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HIGHLIGHTS

Cu,Zn;_,S structure-property
relations are mapped across full
cation composition space

A metastable wurtzite Cu,Znq_,S
alloy forms between two cubic
binary endpoints

The wurtzite structure correlates
with increased p-type conduction
and transparency

A p-type transparent region is

observed and contextualized with

wide gap highly p.type literature reports

Developing p-type transparent conductors (TCs) remains an outstanding
challenge in optoelectronics and photovoltaics. This study uses combinatorial
sputtering and spatially resolved characterization to map the full cation alloy space
of Cu,Zn4_,S, a promising p-type TC. Formation of a metastable wurtzite alloy is
observed between two cubic endpoints, leading to an electrical conductivity jump
and onset of a wide-gap p-type semiconducting regime. These findings motivate
further exploration of Cu,Zn,_,S, p-type TC development and continued
application of the combinatorial materials discovery approach.
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SUMMARY

P-type transparent conductors (TCs) are important enabling materials for opto-
electronics and photovoltaics, but their performance still lags behind n-type
counterparts. Recently, semiconductor Cu,Zn4_,S has demonstrated potential
as a p-type TC, but it remains unclear how properties vary with composition.
Here, we investigate Cu,Zn,_,S across the entire alloy space (0 < x < 1) using
combinatorial sputtering and high-throughput characterization. First, we find a
metastable wurtzite alloy at an intermediate composition between cubic
endpoint compounds, contrasting with solid solutions or cubic composites
(ZnS:Cu,S) from the literature. Second, structural transformations correlate
with shifts in hole conductivity and absorption; specifically, conductivity in-
creases at the wurtzite phase transformation (x = 0.19). Third, conductivity
and optical transparency are optimized within a "TC regime" of 0.10 < x <
0.40. This investigation reaffirms Cu,Zn,_,S as a promising, tunable, multifunc-
tional semiconductor alloy, provides new insight into composition-dependent
evolution of structure and properties, and informs future research into device
applications.

INTRODUCTION

Achieving a p-type transparent conductor (TC) with properties similar to n-type TCs
such as tin-doped indium oxide (ITO) and aluminum-doped zinc oxide (AZO) remains
an outstanding challenge in optoelectronic applications, and in particular for photo-
voltaics.” Although n-type TCs are usually oxides, recently there has been an up-
surge of interest in non-oxide chalcogenide materials as potential p-type TCs.”
Despite their lower gaps and stability challenges, sulfides offer several distinct ad-
vantages over oxides that directly address the challenges of achieving p-dopable
TCs. First, due to the position of S-3p orbitals, the valence bands of sulfides could
have greater hybridization and delocalization than oxides.® This could lead to lower
hole effective masses which could correlate to elevated hole mobilities. Second, the
higher position of their valence bands suggests higher p-type dopability than ox-
ides.® These advantages have been demonstrated in the development of high-per-
forming TC chalcogenides such as self-doped and Zn-doped CuAlS, (with one of the
highest conductivities of p-type TCs in the literature reported at 250 S cm™"),*”
BaCuyS,,%” and CusTaS4,® and mixed anion chalcogenides such as LaCuO(S,Se)’
and BaCu(S,Se,Te)F."” More recently, several TC chalcogenides have been pre-
dicted using high-throughput computational screenings, and remain to be achieved

experimentally.'"'?

One particularly promising p-type chalcogenide is the ternary compound Cu,Zn;_,S
(also notated Cu-Zn-S, CuZnS, ZnS:Cu,S, and Cu,Zn;_,S1_5). Cu,Zn;_,S combines

Progress and Potential
Advancing renewable energy
technologies requires
development of new materials.
One missing link in photovoltaic
(PV) solar cells are semiconductors
that are optically transparent and
electrically conductive, a
combination of properties that is
rare in nature. In particular, so-
called "p-type” transparent
conductors (TCs) could enable
more efficient charge extraction in
PV, so extensive research has
ensued to find suitable

p-type TCs.

This work elucidates the evolution
of crystal structure and physical
properties across a non-oxide
p-type TC system formed by
alloying transparent ZnS with
p-type conductive Cu,S. The
method of selecting two binary
endpoints and tailoring their
properties is a promising pathway
to discover and optimize new
p-type TCs. By coupling
combinatorial experiments with
theoretical calculations, we
demonstrate a high-throughput
approach to design properties of
PV materials.
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the properties of a wide-gap insulator, ZnS, with an absorbing p-type semicon-
ductor, Cu,S. Zinc sulfide typically crystallizes in a low-temperature zinc blende
(ZB) ZnS phase (F43m space group, band gap Eg = 3.7 eV) or a high-temperature
wurtzite (WZ) ZnS phase in a variety of polytype stackings (P6smc, Eq = 3.9 ev)."®
Copper sulfide crystallizes in a variety of stoichiometries and nominal oxidation
states, most commonly covellite CuS (space group Cmcm, Eg = 0.6-1 eV) or chalco-
cite Cus,S (space group P2;/c, E5 = 1.2-2 eV), although compounds Cu,S (y = 1.6,
1.8, etc.) with mixed nominal Cu oxidation states are also common, so we will use
the notation Cu,S herein. At dilute dopings (x < 0.005), Cu-doped ZnS nanoparticles
and films have been studied as electrochromic materials and photocatalysts,'*'¢
and at higher concentrations alloys have been explored.

