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Abstract
The most efficient earth abundant, non-toxic thin film multelemental PV devices are fabricated
from Cu, Zn, Sn, S and Se, with the chemical formula of Cu2ZnSn(SxSe1−x)4 (CZTS,Se). This
material has enjoyed relatively rapid increases in efficiency from its inception to its present-day
power conversion efficiency of 12.6%. But further increases in efficiency have been hampered
by the inability to substantially increase Voc, the open circuit voltage. In this review article we
will discuss the fundamentals of this important kesterite material including methods of film
growth, post growth processing and device fabrication. Detailed studies of the properties of
CZTS,Se including chemical, structural and electronic as well as full device electrical
characterization have been performed in an effort to coax out the critical issues that limit
performance. These experimental studies, enhanced by density functional theory calculations
have pointed to fundamental bulk point defects, such as Cu–Zn antisites, and clusters of defects,
as the primary culprits in limiting Voc increases. Improvements in device performance through
grain boundary passivation and interface modifications are described. Exfoliation of functioning
solar cells to expose the back surface along with engineering of new back contacts designed to
impose electrostatic fields that drive electron-hole separation and increase Voc are discussed. A
parallel route to increasing device performance by alloying Ag with CZTS,Se in order to inhibit
Cu–Zn antisite defect formation has shown significant improvement in material properties.
Finally, applications of high S (and hence higher Voc) CZTS,Se based devices to energy
harvesting for ‘Internet-of-Things’ devices is discussed.

Keywords: photovoltaics, PV devices, efficiency

(Some figures may appear in colour only in the online journal)

Introduction

At present the solar cell industry is growing exponentially in
response to the need for renewable energy sources worldwide.
The predominant material used for this dramatic increase in
utilization is Si, with present module/panel efficiencies nearing
20% [1]. Given the substantial availability of Si in the earth’s
crust (typically found in its oxidized form) Si based

photovoltaic (PV) devices will continue to dominate the
industry for large scale use. But Si suffers from two funda-
mental constraints—it is an indirect band gap material requiring
the Si absorber thickness to be ∼300 micrometers (μm) for
complete absorption of sunlight and its refinement into an
electronic grade single or polycrystalline material is energy
intensive. Reduction of Si from SiO2 can require furnace tem-
peratures in excess of 1500 °C to achieve the required purity.
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An alternative to bulk PV materials such as Si are the
class of thin film PV absorbers fabricated from strongly
absorbing, direct band gap materials. These materials offer the
prospect of substantially thinner (∼1–2 μm) devices that
typically involve less energy intensive fabrication. The most
successful thin film absorbers for PV are typically multi-
elemental compounds or alloys. To date the most efficient
multinary, or multi-elemental, thin film PV devices in com-
mercial use today include binary and ternary compounds such
as GaAs, CdTe, GaInAs, and more complex compounds such
as CIGSe (Cu,In,Ga,Se). III–V based PV devices exhibit the
highest single junction efficiencies [2] (∼28%) but are
extremely expensive to manufacture since they are typically
grown on single crystal substrates. CIGSe and CdTe are
somewhat less efficient (∼22% as of this writing) but far less
expensive, and arguably easier to manufacture. Both of these
technologies, though, suffer from limited elemental abun-
dance in the earth’s crust (In, Te, Ga), and are mined in
relatively small quantities [3]. As an example, examination of
the US Geological Survey3 shows that only 820 metric tons of
In were mined in 2014 (spot price ∼$700/kg) compared with
more than 26 000 tons of Ag. In and Ga are also subject to
substantial competition from use in the electronics industry,
eventually limiting scalability of this material for giga- and
terawatt power production. An additional disadvantage for
CdTe is the toxicity of Cd metal as well as Te, leading to
concerns about its widespread use in the environment.
Nonetheless solar cells are being manufactured with these
materials at the module scale. Another candidate thin film
absorber, Pb based organic/inorganic hybrid perovskites have
achieved over 20% efficiency [4], but suffers from long term
efficiency instability and toxic and water soluble Pb. From an
industrial perspective, wide-scale deployment of PV devices
for energy generation and for powering autonomous compu-
ters and sensors demands stable, non-toxic materials.

To date the most efficient earth abundant, non-toxic
multinary thin film PV devices are fabricated from Cu2ZnSn
(Sx,Se1−x)4, CZTS,Se. Despite PV efficiency records of
slightly more than half that of both CIGSe and CdTe, this PV
absorber may eventually achieve improved performance
through additional alloying and/or novel device architectures
to compete with other technologies. Detailed studies of the
defects in this material have shed new light on potential paths
for improvement. It is the intent of this review article to
describe some of the many investigations that have illumi-
nated the problems and issues of CZTS,Se and approaches
taken to improve the performance of devices fabricated from
this absorber. Some of these approaches include, as we will
discuss, modification of the back contact of CZTS,Se based
devices and substitutional alloying with Ag in an effort to
address bulk point defect limitations. In this topical review we
will briefly discuss the historical evolution of CZTS,Se from
its low efficiency beginnings [5, 6] to its present day peak of
12.6% [7]. We will detail our fundamental understanding of
factors that limit increases in efficiency, due in great part to
bulk point defects, primarily Cu/Zn antisite defects and

clusters of defects. A combination of electrical, optical and
electronic characterization is coupled with device simulations
and ab-initio calculations to identify the fundamental bulk
properties and performance limitations associated with these
defects. We will discuss our understanding of grain bound-
aries, non-radiative recombination and the resulting increase
in device performance following treatments that passivate
grain boundaries and surfaces.

We will describe studies of the p–n heterojunction and
the determination of the valence and conduction band offsets
measured with femtosecond ultraviolet photoelectron
spectroscopy (fs-UPS) coupled with optical spectroscopies.
We will also describe experiments involving exfoliation of
full devices that reveal the back absorber surface and our
recent experiments designed to study and engineer the back
contact to increase open circuit voltage, Voc. Finally we will
describe our most recent modifications of the bulk absorber
by alloying CZTS,Se with Ag that inhibit anti-site defect
formation [8]. Ag-alloying has led to high device efficiencies
and shows substantial promise for achieving even further
efficiency increases through process optimization. As an
example we have achieved a low temperature (<200 K)
efficiency of 16.2% for the alloy Ag0.1 Cu0.9 ZTSe, which
stands as the highest efficiency achieved to date, at any
temperature, in the earth abundant kesterites and suggests the
possibility of eventual increases in efficiency beyond 12.6%
at room temperature. In addition to devices alloyed with Ag,
pure AgZTSe devices have been fabricated, with efficiencies
in excess of 5% [9]. All efficiencies discussed in this review
are for 0.45 cm2 cell size.

A brief history of CZTS,Se

Early synthesis of CZTS was reported by Ito [10] in 1988 via
vacuum deposition techniques. Additional papers chronicling
the progress of CZTS [5, 11] appeared in subsequent years. In
2010 at IBM, a breakthrough in both the efficiency and
method of deposition employed solution techniques utilizing
hydrazine as the solvent [12]. This approach involved dis-
solution of metal precursors in hydrazine to form an ink that
was subsequently spun onto Mo coated soda-lime glass
(SLG) in multiple layers and achieved an efficiency of 9.6%.
Further refinement of the process led to even higher effi-
ciencies; 10.1% [13] in 2012, 11.1% also in 2012 [14] and
finally 12.6% [7] in 2014.

While vacuum deposition approaches [15] (Repins,
9.15% in 2012) have advanced to a present value of 11.6%
[16] reported in 2015, solution deposition has still produced
the highest efficiency to date. This result is in contrast with all
other thin film materials where vacuum or sputter deposition
approaches have achieved the highest performance in PV
devices.

From the commercial/industrial perspective, large area
films can be deposited either by sputtering [17–20], spin
coating [7, 13], spray coating [21–24] or doctor-blading [25–
29] the precursors onto the appropriate substrate reducing the
manufacturing costs of large area PV modules. While sput-
tering is a vacuum process that inherently may be more3 http://minerals.usgs.gov/minerals/pubs/mcs/2015/mcs2015.pdf.
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expensive, spin, spray and doctor-blade coating of substrates
are all low cost manufacturable approaches. Other more
benign solvents such as water [11, 30] and DMSO (dimethyl
sulfoxide) [28, 31–33] have also been utilized in an effort to
avoid the use of hydrazine. To date, though, spin coating with
hydrazine as the solvent has produced the highest efficiencies.
This significant advantage though, is mitigated by the reluc-
tance of this material to perform at ever higher efficiencies
through processing improvements. As we will discuss in this
article, the formation of unavoidable fundamental bulk
defects is primarily responsible for limiting efficiencies.
Nonetheless, CZTS,Se and its newer alloys with Ag are
compelling technologies that, as with many reluctant mate-
rials, will yield to improvements in time as we obtain greater
insight into the factors that limit efficiency.

