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Abstract

Chemical disorder in semiconductors is important to characterize reliably because it affects
materials performance, for instance by introducing potential fluctuations and recombination sites.
It also represents a means to control material properties, to far-exceed the limits of equilibrium
thermodynamics. We present a study of highly-disordered Cu-Zn-Sn-S (d-CZTS) films along the
Cu2SnSz — Cu2ZnSnSs — ZnS binary line, deposited by physical vapor deposition. Deposition at
low temperature kinetically stabilizes compositions that are well outside of the narrow,
equilibrium solid solution of kesterite (Cu2ZnSnSs). Here we study d-CZTS and its thermal
treatment using complementary characterization techniques: X-ray absorption spectroscopy
(XAS), X-ray diffraction (XRD), and transmission electron microscopy (TEM). We find that
cations in d-CZTS are highly-disordered while the sulfur anions remain in a well-defined, cubic
close-packed lattice. On the atomic scale, composition fluctuations are accommodated
preferentially by stacking faults. Kinetically-stabilized cation disorder can produce non-
equilibrium semiconductor alloys with a wide range of band gap, electronic conductivity, and
thermal conductivity. d-CZTS therefore represents a processing route to optimizing materials for
optoelectronic device elements such as light absorbers, window layers, and thermal barriers.



1. Introduction: Cation disorder in CZTS

Kesterite CuZnSnSs (CZTS) has long been of interest as an absorber for thin film
photovoltaics (PV), but the record conversion efficiency of CZTS PV devices remains below
13%.1 CZTS is a good light absorber with a direct band gap of Eq = 1.5 eV, which can be reduced
by selenium alloying.? The tetragonal unit cell and tetrahedral coordination are derived from the
diamond cubic structure of Si by four stages of aliovalent pair substitution obeying the octet rule:
from Si to a I11-V material (e.g. GaAs), to a I11-VI material (e.g. ZnS), to a I-111-VI> material (e.g.
chalcopyrite CulnS), to L-11-VI-VI> (i.e. kesterite Cu2ZnSnSs). It is thought that the PV
performance deficit is due in large to cation disorder, such as Zncy and Cuzn antisites that are
common due to the chemical similarity of Zn?* and Cu'* cations.® Cation disorder can cause band
gap fluctuations, electrostatic potential fluctuations, and defect-assisted recombination levels, all
of which limit the photovoltage.*®

Due to its impact on PV performance, and also due to the experimental challenges involved,
cation disorder in CZTS has been the focus of many studies.®>*! Above Tc, = 876 °C, the
equilibrium structure is cubic sphalerite (ZnS-like).2 In this crystal, there is only one cation site
and the cations are randomly distributed. Between Tc2 and Tc1 = 260 °C, the equilibrium structure
is tetragonal with space group 142m (very similar to the structure of CulnS; (CIS) with space
group 142d).” In this crystal, Sn are ordered, while Zn and Cu are randomly distributed. Below
Tca the equilibrium structure is kesterite (space group 14), with distinct sites for Sn, Zn and Cu. At
equilibrium, therefore, with increasing temperature CZTS undergoes two order-disorder
transitions with increasing cation disorder, while the anion sites have a fixed, cubic close-packed
structure.

Cation disorder in real samples often far exceeds that expected at equilibrium. Samples cooled
from above Tci1 to room-temperature retain a lot of Cu-Zn disorder that depends on the cooling
rate.>® Films and particles made at low temperature have high levels of cation disorder and even
off-stoichiometry that can far exceed the narrow window of equilibrium solid solubility.8° For
instance, we and others have shown that ZnS-rich films with overall composition along the
Cu2SnS3 — CZTS — ZnS binary line, but well outside the CZTS equilibrium solid solution (c.f.
Figure 1), appear in many ways to be single-phase systems, kinetically trapped away from
equilibrium.’>%> Cu,SnSs-rich ceramics have been observed to accommodate stoichiometry
variations in a superstructure with nanometer-size domains with more and less cation order.'!
Common characterization techniques can belie the existence of point defect clusters or nanometer-
scale phase inhomogeneities that may be present.*8-10.16

Cation disorder represents a means to control material properties through synthesis. For
instance, through kinetic stabilization, we can make solid solutions that are thermodynamically
metastable or even unstable, and these solutions offer a range of physical properties that is greatly-
expanded relative to equilibrium thermodynamics. In this work we address optical, electrical, and
thermal properties of highly-disordered CZTS (d-CZTS). Previously, materials processing for
cation disorder has been studied for battery cathode materials and as a way to reduce thermal
conductivity of thermoelectric materials.!”®