CuxZnq_,S was first demonstrated as a p-type TC in 2011 using electrochemical
deposition, although previous studies of doping ZnS with Cu had alluded to its appli-
cation."'® The Cu,Zn; S p-type TC alloy gained prominence in 2012, when pulsed
laser deposition (PLD) yielded thin films with simultaneous hole conductivities up to
56 S cm™" and elevated optical transparencies.'” Additional studies demonstrated
synthesis at ambient temperature using PLD can retain crystallinity, high transparen-
cies, and similar conductivities,”® and that annealing can further increase conductiv-
ity.?" A significant step was development of a facile, low-temperature chemical bath
deposition (CBD) approach, yielding ZnS:Cu,S composites with conductivities on
the order of 10° S cm™", albeit with drops in transparency.? Subsequently, this com-
pound has been synthesized via various chemical and physical methods, e.g., sol
gel,?* spray pyrolysis,”*2° 26,27 28,29
among others (see Table S1). We emphasize that remarkable properties and crystal-
line films have been achieved even at low deposition temperatures; this is particu-
larly advantageous to applications in optoelectronic devices with low thermal

atomic layer deposition (ALD), and sputtering,

budgets, such as CdTe and perovskite photovoltaics (PV).***" Accordingly,
Cu,Zny_,S films of various crystallinity and microstructure have been recently
demonstrated as, e.g., a transparent electrode in np™:Si PV devices with a demon-
strated maximum open-circuit voltage of 535 mV,?” a back contact on CdTe solar
cells to enable bifacial PV, a top contact on perovskite PV,** and a junction partner

in self-powered UV photodetectors,®***

among other applications.

As this material space gains prominence in the photovoltaic community and beyond,
it is important to understand the structural driving forces of high conductivity and
stability. Among the previously mentioned studies, this compound tends to either
(1) phase segregate into a nanocomposite material (ZnS and Cu,S), usually with
chemical synthesis methods, (2) form a heterostructural, heterovalent alloy to vary-
ing degrees, usually with physical deposition methods, or (3) some combination of
the first two (see Perspective). However, it is still not fully understood what exactly
is responsible for elevated conductivity in this material: a conducting network of
semimetallic Cu,S or metallic Cu phases, doping of Cu*" cations into ZnS, realization
of a unique heterovalent ternary alloy, or some combination of these effects?** In
particular, why can high performance be achieved at such low synthesis tempera-
tures? Additionally, to our knowledge there has been no exploration yet of struc-
ture-property relations across full cation composition space, which could provide
insight into the compound’s formation conditions and thermodynamic stability.

In this study, we investigate the Cu,Zn;_,S1_; phase space using combinatorial
Figure 1A.
We focus on the role of Cu concentration x across its entire composition space
(0 < x < 1), since the tuning of cations is primarily responsible for the shift

sputtering at low deposition temperature, as depicted in
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Figure 1. Combinatorial Synthesis and Characterization Schematic

Left: a schematic of the combinatorial sputter synthesis setup, consisting of a ZnS and a Cu,S target
at two individual sputter guns and a 50 x 50 mm sample “library” containing a composition
gradient across the x axis. Right: a generalized schematic of the point-by-point characterization
methodology, applied to study composition, crystalline phase, and optoelectronic properties.

between insulating, semiconducting, and metallic properties. Thus, we refer to this
ternary space simply as “Cu,Zn1_,S" herein, as is common in the literature, yet we
acknowledge sulfur concentration 1 — 6 is also relevant. Using customized high-
throughput combinatorial characterization tools, e.g., synchrotron diffraction,
UV-visible near-infrared (UV-vis-NIR) spectrophotometry, and four-point probe re-
sistivity measurements, as depicted in Figure 1B, we demonstrate that heterova-
lent, heterostructural alloying occurs within this compound, and observe the
stabilization of the metastable WZ ZnS phase in the approximate region 0.19 <
x < 0.50. The transition from the ZB to WZ phase around x = 0.19 is found to corre-
late with increased conductivity and a decrease in absorption coefficient, and un-
derstanding these structure-property relations provides guidelines on how to
improve transparency and conductivity in future work. We contextualize our find-
ings across the literature space of Cu,Zn;_,S, comparing the reported phases, syn-
thesis methods, and achieved properties.

RESULTS

Structure and Composition

Sample stoichiometry of >350 data points in eight combinatorial libraries spans
almost all of the cation composition space of Cu,Zn;_,S, with 0 < x < 1 where
x=Cu/(Cu + Zn). Sulfur concentration (1 — d in Cu,Zn,_,S1_) versus copper concen-
tration xis plotted in Figure 2A (see Supplemental Information for calibration). Some
regions have overlapping libraries and others have no data. Endpoint films with x= 0
are S-poor with respect to ZnS, with 1 — 6 = 0.92 + 0.04 rather than 1 — ¢ = 1.
Endpoint x = 1 aligns with a stoichiometry somewhere between Cu;,S and
Cuj 4S, which is S-rich with respect to the nominal Cu,S of the target. In all alloy films
with x>0and x< 1, 1 — ¢ appears to align approximately with that expected from an
alloy of ZnS:Cuy 4S, within measurement uncertainty. These findings corroborate
literature findings of S-poor ZnS*” and S-rich Cu,S,***7 although S content is rarely
reported. We observe a minor library-dependent effect such that data points from
different sample libraries with the same x have slightly offset 1 — §. These off-stoichi-
ometries may stem from unintentional substrate heating from the plasma, from other
non-equilibrium effects, or from a mixed oxidation state of Cu. Although energy-
dispersive X-ray spectroscopy (EDS) measurements suggest oxygen contamination
of less than 2%, this is presumed to only reside on the surface as a thin oxidized layer,
which is expected because of air exposure of films. Bulk oxygen is undetectable via
Rutherford backscattering spectrometry (RBS).
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Figure 2. Chemical Composition and Crystal Structure Across Cu,Zn,_,S Phase Space

(A) Calibrated S concentration 1 — 6 as a function of Cu concentration x for each combinatorial
Cu,Znq_,S sample “library.” Error bars are derived from uncertainty in RBS fitting procedure

(see Supplemental Information).

(B) Synchrotron X-ray diffraction measurements of ambient-temperature-synthesized Cu,Znq_,S
films from 0 < x < 1. Triangles indicate the dominant peaks of the four different crystal phases that
are visible across the ternary phase space.

