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Abstract

Cu,ZnSn(S,Se)4 (CZTSSe) photovoltaics (PV) have long been considered promising candidates for large-scale PV deployment due to the avail-
ability of constituent elements and steady improvements in device efficiency over time. The key limitation to high efficiency in this technology
remains a deficit in the open-circuit voltage with respect to the band gap. The past decade has seen significant progress toward understanding
how the various material properties such as bulk and surface composition, point defects (intrinsic and extrinsic), and grain boundaries all
impact the optoelectronic properties of CZTSSe materials, and consequently device performance. This paper aims to summarize what is

known about the GZTSSe bulk and surfaces, and how these material properties may be related to the Voc deficit.

Introduction

The kesterite compound Cu,ZnSn(S,Se), (CZTSSe) has attracted
widespread interest for many years due to its optimal band gap
(1.0-1.5 eV, depending on the chalcogen composition), the
earth-abundance of its constituent elements, and the hope that
it may one day replace Cu(In,Ga)Se, (CIGS) as a scalable
commercial thin-film photovoltaic (PV) absorber material.
Efficiencies have risen steadily to a certified champion value
of 12.6% for the mixed sulfoselenide,!'! with demonstrated
Jsc values reaching over 80% of the theoretical maximum.
Meanwhile, the pure-selenide and pure-sulfide kesterites have
reached record efficiencies of 11.6! and 9.2%,"! respectively.
However, the performance of CZTSSe devices still trails that of
CIGS, largely due to a deficit in the open-circuit voltage (V.),
which also limits the fill factor.”! There have been numerous
hypotheses for what is presently limiting the device V.. These
can be grouped into three broad categories: a non-Ohmic
back contact, a high degree of disorder and/or compensating
defects in the CZTSSe bulk, and a poorly optimized interface
with the buffer layer.

The current champion CZTSSe device architecture is largely
borrowed from CIGS technology, where a soda-lime glass
substrate, Mo bottom contact, CdS buffer layer, and ZnO/ITO
bilayer electrode have been found to yield the highest perfor-
mance.!"! The full device stack is thus: glass/Mo/CZTSSe/CdS/
ZnO/ITO. We note that in high-efficiency CZTSSe devices, an
interfacial Mo(S,Se), layer is always present between the Mo
and the CZTSSe. This interfacial layer is believed to be im-
portant for film adhesion and also for ensuring Ohmic contact
with CIGS.>) However, it may not be true that this contact
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is Ohmic for all CZTSSe materials. In some cases, when
CZTSSe device efficiency is low, devices display low fill factor
values and high series resistance. Using a recently developed
technique involving monochromatic high-intensity Suns-V.
measurements, it has been shown that a non-Ohmic barrier at
the back contact opposing the main PV junction is present in
these low FF devices, which also reduces the V. at 1 sun.”’
This Schottky behavior at the back contact is associated with
a low-carrier density in the CZTSSe layer or possibly second-
ary phases at the back interface. However, this detrimental ef-
fect is negligible in high-efficiency CZTSSe devices,!”) where
the back contact is found to be Ohmic.

Although alternative buffer layers have been explored,’® %
a CdS buffer, prepared by chemical bath deposition, has still
been found to produce the best device results. In studying
the band alignment at the CZTSSe/CdS interface, a conduction
band spike, or an energetic offset in which the conduction band
of the CdS is positioned closer to the vacuum level than that in
CZTSSe, has been found between the two materials with a
height of ~0.41-0.48 eV.['""l' A small conduction band spike
can be beneficial to performance in that it helps suppress
interfacial recombination; however, a large spike can be detri-
mental as it would create too large a barrier to electron flow
from CZTSSe to the buffer; a 0.4 eV spike is believed to be ac-
ceptable for performance.!'?! Alternative buffers such as In,S3
(also prepared by chemical bath deposition) have been identi-
fied as promising alternatives to CdS, with conduction band
spikes of ~0.15 eV."®! In contrast, ZnO is found to have a cliff-
like band offset wherein the conduction band of ZnO is ener-
getically positioned further from the vacuum level than that
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in CZTSSe, leading to severe interfacial recombination and
poor performance.®™ ZnS has too-large a conduction band
spike, and carrier transport across the interface is inhibited.!™
Recent results suggest that a combined CdS/In,S; buffer may
offer yet further benefits for device performance.l'*! The
In,S3 component is believed to dope CZTSSe near the inter-
face, improving the hole concentration and the quality of the
junction and allowing the device characteristics such as the
Suns-V,. and temperature-dependent V,. to more closely re-
semble those of CIGS. The efficiency of devices with this
double-buffer was reported as 12.7% as measured internally,
and 12.3% externally certified. It may be possible to achieve
some further improvements by tuning the interface between
CZTSSe and the buffer layer in this manner; however, to date
the highest efficiencies are still achieved using a CdS-based
buffer. The buffer layer, and the CZTSSe surface it mates
with, will be discussed further at a later section of the
manuscript.