Kesterite fundamentals

The basic kesterite unit cell is shown in figure 1. Cu atoms
(orange) exist in the 1+ oxidation state, Sn(blue) in the 4+ state,
Zn(silver) in the 2+ and S and/or Se (yellow) in the 2-state.
Stoichiometric CZTS,Se is written as Cu2ZnSn(Sx,Se1−x)4. As
we will discuss, off-stoichiometry, Cu poor films are required to

fabricate functioning devices. As shown in the unit cell we have
identified within the dashed circle a plane of Cu and Zn atoms.
Cu and Zn, in addition to being neighbors in the periodic table,
have nearly identical covalent radii, differing by only 2
picometers.

High temperature anneals (hard bake (HB)) at 550–600 C
are required to coarsen the grains in the polycrystalline
absorber and the result is nearly complete site disordering of
the Cu and Zn occupancy along this plane within the unit cell
[34–37]. These antisite defects lead to a smearing of the band
edge (band tailing) that reduces open circuit voltage (Voc) as
will be discussed later in this article.

Growth modes

Fabrication of CZTS,Se films has typically proceeded along
two fronts. The first involves co-evaporation of the elemental
constituents onto a Mo coated SLG substrate. Carefully
controlled fluxes of the elements from effusion cells are
directed toward the substrate typically held at elevated
temperature [15, 16, 38]. A variety of approaches include
growing at modest substrate temperatures (∼150 C) to miti-
gate Se loss [16, 38] followed by high temperature anneal.
Repins et al [15] carried out growth at elevated temperatures
(>500 C) with a significant background flux of Se and Zn
during growth and cool-down. In the former case, a post-
deposition anneal or ‘HB’ is used to coarsen the grains to
achieve sizes in the 1–2 μm range. A cross-sectional scanning
electron microscope (SEM) image of vacuum deposited
CZTSe that achieved an efficiency of 11.6% [16] is shown in
figure 2.

A second approach, and one that has achieved a series of
record efficiencies [7, 12, 13], with the highest presently at
12.6% [7], involves deposition from a liquid ink (figure 3). In
this technique, metal precursors are dissolved in hydrazine to
form the ink and are subsequently deposited onto a spinning
substrate. Multiple layers are spun on followed by low
temperature anneals designed to drive off the hydrazine sol-
vent. Deposition is carried out in a N2 glove box for both
isolation of the hydrazine which is toxic and explosive, as
well as minimizing contamination of the absorber layers.
Subsequent to the deposition of a complete series of layers,

Figure 1. Kesterite unit cell with Cu (orange), Zn (silver), Sn (blue)
and S/Se (yellow). Arrows indicate Cu/Zn site swapping (antisite
defect formation) as discussed in the text.

Figure 2. Cross-sectional SEM of vacuum deposited CZTSe leading
to an 11.6% efficient device (from [16] John Wiley & Sons. [© 2014
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]).
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the film undergoes a HB at ∼600 C to further crystalize
the film.

The basic device fabrication is shown in figure 4. Fol-
lowing ink deposition and anneal, an air anneal is carried out,
to be discussed later. The n-type buffer, typically CdS, is
deposited in a chemical bath at ∼80 C. The thickness of the
CdS layer varies but can be anywhere from 25–100 nm. Since
CdS possesses a band gap of 2.4 eV it absorbs in the blue
range of the solar spectrum and so it is advantageous to keep
it as thin as possible.

Following CdS deposition a thin layer of ZnO is sputter
deposited followed by conductive indium tin oxide used to
transport electrons to an array of thin NiAl wires. An opti-
mized transparent conducting oxide stack has been described
by Winkler [39].

The most important interfaces are the CZTS,Se/CdS p–n
junction and the rear contact (CZTS,Se/Mo) and we will
discuss experiments designed to optimize both. But it is bulk
defects within the CZTS,Se that limit improvements in both
voltage and efficiency of these devices.

Bulk defects

Returning to our earlier discussion of why the Voc deficit,
defined as Egap–Voc, is so difficult to improve, we look in
greater detail at the unit cell of figure 1. As mentioned, Cu
and Zn can swap sites quite easily during high temperature
anneals. Other point defects can also exist including Zn and
Cu vacancies and deeper defects such as Sn and Cu anti-
sites [40, 41].

Figure 3. Top: top down and cross-sectional SEM images from CZTS,Se absorber. Bottom: J–V measurements from 12.6% device (from [7]
John Wiley & Sons. [© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]).

Figure 4. Basic schematic of a CZTS,Se PV device.
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Energetically favorable defect clusters can also be found
within the grains of these films. Defects are shown [40] in
figure 5 calculated using density functional theory that reveal
their energetic location within the band gap of CZTS.

In addition to this large set of bulk defects, the phase
diagram of CZTS,Se provides for a very narrow concentration
range in which CZTS,Se is stable [42]. In particular, Cha-
garov et al has shown [42] that a combination of elemental
mixing and lattice vibrations at elevated temperatures, typical
of HB anneals (∼900 K), helps to stabilize the CZTS0.25Se0.75
phase; this S,Se alloy is similar to that used in the record
12.6% device. Figure 6 shows that for Gibbs mixing plus
lattice vibrations, the size of the region for the existence of the
stable kesterite phase of CZTS0.25Se0.75 at 300 K is smaller
than that at 900 K.

Outside of these conditions, secondary phases can and do
form [40]. Obtaining the correct location in the phase diagram
requires careful choice of annealing conditions and times as
well as elemental concentrations in the precursor ink. Fur-
thermore, it has been determined that Cu poor concentrations
in the film are required to achieve the highest efficiencies. The
Cu concentration impacts the majority carrier density (holes
for this p-type material); too high a carrier density can dra-
matically shorten the width of the depletion field at the p–n

junction limiting carrier collection. Too high a carrier density
can lead to significant shunting of the device.

Experimental evidence for the high density of bulk
defects and their impact on device characteristics is shown in
figure 7. Gokmen et al [43] compared internal quantum
efficiencies (IQE) between CIGSe and CZTS,Se devices.
While the short wavelength behavior from both materials is
nearly identical, the long wavelength region reveals sig-
nificant differences.

Referring to figure 7, first note that for CIGSe the long
wavelength edge drops sharply and the peak of the PL
emission is energetically close to the band gap. The sharpness
of the edge indicates that there is little band tailing while the
small energy difference between the PL peak and the band
gap (shown in red) emphasizes that defects that do exist
within the band gap are close to the band edges (shallow).
Furthermore, the width of the PL peak is also consistent with
a very narrow defect band that sits just below the band edge.

In contrast the IQE for CZTS,Se shows a broadened long
wavelength edge, a PL peak energetically further removed
from the band edge and a PL width significantly larger than
for CIGSe. These results draw a stark contrast between the
two materials and suggests that the dramatic difference in
efficiencies is a consequence of the defect properties of the
bulk material. The schematic on the right side of figure 7
draws a comparison between band gap fluctuations (regions
of differing elemental concentrations leading to different band
gaps) and electrostatic fluctuations due to charged defects. In
order to discern the difference in mechanisms, carrier life-
times were measured at low temperatures. At 4 K it is
expected that electrostatic fluctuations would result in sub-
stantially increased lifetimes since electrons and holes relax
into spatially separated valence and conduction band local
minima; the lack of thermal energy localizes these carriers in
wells that require tunneling to facilitate recombination. In the
case of band gap fluctuations electrons and holes are not
spatially separated and lifetimes are not expected to increase
substantially. It is observed [43] that lifetimes measured at
low temperatures are much longer in CZTS,Se (on the order
of μs) indicating that photogenerated electrons and holes
occupy deep trap states that are spatially separated, consistent
with electrostatic fluctuations as the primary source of the
long wavelength slowly decaying edge. This in turn indicates
that the substantially greater density of bulk defects in CZTS,
Se relative to CIGSe explains a primary reason for the effi-
ciencies in the respective devices. A substantial body of lit-
erature points to considerable disorder due to Cu–Zn antisite
defects in CZTS,Se [34, 35, 44–48]. Approaches to dealing
with bulk defects will be discussed later in this paper.

Interfaces and band offsets

Another key issue involves the p–n junction, both in terms of
the interface quality and the band offsets. In particular, for a
high efficiency device, the conduction band minimum (cbm)
of the n-type buffer (in this case CdS) must be slightly higher
(spike) than that of the p-type CZTS,Se. At first blush one
may question why a small barrier to electron flow from the

Figure 5. Top: energetic locations of various point defects within the
CZTS band gap. Bottom: energetic locations of defect clusters.
Reprinted figure with permission from [41], copyright (2010) by the
American Physical Society.

