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ABSTRACT: To realize the fundamental limits of photovoltaic device efficiency, solar
absorbers must exhibit strong absorption and abrupt absorption onsets. Ideally, onsets to
maximum absorption (α > 105 cm−1) occur over a few tenths of an electronvolt. First-
principles calculations predict CuTaS3 represents a potentially new class of materials with
such absorption characteristics. Narrow metallic d bands in both the initial and final states
present high joint densities of states and, therefore, strong absorption. Specifically, a
mixture of metal d (Cu1+, d10) and S p characterizes states near the valence band
maximum, and metal d (Ta5+, d0) dominates near the conduction band minimum. Optical
absorption measurements on thin films confirm the abrupt onset to strong absorption α >
105 cm−1 at Eg + 0.4 eV (Eg = 1.0 eV). Theoretical CuTaS3 solar cell efficiency is predicted
to be 28% for a 300 nm film based on the metric of spectroscopic limited maximum
efficiency, which exceeds that of CuInSe2. This sulfide may offer new opportunities to
discover and develop a new class of mixed d-element solar absorbers.

■ INTRODUCTION

We report the discovery of strong solar absorption by the d-
band sulfide CuTaS3,

1,2 and we address why such strong
absorption occurs. The findings offer opportunities to improve
efficiencies of solar devices.
d-bands shape electronic behavior and, hence, the physical

properties of many transition-metal sulfides. Because these
bands have minimal dispersion, they produce high densities of
states and high joint densities of states. High joint densities
suggest the potential for elevated optical absorption coef-
ficients, a useful materials property to improve photovoltaic
device efficiencies via drift operation.3−5 In drift operation, the
electric field across a thin absorber layer minimizes the adverse
consequences of low carrier mobilities and heavy effective
masses of carriers in narrow d bands.
Ideally, we would identify materials with narrow metallic d-

bands near both the valence band maximum (VBM) and the
conduction band minimum (CBM). In binary compounds with
a single d-electron element, the only way to create a band gap
with d character near the band edges is via symmetry-induced
ligand-field splitting of the d orbitals. These characteristics are
found in the classic Mott insulators NiO, MnO, CoO, and FeO
as well as in binary chalcogenides. Among sulfides, FeS2

6−8 and
MoS2

9−11 carry these traits, as evidenced by their high optical
absorption coefficients > 105 cm−1. In FeS2, the octahedral S
environment about Fe produces a t2g, eg d-orbital splitting with
t2g defining the valence band and eg the conduction band.

12 The
d6 electron count and low-spin configuration create a filled t2g
valence band and an empty eg conduction band and, thus, a

semiconductor with a band gap near 1 eV. In MoS2, the trigonal
prismatic environment about Mo produces an e′, e″, a2″ d-
orbital splitting with e′ defining the valence band.13 The Mo d4

electron count fills the valence band to again generate a
semiconductor, now with a band gap near 1.9 eV.9 In general,
the semiconductor behavior of FeS2 and MoS2 derives from
specific coordination geometries coupled to unique electron
counts.
To realize new transition-metal chalcogenides with rapidly

rising and high absorption, we consider structures with two
elements carrying d orbitals, i.e., a ternary option, wherein a d10

transition metal defines VBM and a d0 transition metal, CBM.
Here, the band gap arises from an absolute-energy difference
between the d orbitals of two chemically distinct transition
metals, not from the symmetry splitting of the orbitals of a
single transition-metal atom. Since Cu d10 atomic orbitals are
energetically far deeper than the d0 orbitals14−16 (as gleaned
also from the absolute solid-state energies),17,18 band gaps
should exist between d10 Cu1+ and d0 Group 4, 5, and 6
transition metals. Hence, materials with d0 and d10 elements
should enable strong intermetal optical transitions without the
symmetry and band gap restraints of single d-metal systems.
Naturally, chalcogenide p orbitals blend with the d orbitals to
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further enhance transition strength. From these considerations,
we identified CuTaS3 as a potentially strong absorber and set
out to assess its optical and electronic properties computation-
ally and then to confirm them experimentally.
CuTaS3 also brings advantages of low toxicity,19 material

abundance,20 and low cost.21 Prior reports have focused only
on its preparation and crystal structure.1,2