This leaves us to focus predominantly on the CZTSSe bulk
and interface and what is known regarding the relationship be-
tween CZTSSe material properties and device performance.
Although the pentenary CZTSSe system is complex, there
has been some progress toward understanding how the compo-
sition, phase diagram, microstructure, and point defect concen-
trations collectively interact to dictate the optoelectronic
properties of CZTSSe thin films, single-crystal materials, inter-
nal surfaces, and ultimately device performance. Much of our
current understanding of the material properties of CZTSSe
stemmed from the early empirical observations that copper-
poor, zinc-rich, and small-band gap (i.e., high selenium) com-
positions are optimal for performance.[*'¥ Additionally, it has
been known from an early stage that the presence of alkali spe-
cies (e.g., Na and K) is beneficial to device operation. Building
upon these empirical observations, extensive theoretical model-
ing and targeted experimental studies have further elucidated
the reasons why device efficiencies improve under the above
compositional conditions, which will be discussed throughout
the present work.

This paper aims to summarize the current understanding of
how various parameters, including bulk and surface composi-
tions, point defects (intrinsic and extrinsic), and grain boundar-
ies impact the optoelectronic properties of CZTSSe materials,
as well as the performance of resulting devices. Ultimately, it
is the hope that improved understanding will lead to enhanced
device efficiencies in the future.

Metal ratios and bulk disorder

The highest-efficiency devices in the literature all have in com-
mon a zinc-rich and copper-poor (Cu/[Zn + Sn]) ~ 0.80-0.85,
Zn/Sn ~1.1-1.2) thin-film stoichiometry.!'>! There have been
several hypotheses for why this off-stoichiometry is required
for high efficiency. First, the phase diagrams of CZTS and
CZTSe indicate a narrow region of phase stability, where slight
excesses of Cu, Zn, or Sn result in the co-precipitation of
CZTS(e) and its secondary phases such as Cu,S(e), ZnS(e),
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Cu,SnS(e)s, and others.!'*'*!”) Many of these phases, includ-
ing Cu,S(e), SnS(e), and Cu,SnS(e)s, are conductive and can
shunt the device when present in the film.l'®" Approaching
zinc-rich and copper-poor compositions favors the precipitation
of wider-E, ZnS(e), which is not expected to trap electrons or
holes, at the expense of the more conductive phases, thereby
preventing a shunt mechanism. Surprisingly, CZTSe devices
appear highly tolerant to the presence of secondary ZnS(e)
phases; Vora et al. showed that increasing the Zn/Sn ratio
from 1.15 to 2.1 only decreased the efficiency of CZTSe devices
from 8.1 to 6.4%.1""!

First-principles calculations reveal a complicated composition-
dependent point defect landscape in CZTS and CZTSe (Fig. 1).
Significant disorder of Cu and Zn atoms on the Cu/Zn
sublattice is expected for all compositions due to the chemical
similarity of these atoms." ¥ The Cuy, point defect would
introduce an acceptor level, whereas the Znc, defect would
introduce a donor level; the [Cuz,+Zn¢,] defect cluster is
therefore a compensated defect pair. It is also found that the
compensated defect pair [Vc,+Zne,] has relatively low
formation energy and is therefore expected to form. Given
that CZTS(e) is a p-type semiconductor, a net acceptor
density is present amid the high degree of compensation, likely
originating from a slight excess of either Cuz, or Vc,.
Experimental reports of the hole density in CZTS, CZTSe,
and CZTSSe range from ~10' to 10?° cm™, indicating a
clear dependence of carrier concentration on sample prepara-
tion conditions and composition.['* 2"