5

Semicond. Sci. Technol. 32 (2017) 033004 Topical Review



absorber to the buffer is required. The reasons for this are
two-fold. The first is that a buffer cbm below that of the
absorber (cliff) can reduce Voc by enhancing e–h non-
radiative recombination. Second, a spike offset removes
electrons from the CZTS,Se/CdS interface and reduces the
non-radiative e–h recombination that would dramatically
reduce Jsc at the interface. Spike barriers up to ∼0.4–0.5 eV
are beneficial [49]; beyond this level higher barriers can
reduce current flow and hence efficiency.

Measuring the band offsets between absorber and buffer
typically involves sequential depositions of thin layers of
buffer material followed by monitoring of the bulk atomic
core levels with x-ray photoelectron spectroscopy as they
shift in response to charge transfer between buffer and
absorber- band bending. This can be laborious and in the case
of CBD deposition extremely difficult as the sample must be

removed from the vacuum analysis chamber for each addi-
tional buffer deposition.

A unique approach (figure 8) involves utilizing pump/
probe femtosecond laser photoelectron spectroscopy or fs-
UPS [50–52]. The fs-UPS technique utilizes fs pulses from an
amplified Ti:sapphire laser system whose output is split into
pump and probe arms. The probe pulses are frequency
upconverted to photon energies ranging from 15 to 40 eV for
UPS by high harmonic generation in Ar gas; individual har-
monics are spectrally selected and focused onto the sample in
an ultrahigh vacuum analysis chamber and produce ‘standard’
UPS spectra. To extract the band bending at the CZTS,Se
junction, time-correlated 1.55 eV (800 nm) pump pulses are
focused on the probe area; the resulting dense e–h population
created in the CZTS,Se screens the static dipole field in the
depletion region and flattens the bands, causing a rigid

Figure 6. Phase space calculation showing that the region of stability for the formation of CZTS0.25Se0.75 with Gibbs mixing plus lattice
vibrations at 300 K (left) is substantially smaller than that at 900 K (right). Reprinted with permission from [42]. Copyright (2016), AIP
Publishing LLC.

Figure 7. Left: quantum efficiency comparisons of CIGSe and CZTS,Se devices. Right: models comparing band gap fluctuations and
electrostatic potential fluctuations deriving from charged defects. Reprinted with permission from [43]. Copyright (2013), AIP
Publishing LLC.
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Figure 8. Top: band schematic showing the junction region. 1.55 eV pump photons flatten the bands while a time synchronized 26.35 eV
pulse of light is used for UPS. Below shows the comparison of unpumped(black) and pumped (red) spectra. Bottom left: overlap of flatband
bare CZTS,Se (black) and 20 nm CdS/CZTS,Se (red). Right: band diagram with band bending extracted from the spectral data.Reproduced
with permission from [53].
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energetic shift of the UPS spectrum. The laser intensity is
sufficient to fully flatten the bands and the bending is
extracted by measuring the magnitude of the shift.

Under flatband conditions the location of the clean
CZTS,Se vbm can be determined relative to the Fermi level
(figure 8) and the same for the CdS/CZTS,Se vbm. The clean
CZTS,Se surface was obtained by etching in dilute NH4OH to
remove oxides, followed by a rinse in deionized water. Fol-
lowing insertion into the vacuum analysis chamber a mild
120 C anneal removed surface adsorbed water. Interestingly
the bands at and near the clean CZTS,Se surface are bent
upward slightly in accumulation [54]. Under flat band con-
ditions the Fermi level is found near the center of the band
gap consistent with a high density of compensating defects.
The observation of a mid-gap Fermi level and the inability to
dope and then move the Fermi level to a more p-type position
relative to the vbm contributes to the difficulty in achieving
higher Voc [54].

Once the vbm positions are known, the cbm positions are
then determined from the knowledge of the band gaps of both
CZTS,Se and CdS as shown in figure 8. This set of mea-
surements provides the Fermi level of the system, band
bending and valence band locations as well, so that the
electronic alignment of the system is fully determined. With
this approach the band offsets have been determined for a
series of buffer materials including CdS [51], ZnO, ZnS,
In2S3 on CZTS,Se [52] and Zn(O,S)/SnS [55].

The role of grain boundaries

Grain boundaries are ubiquitous in polycrystalline thin film
PV absorbers and are of key concern. A high density of small
grains can degrade device performance since vertical current
flow involving holes transiting to the back contact and elec-
trons to the p–n junction at the front, would require carriers to
cross multiple grain boundaries. This would result in
increased e–h recombination and scattering at each grain
boundary crossing with resultant loss of current and voltage.
As such it is crucial that material processing produces indi-
vidual grains sufficiently large to span from the bottom
contact to the top. It was shown early on that Na diffusing out
from the SLG substrate was instrumental in enlarging grains
to the 1–2 μ scale [56–59].

Passivation of grain boundaries is a critical area since
recombination of electrons and holes at these boundaries can
dramatically affect device efficiency. It was found that pas-
sivation of the grain boundaries through an anneal in air
following a HB increased PL as well as device efficiency
[54]. This anneal is carried out in air in the range from
250–400 C for several minutes. During this anneal, oxygen
can diffuse along grain boundaries forming a Sn-rich oxide
passivating layer between the grains. Air annealing (AA) has
been shown to both dramatically increase PL and device
efficiency [54]. Figure 9 top, shows the comparison of PL
from a CZTS,Se film collected before and after air anneal.

Spectral results displayed in figure 9 bottom show a peak
in the PL at 0.96 eV in good agreement with spectra collected
in a typical PL spectroscopy tool [60]. In order to determine

the chemical composition of the surface and grain boundaries
in CZTS,Se Auger nanoprobe (nanoAuger) [61] images were
collected from the top and in cross-section following AA
(figure 10). As can be seen, while the grain boundaries are Cu
depleted, both Sn and O are observed to accumulate there
indicating the formation of Sn oxide.

The presence of the SnOx at the grain boundaries cor-
relates strongly with an increase in PL and device perfor-
mance [61]. Upward band bending at the grain boundary
drives minority carriers from the interface, dramatically
reducing e–h recombination there and enhancing PL intensity.
As a result, AA of the CZTS,Se films produces a several
percent increase in efficiency and is now a fundamental part
of the device fabrication process. As can be seen in figure 10
following AA, the grain boundaries are Cu poor, Sn and O
rich indicating the formation of tin oxide that acts as a barrier
to recombination, thereby decreasing non-radiative e–h
recombination at grain boundaries. An additional effect may
involve incorporation of O into the near surface region,
widening the band gap there and repelling holes [62]. It is
clear that oxidation reduces e–h non-radiative recombination
leading to increased film PL and device performance.

Back contact engineering

Now that bulk defects, interfaces and grain boundaries have
been studied and discussed in considerable detail, and their
impact on device performance is arguably better understood,

Figure 9. Top: PL image of a CZTS,Se film before (left) and after
(right) air anneal. HB refers to hard bake alone while AA refers to
hard bake+air anneal. Bottom: relative PL intensity as a function
of wavelength. Reprinted with permission from [54]. Copyright
(2014), AIP Publishing LLC.
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we focus on ways to improve the efficiency of CZTS,Se
based solar cells. One approach is to address the key issue of
bulk defects that, as we have discussed result in band tails that
narrow the band gap and lower Voc. One approach to miti-
gating the formation of Cu–Zn antisite defects is through the
incorporation of Ag whose larger covalent radius increases
the barrier to antisite formation. This will be discussed in the
next section. Another approach is through back contact
engineering involving the imposition of an electrostatic field
that drives the separation of electrons and holes and this is
discussed in this section.

The physics of back contact engineering is captured in
figure 11. In essence, a high work function (HWF) material
such as MoO3 deposited onto the back of CZTS,Se results in
electron transfer from CZTS,Se to the MoO3 as the Fermi
levels of the two materials equilibrate. This in turn generates
an electrostatic field within the CZTS,Se that drives electrons
away from this interface and toward the p–n junction. Fs-UPS
confirms that this charge transfer and subsequent band
bending does indeed occur.

MoO3 has been studied widely [63, 64]. It evaporates
congruently as MoO3 but oxygen vacancies are typically
present in the film leaving it sub-stoichiometric; this is actu-
ally advantageous since this leaves the film more conductive.

Our UPS based measurements reveal that the as-deposited
films exhibit a work function of ∼6.5 eV, although caution
must be used to prevent air exposure as this precipitously
drops the work function by as much as 1 eV.

As can be seen from the spectrum (figure 11) pumping of
the MoO3/CZTS,Se interface shifts the spectrum to higher
binding energy indicating that the unpumped bands are bent
upward. The upward band bending is a result of an electro-
static field that drives electrons toward the front of the device
creating an electron mirror that increases Voc and reduces
recombination at the back interface.