Disorder in CZTS is hard to experimentally characterize due to the chemical similarity of Zn?*
and Cu'* cations, and because competing phases including as ZnS and Cu,SnSs are structurally-
coherent with CZTS. Probes of long-range order include X-ray and neutron diffraction.
Conventional X-ray diffraction (XRD) cannot distinguish Zn?* and Cu'* because they have the
same electron count. Neutron diffraction and resonant XRD are more reliable for crystallographic
refinement of CZTS, and can quantify cation antisites.>'%'® Probes of short-range order include
X-ray absorption spectroscopy (XAS) and transmission electron microscopy (TEM). XAS can
measure local crystal structure and electronic structure: extended X-ray absorption fine structure
(EXAFS) can quantify deviations from the ideal kesterite structure of the local coordination
environments of particular elements, and X-ray absorption near-edge structure (XANES) can
quantify secondary phases by the fingerprint of their molecular orbital electronic structure, 10121319
Cation disorder can be seen directly by high-resolution TEM.1% Structural disorder can also be
studied indirectly by its effects on electronic disorder, which is evident in measurements such as
photoluminescence spectroscopy and quantum efficiency.>®

In this work we emphasize the techniques XRD, XAS, and TEM, and the complementary
evidence they provide about the nature of cation disorder in d-CZTS thin films. High levels of
cation disorder can produce experimental signatures of an amorphous material despite the presence
of an ordered, close-packed anion lattice; multiple, complementary characterization techniques are
needed to determine phase and microstructure. This insight may be broadly applicable to
experimental studies on disordered alloys and amorphous materials, such as phase-change
chalcogenides. d-CZTS films grown at room temperature can accommodate a wide range of non-
equilibrium compositions, which partially resolve by phase separation after thermal treatment.
This highly-tunable metastable phase may be useful for designing light absorbers, window layers,
electronic contacts, or thermal control layers. We present measurements showing that electrical
and thermal conductivity vary widely within this metastable material design space, suggesting that
cation disorder may be a valuable paradigm for materials design, instead of only a source of
concern for optoelectronics.

2. Samples and procedures

We made d-CZTS films via co-evaporation using effusion cells loaded with elemental Cu and
Sn (Alfa Aesar, 99.999% pure), and ZnS (Alfa Aesar, 99.995% pure). We supplied elemental
sulfur (Alfa, 99.9995%) with a valved cracking source. During film growth, chamber pressure was
typically ~2 x 10~* torr, and the background vapor consisted primarily of elemental sulfur. For
all depositions, we set the net metal flux to 3 A/s regardless of film composition. All films were
approximately 1 um thick and were deposited on either soda lime glass or quartz glass. We
deposited films without intentional substrate heating, and with heated substrates maintained at 150,
300, and 450 °C. We refer to films grown without substrate heating as being deposited at room-
temperature (room-T), although there is some unintentional substrate heating in the chamber due
to the source ovens. We further processed films grown at room-T by thermal annealing in an inert
atmosphere at 150, 300, and 450 °C. We made a CZTS standard (c-CZTS) by depositing a
precursor film at a substrate temperature of 180 °C, and then annealing at up 600 °C in an excess
of Sn and S vapor. We measure the metals composition of all films by calibrated X-ray



fluorescence (XRF), and we confirmed the composition of select films by calibrated X-ray
wavelength-dispersive spectroscopy (WDS).

In Figure 1 we present the samples studied here and the CZTS crystal structure. “Low-gap”
samples have composition near stoichiometric CZTS, and apparent Eg close to 1.1 eV (for d-CZTS
films, Eq determined by spectrophotometry is likely suppressed by the effects of disorder). “High-
gap” samples have excess ZnS, well beyond the solid solubility limit, and Eq up to 1.9 eV. The
essence of this work is how thermal processing affects the atomic structure and optoelectronic
properties of disordered semiconductor alloys.
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Figure 1: Non-equilibrium d-CZTS with wide composition range, samples studied here, and the CZTS crystal
structure. (a) CuzS-SnS;-ZnS ternary equilibrium phase diagram at 670 K, after Olekseyuk et al.?° Samples
studied here are low- gap, near-stoichiometric (red points) and high- gap, ZnS-rich (blue points). We study
samples with varying thermal treatments at temperatures between room-T and 450 °C, as described in
the text. (b) Kesterite phase of CZTS with space group /4.

We measured the thermal conductivity of these CZTS films with time-domain
thermoreflectance (TDTR).2%?2 TDTR is a pump-probe technique that utilizes sub-picosecond
laser pulses emanating from a Ti:Sapphire oscillator at an 80 MHz repetition rate to excite and
monitor temperature changes on the surface of the sample. We modulate the “pump” pulses in our
TDTR measurements using an electro-optic modulator at 8.8 MHz to induce periodic, delta-
function-like temperature rises on the sample surface. The “probe” pulses monitor the temporal
temperature decays and oscillations from these modulated pump pulses, enabled by a mechanical
delay stage that delays the arrival of the probe pulses relative to that of the pump pulses at the
sample surface. We monitor the temporal changes in reflectivity of the sample due to the impulse
and periodic temperature excursions induced from the pump pulses via changes in measured probe
pulse intensity, using a lock-in amplifier triggered to the modulation frequency of the pump. Prior
to TDTR measurements, we deposit ~80 nm of electron beam-evaporated Al on the surface of the
CZTS samples to transduce the optical energy absorbed from the laser pulses into temperature
changes, while forcing the majority of the optical energy to be absorbed near surface of the
sample.?® We coaxially focus the pump and probe pulses to 9 and 5 um 1/e? radii, respectively, on
the surface of the sample, and limit the average powers of the pump and probe to 10.5 and 5.0
mW, respectively; this restricts the steady state temperature rise in the sample from the TDTR



measurement to < 17 K, which we calculate from the numerical solution to the cylindrical heat
equation applied to our precise AI/CZTS sample geometry.?*