■ CALCULATION METHODS
Electronic Structure Calculations. All calculations were

performed via density functional theory (DFT) and the plane-wave
projector-augmented wave (PAW) method,22,23 as implemented in the
VASP code.24 The atomic positions were relaxed by the Heyd−
Scuseria−Ernzerh hybrid functional (HSE06)25 until all atomic forces
were less than 0.02 eV Å−1, with lattice parameters fixed to
experimental values. The band structure and optical absorption
coefficients were calculated with the many-body GW approximation26

perturbatively on the top of wave functions and energy eigenvalues
calculated from HSE06, i.e., G0W0+HSE06). An energy cutoff of 300
eV and Γ-centered homogeneous 3 × 3 × 8 k-mesh were used. Weak
spin−orbit coupling effects were not included in the calculations.
Spectroscopic Limited Maximum Efficiency.27 The power

conversion efficiency η of a solar cell is defined as η = Pm/Pin, where Pin
is the total incident solar energy density, and Pm is the maximum
output power density. Spectroscopic Limited Maximum Efficiency is a
computed η based on numerically maximizing the product of current
density J and voltage V. For a solar cell behaving as an ideal diode and
illuminated with photon flux Isun, J and V follow from J = JSC − J0(1 −
eeV/kT)). The first term is the short-circuit current density JSC given by

∫ α=
∞

J e E I E E( ) ( ) dSC 0 Sun , where e is the elementary charge and

α(E) is the photon absorptivity. The second term is the reverse
saturation current J0 = J0

nr + J0
r = J0

r/f r, corresponding to the total
(nonradiative J0

nr plus radiative J0
r) electron−hole recombination

current at equilibrium in the dark. The fraction of the radiative
recombination current f r is modeled as f r = e−Δ/kT, where k is the
Boltzmann constant, T is the solar cell operating temperature, and Δ is
the difference between the minimum band gap and the direct-allowed
band gap. For CuTaS3, f r = 1 since Δ = 0. As required by the principle
of detailed balance, the rates of emission and absorption through cell
surfaces are equal at equilibrium in the dark. Thus, J0

r is easily
calculated from the rate at which blackbody photons from the
surrounding thermal bath are absorbed through the front surface, i.e,

∫π α=
∞

J e E I E T E( ) ( , ) dr 0 bb , where Ibb is the blackbody spectrum at

temperature T.

■ EXPERIMENTAL METHODS
Crystal Growth and Thin-Film Deposition. CuTaS3 single

crystals were grown by chemical vapor transport (CVT) from a
combination of elements Cu:Ta:S (purity >99.999%; Alfa Aesar) in
the ratio 1:1:3.17. The elements were sealed with 40 mg of I2(s)
(99.998%, Alfa Aesar) in an evacuated fused-silica tube having a
diameter of 15 mm and a length of 230 mm. The tube was heated in a
tube furnace for 2 weeks with the hot end at 750 °C in a temperature
gradient of 5 °C cm−1 and then cooled at 10 °C h−1 to room
temperature. Needle-shaped crystals grew at the hot end of the tube,
indicative of an endothermic transport reaction. After cooling, the
crystals were washed with deionized water to remove excess halide.
CuTaS3 thin-film deposition on fused-silica substrates was initiated

via sequential electron-beam evaporation of Cu (24 nm) and Ta (40
nm) layers. These films were then annealed at 650 °C for 1 h with 122
mg of S in evacuated, sealed fused-silica tubes.
Characterization. The crystals were imaged and characterized

compositionally with an FEI Quanta 3D dual-beam scanning electron
microscope operated at 15 kV. Single-crystal X-ray diffraction data
were collected on a Bruker SMART APEX CCD diffractometer at 293
K with Mo Kα radiation (λ = 0.7107 Å). Thin-film X-ray data were
collected on a Rigaku Ultima IV diffractometer with a 0.02 rad slit and

Cu Kα radiation (λ = 1.5418 Å). Scans were made between 10 and 70°
2θ at a rate of 1° min−1. The resulting diffraction patterns were
compared to those generated from the single-crystal data to verify
formation of the desired phase.

The anisotropic resistivity of crystals was characterized with six-
terminal ac measurements,28 where four Au contacts of 10 × 10 μm2

were formed on the sides of the crystals and two Au contacts were
formed on the crystal faces containing b-axis. The contacts were
extended with a Ag paste for easy probing. For additional optical and
electrical measurements, crystals were ground into polycrystalline
powders. The resulting powders were pressed into 0.25-in. diameter
pellets and then were sintered at 750 °C for 12 h. MgO powder
(99.95%; Cerac) served as the white reflectance standard for diffuse
reflectance measurements. Room temperature resistivities were
measured in the van der Pauw geometry with a LakeShore 7504
measurement system. Majority carrier type was determined from
Seebeck measurements with a custom-built system29 by applying a 5 K
temperature gradient to the sample.