With the presence of a field at the back contact, the
question as to how to further capitalize on this effect arises. In
order for an increase in Voc and hence efficiency to occur the
absorber thickness must be tailored to exploit this. Two
additional factors must be accounted for, including the carrier
diffusion length and the depletion width near the p–n junc-
tion. As a result the absorber thickness (Labs) must be smaller
than the sum of the front contact depletion width (LdepF), back
accumulation width (LaccumB) and the carrier diffusion length
(Ldiff). We can write a simple equation that states

 + +L L L Labs diff depF accumB

Figure 10. NanoAuger data showing Cu depleted grain boundaries, Sn and O rich grain boundaries following air anneal. Elemental
compositions corresponding to specific points (SEM on left) are shown in the table (from [61] John Wiley & Sons. [© 2015 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim]).
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Ldiff∼1 μm [65] while the depletion width near the p–n
junction is 200–300 nm and accumulation width<100 nm
near the back contact. This implies that the absorber thickness
must be below ∼1–1.5 μ before increases in Voc would be
noticeable. This result is confirmed with device simulations
(WXAmps) [61, 66], shown in figure 12. The input para-
meters for WXAmps were based on simulations that fit the
12.6% efficient device. These included a CZTS,Se band gap
of 1.13 eV, a 25 nm thick CdS buffer layer, electron and hole

mobilities of 100 and 25 cm2 V−1 s−1 respectively and a spike
conduction band offset between CdS and CZTS,Se of
0.35 eV. At 2 μm absorber thickness little difference is
observed between the HWF, reflective back contact and the
standard Mo back contact. But below ∼1.5 μm WXAMPS
predicts a continuous increase in Voc, with substantial
increases occurring below 1 μ.

Although back contact modification can be carried out in
the ‘substrate’ mode where the CZTS,Se is deposited atop the

Figure 11. Top: schematic showing band bending near rear surface of device associated with electron transfer from the lower work function
CZTS,Se (5.2 eV) to the high work function MoO3(6.5 eV). Bottom left: fs-UPS showing that the bands bend upward at the MoO3 interface.
Black spectrum is unpumped and red spectrum is pumped CZTS,Se. The shift to higher binding energy following pumping indicates the
bands are originally bent upward. The direction and magnitude of the band bending are shown in the bottom-right schematic.

10

Semicond. Sci. Technol. 32 (2017) 033004 Topical Review



HWF layer, the required high temperature anneals to crys-
talize the CZTS,Se results in degradation of the HWF layer
due to elemental diffusion. To deal with this issue, we instead
grow a full CZTS,Se solar cell and separate (exfoliate) the
active device from the Mo/glass substrate. In this ‘super-
strate’ process, a thin piece of fused silica is epoxied atop the
device and exfoliation is carried out with a mechanical
impulse as shown in figure 13.

This process exposes the back surface of the CZTS,Se
absorber and experiments have shown that no residual Mo is
present. A new back contact consisting of a 10–70 nm MoO3

layer and a thicker layer of Au are deposited at or near room
temperature as shown in the figure 13 and additional
‘superstrate’ measurements are carried out.

Actual measurements of Voc, as shown in figure 14
reveal that Voc increases with decreasing absorber thickness.
The data (black squares) all lie below the actual WXAmps
simulation suggesting that this difference arises from the lack
of complete passivation of the back surface in the actual
devices.

Recent results have shown all-around improvement in
device performance including Voc, fill factor (FF), Jsc and
efficiency. In addition to the increase in Voc as we have just
described, FF improves due to the removal of the original
back contact that may contain secondary phases that lead to
increased non-radiative e–h recombination and hence reduced
series resistance. Jsc is observed to improve due to the index
matching properties of the epoxy that reduce reflection of
incoming light.

Elemental substitution-Ag alloying

Another approach to improving efficiency involves reducing
the impact of bulk defects by addressing the specific issue of

anti-site defect formation. As discussed previously, Cu and
Zn are neighbors in the periodic table and possess nearly
identical covalent radii. Following high temperature proces-
sing, Cu and Zn are nearly completely site disordered. Ag is a
promising cation substitute for Cu in both an alloyed and pure
kesterite crystal since it is isoelectronic with Cu, but possesses
a covalent radius that is ∼15% larger (see figure 15). Cha-
garov [67] and separately Yuan [68] have calculated a barrier
to Ag/Zn site exchange that is 2–3x larger than that for
Cu/Zn exchange that would lead to a lower antisite defect
density by a factor of 10.

Improvement in the fundamental properties of AZTSe
films is evidenced in the characterization experiments shown
in figure 16. In the top left figure, AZTSe, possessing a band
gap of 1.33 eV exhibits a PL peak just a few meV below the
band edge. In contrast CZTS,Se exhibits a PL peak as much
as 200 meV below the band edge indicating that AZTSe
possesses primarily shallow defects. This is confirmed in
figure 16 (top right and bottom) where the AZTSe PL spec-
trum is both substantially narrower than CZTS,Se and spec-
trally similar to CIGSe.

While characterization of fundamental properties of
AZTSe indicates significant improvement in many of the
defect related issues that limit CZTS,Se such as band tailing, a
drawback is that as-grown and annealed AZTSe is n-type
[69]. In addition to being n-type, AZTSe possesses an
extremely low intrinsic carrier density, ∼1012 cm−3. By virtue
of its n-type nature, the choice of available and well-under-
stood p-type buffers necessary to form a good p–n junction is
limited. To date, the most successful devices, achieving just
above 5% efficiency [9], have been fabricated in a structure
that consists of a fluorinated tin oxide coated glass substrate
as a rear contact, AZTSe absorber and a top layer of MoO3

forming a ‘Schottky-type’ front contact. The search for an
appropriate wide band gap p-type buffer is ongoing.

While pure AZTSe is an extremely promising absorber,
alloying Ag with Cu to form the compound (AgxCu1
−x)2ZnSnSe4 has also been explored [70–74]. Early work was
carried out on this alloy by Gong [75] and Tauchi [76]. These
studies showed the kesterite nature of the alloy and mapped
the band gap that appeared to narrow slightly at low Ag
concentrations before increasing monotonically at higher
concentrations to the pure Ag value of 1.33 eV.

Tauc plots (figure 17(a) top) reveal an increase in the
band gap with higher Ag content in the alloy to a maximum
of 1.33 eV for full Ag [69]. The peak PL positions for each
alloy are shown in figure 17(a) bottom. Note that the differ-
ence between the PL peak energy and the band gap decreases
with increasing Ag content. This is shown quantitatively in
figure 17(b) where the PL peak energy (open squares) is
subtracted from the band gap (Eg solid black dots) to produce
this energy difference (red x’s). Note that this difference
drops monotonically from 110 meV for full Cu to essentially
0 meV for full Ag indicating that band tailing is continuously
reduced for increasing Ag content. This correlates with the
expectation that Ag inhibits the formation of antisite defects
and is further evidence that Cu–Zn antisite formation is lar-
gely responsible for band tailing and Voc limitation.

Figure 12. WXAmps device simulations comparing Voc for a
standard PV device (black squares and red circles) as the absorber is
thinned and one with a high work function back contact (green and
blue triangles). FB refers to flat band (MoS2 or MoSe2) and
reflectivities (R) are either 1 for a highly reflective back contact or 0
for a non-reflecting contact (from [61] John Wiley & Sons. [© 2015
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]).
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While these experiments point to the potential for sig-
nificantly improved device performance, the introduction of
Ag into the alloy results in a voltage dependent collection
efficiency problem. Capacitance data shows a more narrow
depletion width of ∼50 nm in this device than that for
CZTS,Se.

Devices with a stoichiometry of (Ag0.1Cu0.9)ZnSnSe4
(10% Ag) [69] were fabricated and exhibited an efficiency of
10.2%. The J–V and relevant device data are shown in
figure 18.

Perhaps most interestingly, it was observed that the
efficiency of this device continued to increase with decreasing

temperature to a peak value of 16.2% at and below 175 K (see
figure 19) [69]. This is in contrast with what is typically
observed for CZTS,Se where the efficiency drops dramati-
cally at these temperatures due to significant charge trapping
in defect states.

That 16% efficiencies can be achieved, albeit at low
temperatures, indicates that alloying may indeed be the cor-
rect approach to achieving higher efficiencies in kesterite
absorber based PV devices.

Future directions

As of this writing, the need for energy harvesting strategies
for autonomous devices is at an all-time high. Devices that
will integrate an ultra-low power processor, sensors and
communications are at the heart of the Internet-of-Things
(IoT) and will require a power source for long term func-
tioning in places where wall plug power is not available [77].
Since these devices will be deployed in the environment at
large they must be non-toxic and environmentally benign;
CZTS,Se based PV devices fit this profile.