(C) Close-up of the zinc blende (ZB) (111) and wurtzite (WZ) (002) peaks in the region 1.9 A'l<Qo«<
2.1 A7", distinguishing the separate reflections. These are the directions of high orientation.

(D) Estimate of lattice constant from diffraction peak position. The label "hex" is to distinguish that
the lattice constant for WZ structure stems from its hexagonal unit cell, and thus is larger than the
others.

(E) Estimate of coherence length from Scherrer analysis, using the full width at half maximum of the
dominant diffraction peaks and error bars estimated from the uncertainty in peak fit (see
Supplemental Information).

In Figure 2B, we plot the synchrotron X-ray diffraction intensities (color scale) of the
ambient-temperature-synthesized films as a function of cation composition x, with
both Q and 26 on the y axis (calibrated to Cu K-a. emission wavelength) for reference.
The amorphous halo around Q = 2 A~" is due to the glass substrate. Broad peaks
indicate a nanocrystalline film.
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Figure 3. Schematic of the Four Crystal Structures Found in the Phase Space of Cu,Zn,_,S
"Cu concentration" denotes the composition for which each crystal structure appears. Colored triangles correspond to the phases in Figure 2. Space
group information is given, local environment coordination is summarized, and structures are depicted in unit cell, polyhedra edge view, and polyhedra

corner-centered view configurations to aid visualization of structural units. Computed GGA band structure from the Materials Project database’’ and
average BoltzTraP-derived hole effective masses are also reported.*’*?
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Within the phase space of Cu,Zn;_,S we observe four distinct binary crystal struc-
tures: cubic zinc blende ZnS-type (space group F43m, denoted “ZB"), hexagonal
wurtzite ZnS-type (space group Pésmc, denoted "WZ"), Cu,S-type (1.6 < y < 2;
space group F43m), and Cu,S-type (1.2 < y < 1.4; space group Fm3m). These crys-
tal structures, the Cu concentrations in which they are present, local coordination en-
vironments, theoretical GGA band structures (from the Materials Project data-

base),*° 41,42

and BoltzTraP effective masses from a computational database are
illustrated in Figure 3. The dominating diffraction peaks of these phases are marked
in Figure 2B using colored triangles. Interestingly, the ratio of binary constituents
does not change monotonically across x, in contrast to other low-temperature syn-
theses of Cu,Zn,_,S, e.g., CBD.?? There is also no evidence of a unique ordered
ternary phase of all three elements, corroborated by the lack of such a thermody-
namically stable phase in the Inorganic Crystal Structure Database or Materials Proj-
ect database (although an ordered F43m alloy may be possible around x = 0.6; cf.
Supplemental Information for computational structure prediction).“® Rather, this sys-
tem appears to be a heterovalent, heterostructural alloy, with distinct regions in
composition space where the structure transitions either sharply or gradually to
another phase. One particular difficulty in identifying these phases arises from the
similar symmetry, coordination, atomic radius, and unit cell size of ZB ZnS and cubic
Cu,S. Coupled with broad peaks, this results in nearly identical X-ray reflection loca-
tions, albeit slightly distinct relative intensities. For example, ZnS is less atomically
dense in the (111) plane in comparison, so the peak at Q = 2.0 A" is fainter; we
will be focusing on this peak subsequently.

At x = 0 (far left of Figure 2B) and from 0 < x < 0.18, diffraction peaks correspond to
ZB ZnS, with a faint shoulder peak at approximately 26 = 27° suggestive of WZ ZnS
(100). Films are nanocrystalline, yet somewhat oriented in the (111) direction. Be-
tween 0.10 < x < 0.19, the (111) peak shifts slightly to higher 26 by approximately
0.2°, as observed in Figure 2C. This correlates to the contraction of lattice parameter
plotted in Figure 2D, which is expected upon Cu incorporation into ZnS, although
the peak shift is lower in magnitude than the expected theoretical contraction of
complete substitution of Cuz, antisites.’® However, at approximately x = 0.19, the
cubic peaks and the shoulder disappear and sharply transition to peaks indicative
of (002) oriented WZ ZnS, as shown most discernibly by the appearance of the
(103) WZ peak at approximately Q = 3.5 A~" (approximately 26 = 51°). The large
peak around Q=2.0 A~ (26 = 28.5°) remains dominant, although it shifts noticeably
to slightly lower values (see Figure 2C). It aligns with both WZ (002) and ZB (111), but
is too broad to resolve. The intensity of the peak suggests (002) orientation,
although could also discern some ZB still in the material. The WZ phase is present
until x = 0.50, although a cubic F43m phase appears briefly in the middle of this
regime from approximately 0.30 < x < 0.40, and could be from ZB Zn$S or some or-
dered ternary F43m structure, e.g., F43m Cu,ZnS; (see Supplemental Information).

Between x = 0.50 and x = 0.60, a gradual shift from WZ to cubic F43m occurs in what
appears to be a phase-separated composite of WZ ZnS and cubic Cu,S. The peak
around Q = 2.0 A~" shifts to higher Q. We note the similarity with the ZB Zn$ phase,
and it is plausible there is mixed ZB ZnS within this regime. The diffraction patterns
remain relatively unchanged from 0.60 < x < 0.90, although the cubic (111) peak be-
comes fainter while the cubic (220) peak gets stronger with x. This could correspond
to a shift in orientation. We deduce a phase change from F43m Cu,S to what is likely
an Fm3m structure somewhere between x = 0.90 and x = 1, but the onset is unclear.
This phase is highly oriented in the (220) direction and is measured with RBS as Cu,S
with 1.2 < y < 1.4. This is more S-rich than the Cu,S target. We see no evidence of
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covellite or chalcocite, the thermodynamic ground-state Cu,S structures, nor any
unique ternary phase across the entire phase space. In Supplemental Information
we show patterns from higher-temperature synthesis conditions. In contrast to
ambient-temperature-synthesized films, sputtered films at temperatures 180°C
and greater clearly phase segregate into ZB ZnS and cubic Fm3m Cu,S with larger
grain sizes.