Experimental studies of the CZTS atomic structure have in-
deed confirmed the presence of significant atomic disorder in
the Cu/Zn sublattice.*>>* Several studies have reported com-
pletet?! or partial®¥ disorder on the Cu/Zn sublattice by apply-
ing Rietvield analysis to neutron diffraction data. Another study
directly observed regions of local Zn enrichment and Cu
depletion via aberration-corrected scanning tunneling electron
microscopy, with compositional fluctuations of the order of
1.5-5 nm reported.[23] Local Zn enrichment inherently implies
a local segregation of donor defects, whereas local copper en-
richment implies local segregation of acceptors. Thus, assum-
ing these defects are ionized, the density of charged defects
in the semiconductor fluctuates along with the compositional
fluctuations. These charge fluctuations in turn cause electrostat-
ic potential fluctuations of the conduction and valence bands, in
a manner previously described by Shklovskii and Efros.[*”]
Thus, compositional fluctuations of this type can cause band
tailing in CZTSSe.1**!

Low-temperature photoluminescence (PL) studies of CZTS
materials and devices also support the presence of a large
number of compensated donor—acceptor pairs in CZTS, of
the order of 10" cm™2,2%?"! which is high enough to form
electrostatic potential fluctuations.'”’**) Higher concentrations
of donor—acceptor pairs, as measureable in PL and other stud-
ies, are correlated with reductions in V. and fill factor values
in devices.?*! Other room-temperature studies have detected
the presence of significant band tailing in CZTSSe, likely
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Figure 1. (a) The calculated stable region of the phase diagram for CZTSe as a function of zinc and tin chemical potentials (fixed copper chemical potential).
(b) The calculated formation energies of various point defects and defect complexes in GZTSe as a function of chemical potential (specified in (a), p-type
conditions were assumed). (c) The ionization energies of various point defects in the band gap of CZTSe, where red lines represent acceptors, blue lines
represent donors, and the initial and final charge states are indicated in parentheses. (d) Calculated band gap shifts induced by various defect clusters in CZTSe,
where red and green lines indicate the valence and conduction bands, respectively. Reproduced with permission.!*#!

caused by disorder, which is again correlated with reductions
in the V.. values of CZTSSe devices.?**? These works
examined both transient photocapacitance spectra®”! and
sub-band gap absorption as measured via device EQE
(Fig. 2)% and came to a similar conclusions that the presence

of significant disorder in CZTSSe causes measureable band
tailing, which in turn has a detrimental impact on V..
Recent work has even concluded that this band tailing may
be severe enough to account for the entire observed V. deficit
in CZTSSe.l’!!
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Figure 2. Internal quantum efficiency measurements overlaid with PL spectra from (a) high-efficiency CIGSSe (£;=1.19 V) and (b) CZTSSe (E;=1.13 eV).
(c) schematic of band gap fluctuations and electrostatic potential fluctuations, both of which could give rise to band tailing in the absorber. Reproduced with

permission.2°!
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The concentrations of various defect types appear to depend
on sample stoichiometry. For example, Nagaoka et al. demon-
strated control over the carrier concentration in single crystals
of CZTS by changing the Cu:Zn ratio. A reduction of this ratio
from 1.82 to 1.55 (i.e., amove toward copper-poor and zinc-rich
conditions) led to a reduction in the carrier concentration by ap-
proximately one order of magnitude.!'®! This appears to indicate
a reduced acceptor density under copper-poor conditions. A
similar finding has been observed in CZTSSe thin films.[*!)

Furthermore, composition can also determine the likelihood
of forming deep and detrimental defect clusters such as
[Cuz, +Sng,] and/or [2Cuy, + SnZn].[lg] These are predicted
to form more readily under zinc-poor conditions, which may
help explain the better results obtained when the CZTSSe is
prepared under zinc-rich conditions. Some studies also suggest
that copper may preferentially occupy tin lattice sites as the
copper content increases>?!; the Cug, point defect is expected
to contribute to a detrimental deep level in CZTSSe. Thus,
the requirement for copper-poor and zinc-rich conditions to
achieve high-efficiency CZTSSe devices appears related to
the suppression of both undesirable secondary phases and
harmful point defects and disorder in CZTS. We note that sig-
nificant disorder has been observed in CZTSSe for nearly all
compositions and preparations methods reported to date. As
discussed above, it is likely that the main cause of this disorder
is the compensating [Cugz, + Znc,] defect cluster, which is pre-
dicted to have low formation energy independent of the
composition.['*]

Sulfur and selenium

The sulfur-to-selenium ratio, or S/(S + Se), determines the band
gap of CZTSSe, where the pure sulfide has a band gap of ~1.5

eV and the pure-selenide has a band gap of ~1.0eV. The
CZTSSe materials in the highest-efficiency devices reported
to date have a selenium-rich composition and a band gap of
~1.13 eV.!"] This band gap is lower than the 1.34 ¢V band
gap predicted by Shockley—Queisser considerations to produce
the highest-efficiency devices under AM 1.5 G illumina-
tion.**** However, the higher-sulfur CZTSSe compounds
with more “optimal” band gaps typically display lower efficien-
cies and worse V. deficits. There are several likely explana-
tions for the better performance observed from selenide
materials.