Optical transmittance and reflection data for thin films were
acquired with a custom-built system comprising Ocean Optics HR400
& NIR256-2.5 spectrometers and a halogen source (DH-2000-BAL).

■ RESULTS AND DISCUSSION
Crystal and Electronic Structures of CuTaS3. Based on

single crystal X-ray diffraction measurements, we confirmed
CuTaS3 (space group Pnma) adopts the structure previously
reported with statistically equivalent unit-cell parameters a =
9.4985(9), b = 3.4983(3), and c = 11.7693(11) and atomic
positional parameters (Table S1).1,2 Figure 1 shows the crystal

structure. Cu and Ta occupy distorted tetrahedral and
octahedral sites, respectively. The CuS4 tetrahedra and TaS6
octahedra independently share edges to form Cu-centered and
Ta-centered one-dimensional chains along [010]. Cu atoms
and Ta atoms are separated by 3.5 Å along the chain axes.
Condensation of these chains then produces an anisotropic
structure with −S−Cu−S−Cu−S− and −S−Ta−S−Ta−S−
connections only along [010].
Figure 2 shows the calculated band structure. The valence

band maximum and the conduction band minimum are both
located at Γ, so the material is a direct gap semiconductor with
Eg calculated to be 1.3 eV. Bands are flat along Γ−X−S and
disperse along S−R−Γ−Y. This disparate dispersion reflects the
anisotropy of the crystal structure. The line Γ−X−S
predominately represents dispersion along [100] in the crystal
structure. Because the Cu-centered chains, like the Ta-centered
chains, are isolated one from one another along [100], no
significant overlap occurs, so the bands are flat. The line S−

Figure 1. Crystal structure of CuTaS3: Cu, blue; Ta, red; S, yellow.
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R−Γ−Y represents dispersion along [010], i.e., the direction of
the one-dimensional Cu- and Ta-centered chains where orbital
overlap is significant.
Figure 3 shows total and projected densities of states. A

mixture of Cu 3d and S 3p orbitals characterizes the valence

band, while Ta 5d dominates the conduction band. Hence, the
electronic structure fulfills the design principle for d states from
two different elements, each prevailing near VBM and CBM.
The spikes in the densities of states reflect the flat-band
portions of the band diagram and one-dimensional character of
the crystal structure. Based on the total number of electrons
available, the valence band is filled, the conduction band empty.

Consequently, atomic charges are formally Cu1+, Ta5+, and S2−,
consistent with a Cu d10 valence band and a Ta d0 conduction
band. In contrast, Sunshine and Ibers2 proposed that the
valence states were likely to be Cu2+Ta4+S3, similar to
Cu0.8Ta2S6.

30 They accounted for the low conductivity by
assuming the unpaired electrons of Cu and Ta are sequestered
in a strong Cu−Ta bond. Recent X-ray photoelectron
spectroscopy (XPS)1 and magnetic susceptibility31 results,
however, are consistent with our DFT calculations and
assignment of formal oxidation states: Cu1+Ta5+S3.

Optical and Electrical Properties of CuTaS3. We
evaluated optical properties by analysis of ground single
crystals and thin films. Figure 4 shows a diffuse reflection
spectrum of the ground crystals, revealing a band gap near 1 eV.

XRD analysis confirmed deposition of a crystalline CuTaS3
film (Figure S1). The band gap and absorption coefficients
were assessed from UV−vis−NIR transmittance (T) and
reflectance (R) spectra. Absorption coefficients were calculated
with eq 1,32

α = −
t

R
T

1
ln

(1 )2

(1)

which is applicable for large αd, i.e., R2 exp(−2αd) ≪ 1; t is the
film thickness, 190 nm.
The band gap observed from the film is near 1 eV, consistent

with the diffuse reflectance measurement (Figure 4). Figure 4
also shows a sharp absorption onset over a range of only 0.4 eV
to an absorption coefficient exceeding 105 cm−1. This onset and
high absorption are consistent with the flat-band nature of the
material observed in both the band-structure calculation
(Figure 2) and the densities of states (Figure 3). The
agreement of the observed and calculated absorption spectra
(Figure 4) further reflects these results. The sharpness of the
onset and the strength of the absorption exceed those of
conventional solar absorbers such as CdTe (Figure 4).
The resistivity, ρb = 2.1 Ω cm, measured along [010] (b axis)

of a single crystal is much smaller than that reported previously,
>1.0 kΩ cm.2 This discrepancy may arise from the nature of the
contacts.33 We employed Au contacts, while previous

Figure 2. (a) Calculated band structure of CuTaS3; (b) Brillouin zone
for primitive cell of CuTaS3.