An important question is whether CZTS,Se based PV
devices, coupled with an appropriate battery would function
properly under both 1 sun and indoor light intensities. Typical
office illumination corresponds to ∼10−3 suns and while
output current depends linearly on light intensity, Voc
depends on ln(Jsc/Jo) where Jo is reverse saturation current
that is typically a very small number (∼10−10 A m−2).
Importantly, the achievable voltage at low light levels is
strongly dependent upon the shunt resistance of the solar cell.
The simple solar cell model involves a diode in parallel with a
resistor called a shunt. When this resistance is a low value
there is a considerable drop in voltage across this ‘shunt

Figure 13. Schematic showing process by which the CZTS,Se PV device is removed (exfoliated) from its Mo/glass substrate, followed by
deposition of a high work function MoO3 layer plus Au.

Figure 14. Comparison of WXAmps simulation (red) and exper-
imental exfoliated device results for Voc for increasingly thinner
CZTS,Se films with high work function, reflective back contacts.
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Figure 15. CZTS,Se unit cell showing the incorporation of Ag whose larger covalent radius inhibits antisite formation.

Figure 16. Top left: location of PL peak relative to band edges for CZTSe (green) and AZTSe (red). Top right: PL spectra of AZTSe (red) in
comparison with CIGSe, CZTS and CZTSe showing significant narrowing of the PL emission. Bottom: PL from CZTSe and AZTSe
reflecting differences in band gaps of the materials but also revealing a more narrow peak for AZTSe than for CZTSe.Reprinted with
permission from [67]. Copyright (2016), AIP Publishing LLC).
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resistor’ but if the resistance is high, typically >1000Ω cm2

(where we use current density in A cm–2) then Voc will drop
slowly. Any drop across the shunt resistor represents a
parasitic loss of voltage in the device. At present, we typically
fabricate high voltage PV devices with shunt resistances
ranging from 800–1500Ω cm2 which is adequate to retain a
substantial voltage even at low light levels.

Requirements to power microprocessors, sensors and
even to charge a battery of course vary, but typical IoT
autonomous devices would strive to operate at low power. If
we consider the basic IoT device to consist of a low power
microprocessor/controller, a sensor and communications we
can estimate the power and voltage requirements. A key
aspect is the threshold voltage required to run the micro-
processor which can be 1 V or lower. Since the active power
consumed by the processor is given by CV2F, where C is the
capacitance, V the operating voltage and F the clock fre-
quency, running at the lowest possible voltage can dramati-
cally reduce the power. In addition to running a
microprocessor at low voltage, clock frequencies can be
reduced to match the properties of the events being measured,
and periodic measurements, where the device is in its quies-
cent state until measurements must be made further reduce
power requirements. Sensors are another critical area. An
electrochemical sensor monitoring pollution or toxic gases
can draw 100–500 μA at 1–2 V. Communicating the data
generated by the sensor and analyzed by the microprocessor
to a central hub or other nearby devices might be accom-
plished with a modulated light-emitting-diode that would
operate at 1 V but might draw mA currents in short bursts
[77]. Coupling a battery with appropriate chemistry to pro-
vide lower voltage is also a key element. A typical com-
mercially available Li-ion battery produces 3.6 V and
lowering this to ∼1–2 V requires energy consuming voltage
regulation circuitry. Batteries typically supply a roughly

constant voltage until depleted. Hence it is advantageous to
select a battery chemistry that matches the low voltage needs
of an autonomous device, bypassing the need for voltage
regulation circuitry. PV devices operating at or slightly above
the battery charging voltage would recharge this battery,
slowly under low light conditions and more rapidly under
higher illumination.

To achieve the highest voltages with CZTS,Se based PV,
annealing CZTS,Se in excess S during the HB replaces Se
within the lattice with S, increasing the band gap and hence
achievable device voltage. Devices can be fabricated that
yield a Voc in excess of 650 mV with high current and effi-
ciencies. These individual cells can be serially connected to
produce monolithic devices consisting of multiple units to
achieve higher voltages; in our experiments we have serially
connected up to 9 devices on a single substrate that combine
to provide >5.5 V and 23–25 mA cm−2 under 1 sun. Perfor-
mance of amorphous Si, a competing technology operating at
the 10% efficiency level provides an alternative material [78].
But the advantages for CZTS,Se include a solution deposition
process amenable to extremely inexpensive manufacturing,
deposition on flexible and hence conformable substrates and it
can be scaled to very small dimensions where high voltage
may be required (as in threshold voltages for micro-
processors) but where the reduced current capabilities are not
an issue or trickle charging of a battery is sufficient. Fur-
thermore the exfoliation of CZTS,Se devices providing access
to the back contact suggests that integration with a battery
may be achievable in an extremely compact assembly. As
more autonomous devices are deployed in the field, powering
them over potentially years of service will become a critical
need and PV based devices, coupled with energy storage
systems such as batteries, that are small, efficient and inex-
pensive will fill this need.

Figure 17. (a) Top: normalized Tauc plots from UV–vis measurements as a function of Ag/(Ag+Cu), bottom: normalized PL. (b) Plot of
band gaps (black dots), PL peak positions (open squares) and Eg-PL (red x’s) as a function of Ag/(Ag+Cu) (from [69] John Wiley & Sons.
[© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]).

14

Semicond. Sci. Technol. 32 (2017) 033004 Topical Review



Acknowledgments

The information, data, or work presented herein was funded
in part by an agency of the United States Government.
Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness
of an information, apparatus, product, or process disclosed,
or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer,
or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily state
or reflect those of the United States Government or any
agency thereof.

References

[1] Cousins P J, Smith D D, Luan H-C, Manning J, Dennis T D,
Waldhauer A, Wilson K E, Harley G and Mulligan W P
2010 Generation 3: improved performance at lower cost
2010 35th IEEE, Photovoltaic Specialists Conf. (PVSC)
pp 275–8

[2] Green M A, Emery K, Hishikawa Y, Warta W and Dunlop E D
2016 Solar cell efficiency tables (version 48) Prog.
Photovolt., Res. Appl. 24 905–13

[3] Candelise C, Winskel M and Gross R 2012 Implications for
CdTe and CIGS technologies production costs of indium
and tellurium scarcity Prog. Photovolt., Res. Appl. 20
816–31

[4] Saliba M et al 2016 Energy Environ. Sci. 9 1989–97
[5] Katagiri H, Jimbo K, Maw W S, Oishi K, Yamazaki M,

Araki H and Takeuchi A 2009 Development of CZTS-based
thin film solar cells Thin Solid Films 517 2455–60

[6] Katagiri H 2005 Cu2 ZnSnS4 thin film solar cells Thin Solid
Films 480 426–32

[7] Wang W, Winkler M T, Gunawan O, Gokmen T,
Todorov T K, Zhu Y and Mitzi D B 2014 Device

Figure 18. Top: J–V data from 10.2% device. Table: performance values from 10.2% device (from [69] John Wiley & Sons. [© 2016
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]).

Figure 19. Left: efficiency as a function of temperature showing a maximum of 16% at temperatures below 175 K. Right: Voc as a function
of temperature showing the extrapolation to 0 K to be well below the actual expected band gap for both CZTS,Se and ACZTS,Se (from [69]
John Wiley & Sons. [© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]).

15

Semicond. Sci. Technol. 32 (2017) 033004 Topical Review

https://doi.org/10.1002/pip.2788
https://doi.org/10.1002/pip.2788
https://doi.org/10.1002/pip.2788
https://doi.org/10.1002/pip.2216
https://doi.org/10.1002/pip.2216
https://doi.org/10.1002/pip.2216
https://doi.org/10.1002/pip.2216
https://doi.org/10.1039/C5EE03874J
https://doi.org/10.1039/C5EE03874J
https://doi.org/10.1039/C5EE03874J
https://doi.org/10.1016/j.tsf.2008.11.002
https://doi.org/10.1016/j.tsf.2008.11.002
https://doi.org/10.1016/j.tsf.2008.11.002
https://doi.org/10.1016/j.tsf.2004.11.024
https://doi.org/10.1016/j.tsf.2004.11.024
https://doi.org/10.1016/j.tsf.2004.11.024


characteristics of CZTSSe thin-film solar cells with 12.6%
efficiency Adv. Energy Mater. 4 1–5

[8] Lee Y S, Gershon T, Todorov T K, Wang W, Winkler M T,
Hopstaken M, Gunawan O and Kim J 2016 Atomic layer
deposited aluminum oxide for interface passivation of
Cu2ZnSn (S, Se)4 thin‐film solar cells Adv. Energy Mater. 6
1600198

[9] Gershon T, Sardashti K, Gunawan O, Mankad R, Singh S,
Lee Y S, Ott J A, Kummel A and Haight R 2016
Photovoltaic device with over 5% efficiency based on an n‐
type Ag2ZnSnSe4 absorber Adv. Energy Mater. 6 1601182

[10] Ito K and Nakazawa T 1988 Electrical and optical properties of
stannite-type quaternary semiconductor thin films Japan. J.
Appl. Phys. 27 2094