We analyze the TDTR data (ratio of the in-phase to out-of-phase thermoreflectance signals vs.
pump-probe delay time) with a cylindrically symmetric, multilayer thermal model based on the
solution to the heat equation in the frequency domain.?:%>2% We fit our thermal model to the TDTR
data by iterating the assumed value of the CZTS thermal conductivity until achieving a best-fit.
We also adjust the value of the thermal boundary conductance between the Al transducer and the
CZTS, although, due to the relatively low thermal conductivities of the CZTS, we find that the
measurements are relatively insensitive to the thermal boundary conductance. We assume
literature values for the heat capacities of the Al and CZTS, and calculate values of the thermal
conductivity of Al transducer from the Wiedemann-Franz law applied to four-point probe
electrical resistivity measurements.?’?° Due to the thickness of the CZTS and the relatively high
modulation frequency of the pump pulses, the thermal penetration depth during our TDTR
measurements is much less than the CZTS film thicknesses, and thus we are insensitive to the
thermal properties of the substrate in our TDTR analyses.?

We performed XAS experiments on the sulfur K-edge at beamline 4-3 of the Stanford
Synchrotron Radiation Laboratory (SSRL), and on the metal K-edges at beamline 20-BM of the
Advanced Photon Source (APS). All XAS data was measured by fluorescence yield with samples
at room temperature in a helium atmosphere. The thickness of all d-CZTS films was ~1 um, which
is well-matched to the absorption length of sulfur K-edge characteristic X-rays (approximately
0.75 um above the K-edge) and is much smaller than the absorption lengths of the metal
characteristic X-rays. For the metal K-edge measurement we focused on the EXAFS region. For
the sulfur K-edge measurement we measured detailed EXAFS and XANES spectra. To assist with
XANES decomposition we measured sulfur K-edge spectra for binary materials in powder form
(ZnS, SnS, CusS, and CuS), we obtained spectra of SnS, from the experimental literature, and we
obtained spectra for ternary compounds Cu2SnSsz and CusSnSs4 from theoretical calculations. 032

We performed XRD experiments in Bragg-Brentano geometry using a Rigaku SmartLab
system with Cu K-alpha radiation. All films measured by XRD were grown on fused quartz, and
we measured a bare, fused quartz substrate from the same supplier to determine the XRD
background. We prepared cross-sectional TEM lamellae via standard focused-ion beam (FIB)
liftout procedures using a Zeiss NVision 40 FIB/SEM. We carried out bright-field TEM imaging
on a JEOL 2100F instrument at an accelerating voltage of 200 kV.

3. Experimental results and analysis
3.1. Tunable electrical and thermal conductivity

Our d-CZTS films with greatly-expanded composition range relative to equilibrium CZTS
(Figure 1) also feature greatly-expanded ranges of other physical properties. In Figure 2a we
summarize our results (reported previously) that d-CZTS films can be grown with band gap in the
range 1.1 — 2.8 eV, and carrier concentration in the range 1 x 10® — 3 x 102* cm3.** In Figure
2b we present the range of thermal conductivity (x) measured for d-CZTS. We measured low-gap
samples grown at room-T and then annealed at temperature up to 450 °C, high-gap samples with



growth temperature between room-T and 450 °C, and the ¢c-CZTS standard. We find that for this
set, k varies in the range of ~0.4 — 0.8 W-m™*-K™*. Our measured value for c-CZTS is 0.69 + 0.22
W-m™-K-1, which is on the low-end of the range reported to-date for CZTS, as shown in Figure
2b. The measured thermal conductivities of each sample are tabulated in Table S9. The thermal
conductivities of the low-gap and high-gap samples, which vary in stoichiometry, show relatively
similar thermal conductivities within uncertainty. This implies that stoichiometry is not impacting
the thermal conductivity for a given processing condition within the uncertainty of our
measurements. However, comparing the near-stoichiometric, low-gap films, the c-CZTS has a
slightly higher thermal conductivity as compared to the d-CZTS series. While the measured
thermal conductivities among these low-gap samples are within uncertainties, this increase in the
mean value of c-CZTS compared to those of the other d-CZTS samples could imply cation disorder
impacting the phonon thermal conductivity, a finding that has previously been computationally
realized via molecular dynamics calculations (including for CZTS), and indirectly concluded from
studies of metallic alloys.'33-3¢

Among the d-CZTS series of samples, we observe a general trend of a reduction in thermal
conductivity with an increase in stacking fault probability, as we show in Figure S1. Consistent
with prior studies on the phonon thermal conductivity of solid solutions mentioned above, the
broad spectrum of vibrations that contribute to the thermal conductivity of multiple cation
solutions means that a fraction of the vibrational spectrum with length scales longer than the length
scale associated with the nearest neighbor cation disorder will contribute to the thermal
conductivity.*"° Indeed, this is consistent with our finding of the d-CZTS samples’ thermal
conductivities trending with stacking fault probability, and consistent with prior works showing
that crystalline coherence length-affecting defects can influence the thermal conductivity of
polycrystals.* Thus, we conclude that the thermal conductivity of the d-CZTS samples are limited
by some combination of the structural disorder from stacking faults and the chemical
inhomogeneity from random cation ordering.

