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with ultra-large absorption coefficient†
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Earth-abundant solar absorber materials with large optical absorption coefficients in the visible enable the

fabrication of low-cost high-efficiency single andmulti-junction thin-film solar cells. Here, we report a new

p-type semiconductor, Cu4TiSe4 (CTSe), featuring indirect (1.15 eV) and direct (1.34 eV) band gaps in the

optimal range for solar absorber materials. CTSe crystallizes in a new noncentrosymmetric cubic

structure (space group F�43c) in which CuSe4 tetrahedra share edges and corners to form octahedral

anionic clusters, [Cu4Se4]
4�, which in turn share corners to build the three-dimensional framework, with

Ti4+ ions located at tetrahedral interstices within the channels. The unique crystal structure and the Ti 3d

orbital character of the conduction band of CTSe give rise to near-optimal band gap values and ultra-

large absorption coefficients (larger than 105 cm�1) throughout the visible range, which are promising for

scalable low-cost high-efficiency CTSe-based thin-film solar cells.
Introduction

Solar-cell research has focused on the development of low-cost
highly efficient absorber materials. Recently popular materials
include metal-halide perovskites, organic–inorganic hybrid
perovskites,1 and copper metal chalcogenides (CMC) such as
CuInSe2 (CIS)2 and CuIn1�xGaxSe2 (CIGS).3–5 The large absorp-
tion coefficient of these materials, coupled with the ability to
engineer their band gap by chemical substitution, enable the
realization of solar cells with power conversion efficiencies
exceeding 20%.2–4,6,7 Although the efficiencies remain inferior to
that of single-junction devices based on bulk crystalline silicon
(25.6%),8,9 and thin-lm GaAs (28.8%),10 the ability of perov-
skite- and CMC-basedmaterials to be readily solution processed
to solar cells11–14 provides a cost advantage that could pave the
way to terawatt-scale deployment of photovoltaic technologies.
Despite the promise of these material systems, the thermal
instability of hybrid perovskites, the restrictions on the use of
heavy metals (Cd, Pb, etc.), and the limited global supply of
indium are roadblocks to the large-scale deployment of the
existing leading perovskites and chalcogenide-based technolo-
gies. To address these issues, Earth-abundant copper-metal
chalcogenides such as kesterites, Cu2SnZn(S,Se)4 (CZTS),
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obtained through chemical substitution of In3+ atoms in
CuIn(S,Se)2 by Zn2+ and Sn4+, have been investigated.14,15

However, the efficiencies of devices based on these materials
remain around 12.6% due to relatively low absorption coeffi-
cients, compared to CIGS, and unavoidable anti-site defects
such as CuZn and ZnCu.16–19 Therefore, it appears that achieving
low-cost, Earth-abundant copper metal chalcogenide solar cells
with high efficiency requires the development of new chemical
compositions and crystal structures rather than incremental
variations of the chemistry of existing structures. Here, we
report the discovery of a new ternary Earth-abundant CMC,
Cu4TiSe4, copper titanium selenide (CTSe), and demonstrate its
potential as a promising light-absorber for ultra-thin low-cost
high-efficiency solar cells.
Experimental section
Synthesis

High purity elemental powders of copper (99.5%, Alfa Aesar),
titanium (99.5%, Alfa Aesar) and selenium (99.5%, Sigma
Aldrich) were weighed out in a stoichiometric ratio and thor-
oughly ground under argon atmosphere using an agate mortar
and pestle. The mixture was then ame-sealed in an evacuated
(�10�3 Torr) quartz tube and placed in the furnace. The furnace
temperature was rst ramped to 300 �C over 10 hours and held
steady for 24 hours to allow the selenium to react with the rest of
the elements. Then the temperature was increased to 550 �C for
120 hours and then the ampoules were cooled to room
temperature over 24 hours. To improve the crystallinity of the
synthesized materials, the samples were opened in an argon
Chem. Sci., 2018, 9, 5405–5414 | 5405
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glove box, reground in an agate mortar and pestle and then
resealed in quartz ampoules for annealing at 550 �C for 5 days.
Single crystals suitable for X-ray structure determination were
obtained by annealing a small amount of the sintered poly-
crystalline powder at 800 �C for 10 days.

Thin lm fabrication

First, a one-inch diameter and three-eighths inch thick target
was produced by cold pressing and annealing the as-
synthesized CTSe powder. The powder was loaded into a steel
die between two sheets of Grafoil and consolidated under
ambient atmosphere and an applied pressure of 395 MPa using
a uniaxial hydraulic press. The target was subsequently
annealed at 300 �C for 8 hours in a vacuum furnace. Aer
cooling to room temperature, surface of the target was polished
tomatte nished using SiC paper. The resulting CTSe target was
subsequently used for the fabrication of CTSe lm using pulse
laser deposition (PLD). The thin lm was grown on a 500 mm Si
substrate coated with 300 nm thermal oxide. The substrate was
loaded into a Thermionics deposition chamber and a base
pressure of �10�8 mbar was achieved. Argon was owed in
order to raise the chamber pressure to 7.4 � 10�2 mbar, and
then the substrate was heated to 500 �C at a rate of 20 �C per
minute. The target was pre-ablated with 300 shots at 2 Hz with
KrF exciplex laser applying an average uence of 2.6 J cm�2.
CTSe thin lm growth was achieved by applying 6000 shots at
5 Hz to the target. The structure and microstructure of the
deposited lm was characterized through optical microscopy;
SEM; and XRD measurements.