[11] Katagiri H, Jimbo K, Yamada S, Kamimura T, Maw W S,
Fukano T, Ito T and Motohiro T 2008 Enhanced conversion
efficiencies of Cu2ZnSnS4-based thin film solar cells by
using preferential etching technique Appl. Phys. Express 1
0412011–2

[12] Todorov T K, Reuter K B and Mitzi D B 2010 High‐efficiency
solar cell with earth‐abundant liquid‐processed absorber
Adv. Mater. 22 E156–9

[13] Barkhouse D A R, Gunawan O, Gokmen T, Todorov T K and
Mitzi D B 2012 Device characteristics of a 10.1% hydrazine‐
processed Cu2ZnSn (Se, S)4 solar cell Prog. Photovolt., Res.
Appl. 20 6–11

[14] Todorov T K, Tang J, Bag S, Gunawan O, Gokmen T,
Zhu Y and Mitzi D B 2013 Beyond 11% efficiency:
characteristics of state‐of‐the‐art Cu2ZnSn (S, Se)4 solar
cells Adv. Energy Mater. 3 34–8

[15] Repins I, Beall C, Vora N, DeHart C, Kuciauskas D, Dippo P,
To B, Mann J, Hsu W-C and Goodrich A 2012 Co-
evaporated Cu2 ZnSnSe4 films and devices Sol. Energy
Mater. Sol. Cells 101 154–9

[16] Lee Y S, Gershon T, Gunawan O, Todorov T K, Gokmen T,
Virgus Y and Guha S 2015 Cu2ZnSnSe4 thin-film solar cells
by thermal co-evaporation with 11.6% efficiency and
improved minority carrier diffusion length Adv. Energy
Mater. 5 2–5

[17] Seol J-S, Lee S-Y, Lee J-C, Nam H-D and Kim K-H 2003
Electrical and optical properties of Cu2 ZnSnS4 thin films
prepared by rf magnetron sputtering process Sol. Energy
Mater. Sol. Cells 75 155–62

[18] Tanaka T, Nagatomo T, Kawasaki D, Nishio M, Guo Q,
Wakahara A, Yoshida A and Ogawa H 2005 Preparation of
Cu2 ZnSnS4 thin films by hybrid sputtering J. Phys. Chem.
Solids 66 1978–81

[19] Inamdar A I, Lee S, Jeon K-Y, Lee C H, Pawar S M,
Kalubarme R S, Park C J, Im H, Jung W and Kim H 2013
Optimized fabrication of sputter deposited Cu2 ZnSnS4
(CZTS) thin films Sol. Energy 91 196–203

[20] Dhakal T P, Peng C, Tobias R R, Dasharathy R and
Westgate C R 2014 Characterization of a CZTS thin film
solar cell grown by sputtering method Sol. Energy 100
23–30

[21] Kamoun N, Bouzouita H and Rezig B 2007 Fabrication and
characterization of Cu2 ZnSnS4 thin films deposited by spray
pyrolysis technique Thin Solid Films 515 5949–52

[22] Kumar Y B K, Babu G S, Bhaskar P U and Raja V S 2009
Preparation and characterization of spray-deposited Cu2
ZnSnS4 thin films Sol. Energy Mater. Sol. Cells 93 1230–7

[23] Patel M, Mukhopadhyay I and Ray A 2012 Structural, optical
and electrical properties of spray-deposited CZTS thin films
under a non-equilibrium growth condition J. Phys. D: Appl.
Phys. 45 445103

[24] Yoo H and Kim J 2011 Comparative study of Cu2 ZnSnS4 film
growth Sol. Energy Mater. Sol. Cells 95 239–44

[25] Xin X, He M, Han W, Jung J and Lin Z 2011 Low‐cost
copper zinc tin sulfide counter electrodes for high‐

efficiency dye‐sensitized solar cells Angew. Chem., Int. Ed.
50 11739–42

[26] Ghediya P R and Chaudhuri T K 2015 Doctor-blade printing of
Cu2ZnSnS4 films from microwave-processed ink J. Mater.
Sci., Mater. Electron. 26 1908–12

[27] Qin-Miao C, Zhen-Qing L, Yi N, Shu-Yi C and Xiao-Ming D
2012 Doctor-bladed Cu2ZnSnS4 light absorption layer for
low-cost solar cell application Chin. Phys. B 21 38401

[28] Schnabel T, Löw M and Ahlswede E 2013 Vacuum-free
preparation of 7.5% efficient Cu2 ZnSn (S, Se)4 solar cells
based on metal salt precursors Sol. Energy Mater. Sol. Cells
117 324–8

[29] Chen G, Yuan C, Liu J, Deng Y, Jiang G, Liu W and Zhu C
2014 Low cost preparation of Cu2 ZnSnS4 and Cu2 ZnSn (Sx
Se1–x)4 from binary sulfide nanoparticles for solar cell
application J. Power Sources 262 201–6

[30] Jiang M, Lan F, Yan X and Li G 2014 Cu2ZnSn (S1–xSex)4 thin
film solar cells prepared by water‐based solution process
Phys. Status Solidi 8 223–7

[31] Ki W and Hillhouse H W 2011 Earth‐abundant element
photovoltaics directly from soluble precursors with high
yield using a non‐toxic solvent Adv. Energy Mater. 1 732–5

[32] Xin H, Katahara J K, Braly I L and Hillhouse H W 2014 8%
efficient Cu2ZnSn (S, Se)4 solar cells from redox
equilibrated simple precursors in DMSO Adv. Energy Mater.
4 1301823

[33] Yang W, Duan H, Bob B, Zhou H, Lei B, Chung C, Li S,
Hou W W and Yang Y 2012 Novel solution processing of
high‐efficiency earth‐abundant Cu2ZnSn (S, Se)4 solar cells
Adv. Mater. 24 6323–9

[34] Scragg J J S, Choubrac L, Lafond A, Ericson T and
Platzer-Björkman C 2014 A low-temperature order-disorder
transition in Cu2ZnSnS4 thin films Appl. Phys. Lett. 104 1–5

[35] Scragg J J S, Larsen J K, Kumar M, Persson C, Sendler J,
Siebentritt S and Björkman C P 2016 Cu–Zn disorder and
band gap fluctuations in Cu2ZnSn (S, Se)4: theoretical and
experimental investigations Phys. Status Solidi 253
247–54

[36] Mendis B G, Shannon M D, Goodman M C J, Major J D,
Claridge R, Halliday D P and Durose K 2014 Direct
observation of Cu, Zn cation disorder in Cu2ZnSnS4 solar
cell absorber material using aberration corrected scanning
transmission electron microscopy Prog. Photovolt., Res.
Appl. 22 24–34

[37] Schorr S, Hoebler H-J and Tovar M 2007 A neutron diffraction
study of the stannite-kesterite solid solution series Eur. J.
Mineral. 19 65–73

[38] Shin B, Gunawan O, Zhu Y, Bojarczuk N A, Chey S J and
Guha S 2013 Thin film solar cell with 8.4% power
conversion efficiency using an earth‐abundant Cu2ZnSnS4
absorber Prog. Photovolt., Res. Appl. 21 72–6

[39] Winkler M T, Wang W, Gunawan O, Hovel H J,
Todorov T K and Mitzi D B 2014 Optical designs that
improve the efficiency of Cu2ZnSn(S,Se)4 solar cells Energy
Environ. Sci. 7 1029

[40] Chen S, Walsh A, Gong X G and Wei S H 2013 Classification
of lattice defects in the kesterite Cu2ZnSnS4 and
Cu2ZnSnSe4 earth-abundant solar cell absorbers Adv. Mater.
25 1522–39

[41] Chen S, Yang J H, Gong X G, Walsh A and Wei S H 2010
Intrinsic point defects and complexes in the quaternary
kesterite semiconductor Cu2 ZnSnS4 Phys. Rev. B 81 35–7

[42] Chagarov E, Sardashti K, Haight R, Mitzi D B and
Kummel A C 2016 Density-functional theory computer
simulations of CZTS0.25Se0.75 alloy phase diagrams
J. Chem. Phys. 145 64704

[43] Gokmen T, Gunawan O, Todorov T K and Mitzi D B 2013
Band tailing and efficiency limitation in kesterite solar cells
Appl. Phys. Lett. 103 103506