Coherence length of sample grains is estimated from the wide-angle X-ray scat-
tering (WAXS) patterns using Scherrer analysis in Figure 2E.** Across the full phase
space, coherence length ranges from approximately 10 nm to 50 nm, with a slight
decrease as x increases. Error bars stem from uncertainty in peak fit. It is highest
within the WZ dominated films, suggesting larger grains. Due to peak broadening,
Scherrer analysis is useful to estimate a lower limit to grain size.

Transmission electron microscopy (TEM) was performed for samples with approxi-
mately x = 0.18 and x = 0.21, selected as representative compositions that lie before
and after the ZB-to-WZ phase transition, respectively, and within the TC regime. Fig-
ures 4A and 4B show TEM bright-field images, Figures 4C and 4D selected area elec-
tron diffraction (SAED) patterns, and Figure 4E integrated SAED patterns compared
with the WAXS diffraction patterns. We find SAED patterns to corroborate our WAXS
measurements, confirming the dominance of the ZB structure at x = 0.18 and WZ
structure at x = 0.21. Furthermore, a Rietveld refinement analysis suggests that
both samples contain approximately 5%-10% of secondary phases of WZ and ZB,
respectively. This could explain the shoulder peak in ZB films. Additionally, both
films appear to be polycrystalline. Comparison of Figures 4C and 4D illustrates
that the ZB phase contains relatively randomly oriented grains, as indicated by its
diffraction rings, but in contrast the oriented diffraction spots in the WZ phase
indicate high texturing in the (002) direction, corroborating the diffraction patterns.
This is not unusual for WZ thin films in general, but somewhat surprising for thin films
synthesized at ambient temperature, especially on glass substrates.

TEM micrographs show grain sizes on the order of 20 nm in width for the x=0.18 and
x=0.21 samples, comparable with WAXS Scherrer analysis. TEM also illustrates the
samples’ growth in columnar grains (see Supplemental Information), which is typical
for sputtered films.** We also note that EDS line scans and mapping do not detect
any evidence of a phase-segregated Cu,S at either of the two compositions studied
(see Supplemental Information). There are some regions in each sample of compo-
sitional heterogeneity, mostly congregated at the surface, although this is most
likely due to spurious particles released from the degrading copper sulfide sputter-
ing target during growth.*”

Optical Properties

The optical absorption coefficient (a) is calibrated using film thickness and plotted
for all Cu concentrations in Figure 5A. Here, the y axis corresponds to incident
photon energy and the color bar to « such that light colors indicate higher transpar-
ency. Note that the visible spectrum, approximately 390-750 nm, is equivalent to
1.65-3.17 eV and is notated with a rainbow bar. The purple color indicates the onset

3 and

of the absorption edge, i.e., absorption coefficients of approximately 10% cm™
the extent of the color gradient represents the sharpness of the edge. After a mono-
tonic decrease with x of absorption onset from 3.4 eV to 3.1 eV, we observe ajump in
absorption at approximately x = 0.18 up to 3.3 eV. A sharp drop in absorption onset
occurs between Cu concentrations of 0.18 and approximately 0.35, followed by a

more gradual monotonic decrease until x = 1 (with a slight jump likely due to a
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Figure 4. Transmission Electron Microscopy (TEM) Measurements of Cu,Zn,_,S

(A-D) TEM bright-field images for two distinct cation concentrations of Cu,Zn;_,S, with 10 nm scale
bars: (A) x = 0.18 and (B) x = 0.21. Selected area electron diffraction patterns of (C) x = 0.18 and (D)
x =0.21, with 10.0 1/Gm scale bars. See Supplemental Information for labeling of rings
corresponding to ZnS zinc blende (ZB) and wurtzite (WZ).

(E) Azimuthally integrated electron diffraction profiles, contrasted with X-ray diffraction profiles
from respective samples. Peaks from ZnS ZB and WZ standards are marked in blue and red,
respectively.

restrengthening of the WZ ZnS phase). We note that films synthesized at higher tem-
peratures experience a slight decrease in absorption onset (by approximately
0.15 eV) within the range 0.2 < x < 0.4 (see Supplemental Information), likely due
to presence of copper sulfide secondary phases.

In Tauc analysis of semiconductors, the band gap usually is defined as the absorption
onset of band-to-band transitions, which tends to become dominant at absorption
coefficients of approximately 10* cm™".* Accordingly, in Figure 5B we estimate
the band gap of these films with a Tauc plot, in which each curve is fitted to a line
from absorption coefficient values of 10% to 10° cm~3, and the intersection of this
line with the energy axis is taken to be the optical gap. Cation composition is shown
on the color bar. These absorption edges correlate with the purple region in Fig-
ure 5A, as expected. Thus, these compounds span the range of band gap between
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Figure 5. Optical Properties of CuxZn1—xS Thin Films

(A) Optical absorption coefficient of Cu,Zn_,S samples, plotted as a function of incident photon energy and Cu concentration x.

(B) Tauc plots to estimate band gap in a representative set of cation compositions.

(C) Reflection corrected optical transparencies of six representative sample libraries across cation composition space. The rainbow bar indicates the
visible spectrum.

approximately 3.4 eV for x = 0 through 2.2 eV for x = 1. This is as expected for insu-
lating ZB ZnS and semimetallic Cu,S. We observe Urbach tails in nearly all samples
except x = 0 and x = 1.%’ This is not surprising, as we found small coherence lengths
via Scherrer analysis and TEM, although it highlights a detrimental effect of small
grains on optical transparency.