First-principals calculations predict that both donor and ac-
ceptor defects are expected to produce shallower energy levels
in the selenide materials, compared with the sulfides.!'*'®]
Experimental admittance spectroscopy studies have shown
that indeed the depth of the acceptor level depends on the
sulfur-to-selenium content, with shallower levels observed for
selenide materials [Fig. 3(a)].?” Another experimental study
found that samples with higher sulfur content displayed not
only deeper defects, but also an increase in bulk defect density,
resulting in poorer carrier collection and higher rates of recom-
bination.*®! Increasing sulfur content has been experimentally
correlated with more severe band tailing in the absorbers and
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larger V. deficits in devices [Fig. 3(b)].** These phenomena
are likely related in that deeper defects, and/or higher defect
densities, are both expected to cause more severe band tailing
and performance losses.

Sulfide compounds are also expected to exhibit larger elec-
tron effective masses and smaller dielectric constants than the
selenides.”! The reduction in dielectric constant with increas-
ing sulfur has also been observed experimentally [Fig. 3(a)].*™
We note that a reduced dielectric constant would amplify all
Coulombic (electrostatic) interactions because of reduced
screening and hence may partially account for larger activation
energies and more severe band tailing for sulfide compounds.
The reduced screening of charged point defects in the material
would also impact carrier mobility and recombination. This,
coupled with a larger electron effective mass,”*”! would result
in poorer carrier transport through sulfide materials, as com-
pared with selenides. A recent study examined minority carrier
diffusion lengths (L4) in CZTSSe materials with varying sulfur
to selenium compositions and indeed found that this value de-
creased with increasing sulfur content (Fig. 4).°%

Devices with high-sulfur CZTSSe have also been observed
to have higher series resistance values than those with higher
selenium content,***'! indicating that sulfur reduces bulk
conductivity, mainly due to reduced carrier density®! in the
absorber, and makes the back contact less Ohmic. Note that
even though a larger band gap tends to increase the V. and
thus the FF (see, e.g., empirical relationship of V. and FF in
Ref. 42) the monotonic increase in series resistance at higher
band gap eventually degrades the FF, resulting in a maximum
FF value when the CZTSSe band gaps is ~1.15¢eV. This
band-gap-dependent FF profile leads to the observed empirical
optimum efficiency at ~1.15 eV.[**]

Finally, both sulfur and selenium are volatile at temperatures
commonly used to prepare CZTSSe absorbers, with sulfur
being the more volatile of the two chalcogen species. In
many chalcogenide materials, chalcogen deficiency results in
deep states, which are harmful to performance. Based simply
on the higher vapor pressure of sulfur compared with selenium,
one might expect that sulfur deficiency would be more difficult
to avoid than selenium deficiency. Additionally, first-principles
calculations suggest that sulfur vacancies have lower formation
energies than selenium vacancies.!'¥ Thus, high-sulfur
CZTSSe materials are expected to suffer more from the pres-
ence of deep recombination centers than are high-selenium
materials.

Surface structure

Studies of the CZTSSe surface employing x-ray photoelectron
spectroscopy (XPS) and other surface-sensitive techniques
have found it to be highly depleted of copper, with respect to
the bulk.1*** First-principles calculations find that charge-
compensated point defects such as vacancies (Vcy, Vzu),
antisites (Zncy, Zngy, Snzy,), and defect clusters (Cuz, + Cugy,
27Znc, + Vg,) are required to stabilize the polar (112) surface,
which is the preferred orientation of CZTSSel*® (Fig. 5). In
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Figure 3. (a) Increase in activation energy of the acceptor level and simultaneous decrease in the dielectric constant in CZTSSe as the band gap of the absorber
(i.e., sulfur content) increases. Reprinted with permission.l>! (b) Increase in the Vi deficit as the band gap of the absorber (i.e., sulfur content) increases.