Our finding that x can be substantially affected by cation disorder is consistent with previous
studies on how varying the metals composition affects k and the thermoelectric performance of
CZTS.1142 Our thermal conductivity measurements on d-CZTS, combined with previously-
published results for CZTS, show that this material system covers a very large range of k, which
may be of-interest for thermoelectric applications.*>*
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Figure 2: Tuning the optical, electrical, and thermal properties of metastable alloys with cation disorder.
(a) Band gap and electrical properties for d-CZTS films with variable ZnS mole fraction, as reported
previously.'® Top panel shows band gap determined from Tauc analysis for samples grown at room-T
with varying ZnS composition; reference values for ZnS and CZTS are indicated. Bottom panel shows
estimated carrier concentration ranges for samples grown at room-T. For each ZnS composition, the
vertical bar indicates the carrier concentration range achieved with varying Cu:Sn composition. (b)
Variation in thermal conductivity for d-CZTS films and for CZTS as previously-reported, compared to
ranges of thermal conductivity reported for other material systems. All data are thermal conductivity
measured at room-T. The range for CZTS is defined by our measurements on d-CZTS (white stars, with
error bars) and by previously-published measurements on CZTS (white squares). All data besides d-CZTS
are from the literature; (KBr)1x(KCN)x, PbTixZr1xO3 (PZT), entropy-stabilized oxides (ESO), (KCl)1x(KBr)y,
ordered and disordered FePt, and SixGe,.3337:394%44 The previously-published CZTS data include: sintered
powder (k = 4.7 Wm™K?);* sintered nanocrystals (k = 2.95 Wm™K?);* thin films, fully and incompletely
sulfurized (k =4 and 0.9 Wm™K?, respectively).”® The d-CZTS samples include low-gap samples grown at
room-T and then annealed at temperature up to 450 °C, and high-gap samples with growth temperature
between room-T and 450 °C.

3.2. XANES: Identifying secondary phases by spectral fingerprints

In Figure 3a we present sulfur K-edge XANES data for our samples and standards. XANES
spectra are a fingerprint of electronic structure, and change in characteristic ways with chemical
trends. For instance, filling 3p orbitals of sulfur anions by ionic bonding causes a reduction in the
intensity of the dipolar 1s-3p absorption feature that frequently appears as a strong pre-edge peak
in the sulfur K-edge absorption spectra. This trend can be observed in our data in moving from
CZTS to ZnS, as discussed below. XANES spectra are often referenced to chemical standards to
guantitatively measure phase composition, and to qualitatively understand chemical bonding.
Using spectral fingerprints in this way is known as XANES dactylography. For instance, in Figure
3b we show that the sulfur K-edge XANES spectra for a high-gap, ZnS-rich d-CZTS sample
annealed at 450 °C can be well-modeled by a linear combination of CZTS and ZnS reference
spectra in approximately equal proportion, as expected for a two-phase system according to the
equilibrium ternary phase diagram (Figure 1); Cu2SnSs makes a minority contribution. These three



phases selected by the regression analysis, Cu.SnSs, CZTS, and ZnS, define a single line across
the ternary phase diagram and are structurally-coherent. The phases not selected by the regression
are either not structurally-coherent with CZTS (SnSz, Cu,S) or do not lie along the same line in
the phase diagram (CusSnSs). We perform regression analysis using the software Athena (see
Section 3.4).
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Figure 3: XANES data and dactylography. (a) Overview of XANES data collected on low-gap d-CZTS with
varying post-deposition anneal temperature. Also shown are data for CZTS and ZnS standards. The XANES
X-ray absorption data are processed by normalizing the edge-jump to unity, and the data sets are offset
vertically for clarity. (b) Representative XANES data decomposition using a basis of crystal standards, a.k.a.
dactylography. The data (black dashed line) were measured on a high-gap d-CZTS sample after annealing
at 450 °C. The colored regions represent contributions of reference phases that cumulatively model the
data. The sum of the contributions follows the top of the grey region and represents the best regression
to the data. The individual contributions are represented by the areas of the individual colored regions:
CZTS and ZnS have approximately equal representation, and Cu,SnS; makes a minority contribution.