Crystal structure determination

A single crystal of CTSe, with approximate dimensions 0.05 �
0.05 � 0.05 mm3 obtained from the high temperature anneal-
ing step was mounted on the tip of a glass ber using epoxy
glue. Intensity data were collected at 300 K on a STOE IPDS-2T
diffractometer using a graphite-monochromated Mo-Ka radia-
tion (l ¼ 0.71073 Å). The intensity data was indexed in the face
centered cubic (fcc) Bravais lattice with unit cell parameter a ¼
11.2936(2) Å, and eight formula units per unit cell (Z ¼ 8). The
structure solution was obtained by direct methods in the space
group F�43c (no. 219) and rened by full-matrix least-squares
techniques using the SHELXTL soware package.20,21 The
asymmetric unit cell contains three crystallographically inde-
pendent metal positions M1 (24d), M2 (8a) and M3 (8b) and one
Se atom position (32e). In the initial renement cycle, Cu atoms
were located at 24d (Cu1) and 8b (Cu2) sites with Ti occupying
the 8a site. The renement of this model resulted in R1 ¼ 7.5%.
However, the atomic displacement parameter of Ti was four
times larger than that of Cu1 and Cu2. By exchanging the
position of Cu2 (8a) and Ti (8b) atoms, the electroneutrality of
the compound is maintained and the renement of this model
yielded R1¼ 5.1% with the atomic displacement parameter of Ti
dropping by 50%. In the nal renement iteration, secondary
extinction correction and anisotropic displacement parameters
were included for all atoms. This resulted in a nal R1 � 4%.
The nal charge-balanced composition of the crystal obtained
5406 | Chem. Sci., 2018, 9, 5405–5414
from the renement was (Cu+)4(Ti
4+)(Se2�)4. The assigned

oxidation states of Cu and Ti atoms were also conrmed by
bond valence sum (BVS) calculations. Additional details on the
structure renement and summary of crystallographic data are
given in Table S1.† Table S2† provides atomic coordinates and
isotropic displacement parameters of all atoms and Table S3†
summarizes selected inter-atomic distances. The graphical
representation of the crystal structure was created using the
graphical soware Diamond22 with ellipsoid representations
(98% probability level) for all atoms. Detailed crystallographic
data can be obtained from Fachinformationszentrum Karls-
ruhe, 76344 Eggenstein-Leopoldshafen, Germany, Fax: +49-
7247-808-666; E-mail: crysdata@z.karlsruhe.de, on quoting
the depository number CSD-432569.†
Structural characterization

To assess the phase purity and structure of the as-synthesized
bulk polycrystalline powder and the PLD fabricated thin-lms
of CTSe, X-ray diffraction patterns were recorded and
compared to the theoretical pattern of CTSe calculated using
single crystal structure data (Fig. S1 and S2†). The powder
patterns for the bulk powder samples were collected in reec-
tion geometry on a Rigaku Miniex 600 powder diffractometer
operating under 40 kV and 15 mA using a monochromated Cu-
Ka radiation (l¼ 1.5418 Å). XRD patterns for the lms grown on
SiOx/Si substrate were recorded on a rotating anode Rigaku
Rotoex operating at 40 kV and 100 mA. As can be seen from
Fig. S2a,† there is an excellent match in both the position and
relative intensity of various peaks observed on the experimental
diffraction of the as-synthesized polycrystalline CTSe powder
and the simulated powder diffraction pattern calculated using
single-crystal data. This suggests successful large-scale
synthesis of bulk polycrystalline powder of CTSe as single-
phase. The phase purity of the synthesized CTSe poly-
crystalline powder was also conrmed through measurement of
the true density using He gas pycnometry (Quantachrome
Ultrapyc 1200e MUPY-30 pycnometer). Hand pressed pellets of
CTSe was loaded into the sample chamber with known volume
and He gas was used to ow purge and pressurize the chamber
to 15 psi. The volume of CTSe extracted from this measurement
along with the sample weight enabled the calculation of the true
density, which was found to be 5.77(6) g cm�3. This value is
comparable, within the instrument precision of 5%, to the
theoretical density of 5.69(8) g cm�3, conrming the single-
phase nature of the synthesized CTSe polycrystalline powder.

