Downloaded via US NAVAL RESEARCH LABORATORY on July 10,2023 at 18:28:42 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

LETTERS

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCL

In,Se;, In,Te;, and In,(Se,Te); Alloys as Photovoltaic Materials
Wei Li,* Xue-Fen Cai, Nicholas Valdes, Tianshi Wang, William Shafarman, Su-Huai Wei,

and Anderson Janotti*
I: I Read Online

lihl Metrics & More |

Cite This: J. Phys. Chem. Lett. 2022, 13, 12026—12031

ACCESS |

ABSTRACT: In its lowest-energy three-dimensional (3D) hexagonal crystal structure (y 2.0
phase), In,Se; has a direct band gap of ~1.8 eV and displays high absorption coefficient,
making it a promising semiconductor material for optoelectronics. Incorporation of Te allows
for tuning the band gap, adding flexibility to device design and extending the application range.
Here we report results of hybrid density functional theory calculations to assess the electronic
and optical properties of y-In,Ses, y-In,Te;, and y-In,(Se,_,Te,); alloys, and initial experiments
on the growth and characterization of y-In,Se; thin films. The predicted band gap of 1.84 eV
for y-In,Se; is in good agreement with the absorption onset derived from transmission and
reflection spectra of thin films. We show that incorporation of Te gives y-In,(Se,_,Te,); alloys i :

with a band gap ranging from 1.84 eV down to 1.23 eV, thus covering the optimal band gap 10 20 40 60
range for single-junction solar cells. In addition, the y-In,Se;/y-In,(Se,_,Te,); bilayer could be
employed in tandem solar-cell architectures absorbing at E, ~ 1.8 eV and at E, < 14 eV,
toward overcoming the ~33% efficiency set by the Shockley-Queisser limit for single junction solar cells. We also discuss band gap
bowing and mixing enthalpies, aiming at adding y-In,Ses, 7-In,Te;, and y-In,(Se;_,Te,) alloys to the available toolbox of materials
for solar cells and other optoelectronic applications.
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In the search for novel semiconductor materials for
photovoltaic (PV) applications, it is desirable to focus on
compounds with a simple formula unit (i.e, containing few
elements) and relatively simple crystal structure to minimize
the number of possible point defects, such as vacancies,
interstitials, and antisites, that can act as recombination
centers. For instance, Si and CdTe are the two materials that
dominate the PV market, whereas the multinaries ternaries
CIGS and CZTS have struggled in terms of efficiency in
devices,' ™ in part due to their complicated composition and
crystal structure. Inspired by the virtues and current limitations
of CdTe}’ regarding the ease of manufacture but difficulties
controlling doping levels, here we focus on In,Se; and In,Te;
as candidates for PV materials. In,Se; crystallizes in a 3D
defect wurtzite-like structure (y-In,Ses;, Figure 1) at room
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Figure 1. Crystal structure of y-In,Se;, showing a perspective and a
top view of the 3D defective wurtzite crystal structure with space
group P6,.

temperature.’~ It has a direct band gap of ~1.8 eV and
displays a high absorption coefficient in the visible-light
range.””~" In,Se; thin film has been used as a precursor layer
in coevaporation of CulnSe,-based solar cells,'® as well as a
buffer layer to replace CdS in Mo/CIS/In,Se;/ZnO device
structures, showing higher open-circuit voltage than the Mo/
CIS/CdS/ZnO structure.'” The band gap of In,Se; can be
lowered by adding Te'® in the form of In,(Se,Te); alloys,
covering the spectrum region suitable for solar cell
applications. Besides this limited information, details of the
electronic and optical properties of In,Se;, In,Te; and
In,(Se, Te); alloys have remained largely unexplored.
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Here we report a combination of experimental and
computational studies on y-In,Se; and y-In,(Se;_,Te,); alloys,
focusing on their structural, electronic, and optical properties,
with the aim of developing these materials for electronic and
optoelectronic applications. First, we discuss the growth and
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basic characterization of In,Se; thin films, followed by a
discussion of hybrid density functional calculations of structure
and electronic properties of y-In,Se; and a comparison with
experimental data. We then discuss the calculated absorption
coeflicients and band alignment between y-In,Se;, y-In,Te;,
and other more conventional chalcogenide semiconductors,
such as CdTe and CulnSe,. Finally, we discuss the stability and
electronic properties of y-In,(Se,_,Te,); alloys, showing that
the band gap can be adjusted from 1.84 eV down to 1.23 by
changing the Te concentration, passing through the optimum
range of direct band gaps for a single-junction solar cell. We
then conclude with a discussion on how this material system
offers new opportunities for innovative architectures and
device design.