Figure 3. Total and projected densities of states for CuTaS3.

Figure 4. Optical absorption spectra from (a) diffuse reflectance of
ground CuTaS3 single crystals and (b) UV-NIR T-R measurments of a
CuTaS3 film. The absorption coefficient as a function of energy is
compared to CdTe32 and the computed spectrum of CuTaS3. The
sharp feature near 1.2 eV in (a) is an artifact of merging data sets from
different optical detectors.
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researchers did not explicitly describe their contacts.2 We did
not measure the resistivity, ρac, in the a−c plane. The resistivity
of pellets, ρp = 0.4 MΩ cm, prepared from ground crystals,
however, is higher than ρb. ρp represents and average of ρb and
ρac. ρac is anticipated to be higher than ρb based on the
anisotropic nature of the crystal structure (Figure 1) and the
band dispersion (Figure 3). Significant dispersion along [010]
contributes to low ρ in the single crystal, while in pressed
pellets, contributions from the flat, off-axis dispersion in the ac
plane raises ρ.
The negative Seebeck coefficient, −1650 μV K−1, of the

pellets indicates electrons are majority carriers. This n-type
behavior likely arises from sulfur vacancies or Ta-on-Cu
antisites (TaCu) defects, which place excess electrons in the
Ta d conduction band. We attempted to force the material p-
type by doping with Ti and Zr, but we observed only n-type
behavior for samples doped to 3% of the Group 4 metal. The
persistence of n-type behavior may be governed by small
formation energies of the aforementioned defects.
Spectroscopic Limited Maximum Efficiency (SLME) for

PV. We have employed the SLME metric27 to assess the
potential performance of CuTaS3 as an absorber in a solar cell.
SLME estimates cell performance based on the full absorption
spectrum. It incorporates the type of transition, i.e., direct or
indirect, and the magnitude of the band gap. It reflects both the
absorption coefficient and the slope of the absorption onset.
Figure 5 shows SLME values for CuTaS3 and CuInSe2 as a
function of absorber thickness. Cells are predicted to reach 15%
efficiency with 35 nm of CuTaS3 and 75 nm of CuInSe2.

Likewise, cells are predicted to reach 28% efficiency with 300
nm of CuTaS3 and 500 nm of CuInSe2. These results reflect the
faster onset of the absorption coefficient to 105 cm−1 of CuTaS3
(ΔE = 0.4 eV) vs CuInSe2 (ΔE = 1.5 eV) and the higher
maximum absorption coefficient of CuTaS3. They also reflect
the flat-band character of and the high joint density of states of
CuTaS3. In CuInSe2, the CBM is characterized by a disperse In
5s band. This dispersion decreases the joint density of states of
CuInSe2 relative to CuTaS3 and limits absorption.
This evaluation confirms that materials having intermetal d0−

d10 transitions can exhibit a strong onset coupled with high
absorption. Such transitions need not be restricted to
compounds containing a single d element. Also, CuTaS3 may
provide opportunities to realize high-efficiency thin-film solar

cells with ultrathin absorbers. The drift field across such
ultrathin absorber layers should enhance photocarrier collec-
tion. The short drift length should also diminish the influence
of defects on carrier recombination, assuming such thin films
can be fabricated without pin holes. Hence, strong solar
absorbers represent a unique approach to realize fundamental
limits in PV performance, especially where maintaining a simple
device design and structure is desired.5,34

■ CONCLUSIONS
We have identified the material CuTaS3 via computational
methods to be a strong solar absorber. CuTaS3 exhibits metal d
and sulfur p character near the band edges based on the two
transition metals, i.e., Cu1+ (d10) for VBM and Ta5+ (d0) for
CBM. These features contribute to a high joint density of states
and favorable p−d dipole matrix elements that produce an
abrupt onset to an absorption coefficient > 105 cm−1 at Eg +0.4
eV. From the SLME calculation, the material is predicted to
enable a high-efficiency (28%) thin-film solar cell with an
absorber layer as thin as 300 nm. Strong absorption occurs via
transition between two d metals, offering new design principles
for solar absorbers, wherein (1) atomic solid-state energies
guide selection of two metallic elements to produce a band gap
aligned to the solar spectrum and (2) narrow d bands produce
an abrupt onset to high absorption.
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