XANES dactylography is only as good as the available standards are relevant to the sample in
question. For disordered samples, interpreting XANES spectra using a basis of crystal standards
means that defect clusters and other disordered regions will be misidentified. For instance, the



XANES contribution of sulfur coordination tetrahedra with excess Zn, such as Cu-Zn-Sn or Zns-
Sn, may be misidentified as coming from a ZnS secondary phase, due to the similarity of Zn-S
bonding in CZTS and ZnS. In Figure 4 we compare the phase composition of our samples
according to XANES dactylography (columns 1 and 3) to the composition expected at equilibrium
(columns 2 and 4). The equilibrium composition is determined by the equilibrium phase diagram
and the overall metals composition.?° For high-gap samples processed at high temperature, the two
different analyses are in near-agreement on the phase fraction of ZnS, which is expected to be a
substantial secondary phase. However, for most compositions and processing temperatures the two
different analyses substantially disagree over what other secondary phases exist, and in what
quantities. For instance, XANES dactylography frequently identifies the presence of CusSnSs,
whereas this phase is never present according to the equilibrium phase diagram. In contrast, the
equilibrium phase diagram frequently predicts the presence of SnS,, which does not appear in
XANES dactylography. This illustrates the extent to which cation disorder and non-equilibrium
secondary phases are kinetically trapped in d-CZTS. For this particular illustration it is likely
important that that CusSnSa is structurally-coherent with CZTS, whereas the layered material SnS»
is not: CusSnSs4 can form endotaxially within a CZTS matrix. This suggests that interface energy,
in addition to kinetic trapping, may be important in determining the phase fraction of d-CZTS
films. The comparison in Figure 4 highlights the lesson that, for a non-equilibrium and highly-
disordered alloy system such as d-CZTS, the results of individual characterization techniques (e.g.
XANES or composition) can mislead if considered in isolation.
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phase diagram. The XANES results are determined from the sulfur K-edge spectra by a linear
combination of standards. The equilibrium results are determined from the equilibrium phase diagram.



In Figure 5 we show a clear example of ZnS secondary phase formation with increasing
growth temperature for high-gap d-CZTS. CZTS sulfur K-edge spectra have a strong pre-edge
peak, indicating that sulfur 3p orbitals are partially empty. ZnS has little-to-no pre-edge peak, due
to more ionic bonding and a nearly-full 3p manifold, and the XANES spectrum is dominated by
the so-called near-edge peak between 1s states and the conduction band.*® The spectra in Figure
5 show that, as the temperature is increased, the pre-edge peak characteristic of dipolar 1S-3p
absorption in CZTS is suppressed and the peak characteristic of ZnS is increased. As the processing
temperature is increased, the phase composition of d-CZTS better approximates that expected from
equilibrium thermodynamics, and the atomic structure of the component phases approaches that
of the CZTS and ZnS standards. Therefore, while for samples processed at low temperature
XANES dactylography may be misleading, it becomes more reliable for samples processed at high
temperature for which the available standards are more appropriate.
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Figure 5: Emergence of ZnS secondary phase with increasing growth temperature of high-gap d-CZTS.
Plotted are sulfur K-edge XANES spectra for d-CZTS films grown at substrate temperature between
room-T and 450 °C, along with CZTS and ZnS standards. For samples processed at low temperature,
XANES dactylography can be misleading, because the standards are not good models for the atomic
structure and phase composition in the samples. The analysis results become more accurate as the
processing temperature is increased, and the samples approach the expectations of equilibrium
thermodynamics.

3.3. EXAFS: Signatures of cation disorder

EXAFS data at a given atomic absorption line are sensitive to short-range order around that
element. For covalent semiconductors, pairwise bond lengths and coordination tend to be similar
in crystalline and in highly-disordered (even amorphous) materials. As a result, the effect of
disorder is seen most strongly in the second and higher shells of Fourier-transformed EXAFS data,
corresponding to the second and higher coordination shells around the central atom.*"*® In Figure
6 we present K-edge EXAFS data and fits for d-CZTS samples and for the c-CZTS standard. In
the spectra for all three cations (Cu, Zn, and Sn, in Figure 6(a)), the second shell is strongly
suppressed in d-CZTS relative to c-CZTS. The second shell of the sulfur K-edge data (Figure



6(b)) is less strongly suppressed for d-CZTS relative to c-CZTS, as expected for a well-ordered
anion lattice. The cation second-shell suppression resembles that observed for silicon amorphized
by ion bombardment.*” The cation sublattice therefore shares a description with an amorphous
phase, although from this data alone one cannot conclude that d-CZTS is amorphous, and as we
show below this is not the case.
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Figure 6: EXAFS data (points) and fits (lines). (a) Cu, Zn, and Sn K-edge spectra for low- and high-gap d-
CZTS, as-grown at room-T, and a CZTS reference. (b) S K-edge spectra for low-gap d-CZTS samples with
varying growth temperature. The drawings at bottom suggest how the second shell around the cations
can be more disordered than the second shell around the sulfur anions due to cation disorder, as seen in
the data.