16

Semicond. Sci. Technol. 32 (2017) 033004 Topical Review

https://doi.org/10.1002/aenm.201301465
https://doi.org/10.1002/aenm.201301465
https://doi.org/10.1002/aenm.201301465
https://doi.org/10.1002/aenm.201600198
https://doi.org/10.1002/aenm.201600198
https://doi.org/10.1002/aenm.201601182
https://doi.org/10.1143/JJAP.27.2094
https://doi.org/10.1143/APEX.1.041201
https://doi.org/10.1143/APEX.1.041201
https://doi.org/10.1143/APEX.1.041201
https://doi.org/10.1143/APEX.1.041201
https://doi.org/10.1002/adma.200904155
https://doi.org/10.1002/adma.200904155
https://doi.org/10.1002/adma.200904155
https://doi.org/10.1002/pip.1160
https://doi.org/10.1002/pip.1160
https://doi.org/10.1002/pip.1160
https://doi.org/10.1002/aenm.201200348
https://doi.org/10.1002/aenm.201200348
https://doi.org/10.1002/aenm.201200348
https://doi.org/10.1016/j.solmat.2012.01.008
https://doi.org/10.1016/j.solmat.2012.01.008
https://doi.org/10.1016/j.solmat.2012.01.008
https://doi.org/10.1002/aenm.201401372
https://doi.org/10.1002/aenm.201401372
https://doi.org/10.1002/aenm.201401372
https://doi.org/10.1016/S0927-0248(02)00127-7
https://doi.org/10.1016/S0927-0248(02)00127-7
https://doi.org/10.1016/S0927-0248(02)00127-7
https://doi.org/10.1016/j.jpcs.2005.09.037
https://doi.org/10.1016/j.jpcs.2005.09.037
https://doi.org/10.1016/j.jpcs.2005.09.037
https://doi.org/10.1016/j.solener.2013.02.003
https://doi.org/10.1016/j.solener.2013.02.003
https://doi.org/10.1016/j.solener.2013.02.003
https://doi.org/10.1016/j.solener.2013.11.035
https://doi.org/10.1016/j.solener.2013.11.035
https://doi.org/10.1016/j.solener.2013.11.035
https://doi.org/10.1016/j.solener.2013.11.035
https://doi.org/10.1016/j.tsf.2006.12.144
https://doi.org/10.1016/j.tsf.2006.12.144
https://doi.org/10.1016/j.tsf.2006.12.144
https://doi.org/10.1016/j.solmat.2009.01.011
https://doi.org/10.1016/j.solmat.2009.01.011
https://doi.org/10.1016/j.solmat.2009.01.011
https://doi.org/10.1088/0022-3727/45/44/445103
https://doi.org/10.1016/j.solmat.2010.04.060
https://doi.org/10.1016/j.solmat.2010.04.060
https://doi.org/10.1016/j.solmat.2010.04.060
https://doi.org/10.1002/anie.201104786
https://doi.org/10.1002/anie.201104786
https://doi.org/10.1002/anie.201104786
https://doi.org/10.1007/s10854-014-2628-1
https://doi.org/10.1007/s10854-014-2628-1
https://doi.org/10.1007/s10854-014-2628-1
https://doi.org/10.1088/1674-1056/21/3/038401
https://doi.org/10.1016/j.solmat.2013.06.021
https://doi.org/10.1016/j.solmat.2013.06.021
https://doi.org/10.1016/j.solmat.2013.06.021
https://doi.org/10.1016/j.jpowsour.2014.03.075
https://doi.org/10.1016/j.jpowsour.2014.03.075
https://doi.org/10.1016/j.jpowsour.2014.03.075
https://doi.org/10.1002/pssr.201308215
https://doi.org/10.1002/pssr.201308215
https://doi.org/10.1002/pssr.201308215
https://doi.org/10.1002/aenm.201100140
https://doi.org/10.1002/aenm.201100140
https://doi.org/10.1002/aenm.201100140
https://doi.org/10.1002/aenm.201301823
https://doi.org/10.1002/adma.201201785
https://doi.org/10.1002/adma.201201785
https://doi.org/10.1002/adma.201201785
https://doi.org/10.1063/1.4863685
https://doi.org/10.1063/1.4863685
https://doi.org/10.1063/1.4863685
https://doi.org/10.1002/pssb.201552530
https://doi.org/10.1002/pssb.201552530
https://doi.org/10.1002/pssb.201552530
https://doi.org/10.1002/pssb.201552530
https://doi.org/10.1002/pip.2279
https://doi.org/10.1002/pip.2279
https://doi.org/10.1002/pip.2279
https://doi.org/10.1127/0935-1221/2007/0019-0065
https://doi.org/10.1127/0935-1221/2007/0019-0065
https://doi.org/10.1127/0935-1221/2007/0019-0065
https://doi.org/10.1002/pip.1174
https://doi.org/10.1002/pip.1174
https://doi.org/10.1002/pip.1174
https://doi.org/10.1039/C3EE42541J
https://doi.org/10.1002/adma.201203146
https://doi.org/10.1002/adma.201203146
https://doi.org/10.1002/adma.201203146
https://doi.org/10.1063/1.4959591
https://doi.org/10.1063/1.4820250


[44] Moore J E, Hages C J, Agrawal R, Lundstrom M S and
Gray J L 2016 The importance of band tail recombination on
current collection and open-circuit voltage in CZTSSe solar
cells Appl. Phys. Lett. 109 21102

[45] Lang M, Zimmermann C, Krämmer C, Huber C, Schnabel T,
Abzieher T, Ahlswede E, Kalt H and Hetterich M 2015 The
influence of the degree of Cu–Zn disorder on the radiative
recombination transitions in Cu2ZnSn (S, Se)4 solar cells
2015 IEEE 42nd, Photovoltaic Specialist Conf. (PVSC)
pp 1–4

[46] Krämmer C, Huber C, Schnabel T, Zimmermann C, Lang M,
Ahlswede E, Kalt H and Hetterich M 2015 Order–disorder
related band gap changes in Cu2ZnSn (S, Se)4: impact on
solar cell performance 2015 IEEE 42nd, Photovoltaic
Specialist Conf. (PVSC) pp 1–4

[47] Paris M, Choubrac L, Lafond A, Guillot-Deudon C and Jobic S
2014 Solid-State NMR and Raman spectroscopy to address
the local structure of defects and the tricky issue of the Cu/
Zn disorder in Cu-poor, Zn-rich CZTS materials Inorg.
Chem. 53 8646–53

[48] Bourdais S, Choné C, Delatouche B, Jacob A, Larramona G,
Moisan C, Lafond A, Donatini F, Rey G and Siebentritt S
2016 Is the Cu/Zn disorder the main culprit for the voltage
deficit in kesterite solar cells? Adv. Energy Mater. 6
1502276

[49] Minemoto T, Hashimoto Y, Satoh T, Negami T,
Takakura H and Hamakawa Y 2001 Cu(In,Ga)Se2 solar cells
with controlled conduction band offset of window/Cu(In,
Ga)Se2 layers J. Appl. Phys. 89 8327

[50] Lim D and Haight R 2005 In situ photovoltage measurements
using femtosecond pump-probe photoelectron spectroscopy
and its application to metal-HfO2–Si structures J. Vac. Sci.
Technol. A 23 1698–705

[51] Haight R, Barkhouse A, Gunawan O, Shin B, Copel M,
Hopstaken M and Mitzi D B 2011 Band alignment at the
Cu2ZnSn(SxSe1−x)4/CdS interface Appl. Phys. Lett. 98 25

[52] Barkhouse D A R, Haight R, Sakai N, Hiroi H,
Sugimoto H and Mitzi D B 2012 Cd-free buffer layer
materials on Cu2ZnSn(SxSe1−x)4: band alignments with
ZnO, ZnS, and In2S3 Appl. Phys. Lett. 100 4–9

[53] Gershon T, Gokmen T, Gunawan O, Haight R, Guha S and
Shin B 2014 Understanding the relationship between
Cu2ZnSn(S,Se)4 material properties and device performance
MRS Commun. 4 159–70

[54] Haight R, Shao X, Wang W and Mitzi D B 2014 Electronic
and elemental properties of the Cu2ZnSn(S,Se)4 surface and
grain boundaries Appl. Phys. Lett. 104 033902

[55] Sun L, Haight R, Sinsermsuksakul P, Bok Kim S,
Park H H and Gordon R G 2013 Band alignment of SnS/Zn
(O,S) heterojunctions in SnS thin film solar cells Appl. Phys.
Lett. 103 181904

[56] Braunger D, Hariskos D, Bilger G, Rau U and Schock H W
2000 Influence of sodium on the growth of polycrystalline
Cu (In, Ga) Se2 thin films Thin Solid Films 361 161–6

[57] Rockett A 2005 The effect of Na in polycrystalline and
epitaxial single-crystal CuIn1–x Gax Se2 Thin Solid Films 480
2–7

[58] Yin W J, Wu Y, Noufi R, Al-Jassim M and Yan Y 2013 Defect
segregation at grain boundary and its impact on photovoltaic
performance of CuInSe2 Appl. Phys. Lett. 102 2–6

[59] Noufi R and Zweibel K 2006 High-efficiency CdTe and CIGS
thin-film solar cells: highlights and challenges 2006 IEEE
4th World Conf. on Photovoltaic Energy Conf. vol 1,
pp 317–20