A comparison of the diffraction pattern obtained from the
PLD deposited thin-lm of CTSe (Fig. S2a†) with the diffraction
patterns of bare substrate and the theoretical pattern from
single crystal data suggests successful formation of CTSe thin-
lm using PLD technique. All diffraction peaks from CTSe
thin lm can be associated to peaks from the bare substrate
(thermal oxide + silicon) and high intensity peaks from the
theoretical pattern of CTSe. Careful comparison of the relative
intensity of the observed (222) and (044) peaks from the XRD
pattern of CTSe thin lm to the corresponding peaks on the
theoretical pattern of CTSe revealed a preferential growth along
This journal is © The Royal Society of Chemistry 2018
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(222) plane. The microstructure of the PLD deposited lm was
also examined using scanning electron microscopy (SEM). SEM
analysis was performed using a Philips XL-30 with a tungsten
lament and operating at 20 keV. The deposited CTSe thin lm
consists of densely packed prismatic grains with uniform
particle size of approximately 70 nm (Fig. S2b†).

Chemical analysis

The chemical composition of the synthesized powder of CTSe
was determined using wavelength dispersive X-ray uorescence
(XRF) spectroscopy. Polycrystalline powder of CTSe was sus-
pended onto Chemplex XRF cup with 0.3 mm thick Prolene lm.
The specimen was loaded into a Rigaku Supermini 200 equip-
ped and data collections were performed using Pd source
(operating at 50 kV, 200 W) under helium gas. The resulting
composition in atomic percent is Cu (45.9%), Se (43.7%) and Ti
(10.4%), which is comparable to the nominal atomic percent-
ages of 44%, 44% and 11% for Cu, Se, and Ti, respectively.
Similar composition (within the precision of the respective
techniques) was obtained from the energy dispersive spectros-
copy (EDS) analysis of hot pressed pellet of the synthesized
materials used as target for the fabrication of CTSe thin lm
using pulse laser deposition technique. EDS analysis of the
target performed using scanning electronmicroscope (SEM, FEI
Nova Nanolab) conrmed the chemical composition of the
target as Cu (47.8% � 0.7%); Ti (10.5% � 0.1%); Se (41.7% �
0.6%), which is consistent with the composition of the starting
polycrystalline powder sample. The stoichiometry of the
deposited lm was also determined by EDS analysis and the
measured atomic composition of Ti (11% � 0.5), Cu (41% � 3)
and Se (48% � 3) is consistent with the composition of the
starting target.

Differential scanning calorimetry

The thermal stability and phase purity of the synthesized
polycrystalline powder of CTSe was probed using differential
scanning calorimetry (DSC). Approximately 30 mg of nely
ground polycrystalline powder were sealed inside a small quartz
tube (2 mm � 3 mm) under a residual pressure of 10�3 Torr. A
sealed blank quartz tube was used as the reference. The
measurement was performed from room temperature to 850 �C
in two heating and cooling cycles under owing nitrogen gas.
Heating and cooling curves on both cycles showed a single
endothermic thermal event at 820 �C and a single exothermic
event as the same temperature, indicating a congruent melting
and crystallization of the compound (Fig. S2b†). In addition, the
similarity of the DSC curves in both heating and cooling cycles
conrmed the thermal stability of the structure.

DFT phonon dispersion, structure stability and elastic
constants

Density functional theory (DFT) calculations were performed
with the Vienna ab initio simulation package (VASP)23 within
the projector augmented wave (PAW) formalism.24,25 For the
exchange–correlation functional we employed the generalized
gradient approximation (GGA) as parameterized by Perdew,
This journal is © The Royal Society of Chemistry 2018
Burke, and Ernzerhof (PBE).26 For the sampling of the Brillouin
zone we employed the Monkhorst–Pack scheme with a grid of
15 � 15 � 15 for CTSe supercell.27 The cut-off energy for the
plane wave basis was 400 eV, and the convergence criterion for
the electron-density self-consistency cycles was 10�6 eV. Three
independent elastic constants C11, C12 and C44 of CTSe cubic
crystal structure were calculated based the derivatives of the
total energy as functions of the specially designed strain.28 The
phonon dispersion relation of CTSe (Fig. S3†) was determined
along high symmetry k-points path in the Brillouin zone using
the Phonopy package29 based on the force constants obtained
from VASP calculations. The phonon frequencies are positive
throughout the Brillouin zone, validating the dynamic stability
of the material. Therefore, CTSe should be stable under any
small inhomogeneous deformation inside its crystal structure.

Electronic band structure and optical absorption calculations

Density functional and many-body perturbation theory calcu-
lations for the band structure and optical properties were per-
formed using the Vienna Ab initio Simulation Package
(VASP).23,25,30–32 The GW series of Projector Augmented Wave
(PAW) pseudopotentials was used.25,33 Valence electrons 11, 12,
and 6 were included for Cu, Ti, and Se respectively. Forces on all
atoms were relaxed to under 0.005 eV Å�1. The plane wave basis
set cutoff was set at 700 eV. The electronic convergence criterion
was set at 10�8 eV. Multiple levels of theory were used. The
hybrid functional of Heyd, Scuseria, and Ernzerhof (HSE06)34,35

was used to relax the crystal structure and to obtain the starting
point for subsequent many-body perturbation theory calcula-
tions. Quasi-particle (QP) corrections based on the GW method
(G0W0)36 along with the maximally localized Wannier function
method as implemented in the Wannier90 code37 were used to
determine the quasiparticle band structure throughout the
Brillouin zone. The dielectric functions and the optical
absorption coefficient were obtained with the Bethe–Salpeter
equation (BSE) method.38,39 Gamma-centered grids of 4 � 4 � 4
k points were used for all calculations. Convergence parameters
of 1440 bands, a 300 eV GW basis set energy cutoff, and a value
of 200 for NOMEGA were used in G0W0 calculations. BSE
calculations included 32 occupied and 28 unoccupied bands.