3.4. EXAFS modeling

XAS data contain information on the local structure and chemical environment of the
absorbing atom. We quantify short range order by fitting the extended fine-structure region of the
XAS spectra to the EXAFS equation:

N; f; (k)

o o ~2K70] 5 =2R;/AK) sin(2kR; + 6;(k))
J

x(k) =S¢
j

j refers to shells of like atoms, S¢ is the passive electron reduction factor, N; is the number of
atoms in the jth shell, k is the photoelectron wavenumber, and A(k) is the electron mean free path.
sz is the Debye-Waller factor (DWF), which represents the mean-square deviation of nearest-
neighbor distances from the average bond length. The scattering amplitude f;(k) and the phase
shift 6;(k) are dependent on atomic number of the scattering atom. R; is the distance to the
neighboring atoms for single-path scattering, and the half-path length for multiple-scattering paths.
R; can be expressed as R; = R.rr — AR;, where R, is the path length initially calculated from a

given structural model. AR; is used as one of the fitting parameters. We analyzed the XAS data



using the Demeter 0.9.24 package, containing Athena, a program for XAS data processing, and
Artemis, a program for EXAFS data analysis. Background subtraction, normalization, and Fourier
transformations were done by standard procedures with Athena.**>® We used the energy shift
parameter E, to align the peaks of the experimentally-measured spectrum to the calculated
theoretical spectrum.® We constructed the scattering paths from crystal structures of crystalline
CZTS and ZnS and fitted them to the experimental spectra using Artemis. The EXAFS spectra for
all K-Edges were fitted in the k range 3-12 and R; range 1.15-4.55. We constrained fits using
metals composition determined by XRF measurements. We fit the low-gap samples using CZTS,
and the high-gap samples using a linear combination of CZTS and ZnS.

We kept the number of independent variables to a minimum, in order to obtain meaningful
physical insight from EXAFS analysis. We fit low-gap samples to the third nearest-neighbor shell.
Due to additional parameters from ZnS, we fit high-gap samples only to the second nearest-
neighbor shell. We fixed S2 at 0.68, 0.75, 0.88, and 1.0 for the Cu, S, Zn, and Sn K-edges,
respectively. We obtained cation K-edge S2 values from fitting EXAFS data collected on metal
foils, and we took an S K-edge S§ value from the literature.> We determined ¢/ and AR; values
for multiple-scattering paths using a combination of parameters fitted for single-scattering paths
and geometric relationships. We used the assumption that Cu and Zn atoms are indistinguishable
in EXAFS to add the constraint ARs_., = ARs_,.*® We justify this assumption using the EXAFS
fits at the Cu, Zn, and S K-edges for the low-gap samples, which showed that ARs_.,, and ARs_5,,
were less than 0.1 A. We further use the S K-Edge o2 to parametrize disorder for various
coordination shells. For the high-gap samples, we justify modeling the [S]-Zn-[S] scattering paths
of CZTS and ZnS as one single scattering path due to the similar Zn-S bond lengths in both
compounds. We constrained Ns_,, of respective S-M bonds using the metals composition
measured by XRF, and we restricted S to be tetrahedrally-coordinated. We performed nonlinear
least-squares fitting in Artemis to obtain the best-fit parameters. In Tables S1-S8 we present the
best-fit parameters for all samples and standards studied.
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Figure 7: Debye-Waller factors (o) determined by modeling EXAFS data for (a) low-gap, growth
temperature series, (b) low-gap, anneal temperature series, (c) high-gap, growth temperature series, and
(d) high-gap, anneal temperature series. 2 represents a mean-square deviation of bond length; it can
also parameterize disorder for different coordination shells around the absorbing atom.

In Figure 7 we show o2 varies with processing temperature for low-gap and high-gap samples,
and for varying growth and post-growth annealing temperature. In all cases, short-range order
decreases continuously for processing temperature between room-T and 450 °C, by which point it
is statistically consistent with the c-CZTS reference. In all cases, disorder at the 2" nearest-
neighbor shell is stronger and decrease more quickly with temperature than the 1% nearest-neighbor
shell. This is consistent with the picture derived from XRD coherence length analysis of chemical
disorder on a sub-10 A length scale in d-CZTS.

3.5. XRD data and correlation-length analysis

In Figure 8 we present XRD data for low-gap and high-gap d-CZTS films grown at room-T
and annealed at temperature up to 450 °C. With one exception, the diffraction peaks are
representative of the CZTS phase; the peak near 260 = 27° is consistent with ZnS, and may also
result from stacking faults (see Section 3.6, below). The peak intensity and width vary strongly
with annealing temperature. For the samples annealed at 450 °C the peaks are narrow, and the
background is flat and near-zero. For the as-grown sample without post-deposition annealing, the
peaks are weak and broad, and there is substantial diffuse scattering that is strongest in the range
of 20 = 30 — 60°. We also observe this trend for low-gap and high-gap samples grown at varying
temperature (data not shown). We identify this diffuse scattering as the result of substitutional
disorder (i.e. a solid solution effect) on the cation sublattice, which we first analyze by its effect
on diffraction coherence length.>



XRD is sensitive to long-range order, and complements the measure of short-range order
provided by EXAFS. Diffraction peak intensity is proportional to the volume of the sample that
diffracts, and the diffraction peak width measures the coherence length of the diffracting volume.
Disordered samples scatter X-rays incoherently, contributing to the diffraction background and
diffuse scattering, whereas crystals scatter into diffraction peaks.>® The total scattering cross
section depends only on sample composition and density. Therefore, as a material with a given
composition and density becomes progressively disordered, scattering intensity is transferred from
discrete diffraction peaks to the broad, diffuse pattern. Pair distribution function (PDF) analysis of
total scattering provides a complete picture of short-, medium-, and long-range order, but is beyond
the scope of this work.>
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Figure 8: XRD data for (a) low-gap and (b) high-gap d-CZTS samples with varying post-growth annealing
temperature. Symbols indicate peaks of reference patterns for CZTS and ZnS. The black lines show
Rietveld refinement to the data using a model including probabilistic stacking faults (see Section 3.6);
the parameter p, is a stacking fault probability, and the grey lines are the fit residuals.

