of the inter-

face bandgap narrowing phenomenon by alternative meth-

ods; atomic structures used to calculate electronic properties;

spatial density of states of a calculated CZTS/ZnS interface;

a table with all parameters used in device simulation; and

simulated current-voltage curves.

This work was supported by the Danish Council for

Strategic Research, VILLUM Fonden (Grant No. 9455) and

the Innovation Fund Denmark (File No. 5016-00102).

1A. Polman, M. Knight, E. C. Garnett, B. Ehrler, and W. C. Sinke, Science

352, aad4424 (2016).
2A. Redinger, M. Mousel, M. H. Wolter, N. Valle, and S. Siebentritt, Thin

Solid Films 535, 291 (2013).
3K. Wang, O. Gunawan, T. Todorov, B. Shin, S. J. Chey, N. A. Bojarczuk,

D. Mitzi, and S. Guha, Appl. Phys. Lett. 97, 143508 (2010).
4S. Tajima, T. Itoh, H. Hazama, K. Ohishi, and R. Asahi, Appl. Phys.

Express 8, 082302 (2015).
5T. Ericson, J. J. Scragg, A. Hultqvist, J. T. Watjen, P. Szaniawski, T.

Torndahl, and C. Platzer-Bj€orkman, IEEE J. Photovoltaics 4, 465 (2014).
6B. Shin, O. Gunawan, Y. Zhu, N. A. Bojarczuk, S. J. Chey, and S. Guha,

Prog. Photovolt. Res. Appl. 21, 72 (2013).
7C. Platzer-Bj€orkman, C. Frisk, J. K. Larsen, T. Ericson, S.-Y. Li, J. J. S.

Scragg, J. Keller, F. Larsson, and T. T€orndahl, Appl. Phys. Lett. 107,

243904 (2015).
8R. Haight, A. Barkhouse, O. Gunawan, B. Shin, M. Copel, M. Hopstaken,

and D. B. Mitzi, Appl. Phys. Lett. 98, 253502 (2011).
9S. Tajima, K. Kataoka, N. Takahashi, Y. Kimoto, T. Fukano, M.

Hasegawa, and H. Hazama, Appl. Phys. Lett. 103, 243906 (2013).
10T. Kato, H. Hiroi, N. Sakai, and H. Sugimoto, in 28th European Photovoltaic

Solar Energy Conference and Exhibition (WIP, 2013), pp. 2125–2127.
11N. Terada, S. Yoshimoto, K. Chochi, T. Fukuyama, M. Mitsunaga, H.

Tampo, H. Shibata, K. Matsubara, S. Niki, N. Sakai, T. Katou, and H.

Sugimoto, Thin Solid Films 582, 166 (2015).
12Atomistix ToolKit Version 2015.0 (QuantumWise A/S, 2015).
13M. Palsgaard, A. Crovetto, T. Gunst, T. Markussen, O. Hansen, K.

Stokbro, and M. Brandbyge, in 2016 International Conference on
Simulation of Semiconductor Processes and Devices (SISPAD) (IEEE,

Nuremberg, Germany, 2016), pp. 377–380.
14S. Tajima, R. Asahi, D. Isheim, D. N. Seidman, T. Itoh, M. Hasegawa, and

K. Ohishi, Appl. Phys. Lett. 105, 093901 (2014).
15F. Liu, C. Yan, J. Huang, K. Sun, F. Zhou, J. A. Stride, M. A. Green, and

X. Hao, Adv. Energy Mater. 6, 1600706 (2016).
16K. Sun, C. Yan, F. Liu, J. Huang, F. Zhou, J. A. Stride, M. Green, and X.

Hao, Adv. Energy Mater. 6, 1600046 (2016).
17C. Persson, J. Appl. Phys. 107, 053710 (2010).
18H. Du, M. J. Romero, I. Repins, G. Teeter, R. Noufi, and M. M. Al-Jassim,

in 2011 37th IEEE Photovoltaic Specialists Conference (IEEE, 2011), pp.

001983–001986.
19M. Salvador, S. M. Vorpahl, H. Xin, W. Williamson, G. Shao, D. U.

Karatay, H. W. Hillhouse, and D. S. Ginger, Nano Lett. 14, 6926 (2014).
20M. Burgelman, P. Nollet, and S. Degrave, Thin Solid Films 361–362, 527

(2000).
21C. Frisk, T. Ericson, S. Y. Li, P. Szaniawski, J. Olsson, and C. Platzer-

Bj€orkman, Sol. Energy Mater. Sol. Cells 144, 364 (2016).
22C.-T. Sah, R. Noyce, and W. Shockley, Proc. IRE 45, 1228 (1957).
23S. Chen, A. Walsh, X.-G. Gong, and S.-H. Wei, Adv. Mater. 25, 1522 (2013).
24N. Sakai, H. Hiroi, and H. Sugimoto, in 2011 37th IEEE Photovoltaic

Specialists Conference (IEEE, 2011), pp. 003654–003657.

083903-4 Crovetto et al. Appl. Phys. Lett. 110, 083903 (2017)

ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-110-026708
http://dx.doi.org/10.1126/science.aad4424
http://dx.doi.org/10.1016/j.tsf.2012.11.111
http://dx.doi.org/10.1016/j.tsf.2012.11.111
http://dx.doi.org/10.1063/1.3499284
http://dx.doi.org/10.7567/APEX.8.082302
http://dx.doi.org/10.7567/APEX.8.082302
http://dx.doi.org/10.1109/JPHOTOV.2013.2283058
http://dx.doi.org/10.1002/pip.1174
http://dx.doi.org/10.1063/1.4937998
http://dx.doi.org/10.1063/1.3600776
http://dx.doi.org/10.1063/1.4850235
http://dx.doi.org/10.1016/j.tsf.2014.09.037
http://dx.doi.org/10.1063/1.4894858
http://dx.doi.org/10.1002/aenm.201600706
http://dx.doi.org/10.1002/aenm.201600046
http://dx.doi.org/10.1063/1.3318468
http://dx.doi.org/10.1021/nl503068h
http://dx.doi.org/10.1016/S0040-6090(99)00825-1
http://dx.doi.org/10.1016/j.solmat.2015.09.019
http://dx.doi.org/10.1109/JRPROC.1957.278528
http://dx.doi.org/10.1002/adma.201203146

	l
	n1
	n2
	f1
	f2
	f3
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24