Ellipsometry measurement of reective index (n) and
extinction coefficient (k)

A spectroscopic ellipsometer (J.A. Woollam Co. M-2000) is used
to measure the index of refraction (n) and the extinction coef-
cient (k) of CTSe thin lm. The measurement was carried out
at three incident angles of 55�, 65�, and 75�. The ellipsometer
measures the amplitude and phase difference of the s- and p-
polarized light aer their reection off the sample. Aer-
wards, an inverse calculation was done in order to extract the
optical properties of the lm. Since the deposited CTSe lm is
thin and semi-transparent in certain wavelength ranges, the
incident light will penetrate through the lm and reach the Si
substrate. In order to separate the effect of light absorption by
the Si substrate, and accurately determine the refractive index
of the deposited CTSe thin-lm, a thin layer (�300 nm) of
Chem. Sci., 2018, 9, 5405–5414 | 5407
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thermal oxide was rst deposited on the Si substrate prior to the
CTSe lm deposition. The additional thermal oxide layer facil-
itates the decoupling of either lm thickness or absorption
coefficient contributions to J and D, by providing additional
reected light, and thus, additional information for an accurate
evaluation of the refractive index and thickness of the CTSe lm
during the ellipsometry data tting process (interference
enhancement method).40,41 The ellipsometry data was tted
with a B-spline model that takes into account the Kramers–
Kronig relation. This experimental setup and modeling deter-
mine the quantities n, k and the lm thickness. The index of
refraction n and the extinction coefficient k are shown in
Fig. S4.†

Determination of absorption coefficient and optical band gap

Using the extinction coefficient (k) determined from the tting
of the spectroscopic ellipsometry data (Fig. S4†), we are able to
calculate the absorption coefficient using the expression a ¼
4pk/l ¼ 10 135 462Ek, where a is the absorption coefficient in
inverse meters, k is the extinction coefficient, and E is energy
in eV. The absorption coefficient is then used for Tauc analysis42

using the equation y¼ (ahn)1/r, where h is Planck's constant, n is
frequency and r is a constant (r ¼ 2 for allowed indirect tran-
sition and r ¼ 1/2 for direct allowed transition). Fitting the
linear portion of the transformed absorption coefficient vs.
energy curve enabled determination of both direct and indirect
bang gap as the linear regression's x intercept as shown in
Fig. S5a and b.†

Estimated photovoltaic conversion efficiency (EPCE)

The upper limit of the estimated photovoltaic conversion effi-
ciency (EPCE) as a function of thickness of the absorber layer
was calculated according to a modied version of the Shockley–
Queisser limit as shown in Fig. 5.43 The impedance matching
factor, or ll factor, and the ratio of open circuit voltage to band
gap voltage were le constant at the values expected for full
absorption of light into the materials, as tabulated by Rühle.44

The spectrum losses were modied to account for the fraction
of light that would be absorbed for a given thickness, using
material absorption coefficients that were interpolated
throughout the energy range specied in the AM1.5G solar
spectrum.45 Due to incomplete data, for CdTe, the absorption
coefficient from 4.145 eV to 4.429 eV was assumed to remain
constant at the 4.145 eV value; this region of the solar spectrum
has a negligible effect on the nal result due to the small
phonon ux in this region and the relatively high absorption
coefficients in this region compared to the 1–3 eV range.

Electronic transport measurement

Specimens for simultaneous measurement of the thermopower
and electrical conductivity were fabricated by pressing poly-
crystalline CTSe powder with a uniaxial hot press using graphite
dies and plungers. 100 MPa of pressure was applied with the
hydraulic system and the furnace shell was evacuated and
ushed with argon several times before maintain a constant 20
L min�1

ow of argon for the remainder of the pressing time.
5408 | Chem. Sci., 2018, 9, 5405–5414
The furnace temperature was increased to 450 �C at a scan rate
of 200 �C h�1, dwelled for 4 hours and nally ramped down to
room temperature at 100 �C h�1. rectangular bars specimen,
�2.0 � 2.1 � 9.5 mm, were cut from the pressed pellets using
a wire saw and SiC slurry, then polished tomirror nished using
SiC papers. The thermopower and the electrical resistivity were
measured simultaneously from room temperature to 525 �C
using an ULVAC-RIKO ZEM-3 apparatus. The instrument's
precision on the electrical resistivity and the Seebeck coefficient
data is �4%. CTSe exhibits p-type semiconducting behavior as
indicated by the positive values of the thermopower and the
nearly exponential increase in the electrical conductivity with
increasing temperature (Fig. S6†). The thermopower rapidly
increases from 30 mV K�1 at 300 K to 200 mV K�1 at 800 K. The
electrical conductivity initially remains constant at 1 S cm�1

from 300 K to 450 K and thereaer slowly increase with rising
temperature to 4 S cm�1 at 600 K. Beyond this temperature, the
electrical conductivity drastically increase with further increase
in temperature reaching 11 S cm�1 at 800 K.