We apply a simple and general analysis of the diffraction coherence length by binning
individual diffraction peaks by their linewidth. Samples processed at 450 °C have typical
correlation length over 300 A (our instrument resolution). In contrast, the room-T samples have
substantial volume fraction with correlation length under 10 A, and even the strongest discrete
diffraction peaks correspond to correlation length in the range of 10 — 30 A. Processing samples
at increasing temperature (150 and 300 °C) increases the diffraction intensity and correlation
length. In the Supporting Information we provide a full description of this analysis and its
interpretation, including a discussion of how it compares to Williamson-Hall analysis. These
results provide a view of the length scale associated with cation disorder in d-CZTS. For samples
processed at low temperature, ordered regions are of o-(1) nm, which is consistent with theoretical



simulations of entropy-driven cation disorder in this system, and with experimental observations
of domains with more and less cation order.*!!

3.6. XRD modeling: Probabilistic Rietveld refinement, stacking faults, and endotaxy

The XRD data for most samples have a sharply-defined shoulder on the low-angle side of the
(112) reflection (26 = 28.441°), which is the strongest for CZTS. This shoulder connects the CZTS
(112) peak to the ZnS (100) peak (20 = 26.915°). The presence of a distinct ZnS (100) peak is
expected for high-gap, ZnS-rich samples processed at high temperature, for which ZnS will form
as a secondary phase according to the equilibrium phase diagram. However, the presence of this
peak and the shoulder even in low-gap samples processed at low-temperature is surprising.

A sharply-defined shoulder on a particular diffraction peak (HKL) can indicate the presence
of stacking faults with surface-normal direction {HKL}.#>*% For CZTS, {112} is the close-
packed direction (corresponding to {111} in high-temperature cubic unit cell), and the shoulder
can be well-modeled as the result of a high concentration of stacking faults with {112} surface-
normal. Here we show that our data are well-described by a model of CZTS with a high incidence
of stacking faults along {112}.

We performed Rietveld refinement with the TOPAS-Academic v6 software using a model of
hexagonal, wurtzite ZnS-like stacking faults along the {112} direction of the tetragonal, kesterite
CZTS lattice. The stacking faults are modeled stochastically by a faulting probability pa.>® We
averaged 150 randomly-generated sequences of 150-layer supercells to achieve a reasonable fit to
the experimental data. We transform the tetragonal, kesterite CZTS lattice into a hexagonal
pseudo-unit cell with the c-axis oriented along the kesterite {112} direction, and then use a
probabilistic model of hexagonal, wurtzite ZnS-like stacking faults along this pseudo-c-axis. The
transformed cell was then further reduced by taking advantage of stacking vectors away from the
pseudo-c-axis direction. These transformations and reductions are for computational convenience
and do not affect the outcome. We fixed the in-plane atomic positions (x and y axes) by the
transformed CZTS unit cell, and allowed the pseudo-lattice parameters and out-of-plane atomic
positions (z axis) to vary according to the stacking fault number. The thermal parameter, Beg, Was
left at a constant value to minimize the number of independent variables. The absence of sharp
reflections corresponding to ZnS, besides (100) that we associate with this stacking fault
phenomenon along CZTS {112}, suggests that the formation of a ZnS-like fault does not
preferentially seed the formation of further ZnS-like layers. In Table 1 we show how we
implement this observation in probabilistic Rietveld refinement.

To — CZTS ZnS
From |
CZTS 1—-p, Pa
ZnS 1—p, Pa

Table 1: Constrained transition probability matrix, with increasing probability, p,, of a fault within CZTS
stacking.



In Figure 8 we show the result of refining this model of probabilistic stacking faults to the
XRD data for d-CZTS low-gap and high-gap films with varying post-deposition annealing
temperature. The agreement with the data is good; we find similar agreement for samples deposited
at varying temperature (not shown). This model resolves several surprising features of the XRD
data and provides a microscopic picture of how d-CZTS accommodates stoichiometry variation.
The model explains the sharply-defined shoulder on the low-angle side of the (112) reflection,
which is not well-described by a simpler model of two, separate diffraction peaks. The model
explains why only the (HKL) peak of ZnS appears in the data, even for ZnS-rich samples: d-CZTS
appears to accommodate local ZnS-rich deviations from stoichiometry as stacking faults along
{112} instead of endotaxial growth of a secondary phase, as suggested by previous studies on
CZTS.5%%

The probabilistic Rietveld refinement presented here is not exclusive of other models. We
chose to model ZnS-like faults, but similar agreement with the data could have been achieved with
faults defined by slabs of other structurally-coherent phases including CusSnSs and CuzSnSs. This
ambiguity doesn’t affect our conclusion that d-CZTS accommodates local deviations from
stoichiometry as stacking faults along {112}.