Reproduced with permission.2°!

copper-poor, zinc-rich samples, the favored charge-stabilizing
defects are those that are free from copper. The most prevalent
point defects are predicted to be 2V, 2Znc, +2Vg, and Zng,,.
These defects are also found not to contribute harmful states in
the band gap. These calculations are consistent with what is ex-
perimentally observed of the CZTSSe surface, which indeed
displays a copper-depleted character.
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Figure 4. Minority carrier diffusion lengths in CZTSSe and CIGSSe materials
of varying band gaps. The shaded region is a guide for the eye. Sample Z0 is
a recent pure-selenide CZTSe sample, prepared by co-evaporation,!
whereas the rest of the samples were reported in Ref. 38. Reprinted with
permission.
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Copper-depletion of the CulnSe, (CIS) surface has also
been widely reported and studied.l*”**! In this system, it is
also found that charged surface defects stabilize the (112) sur-
face.1**V It has been reported that the so-called “ordered vacancy
compound” (OVC) that spontaneously forms on the CIS sur-
face has a much lower copper concentration (CulnzSes), is
n-type, has a slightly larger band gap (1.3 eV, compared with
1.04 eV), and is responsible for forming a p-n junction
with the CIS layer below.*®! Upon deposition of the buffer,
the junction becomes CIS/OVC/CdS. Furthermore, Cd may
diffuse into the OVC layer thereby further doping it n-type
and improving the junction characteristics,>” as cadmium is
a known donor defect in CIS.!

An open question is: to what extent does the copper-deficient
surface observed in CZTSSe resemble that observed in CIS and
CIGS? If Cd inter-diffuses with the CZTSSe surface during
chemical bath deposition, which sites does it occupy and what
would the junction look like? One study examined these ques-
tions using first-principles analysis and found that substitution
of cadmium onto Cu and Zn sites is more favorable than on Sn
sites,’?! where Cdc, is a donor defect and Cdy, is neutral.
More favorable still is the compensated defect complex
(Cdcy + Vey). This defect pair is expected to dominate in equilib-
rium, with small amounts of Cdc, and Cd, also present. If this
were the case, the degree of n-type doping of the copper-poor
CZTSSe surface would be limited compared with the CIS case;
however, real experimental preparation conditions may not kinet-
ically allow equilibrium to be reached. Non-equilibrium could
therefore allow n-type doping of the surface region, in a manner
similar to what is observed in CIS. These phenomena warrant fur-
ther investigation to fully understand this interface and how it
evolves during chemical bath deposition of the buffer.
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Another notable aspect of the CZTSSe surface is that the
CZTSSe bands are found to bend upwards, indicating a condi-
tion of accumulation.**) Such upward band bending indicates
that excess negative charge is trapped at or near the surface.
This was determined using femtosecond pump (1.55 eV photon
energy)/probe (26.35 eV) ultraviolet photoelectron spectro-
scopy (fs-UPS), where spectra are recorded both in equilibrium
and flat-band (photoexcited) conditions and the spectra are
compared with determine the direction of band bending
(Fig. 6). Photoexcitation with an intense pulse of 800 nm
light produces a dense electron—hole plasma that flattens the
CZTSSe bands near the surface. Under photoexcitation, the
bands shift to higher binding energy (red) indicating that
under equilibrium the bands are bent up at the surface. An ac-
cumulated surface has been noted for CZTSSe samples with or
without surface oxide layers removed, indicating a fundamental
property of the CZTSSe surface. Haight et al. attribute the ac-
cumulation at the surface to the large copper deficiency in
this region, where the copper vacancy is expected to act as a
shallow acceptor in CZTSSe.

Air annealing of CZTSSe films prior to chemical bath dep-
osition of CdS buffers has been shown to dramatically improve
both absorber PL and device performance. Following air
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anneal, strong sodium and oxygen signals are detected by
XPS,** indicating both the formation of a surface oxide and
diffusion of Na to the surface. Even following NH,OH etching
to remove oxygen and Na at the surface, secondary ion mass
spectrometry (SIMS) reveals that the sodium and oxygen sig-
nals are present throughout the CZTSSe film thickness.
However, the most likely location for most of the sodium and
oxygen species detected is at grain surfaces rather than the
grain interior.>*! The presence of sodium and oxygen at the
grain surfaces in high-efficiency CIS, CIGS, and CZTSSe has
been correlated with high device performance. One explanation
for this observed relationship is that Na may aid in the oxidation
of grain boundaries, i.e., the filling of chalcogen vacancies with
oxygen, which could help passivate deep defects along these
boundaries.[**>*! Similar observations on the efficacy of air an-
neals in CIS-based devices are consistent with our understand-
ing of diffusion of O and Na along grain boundaries and their
effect on grain boundary passivation.[**>!