Results and discussion
Synthesis and structure

CTSe crystallizes in the noncentrosymmetric cubic space group
F�43c (no. 219) at ambient conditions with lattice parameter a ¼
11.2936 (2) Å and adopts a new structure type that can be
regarded as a 2a � 2a � 2a superstructure of sulvanite
(Cu3VS4)46 (Fig. 1a and b). Chemically, CTSe is an analog of
CZTS where 2Cu+ and Ti4+ replace the six positive charges from
Zn2+ and Sn4+ cations. Similarly to the zincblende-type structure
of CIS, CIGS and CZTSSe, which features a characteristic 3D
network of tetrahedrally coordinated metal atoms, MSe4, (M ¼
Cu, Sn, In, Zn or Ga), Cu and Ti metal atoms in CTSe are also
tetrahedrally coordinated by selenium. However, while metal
tetrahedra in zincblende-type compounds share only corners to
form the 3D network, CuSe4 tetrahedra (Cu(1)Se4 and Cu(2)Se4)
in CTSe share both edges and corners in all directions to build
a 3D framework of [Cu4Se4]

4� anionic clusters (Fig. 1b). Within
the [Cu4Se4]

4� clusters, Cu(2)Se4 tetrahedra share all edges with
Cu(1)Se4 tetrahedra, while Cu(1)Se4 tetrahedra exclusively share
corners with each other (Fig. 1d–f). The resulting spatial
arrangement of Cu(1)Se4 and Cu(2)Se4 tetrahedra is topologi-
cally equivalent to the sulvanite structure (with Cu(2)Se4 corre-
sponding to VS4 and Cu(1)Se4 corresponding to CuS4). Using the
[Cu4Se4]

4� clusters as building units, the 3D structure of CTSe
can simply be described as two interpenetrated face centered
cubic (fcc) lattices in which Ti4+ atoms are located at tetrahedral
interstices within the channels (Fig. 1b). This structural repre-
sentation of CTSe, based on the Cu-centered [Cu6] octahedral
cluster, Cu@[Cu]6, is also topologically similar to a double-
perovskite structure. The TiSe4 tetrahedra in the structure of
CTSe are isolated from each other and share only corners with
Cu(1)Se4 and Cu(2)Se4 tetrahedra (Fig. 1d and f).

The observed edge-sharing between Cu(1)Se4 and Cu(2)Se4
tetrahedra in the structure of CTSe (Fig. 1e) presumably results
from the smaller fraction of structural vacancies in the
compound when compared to zincblende structure. For
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Crystal structure of CTSe projected along [001]. (a) A ball-and-stick representation showing the 3D connectivity between metal tetra-
hedra, MSe4; (b) an alternate polyhedral representation highlighting octahedral building blocks of [Cu4Se4]

4� anionic clusters. The [Cu4Se4]
4�

anionic clusters form two interpenetrated face centered cubic (fcc) lattices (yellow and purple denote the two sublattices) to generate a 3D
structure that is topologically similar to a double perovskite, with Ti4+ ions located at tetrahedral sites within the channels; (c) [Cu4Se4]

4� anionic
cluster consisting of a Cu-centered hexanuclear octahedral [Cu]6 cluster capped by Se atoms on four of the eight triangular faces; (d) TiSe4
tetrahedron shares only corners with Cu(1)Se4 tetrahedra; (e) environment of Cu(1) and Cu(2) and their connectivity within the [Cu4Se4]

4� anionic
cluster. Cu(2)Se4 tetrahedron share all edges with Cu(1)Se4 tetrahedra, Cu(1)Se4 tetrahedra exclusively share corners with each other and Cu(2)
Se4 tetrahedra are isolated from each other; (f) TiSe4 tetrahedron shares only corners with Cu(2)Se4 tetrahedra and TiSe4 tetrahedra are isolated
from each other.
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example, a unit cell of CTSe is equivalent to eight unit cells (2 �
2 � 2 superstructure) of a fcc (faced centered cubic) lattice of Se
atoms in which 5/8 of the tetrahedral sites (total of 40 tetrahe-
dral sites per unit cell of CTSe) are occupied in an ordered
fashion by Cu and Ti, whilst the remaining 3/8 (24 sites) are
vacant. In an equivalent 2 � 2 � 2 superstructure of CuInSe2,
the fcc lattice is formed by Se atoms with half (32 sites) of the
available tetrahedral site occupy by Cu/In (50/50). The larger
fraction of occupied tetrahedral sites in CTSe structure results
in edge-sharing and corner-sharing tetrahedra, whereas only
corner-sharing connectivity between tetrahedral is observed in
zincblende structures. This difference in the fraction of occu-
pied tetrahedral sites and connectivity between tetrahedra leads
to a slightly higher density for CTSe (5.69 g cm�3) and higher
structural stability when compared to cubic (sphalerite)
CuInSe2 (5.57 g cm�3),47 which exhibits structural transition to
higher density (5.77 g cm�3) low symmetry chalcopyrite struc-
ture at room temperature.48 The Cu–Se bond distances in CTSe
range from 2.4328(2) Å for Cu(2)–Se to 2.4407(6) Å for Cu(1)–Se,
This journal is © The Royal Society of Chemistry 2018
which is comparable to the Cu–Se bond length of 2.435 Å
observed in CuInSe2. The Ti–Se bond length of 2.4584(2) Å is
3.7% shorter than the bond distance of 2.553 Å reported in
TiSe2.49 The unique composition and structural features of
CTSe, compared to zincblende-type solar absorbers, give rise to
extraordinary electronic and optical properties that were theo-
retically and experimentally investigated in this work.
Electronic structure