Figure 5C plots the reflection corrected optical transmittance in the UV-vis spec-
trum, also with cation composition plotted as the color bar (see Supplemental Infor-
mation for derivation). Cu,Zn;_,S films become significantly absorbent around
x = 0.4. At x > 0.4, transmittance peaks around 600-650 nm and then decreases,
likely due to an increase in plasma absorption and decrease in plasma wavelength
in the NIR.*® Quantitative comparison of these plots should be performed with
caution, since thickness varies from 250 to 650 nm between samples and within in-
dividual samples due to thickness gradients of the combinatorial setup. This is rather
thick for TC applications; functional n-type TCs for PVs, for example, typically vary
from 20 to 200 nm," so it is reasonable to assume higher transparencies are achiev-
able for device applications.

Electrical Properties

In Figure 6C, we plot the electrical conductivity (s) of >350 data points as a function
of Cu concentration as measured by a combinatorial four-point probe (4pp) setup.
Within the range 0 < x < 1, hole conductivity ranges over at least five orders of
magnitude, from less than 1072 S cm™" at x = 0.07 to greater than 3 x 10° S cm™'
at x = 1. Conductivities of films x < 0.07 are below the detection limit of our instru-
ment, since Hall measurements yield conductivities on the order of 1072 S cm™" for
x = 0.05 and x = 0.07 although error bars are as large as the measured value. Over
the range 0 < x < 1, conductivity essentially increases monotonically and can be
subdivided into insulating, semiconducting (“TC regime”), and semimetallic re-
gimes. However, sharp discontinuities in conductivity appear within the TC range
at around x = 0.19 and x = 0.40 (although there is a gap in data for the latter). Con-
ductivity spans from approximately 1S cm™ to 22 S cm™" between 0.19 < x < 0.40,
respectively, jumps to around 150 Scm ™" at 0.45, and is greater than 1,200 S cm " at
x = 0.80. We note that within the TC regime, these are far from the highest conduc-
tivities achieved in the literature (see Perspective). Increasing the synthesis
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Figure 6. Comparison of Experimental Properties across the Phase Space of Cu,Zn,_,S, with
0<x<1

(A) Cartoon schematic of the various crystal phases: zinc blende (ZB) ZnS, wurtzite (WZ) ZnS, and
two phases of cubic Cu,S with 1.6 < y < 2.

(B) Optical absorption coefficient averaged over the visible spectrum (390-750 nm), as measured by
UV-vis spectrophotometry (see Figure 5).

(C) Hole conductivity measured by a four-point probe (4pp), depicting insulating, semiconducting,
and metallic regimes.

(D) Hole mobility and carrier concentration measured by a room-temperature Hall effect system
with van der Pauw contacts, with statistical error bars from multiple measurements.

(E) Haacke figure of merit (FoM), indicating the most optimal combination of properties in the “TC
regime” (0.1 < x < 0.4) denoted with black dotted lines across the entire plot.

temperature to approximately 180°C yields a maximum conductivity of approxi-
mately 60 S cm ™' to 250 S cm " in the range 0.2 < x < 0.4, respectively, which is
approximately ten times higher than in samples synthesized at ambient tempera-
ture. However, this is a phase-separated material, and the high conductivity is
most likely just due to the metallic Cu,S phase.

The inset Figure 6D plots the Hall-derived hole mobility and hole concentration for a
select set of compositions in the range 0.05 < x < 0.27. All films are measured p-type.
Hole concentration is shown to change over three orders of magnitude within this
range, from 1.0 + 0.6 x 10" cm 2 at x=0.05t0 4 + 2 x 10°° cm 3 at x = 0.27,
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increasing monotonically within the error bars of this measurement. This is not sur-
prising, since conduction becomes more metallic as x increases and more carriers
are introduced into the lattice. Meanwhile, mobility decreases with x but at a signif-
icantly slower rate, from approximately 1.3 + 0.7 cm?V ™' s at x=0.05t0 0.12 +
0.06 cm?V~" s atx = 0.27. Though generally decreasing, we observe a statistically
significant jump in mobility somewhere in the approximate range 0.16 < x<0.19. We
note that in semiconductors measured via conventional table-top DC Hall systems
(room temperature, <2 T magnetic field), mobilities below 1 em? V71 577 have
been shown to exhibit limited accuracy (our system uses a 0.3 T magnetic field),
although systematic trends should be precise.”” Additionally, the nature of combi-
natorial deposition adds another source of uncertainty to Hall measurements: since
composition is not uniform over the probed area due to the combinatorial spread,
measurements may convolute electrical properties from distinct compositions. For
this reason, we cleave samples as small as possible (5 mm X 5 mm) while retaining
a uniform square shape with indium van der Pauw contacts.

Figure of Merit
Various formulas to calculate a figure of merit (FoM) for TCs have been proposed in
the literature, although a standard FoM has not been agreed upon. Here, we select

the FoM as proposed by Haacke, since it is one of the most widely used metrics:**"

FoM=T9/Rq,

with g typically set to 10.%° Tis transmittance averaged over the visible regime (390-
750 nm) and Ry, is sheet resistance in units of Q/sq. We plot the Haacke FoM of our
films in Figure 6E and find that the FoM function is maximized in an optimal trans-
parent conducting regime, denoted “TC regime,” within approximately 0.10 < x <
0.40. This corroborates the approximate range of optimized p-type transparent con-
ducting properties found in the literature.”” We note that the FoM is a useful metric
for comparison, although it is not necessarily indicative of whether a TC will be useful
for a particular application. We also note that the Haacke FoM is somewhat depen-
dent on thickness, which is not constant across these samples.