3.7.TEM

Cross-sectional TEM imaging of low- and high-gap samples as-deposited at room-T reveal
the presence of many crystal grains, with length scales on the order of tens of nm. We did not
locate any large (> 50 nm) areas that lacked crystalline order. Both samples contained grains with
a high concentration of stacking faults, although many of the imaged grains did not contain faults;
due to the nanocrystalline nature of the films, the orientation of the faults is difficult to determine.
No other extended defect types were observed within the grains, nor was there any evidence of a
layer of different composition or structure at either the surface or the substrate.
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Figure 9: Cross-sectional TEM micrographs of low-gap (a) and high-gap (b) d-CZTS films, as-deposited at
room-T. Black outlines surround each clearly-identifiable crystal grain. The insets are higher-
magnification views showing coherent crystal lattices within individual grains. Both samples have lattice
coherence length that is clearly much longer than 1 nm, and both samples have grains with a high
concentration of stacking faults.
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4. Discussion and conclusions

Chemical disorder in CZTS has been widely-studied because of its impact on PV performance,
and because it presents an intellectual challenge to measurement science. Here we emphasize
chemical disorder as a means to control properties by stabilizing non-equilibrium semiconductor
alloys. Using low-temperature processing, we stabilize disordered CZTS (d-CZTS) films that span
much of the CuxSnSz — CZTS — ZnS binary line. d-CZTS accommodates deviations from
equilibrium stoichiometry by cation site disorder and a high likelihood of stacking faults along the
{112} direction; even for ZnS-rich films processed at elevated temperature, the resulting material
is better described as a CZTS crystal with ZnS-like stacking faults, than as a system with two
distinct phases.

Our results support the conclusion that the non-equilibrium d-CZTS alloys described here are
kinetically-trapped, rather than thermodynamically-metastable. CZTS at equilibrium should
feature entropy-driven cation composition fluctuations on the nm-length scale, an effect which is
not captured by the equilibrium ternary phase diagram.* However, the observed increase in cation
order with increasing processing temperature suggests that d-CZTS alloys are kinetically-trapped
and, with sufficient time-temperature processing, would revert towards equilibrium ¢c-CZTS and
its narrower range of physical properties. The increase in crystalline order is continuous with
processing temperature, but we observe that signatures of cation disorder are little-affected by
processing at 150 °C. Therefore, the expanded range of properties accessible in d-CZTS likely
remains accessible for applications with operating temperatures below 150 °C. It remains to be



seen just how the physical properties (band gap, electrical and thermal conductivity, etc.) vary in
d-CZTS at elevated temperatures.

From our research and that of many others, it is clear that the equilibrium kesterite structure is
insufficient to describe real-world CZTS crystals at low temperature.®%1® More complicated
descriptions of cation composition fluctuations and coherent intergrowths are required to model
reality, and the d-CZTS films reported here are simply an exaggerated case. In this scenario, it is
unclear whether to label each d-CZTS film as a distinct phase, or to consider these samples as
composites with nanometer-scale phase fluctuations. For some applications, such as those reliant
only on the optical and thermal transport properties, there may be functionally no difference
between these scenarios. For other applications, such as those reliant on ambipolar transport (e.g.
solar cells), these fluctuations can be critically important.*® Appropriate description may therefore
depend on the intended use. In any case, CZTS remains a challenge for materials characterization.

CZTS is challenging to characterize because of the highly-disordered cation lattice and the
chemical similarity between Cu'* and Zn?* cations. XRD signals depend more on heavy cations
than on the lighter sulfur anions. Accordingly, the XRD data for d-CZTS suggests extremely small
crystal coherence length, under 10 A for samples processed at room-T. In contrast, TEM data
shows much larger and well-ordered crystallites. The EXAFS transforms show a strongly-
suppressed second coordination shell that resembles data for partially-amorphized materials.
Individually, each of these techniques provides an unclear and misleading view. Our results
emphasize the need for advanced characterization and to combine views from multiple techniques
in order to characterize the atomic structure of cation solid solutions such as d-CZTS.

Compositional flexibility presents a means to control properties. We show that d-CZTS can be
made with a very large range of band gap, electrical conductivity, and thermal conductivity.
Combining our new results with the work of others’, we conclude that, by virtue of its
crystallographic defects, the CZTS system has exceptionally-tunable thermal conductivity. d-
CZTS therefore represents a processing route to optimizing materials for opto-electronic device
elements such as light absorbers, window layers, and thermal barriers.

Supporting Information

Supporting Information presents the EXAFS best-fit parameters for all samples and standards
studied; measured thermal conductivity values, and dependence on stacking fault probability;
XRD coherence length analysis and Williamson-Hall analysis; details of Rietveld refinement
including atomic positions, transformed and reduced lattice parameters, stacking vectors, and the
structures considered in stacking fault analysis; and a catalog of all samples studied and
discussed in the manuscript. This material is available free-of-charge via the internet at
http://pubs.acs.org.
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