Band-structure calculations with hybrid density functional and
many-body perturbation theory reveal that CTSe is an indirect-
gap semiconductor with a 1.22 eV gap from M to G (Fig. 2a).
However, the minimum direct gap (atM), which determines the
onset of optical absorption, is slightly larger at 1.46 eV and close
to the Shockley–Queisser optimal value.43 What makes CTSe
particularly promising for solar cells, however, is the large
density of states (DOS) near the band edges (Fig. 2b), which
gives rise to optical absorption coefficients larger than 105 cm�1
Chem. Sci., 2018, 9, 5405–5414 | 5409
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Fig. 2 Electronic band structure of CTSe. (a) Calculated band structure highlighting the relatively flat valence (VB) and conduction (CB) bands,
and the presence of both indirect (1.22 eV) and direct (1.46 eV) band gaps with similar values. (b) Projected density of states (DOS) highlighting the
major orbital contributions; (c) band alignment of CTSe relative to vacuum and other photovoltaic materials.
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throughout the visible range (Fig. 3). The large DOS derives
from the at valence (which consists of Cu 3d and Se 4p
orbitals) and conduction (composed of Ti 3d states) bands. As
a result of this unique band structure, CTSe is a superior
absorber material for thin-lm solar cells compared to GaAs,
CIGS, and CZTS (which feature broad s-type conduction bands
with a lower density of states), and CTSe thin-lm solar cells
reach comparable efficiencies at a much lower thickness. The
calculated absorption coefficient of CTSe is compared to
experiment and other absorber materials in Fig. 3. CTSe is
predicted to outperform all established absorber materials in
the 1.1–2.8 eV range that contains most of the terrestrial solar
spectral irradiance.

Thermal and structural stability of CTSe

To probe the theoretically predicted electronic and optical
properties of CTSe, polycrystalline powders were prepared
through solid-state reaction of the elements at moderate
temperatures (see ESI†). The excellent match, in both peak
positions and intensity distributions, between the experimental
X-ray powder diffraction pattern and the theoretical pattern
Fig. 3 Theoretical and experimental absorption coefficients of CTSe
compared to leading solar absorber materials such as CdTe,52 GaAs,53

CIGS,54 and CZTS,55 and CH3NH3PbI3.56 CTSe outperforms all estab-
lished solar-absorber materials in the 1.1–2.8 eV range.

5410 | Chem. Sci., 2018, 9, 5405–5414
generated using single crystal structure data conrms the
single-phase nature of the as-synthesized polycrystalline
powder (Fig. S1a†). In addition, the true density of the synthe-
sized material measured using helium gas pycnometry was
found to be 5.77(6) g cm�3, which is comparable, within the
instrument precision of �5%, to the theoretical value of
5.69(8) g cm�3 calculated from the crystal structure data further
conrming the high purity of the synthesized material. Further
conrmation of the single-phase nature of the synthesized
CTSe, polycrystalline powders was obtained from differential
scanning calorimetry (DSC) measurement. DSC curves recorded
for two successive heating and cooling cycles show a single
endothermic peak of melting at 850 �C on heating and a single
exothermic peak of crystallization at 850 �C on cooling indi-
cating a congruent melting and crystallization of the compound
(Fig. S1b†). No sign of phase transition and decomposition of
the sample were detected on the DSC curves suggesting a good
thermal stability of the compound.

To further investigate the structural stability of CTSe, we
applied density functional theory (DFT) calculations (see ESI†) to
determine (1) the formation energy, (2) the three independent
cubic elastic constants (C11, C12 and C44), and (3) the phonon
dispersion relation of CTSe. The formation energy of CTSe, based
on the chemical reaction 2CuSe2 + 2Cu + Ti / Cu4TiSe4 is
�3.03 eV per formula unit, which indicates a strongly exothermic
reaction and suggests that CTSe is thermodynamically stable
relative to CuSe2, Cu, and Ti. Moreover, the calculated elastic
constants for CTSe are C11 ¼ 90.75 GPa; C12 ¼ 67 GPa; and C44 ¼
21.33 GPa, which satisfy the Born elastic stability criteria for
a cubic structure at zero external pressure50 [(C11 � C12) > 0, C44 >
0, and (C11 + 2C12) > 0]. In addition, the phonon dispersion
relation of CTSe (Fig. S3†) displays no imaginary frequencies,
indicating the stability of CTSe with respect to spontaneous
structural transformations by dynamic lattice vibrations.51

Therefore, the thermodynamic, elastic, and dynamic stability of
CTSe, coupled with the congruent melting and crystallization
observed from DSC curves, implies a relatively facile fabrication
of crystalline CTSe thin lms using various deposition methods,
starting from high density targets of the synthesized poly-
crystalline powders.