DISCUSSION

Structural Phase Transitions and Influence on Optoelectronic Properties

We can now align the material properties of Cu,Zn;_,S across cation chemical
potential space in Figure 6 to highlight the distinct connection between structure,
absorption, and hole transport. We will focus on the range x < 0.4. First, ZB ZnS
is insulating at x = 0, with resistivities too small to measure. It is well established in
the literature that, at even dilute concentrations of Cu, ZnS converts from n-type
intrinsic behavior (due to interstitial Zn;, or S vacancies, Vs) to p-type behavior
(due to Cug, antisite defects).'®>? Thus Cu,Zn;_,S becomes semiconducting and
p-type in low Cu concentrations of 0 < x < 0.10. Carrier concentration is measured
on the order of 10" cm~2 in this range and increases with x by several orders of
magnitude, indicative of activated carriers, while mobility drops by at least half.
The slight lattice constant reduction in the approximate range 0.10 < x < 0.19,
see Figure 2C, provides evidence of Cu alloying into the ZB ZnS lattice, likely
substituting for Zn on tetrahedral sites. Cuz, has been predicted to be a shallow
acceptor,'” so as the site density increases, hole conductivity slowly increases.
The introduction of Cuz, has been shown to raise the valence band, reduce the
band gap, and contribute tail states to the band edges due to Cu 3d orbitals, so
this increase in absorption is reasonable.>® Previous studies have postulated that
above its solubility limit Cu ions phase segregate to form amorphous or nanocrystal-
line Cu,S, but we see no evidence of this in EDS line scans at x = 0.18 (see
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Supplemental Information).?? It is possible that excess S or Cu are occupying inter-
stitial sites, or that defect complexes are forming to counteract lattice contraction.
We can look toward the breadth of literature on Cu,ZnSnS, (i.e. CZTS, essentially
this compound with added Sn) to estimate the defect physics, in particular the
high probability of disorder between the Cu and Zn to produce Cuz, and Zne,.>
Like CZTS, we observe Cu*" cations in our structures and claim that Cuz, leads to
p-type conductivity. However, we caution directly transferring CZTS defect physics
due to the influence of Sn, and recommend in-depth defect calculations to confirm
specific behavior.

The jump to higher conductivity at approximately x = 0.19, which is systematically
reproduced across multiple libraries, correlates with the shift to the WZ ZnS crystal
structure at the same stoichiometry. Mobility appears to increase moderately at
this Cu concentration as well. We also observe a reduction in short wavelength
absorption, demonstrated by the purple spike in Figure 5A, although the average
absorption coefficient remains relatively smooth as evident in Figure 6B. This is
reasonable because the band gap of WZ ZnS has been demonstrated to be approx-
imately 0.1-0.4 eV greater than that of ZB ZnS. A second jump in conductivity be-
tween 0.40 and 0.45 correlates to a restrengthening of the signal of the WZ (103)
reflection. We expect that the Cu atoms have substituted for Zn at tetrahedral sites
in this regime as well. This corroborates the presence of a WZ onset and elevated
conductivity in PLD synthesized films, although the shift to the WZ phase occurs at
a slightly higher Cu content of 0.25 < x < 0.30.%° It also seems reasonable Cu could
occupy octahedral voids, as it does in Cuy gS. The observed increases in both con-
ductivity and absorption after x= 0.5, as Cu,S phases start to dominate, is expected
as the film becomes more metallic.

The results presented in this article lead to two interesting questions. (1) Why do we
observe a heterostructural alloy system with the onset of a WZ phase, rather than a
cubic isostructural alloy or nanocomposite? (2) Why does the presence of the WZ
phase seem to correlate to higher hole transport? First, we discuss why the WZ phase
may be structurally favorable. The most likely argument we find is a strain-induced
phase transformation. Previous studies of alloys have exploited induced surface
strain to catalyze growth of metastable "negative pressure" polymorphs.® For
example, in the ZnS-ZnTe and AIP-AISb systems it has been observed that alloying
two ZB structures can stabilize a WZ structure (e.g., ZnS,Te;_,) due to lower strain
energies and formation enthalpies.”® Moreover, our group has recently stabilized
metastable WZ phases in Mn;_,Zn,Te alloys.”” WZ polymorphs of compounds
with ZB or rocksalt stable phases have been routinely observed in nanowires, and
the consensus is that the interfacial energy and strain is responsible in these cases
as well.”® It also is surprising that WZ ZnS is present in ambient-temperature-synthe-
sized films, since the ZB-to-WZ phase transition occurs in single crystals at atmo-
spheric pressure between 800°C and 1,020°C.>”“° However, it has been shown
that the formation energy of this transition can be reduced significantly in nanopar-
ticles and thin films due to surface strain.®’

Additionally, it is possible that Cu is more soluble in the WZ than the ZB phase, such
that a structural transition is induced at a critical Cu content where ZB can no longer
support the quantity of Cu. Another related possibility that merits consideration is
the approach of a percolation threshold within ZnS, i.e., a connected network of
Cu throughout the crystal. This percolation threshold is expected at approximately
x = 0.20, assuming random occupancy of Cu on the Zn sites and an fcc lattice.®? It is
possible that the WZ phase becomes stabilized at this percolation discontinuity,
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although more in-depth analysis is required to explain the exact cause of the struc-
tural shift. Furthermore, sputtering is a non-equilibrium synthesis method, so in addi-
tion to induced alloy strain the presence of high-energy ion fluxes at the substrate
surface can induce formation of metastable, high-temperature phases.®* We postu-
late that low-temperature films are able to access a local minimum of formation en-
ergy just above a miscibility gap where the formation of a heterostructural alloy is
more preferable than spinodal decomposition into multiple phases.®* To assist
the understanding of WZ stabilization within the Cu-Zn-S system, formation energy
calculations must be performed, but are beyond the scope of this investigation.