Alkali impurities

Much like in CIGS materials, sodium and other alkali species are
found to be important for achieving high-efficiency CZTSSe
devices. In particular, sodium is found to increase grain
size,’*>7 increase carrier concentration and/or mobility,[5 8-62]
passivate deep defects,>**%* and improve the fill factors and
open-circuit voltages of CZTSSe devices.l***>®! It has been
found that potassium behaves in a manner similar to sodium
in CZTS.[7]

Surface compositional studies of high-efficiency CZTSSe
absorbers have found that sodium is present in large concentra-
tions at surfaces and grain boundaries in CZTSSe.[***%]
First-principles studies suggest while grain boundaries in
CIGS are fundamentally electrically benign,'°®! unpassivated
grain boundaries in CZTSe contribute deep states which are ex-
pected to act as non-radiative recombination centers.!®”)
Kelvin-probe studies have found potential “spikes” at grain
boundaries in CZTSSe, which have been proposed to behave
as hole-repelling and electron-attracting regions, aiding the sep-
aration and transport of the minority electrons.’”) However,
these spikes may not exist in materials that do not contain
sodium.”"! These results seem to suggest that sodium segre-
gates to grain boundaries, and once there may be important
for suppressing non-radiative recombination. This was further
supported in a PL study, which examined the total PL intensity
in CZTS as a function of sodium, and as a function of temper-
ature.[* It was found that at all temperatures, samples with less
sodium luminesced less than those with more sodium.
Furthermore, as the temperature increased from ~4 K toward
room temperature, the PL of samples with little or no sodium
dropped at a much higher rate than samples with more sodium,
indicating that when carriers had enough thermal energy to
travel longer distances, they tended to reach non-radiative recom-
bination centers, likely along grain boundaries [Fig. 7(f)].
Once sufficient sodium was present in the films, samples
with vastly different grain sizes (and thus boundary densities)
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displayed identical radiative recombination profiles, indicating
that the grain boundaries had become passive within the detec-
tion limits of the study.[**!

In addition to passivating grain boundaries, alkali species
significantly improve CZTSSe microstructure by enhancing
grain sizel®>764771 [Figs 7(a)-7(d)]. It is believed that
this microstructural improvement is related to the formation
of a liquid sodium—chalcogen-based phase at the grain bound-
aries. Enhanced diffusion through a phase such as this is espe-
cially important in zinc-rich and copper-poor materials, where
ZnS(e) must be expelled from growing CZTSSe grains and may
drag on advancing grain boundaries, prevent grain growth, if
not removed from these boundaries.’*”"! It has been shown
that the distribution of zinc throughout CZTS thin films is
heavily influenced by the concentration of sodium present in
the absorber during the annealing stage [Fig. 7(e)]. A large av-
erage grain size in CZTS was correlated with a reduction in zinc
content through the film bulk and simultaneously the accumu-
lation of zinc sulfide toward the back interface near the Mo con-
tact. The phase diagram of the Zn—Na—-S system indicates a
eutectic temperature of roughly 610 °C.U”?! This may help ex-
plain why annealing at such high temperatures is required to
achieve large grains in CZTSSe.!”>) Another study showed
that even CZTS films prepared on alkali-free substrates could
display these large grain size improvements when soda-lime
glass substrates were placed in the same annealing ampoule,
implying that alkali species may volatilize out of the glass dur-
ing the anneal and impact the microstructure.!®”]

Sodium may also incorporate directly onto the CZTS lattice.
Studies on single-crystals have found an increase in the
unit-cell size upon incorporation of sodium as measured by
x-ray diffraction,'®” indicating the incorporation of sodium
into the structure. This finding was also correlated with an in-
crease in both the carrier concentration and mobility of
CZTS. The authors attributed this to a reduction in the acceptor
activation energy and a reduction in point defect compensation
in the CZTS structure. Enhanced fill factors and V, values of
CZTSe devices have been attributed to improvements in carrier
concentration and mobility seen upon sodium incorporation
into CZTSe.l*”!