Therefore, thin-lms of CTSe on 300 nm SiOx/Si substrates
were fabricated by pulsed laser deposition (PLD) in order to
This journal is © The Royal Society of Chemistry 2018
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investigate their optical properties as well as the potential of CTSe
as a solar material (see Experimental section for details on the
deposition parameters). The structure and chemical composition
of the lms post deposition were conrmed by X-ray diffraction
and scanning electron microscopy-energy dispersive X-ray spec-
troscopy (SEM-EDS) (Fig. 4 and S2†). Careful comparison of the X-
ray diffraction patterns of CTSe thin lms, with that of bare
substrate and the calculated theoretical pattern of CTSe revealed
that the X-ray diffraction pattern of the resultant thin lm
matches the substrate's pattern and includes the 3 major peaks
((222), (044) and (226)) from the CTSe phase. However, the CTSe
peaks exhibit large differences in the relative intensity. The
intensity of the (222) peak is larger (at least three times) than that
of (044), which suggests that the lm is polycrystalline with
a strong orientation towards (222). SEM images reveal that the
deposited CTSe lms consist of nely aggregated polycrystalline
particles (35–60 nm) with larger and thinner akes that most
likely result from “splashback” during the deposition process.
The stoichiometry of the deposited lm was conrmed by EDS
analysis and is consistent with the composition of the target. The
composition mapping of the lms also reveals a uniform distri-
bution of the elements (Fig. 4).
Optical and electronic properties

The optical properties of the deposited lms were characterized
by the reection-type spectroscopic ellipsometry from 200 nm
to 1680 nm. The measured refractive index (n) and extinction
coefficient (k) of CTSe (Fig. S4†) show a broadband absorption
Fig. 4 SEM image and composition mapping of CTSe thin film. (a) Seco
distribution of (b) Cu, (c) Se and (d) Ti.

This journal is © The Royal Society of Chemistry 2018
in the visible and near-infrared (near-IR) range and two strong
absorption peaks around 650 nm and 900 nm, respectively. The
absorption coefficient of CTSe calculated using the extinction
coefficient from ellipsometry data is plotted in Fig. 3 and
compared to our theoretical predictions and other materials.
Both the predicted and the measured absorption coefficient of
CTSe are larger than 105 cm�1 and far superior to the absorp-
tion coefficients of most traditional solar absorbers such as
CdTe, GaAs, CIGS, CZTS, and Si within the range 1.1 eV to
2.8 eV, where most of the light in the terrestrial solar spectrum
resides. Careful analysis of the absorption curves using Tauc
tting enables the determination of experimental indirect band
gap of 1.15 eV and direct band gap of 1.34 eV (Fig. S5†). Inter-
estingly, the direct band gap extracted from ellipsometry is very
similar to the direct optical band gap of 1.31 eV derived from
diffuse reectance data on CTSe powder sample (Fig. S6†).
These experimental values of the band gaps are comparable to
the theoretically predicted indirect (1.22 eV) and direct (1.46 eV)
band gaps of CTSe, and are well within the Shockley–Queisser
range of optimal band gaps (1.1–1.5 eV). In addition, the indi-
rect band gap of CTSe favors long minority-carrier lifetimes and
precludes the re-emission of the absorbed photons and the
need for photon recycling, in contrast to direct-gap solar
absorbers such as GaAs. Moreover, the small energy difference
(�0.2 eV) between the direct and indirect gaps implies only
a small additional energy loss due to carrier thermalization.
These data offer the possibility of creating CTSe based solar
cells of equal or superior efficiency to CdTe or GaAs cells at
ndary electron image of the area. Qualitative EDS maps showing the

Chem. Sci., 2018, 9, 5405–5414 | 5411
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Fig. 5 Estimated photovoltaic conversion efficiency (EPCE) as
a function of thickness for CTSe compared to CdTe52 and GaAs.53 CTSe
reaches an efficiency of 30% for a thickness of 200 nm, approximately
one order of magnitude thinner than typical CdTe or GaAs devices
(1.5–5 mm).
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a fraction of the thickness. However, careful examination of the
optical absorption curve from ellipsometry measurement on
CTSe thin lm (Fig. 3) as well as the diffuse reectance data
(Fig. S6†) measured on CTSe bulk powder sample revealed a tail
below the sharp absorption peak. This likely indicates that the
as-synthesized CTSe is doped with impurity states located
within the band gap. Indeed, the Urbach tail analysis of the
absorption curve revealed the presence of three linear regions
with Urbach energies 135 meV, 297 meV, and 429 meV within
the band gap of CTSe (Fig. S7†). The large values obtained for
the Urbach energy point to large concentrations of defects
existing within the band gap of CTSe. Our preliminary theo-
retical defect calculations indicated that the impurities arose
from the formation of Cu vacancies such as VCu as well as
antisite defects.