Second, we discuss how the presence of the WZ ZnS phase is correlated with higher
hole transport. The reason for this is not entirely clear. In fact, this finding is counter-
intuitive in that the average hole effective mass of WZ ZnS is 1.25 while that of ZB ZnS
is approximately 0.79 (see Figure 3, as estimated by the BoltzTraP code for hole dop-
ings of 102° cm 3 at 300 K).*? This would suggest larger achievable hole mobilities in
ZB, yet we observe the opposite in experiments. Itis possible that the solubility of Cu
in WZ is higher than in ZB, or donor “hole killer” compensation is lower, leading to
higher carrier concentrations. However, we propose it is most likely that microstruc-
tural mechanisms explain our findings. We observe larger grains and higher
texturing in the WZ phase, which could reduce grain boundary scattering and in-
crease hole mobility. TEM shows no presence of a Cu,S matrix within the x = 0.21
film, which has been a proposed mechanism of elevated conductivity for past studies
of Cu,Zn;_,S,7%?? although we cannot rule out this possibility of a secondary phase
within the region 0.40 < x < 0.45. We also acknowledge defect density, S off-stoichi-
ometry, tolerance to cation disorder, or oxygen incorporation as possible sources of
the jump in hole conductivity, although this is less likely because the local coordina-
tion environments are similarin ZB and WZ ZnS phases (see Figure 3). However, more
in-depth measurements of hole mobility and defect concentration are necessary to
quantify this effect.

Perspective

To contextualize our findings and highlight previous studies on this material,
we compared properties of CuZn;_,S reported in the literature in Fig-
ure 7.17724:28:37.65-9 Marker shapes denote the phase reported in each study, which
are all alloys except for the ZnS + CuS composite system (triangles), while the color
indicates the reported Cu concentration. Samples from the literature are denoted
with thin outlines, while those from this study have thick outlines. The literature sam-
ples span a wide range of chemical potential space; we only plot those with reported
band gaps here, but include a table with data and references of both these studies
and those without complete properties in Supplemental Information.?>~27:2%.70-78
For comparison, we also plot typical values of band gap and conductivity for
n-type Sn-doped In,O3 (ITO)’? and one of the highest performing p-type TCs,
Mg-doped CuCr0,.%°

Our films are lower in conductivity than the highest reported in the literature (note
that the triangular samples are from elevated synthesis temperatures with phase
segregation). One reason for this may be the sulfur deficiency in the TC regime
with respect to an expected ZnS:CusS alloy, leading to substantial carrier compensa-
tion from sulfur vacancies. We note that anion concentration (6 — 1 in Cu,Zn1_,Ss_1)
and oxygen impurities are not plotted here, nor are they reported in all but one
study. Film thickness is also not plotted, which can significantly influence optoelec-
tonic properties. Our findings suggest guidelines for improved performance, which
requires a simultaneous reduction of scattering, increase of hole doping, and
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Figure 7. Electrical and Optical Properties of Cu,Zn,_,S Reported in the Literature

Realized optoelectronic properties of the Cu,Zn;_,S phase space across all literature studies, from
2009 to 2018, highlighting conductivity as a function of band gap (Cu concentration is the color
bar).!72428:37.65°5% The marker shape depicts the reported crystalline phase. Thin lines indicate
samples from the literature, while thick lines indicate a representative set of samples from this
study. All reported phases are alloys or doped, except for the ZnS + CuS composite (phase-
segregated) system.

maintenance of a high-absorption onset. First, a higher growth temperature or an
anneal step is recommended to increase grain size, limit grain boundary scattering,
and increase hole mobility. Annealing has been performed in the literature,?*® but
has been demonstrated only to increase conductivity by one report, to our knowl-
edge.?’ A downside of high growth temperature is a lack of compatibility in applica-
tions with low thermal budgets and possible ZnS and Cu,S phase segregation. Sec-
ond, Vs can compensate hole concentration, so filling vacancies should increase
carrier concentration. This can be done by increasing anion chemical potential dur-
ing growth by, e.g., cracking sulfur-containing gas or annealing in an S-rich environ-
ment. Third, in sputtering specifically, we recommend continuing to optimize
growth pressure, gun position, and gas flow rate. As evidenced from the recent
high conductivity and transparency,”’ the Cu-Zn-S system has the potential for
even greater performance upon process optimization.

Whether an alloy or composite forms in Cu,Zn;_,S depends on thermodynamic
growth conditions; we have shown that this depends also on anion concentration,
as we primarily make alloys except in the region 0.5 < x < 0.6. It is observed in Fig-
ure 7 that the physical deposition methods at low temperatures tend to result in an
alloy, while chemical deposition tends to yield phase-separated materials at both
high and low temperatures. Sputtering and PLD yield relatively similar film qualities
and properties; specifically, both methods lean toward alloy formation. However,
PLD is capable of perturbing synthesis even further from equilibrium due to its
high incident laser energy. This may result in increased solubility of Cu and other
non-equilibrium effects that could lead to higher conductivities. Direct comparison
of these methods is beyond our scope, but we refer the interested reader to compre-
hensive references.’*®'% Thus, the choice of synthesis method and temperature
matter, and can be tuned to the application of interest. We also expect a distinction
in band alignment of phase-separated systems in comparison with alloy systems,
since electronic states from both phases will contribute to band edges. This may
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present an issue in electronic devices, so alloyed phases may be advantageous for
optoelectronic applications. This investigation motivates the need for follow-up
work to calculate and measure band offsets using density functional theory and X-
ray photoelectron spectroscopy, among other methods.

Conclusion

In this study, Cu,Zn;_,S was synthesized at ambient temperature across the entire
cation composition space 0 < x < 1. We have created the first full-range map of
diffraction patterns across this space, charting four distinct crystal structures. A rela-
tively transparent semiconducting regime is achieved in the range 0.1 < x < 0.4,
consisting of ZB (0.1 < x < 0.19) and WZ ZnS (0.19 < x < 0.4) regimes with conduc-
tivities of approximately 3 S cm ™' for a band gap of 3 eV. This aligns with optimized
transparent conducting regimes of previous studies. Conductivities over 1,000 S
cm~ " were achieved in a semimetallic regime at x = 0.80, consisting mostly of a cubic
Cu,S phase. We observe a jump in conductivity around x = 0.19, which correlates
with the onset of a large-grain, highly textured WZ phase. This is surprising at
such low temperatures and in the middle of a cubic alloy system. Our analysis sug-
gests the importance of the WZ phase in achieving highly conductive alloys in the
transparent region. Evidently it is the large, oriented grains of the WZ structure
that are responsible for this elevated conductivity; this suggests, not surprisingly,
that achieving larger grains should increase conductivity, although there is a
trade-off with increasing synthesis temperature. Although alloying occurs in these
low-temperature sputtered films, we find that growth at temperatures of 180°C
and higher yields phase separation. The properties of the ambient-temperature
films from this study are similar to those from other sputtering and PLD reports,
but they are not likely representative of the phase space of other synthesis methods.
To illustrate the differences, we have compared our results with those from the liter-
ature, suggesting different microstructure and conductivity mechanisms in
Cu,Znq_,S thin films synthesized via various methods.