[60] Gershon B T, Lee Y S, Mankad R, Gunawan O, Gokmen T,
Bishop D, McCandless B and Guha S 2015 The impact of
sodium on the sub-bandgap states in CZTSe and CZTS
Appl. Phys. Lett. 106 123905

[61] Sardashti K, Haight R, Gokmen T, Wang W, Chang L Y,
Mitzi D B and Kummel A C 2015 Impact of nanoscale
elemental distribution in high-performance kesterite solar
cells Adv. Energy Mater. 5 1–9

[62] Kim J H, Choi S, Choi M, Gershon T, Lee Y S, Wang W,
Shin B and Chung S 2016 Atomic‐scale observation of
oxygen substitution and its correlation with hole‐transport
barriers in Cu2ZnSnSe4 thin‐film solar cells Adv. Energy
Mater. 6 1501902

[63] Irfan, Ding H, Gao Y, Small C, Kim D Y, Subbiah J and So F
2010 Energy level evolution of air and oxygen exposed
molybdenum trioxide films Appl. Phys. Lett. 96 116

[64] Greiner M T and Lu Z-H 2013 Thin-film metal oxides in
organic semiconductor devices: their electronic structures,
work functions and interfaces NPG Asia Mater. 5 e55

[65] Gokmen T, Gunawan O and Mitzi D B 2013 Minority carrier
diffusion length extraction in Cu2ZnSn(Se,S)4 solar cells
J. Appl. Phys. 114 114511

[66] Liu Y, Sun Y and Rockett A 2012 A new simulation software
of solar cells—wxAMPS Sol. Energy Mater. Sol. Cells 98
124–8

[67] Chagarov E, Sardashti K, Kummel A C, Lee Y S, Haight R and
Gershon T S 2016 Ag2ZnSn (S, Se)4: a highly promising
absorber for thin film photovoltaics J. Chem. Phys. 144
104704

[68] Yuan Z, Chen S, Xiang H, Gong X, Walsh A, Park J,
Repins I and Wei S 2015 Engineering solar cell absorbers by
exploring the band alignment and defect disparity: the case
of Cu‐and Ag‐based kesterite compounds Adv. Funct.
Mater. 25 6733–43

[69] Gershon T, Lee Y S, Antunez P, Mankad R, Singh S,
Bishop D, Gunawan O, Hopstaken M and Haight R 2016
Photovoltaic materials and devices based on the alloyed
kesterite absorber (AgxCu1−x)2 ZnSnSe 4 Adv. Energy
Mater. 6 1502468

[70] Yeh L-Y and Cheng K-W 2014 Preparation of the Ag–Zn–Sn–
S quaternary photoelectrodes using chemical bath deposition
for photoelectrochemical applications Thin Solid Films 558
289–93

[71] Sasamura T, Osaki T, Kameyama T, Shibayama T, Kudo A,
Kuwabata S and Torimoto T 2012 Solution-phase synthesis
of stannite-type Ag2 ZnSnS4 nanoparticles for application to
photoelectrode materials Chem. Lett. 41 1009–11

[72] Hages C J, Koeper M J and Agrawal R 2016 Optoelectronic and
material properties of nanocrystal-based CZTSe absorbers
with Ag-alloying Sol. Energy Mater. Sol. Cells 145 342–8

[73] Li W, Liu X, Cui H, Huang S and Hao X 2015 The role of Ag
in (Ag, Cu)2 ZnSnS4 thin film for solar cell application
J. Alloys Comp. 625 277–83

[74] Guchhait A, Su Z, Tay Y F, Shukla S, Li W, Leow S W,
Tan J M R, Lie S, Gunawan O and Wong L H 2016
Enhancement of open-circuit voltage of solution-processed
Cu2ZnSnS4 solar cells with 7.2% efficiency by incorporation
of silver ACS Energy Lett. 1 1256–61

[75] Gong W, Tabata T, Takei K, Morihama M, Maeda T and
Wada T 2015 Crystallographic and optical properties of (Cu,
Ag)2ZnSnS4 and (Cu,Ag)2ZnSnSe4 solid solutions Phys.
Status Solidi 12 700–3

[76] Tauchi Y, Kim K, Park H and Shafarman W 2013
Characterization of (AgCu)(InGa)Se2 absorber layer
fabricated by a selenization process from metal precursor
IEEE J. Photovolt. 3 467–71

[77] Haight R, Haensch W and Friedman D 2016 Solar-powering
the internet of things Science 353 124–5

[78] Kabir M I, Shahahmadi S A, Lim V, Zaidi S, Sopian K and
Amin N 2012 Amorphous silicon single-junction thin-film
solar cell exceeding 10% efficiency by design optimization
Int. J. Photoenergy 2012 460919

17

Semicond. Sci. Technol. 32 (2017) 033004 Topical Review

https://doi.org/10.1063/1.4955402
https://doi.org/10.1021/ic5012346
https://doi.org/10.1021/ic5012346
https://doi.org/10.1021/ic5012346
https://doi.org/10.1002/aenm.201502276
https://doi.org/10.1002/aenm.201502276
https://doi.org/10.1063/1.1366655
https://doi.org/10.1116/1.2083909
https://doi.org/10.1116/1.2083909
https://doi.org/10.1116/1.2083909
https://doi.org/10.1063/1.3600776
https://doi.org/10.1063/1.4714737
https://doi.org/10.1063/1.4714737
https://doi.org/10.1063/1.4714737
https://doi.org/10.1557/mrc.2014.34
https://doi.org/10.1557/mrc.2014.34
https://doi.org/10.1557/mrc.2014.34
https://doi.org/10.1063/1.4862791
https://doi.org/10.1063/1.4821433
https://doi.org/10.1016/S0040-6090(99)00777-4
https://doi.org/10.1016/S0040-6090(99)00777-4
https://doi.org/10.1016/S0040-6090(99)00777-4
https://doi.org/10.1016/j.tsf.2004.11.038
https://doi.org/10.1016/j.tsf.2004.11.038
https://doi.org/10.1016/j.tsf.2004.11.038
https://doi.org/10.1016/j.tsf.2004.11.038
https://doi.org/10.1063/1.4804606
https://doi.org/10.1063/1.4804606
https://doi.org/10.1063/1.4804606
https://doi.org/10.1063/1.4916635
https://doi.org/10.1002/aenm.201402180
https://doi.org/10.1002/aenm.201402180
https://doi.org/10.1002/aenm.201402180
https://doi.org/10.1002/aenm.201501902
https://doi.org/10.1063/1.3454779
https://doi.org/10.1038/am.2013.29
https://doi.org/10.1063/1.4821841
https://doi.org/10.1016/j.solmat.2011.10.010
https://doi.org/10.1016/j.solmat.2011.10.010
https://doi.org/10.1016/j.solmat.2011.10.010
https://doi.org/10.1016/j.solmat.2011.10.010
https://doi.org/10.1063/1.4943270
https://doi.org/10.1063/1.4943270
https://doi.org/10.1002/adfm.201502272
https://doi.org/10.1002/adfm.201502272
https://doi.org/10.1002/adfm.201502272
https://doi.org/10.1002/aenm.201502468
https://doi.org/10.1016/j.tsf.2014.02.046
https://doi.org/10.1016/j.tsf.2014.02.046
https://doi.org/10.1016/j.tsf.2014.02.046
https://doi.org/10.1016/j.tsf.2014.02.046
https://doi.org/10.1246/cl.2012.1009
https://doi.org/10.1246/cl.2012.1009
https://doi.org/10.1246/cl.2012.1009
https://doi.org/10.1016/j.solmat.2015.10.039
https://doi.org/10.1016/j.solmat.2015.10.039
https://doi.org/10.1016/j.solmat.2015.10.039
https://doi.org/10.1016/j.jallcom.2014.11.136
https://doi.org/10.1016/j.jallcom.2014.11.136
https://doi.org/10.1016/j.jallcom.2014.11.136
https://doi.org/10.1021/acsenergylett.6b00509
https://doi.org/10.1021/acsenergylett.6b00509
https://doi.org/10.1021/acsenergylett.6b00509
https://doi.org/10.1002/pssc.201400343
https://doi.org/10.1002/pssc.201400343
https://doi.org/10.1002/pssc.201400343
https://doi.org/10.1109/JPHOTOV.2012.2221083
https://doi.org/10.1109/JPHOTOV.2012.2221083
https://doi.org/10.1109/JPHOTOV.2012.2221083
https://doi.org/10.1126/science.aag0476
https://doi.org/10.1126/science.aag0476
https://doi.org/10.1126/science.aag0476
https://doi.org/10.1155/2012/460919

	Introduction
	A brief history of CZTS,Se
	Kesterite fundamentals
	Growth modes
	Bulk defects
	Interfaces and band offsets
	The role of grain boundaries
	Back contact engineering
	Elemental substitution-Ag alloying
	Future directions

	Acknowledgments
	References