Temperature dependent electronic transport measurement
revealed that CTSe is a p-type semiconductor (Fig. S8†). The
thermopower increases with temperature from 30 mV K�1 at 300
K to 200 mV K�1 at 800 K whereas the electrical conductivity
increases from 1 S cm�1 at 300 K to 11 S cm�1 at 800 K. Inter-
estingly, the temperature dependence of the electrical conduc-
tivity show two thermally activated electronic transitions
around 400 K and 700 K. Fitting both transitions using the
Arrhenius equation ln(s) ¼ ln(s0) � Ea/KT (where Ea is the
activation energy and K is the Boltzmann constant) leads to the
activation energy of�140meV for the transition at 400 K and an
activation energy of �296 meV for the transition at 700 K
(Fig. S9†). The observed activations energies are consistent with
the Urbach energies calculated from the analysis of the tail of
the optical absorption curve, further conrming the presence of
localized electronic defects within the band gap of CTSe.
Therefore, further work focusing on the reduction of the density
of electronic defects within CTSe is needed to improve its
potential as solar absorber material.

To quantify the advantages of CTSe for thin-lm solar cells,
we determined the upper limit of the estimated photovoltaic
conversion efficiency (EPCE) as a function of absorber thickness
and compared to that of GaAs, CdTe. The EPCE upper limit was
calculated by evaluating the fraction of incident light absorbed
for each wavelength in the AM1.5G solar spectrum, as deter-
mined by the absorption coefficient (Fig. 3), and by including
the spectral losses in the Shockley–Queisser limit.43–45 The ll
factor and the ratio of the open-circuit voltage to the band gap
voltage were le at their full absorbance values for this analysis.
As shown in Fig. 5, the estimated maximum efficiency of CTSe
obtained using both the predicted and the measured absorp-
tion coefficients is signicantly larger than that of GaAs and
CdTe at low lm thickness. This result is supported by the ultra-
large absorption coefficient of CTSe throughout the 1.1–2.8 eV
range, which enables higher efficiencies at approximately one
order of magnitude lower lm thickness compared to CdTe and
GaAs. For instance, a maximum EPCE of 30% is anticipated for
a 0.2 mmCTSe thin lm compared to 5 mmGaAs lm for similar
EPCE value. This analysis suggests the potential for the
production of high-efficiency and exible CTSe-based solar cell
devices at low cost, paving the way to sustainable large-scale
deployment of lightweight, high-efficiency solar cells based on
5412 | Chem. Sci., 2018, 9, 5405–5414
absorber materials from cheap and environmentally friendly
elements.

The analysis of the band alignment of CTSe relative to other
leading p-type solar absorber materials such as Si, GaAs, CdTe,
CdS, CIS, CGS, CZTS and CH3NH3PbI3 is shown in Fig. 2c. The
conduction band minimum (CBM) of CTSe is located 4.06 eV
below the vacuum level and the valence band maximum (VBM)
is located 5.28 eV below the vacuum level. This places the band
edges very close to those of GaAs (�4.00 eV and�5.39 eV), CdTe
(�4.18 eV and �5.66 eV) and CH3NH3PbI3 (�3.88 eV and �5.39
eV), a halide perovskite that is currently the focus of intense
research efforts for solar cell applications.11 The similarity of the
band-edge positions to established solar absorbers indicate that
CTSe may be compatible with commercial solar-cell architec-
tures and manufacturing technologies, which should accelerate
the development of optimal CTSe-based devices. However, to
achieve such working photovoltaic device based on CTSe, one
must rst reduce or eliminate the high density of defects (Cu
vacancies) that contribute to absorption well below the band
gap and therefore hamper the photoconductivity of the
materials.
Concluding remarks

In summary, we discovered a new Earth-abundant ternary
copper titanium selenide, CTSe, and assessed its potential as
a promising solar absorber for low-cost, scalable, high-
efficiency, single junction solar cells. CTSe adopts a new cubic
structure type in which CuSe4 tetrahedra share both corners and
edges to form a 3D framework topologically similar to double
perovskite with isolated TiSe4 tetrahedra located within the
channels. The unique structural feature of CTSe results in
optimal theoretical/experimental band gaps of 1.22 eV/1.15 eV
(indirect) and 1.46 eV/1.34 eV (direct), in the optimal range
according to the Shockley–Queisser analysis. The Ti 3d orbital
character of the conduction band results in ultra-large
This journal is © The Royal Society of Chemistry 2018
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absorption coefficient (�105 cm�1) throughout the visible,
outperforming most traditional absorbers such as CZTS, CIGS,
GaAs and CdTe in the 1.1–2.8 eV range. A CTSe material
thickness of only 200 nm is needed to outperform GaAs and
CdTe solar cells that are typically a few microns thick. In
addition, CTSe was found to be stable from energetic, elastic
and dynamic aspects, which signicantly enhances the prospect
of realizing scalable, low-cost, high- efficiency, lightweight, and
environmentally friendly next generation solar cells.
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