Investigation into the role of defects and disorder within this phase space, as well as
investigation of band alignment and band bending within this system, could provide
further insight into properties to optimize performance within the TC regime.
Although this study has focused on the role of cation composition, we acknowledge
that the interplay of anion off-stoichiometries and Cu nominal oxidation state is also
key to elucidating structure-property relations of the entire ternary phase space of
CuZny_S1_s. Additionally, we have synthesized primarily ambient-temperature
films due to their remarkable properties and potential applications in low thermal
budget systems, but an understanding of temperature stability and phase transfor-
mations is an important next step. There exist a variety of proposed p-type TCs in the
literature, including oxide chemistries but also chalcogenides, e.g., Cu,Zn_,S and
mixed oxychalcogenides, which have yet to be implemented into PV devices.
Cu,Znq_,S demonstrates the materials design scheme of selecting two binary end-
points to tailor alloy properties toward new functionalities, and highlights that a
unique metastable phases may lie between these two endpoints. Specifically, the
generalized approach of combining one binary endpoint with high transparency
and another with high hole conductivity, and exploring the resulting ternary phase
space combinatorially, is a promising approach toward designing ternary p-type
TC systems beyond Cu,Znqi_,S. Thus, this study highlights the importance of
continuing in-depth, combinatorial studies in Cu,Zn;_,S and beyond to map out
the optimal performance space, correlate structure with optical and electrical prop-
erties, measure or calculate band alignment, and investigate stability. Such
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understanding can then inform materials selection criteria and aid implementation
into next-generation energy devices.

EXPERIMENTAL PROCEDURES

The combinatorial method®* was used to sputter deposit eight thin-film combina-
torial “libraries” of Cu,Zn;_,S with gradients in cation composition, as depicted in
Figure 1A. Precursor sputtering targets were 2-inch-diameter ZB ZnS and chalco-
cite Cu,S. Films of thickness 250-600 nm were deposited via radiofrequency (RF)
co-sputtering in an inert Ar environment, with vacuum base pressure 5 x 1077
Torr, growth pressure 1.3 x 1073 Torr, and RF power varying from 0 W to 40 W.
Sample libraries were grown on 50 X 50 mm Eagle XG glass substrates with cop-
per concentrations spanning the entire cation chemical potential space, i.e., Cu
cation concentration x = Cu/(Cu + Zn) ranging from O to 1. Multiple libraries of
the same composition gradient were synthesized to enhance statistical signifi-
cance. Substrates were at ambient temperature during growth, i.e., with no active
heating yet some unintentional heating due to plasma energy. As a comparison we
also synthesized films at elevated temperatures of 185°C, 200°C, 250°C, and
330°C, within the limited composition range of approximately 0.2 < x < 0.4
(see Supplemental Information).

Material properties were characterized with customized combinatorial measure-
ment tools shown in Figure 1B. A 4 x 11 mapping grid resulted in 44 data points
per library and >350 unique compositional data points in total. Film cation compo-
sition and thickness were determined using mapping-style X-ray fluorescence and
Dektak profilometry. Structural analysis mapping was performed with WAXS on
beamline 1-5 at the Stanford Synchrotron Radiation Lightsource (SSRL). 2D
scattering was collected with a Rayonix 165 CCD Camera at grazing incidence at
an incident energy of 12.7 keV, and peaks were integrated in the range 5° < x <
175°. For Scherrer coherence length analysis, peaks were fit to a Voigt function. Elec-
trical and optical properties were collected using a mapping-style custom-built
four-point probe (4pp) and UV-vis-NIR spectrophotometry system with deuterium
and tungsten/halogen light sources and Si and InGaAs detector arrays. Custom
Igor Pro software was used to process and analyze combinatorial characterization
data®® and calculate derived properties such as conductivity and absorption coeffi-
cient. The source data supporting these analyses will be made publicly available
through https://htem.nrel.gov/.%°

TEM micrographs were acquired for selected compositions with an FEI Talos F200X
microscope with scanning capabilities operating at an accelerating voltage of 200
keV. Specimens for TEM were prepared from deposited films via in situ focused
ion beam lift-out methods®” using an FEI Helios Nanolab 600i SEM/FIB DualBeam
workstation. Specimens were ion milled at 2 keV and 77 pA to remove ion beam
damage, and thin films to approximately 80 nm. SAED patterns were collected on
an FE| Ceta 16M pixel CMOS camera at a camera length of 410 mm for structural
characterization. Platinum from the FIB was used to calibrate the camera constant,
allowing SAED reflections to be accurately measured and indexed. Chemical
composition was analyzed by TEM using a Super-X EDS system equipped with
four windowless silicon drift detectors. RBS was performed on a National Electro-
statics 35-MR10 instrument with a 2 MeV alpha particle beam, and was used to
determine anion concentration for select films using the SIMNRA analysis pack-
age.®® A Bio-Rad HL5500 PC Hall effect instrument under a magnetic field of 0.3 T
was used for selected samples, prepared with a van der Pauw contact configuration
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on samples cleaved to 5 mm X 5 mm, to measure conductivity, mobility, and carrier
concentration at room temperature.
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