Other substitutional elements in CZTS
Although it is possible to change the band gap in CZTSSe by
varying the sulfur to selenium content, it appears that sulfur
may have other detrimental impacts on device performance
(see above). Other chemical variations to CZTSSe can also in-
duce band gap changes. First-principles calculations find that
Ge and Si may be alloyed into the CZTSSe structure, substitut-
ing onto the tin site, to increase the band gap [Fig. 8(a)].’* It
was found that Ge is highly miscible into CZTSe with the
Cu,Zn(Ge,Sn)Se,4 band gap ranging from 1.0 eV for the pure-
tin compound and 1.5 eV for the pure-Ge compound. Band
gap tunability has been demonstrated experimentally in the
Cu,Zn(Ge,Sn)S, system, where Ford et al. prepared films
with band gaps ranging from 1.5 eV (pure tin Cu,ZnSnS,) to
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Figure 7. SEM cross-sectional images of CZTS thin films where (a) 0 nm, (b) 1 nm, (c) 4.5 nm, and (d) 23 nm of NaF was evaporated onto the substrate prior to
CZTS growth and annealing. (e) SIMS depth profile of zinc distribution in the samples in (a-d). (f) Integrated PL intensity of the samples in (a—d) as a function of

temperature. Reproduced with permission.[*!

1.94 eV (pure Ge Cu,ZnGeS,), with various values in between
[Fig. 8(c)].L”* The magnitude of this shift is consistent with the-
oretical predictions.l’*! The same group later demonstrated ef-
ficiencies as high as 8.4% (without anti-reflection coating)
using a partially Ge substituted kesterite material.”’®! In the
same year, Bag et al. reported an efficiency of 9.1% by substi-
tuting 40% Ge into CZTSe.l””) This group demonstrated effec-
tive Ge incorporation by monitoring the x-ray diffraction peak,
which shifts to larger 2-theta with increasing Ge due to the
smaller atomic size of Ge as compared with Sn. Silicon is
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less miscible in CZTSe, but offers a larger range of band gap
tuning up to 2.4 eV for the Cu,ZnSiSe; compound. In both
cases (substitutional Ge or Si), the band gap change is expected
to stem largely from a conduction band shift [Fig. 8(b)].
Furthermore, it was recently found that compounds in the
I,-II-IV-VI,; family are generally stable when I=Cu, Ag,
I=Zn, Cd, Hg, IV=Si, Ge, Sn, and VI=S, Se, and/or Te.
Instability arises when I1=Mg, Ca, Sr, Ba, when IV =Ti, Zr,
Hf, or when IV =0 due to competition from the related binary
and ternary compounds.’®! The authors noted that phase

bl farh. amies)

Figure 8. (a) Calculated dependence of the band gap of CZTSe as a function of Ge (top) and Si (bottom) substitution for Sn. (b) Predicted conduction and
valence band positions of CZSiSe and CZGeSe, compared to CZTSe. (a) and (b) are reprinted with permission from Shu et al..’*! Copyright (2013) by the
American Physical Society. (c) Experimental observation of band gap changes in CZTS as Ge is increasingly substituted for Sn. Reproduced with permission.[’*!
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separation is expected predominantly when the secondary phas-
es had non-tetrahedral structures. This study opens up many
possibilities to find a variant of CZTSSe that may have prefer-
able optoelectronic properties and a lower propensity to self-
compensate. Many of the possible substitutions mentioned
above have never been reported experimentally, although
they are promising materials to study in the future.

Prospectives

Over the past decade, our understanding of the factors impact-
ing the material properties of CZTSSe, and consequently
device performance, has improved dramatically. Through care-
ful materials and device characterization, several key phenom-
ena have been identified as likely culprits for the observed V.
deficit in CZTSSe devices. Among these are the severity of the
point defects and disorder within the CZTSSe bulk, which ex-
ceeds that observed in CIGS materials of the same band gap. It
is believed that the higher degree of disorder is due to the chem-
ical similarity of Cu and Zn atoms, and the low energetic barrier
to the exchange of lattice positions amongst these two atoms.
The disorder on the Cu/Zn sublattice may be responsible for
the significant band tailing observed in the CZTSSe system,
and therefore at least part of the V. deficit. It is possible that
this disorder could be mitigated by an external stimulus, e.g.,
strain. Alternatively, recent theoretical calculations have indi-
cated that the CZTSSe structure would be stable to various sub-
stitutions on the I, II, IV, and VI sites. By replacing either Cu,
Zn, or both, a new L—II-IV-VI, compound may be identified
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Figure 9. (top) Variation in “Q” (defined as an ordering parameter) for CZTS
films annealed at different temperatures, for different durations. (bottom)
Full-width at half maximum of the main Raman mode in CZTS samples
annealed for 1 h at various temperatures. Shaded region indicates an “order/
disorder” temperature. Reproduced with permission.””!
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that is less susceptible to the kind of disorder that causes detri-
mental band tailing and thus V. loss in the CZTSSe system.

Additionally, it has been proposed that disorder in CZTSSe
may be reduced through low-temperature annealing for extended
periods of time.l’”) A recent study documented improvements
in an “ordering parameter” of CZTS materials when samples
were annealed below ~250 °C, as measured via Raman spec-
troscopy. It was found that these low-temperature anneals
reduced the full-width at half-maximum of the main CZTS
Raman peak centered at ~338 cm ™' (Fig. 9). The authors at-
tributed the observed narrowing of the Raman peak to a reduc-
tion in the disorder of the bulk CZTS, i.e., fewer Cu—Zn
antisites. The effect was found to be reversible, in that the
Raman peak width of samples annealed above this temperature
widened again, after initially decreasing during the low-
temperature anneal. If it is indeed possible to reduce the
disorder in CZTS using long low-temperature anneals without
otherwise harming other material properties, this could offer a
valuable means of reducing the V. deficit in CZTS devices. To
date, there have been no published reports of device improve-
ments using this technique.

We have also seen experimental and theoretical evidence
that moving away from sulfur and toward a pure-selenide ma-
terial improves the overall bulk properties of the absorber.
This observation has recently manifested in a record V. deficit
of 578 mV in a pure-selenide CZTSe device.!! Although there
seems to be a limit to the selenium content accessible via
solution-processing due to solubility constraints, it is possible
to prepare pure-selenide materials using vapor phase methods
such as sputtering and co-evaporation. Unfortunately, the
band gap of the pure CZTSe material (1.0 eV) is lower than
the optimal value for high-efficiency single-absorber devices
based on the Shockley—Queisser limit model.**** If a method
is found to increase the band gap of CZTSe without compro-
mising its optoelectronic properties, we could see performance
improvements above the 12.6% efficiency benchmark that has
already been demonstrated. Alternatively, if methods are found
to increase the dielectric constant of the absorber or reduce the
electron effective mass, i.e., induce the opposite effect to what
is observed with increasing sulfur, then device performance is
also expected to increase.

Recent work has offered important insights into the chemi-
cal and electronic properties of the CZTSSe surface. Many sim-
ilarities have been found between the CZTSSe surface and that
of CIS; however, the interface chemistry that occurs during
junction formation is still not fully understood. Additional
work is needed to elucidate what if any losses in performance
are caused by an unoptimized interface between CZTSSe and
its buffer layer. It has been shown that formation of a double-
emitter comprised CdS/In,S; improves the junction characteris-
tics such that CZTSSe devices behave more like CIGS devices,
in terms of temperature-dependent V. and Suns-V,,. This indi-
cates that the CZTSSe/buffer interface may not yet be fully
optimized and that further efficiency improvements may be
possible as we learn more about the chemical and electrical
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properties of the CZTSSe surface and the junctions it forms
with buffer materials.

Some optimizations of the device layer thicknesses may
also provide additional benefits. The CZTSSe layer in the
highest-efficiency CZTSSe devices is typically 2-2.5 um
thick. This layer thickness is typically chosen because the hy-
drazine solution process used to prepare CZTSSe often results
in voids toward the back of the absorber and thus multiple lay-
ers and a thick coating appear necessary to prevent detrimental
device shunting through pinholes. Recent work has found that
the minority carrier diffusion length in our high-efficiency
CZTSSe layers (E,~1.15eV) is closer to ~1.2pm or
less,*™ indicating that much of the CZTSSe thickness is inac-
tive and/or possibly contributing to series resistance in the
device. An optimized device might therefore employ films with
thicknesses closer to the minority carrier diffusion length if meth-
ods can be found to suppress void formation toward the back
contact and thereby avoid pinholes and shunt paths in the films.

Finally, high-efficiency CIGS devices typically contain a
graded band gap structure, where the band gap increases slightly
toward the front and back of the absorber layer to minimize re-
combination. Although this is generally acknowledged to be a
promising route toward achieving improved device perfor-
mance in CZTSSe,™ no experimental studies demonstrating
this effect have been reported. As discussed above, surface al-
loying with Ge, Si, and/or sulfur would allow a slight increase
in the band gap at the CZTSSe surface.
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