Thin film of y-In,Se; was grown on soda lime glass
substrates by thermal coevaporation of In and Se. The growth
lasted 30 min; the substrate temperature was set to 350 °C to
form films with a thickness of 1 ym. Composition was verified
by X-ray fluorescence. Spectrophotometry was performed to
measure transmission and reflection in the wavelength range of
300—2000 nm, and the absorption coefficient was determined
from the reflection and transmission spectra.'’

The calculations were based on the density functional
theory”””' as implemented in the VASP code.””*’ The
interactions between the valence electrons and the ionic
cores are described using projector augmented wave (PAW)
potentials.”*** We used a kinetic energy cutoff of 320 eV for
the plane wave basis set. Structure optimization was performed
using the Perdew—Burke—Ernzerhof functional revised for
solids (PBEsol)*® on a I'-centered 6 X 6 X 2 mesh for the 30-
atom primitive cells of y-In,Se; and y-In,Te;, and equivalent k-
point mesh for supercells for the y-In,(Se,_,Te,); alloys. Once
the ionic positions were determined using the PBEsol
functional, we calculated the electronic structure and dielectric
functions using the HSE06 functional,*”*® including the effects
of spin—orbit coupling. Note that the band gaps consistently
calculated in HSEO6 using optimized lattice parameters also in
HSEO06 are only slightly higher in energy by less than 0.15 eV.
Contributions from excitons and phonon-assisted optical
transitions to the absorption coeflicients were not included
in the present work; exciton binding energies are expected to
be less than 100 meV,” and phonon-assisted optical
transitions would significantly modify the spectrum near the
band edges if the indirect band gap were much lower than the
direct band gap, which is not the case as discussed later in the
text. Therefore, inclusion of these effects will not change our
main conclusions. To obtain a good description of optical band
gap threshold, we use the tetrahedron method with a small
complex shift of 1 meV in the Kramers—Kronig trans-
formation.*

For simulating the In,(Se;_,Te,); random alloys we
employed special quasi-random structures (SQS)”"* obtained
using the Alloy Theoretic Automated Toolkit (ATAT).*® This
approach is based on a Monte Carlo simulated annealing loop
with an objective function that seeks to perfectly match the
maximum number of atomic correlation functions of the
random alloys.”> Here we use supercells with 90 atoms for
representing In,(Se,_,Te,); alloys.

The defective wurtzite crystal structure of y-In,Se; (and y-
In,Te;) with space group P6, is shown in Figure 1. This crystal
structure is built up of In(1)Ses trigonal bipyramids and
In(2)Se, tetrahedra,”® which are connected by common
corners and edges resulting in a distorted wurtzite-like

structure, ie., a wurtzite structure missing one-third of cation
sites. The vacant sites are orderly arranged forming a screw
along the ¢ axis (vacancy ordered in screw form, or VOSF
phase).”*>* The calculated equilibrium lattice parameters for
7-In,Se; are a = 7.179 A and ¢ = 19.412 A, in good agreement
with experimental values a = 7.129 A and ¢ = 19.381 A.** For
7-In,Te,, the calculated lattice parameters are a = 7.632 A and
¢ = 20.980 A. Experimental data are not available in this case.

The calculated electronic structure for y-In,Se; and y-In,Te,
are shown in Figure 2a,b. In the case of y-In,Se;, we find a
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Figure 2. Electronic band structure and phonon dispersion of y-In,Se;
and y-In, Te;. Calculated electronic structure of (a) y-In,Se; showing a
direct band gap at I' and (b) of y-In,Te; showing the direct band gap
at I very close in energy to the indirect band gap I'-K. Calculated
phonon dispersion of (c) y-In,Se; and (d) y-In,Te; along high-
symmetry directions; the absence of negative phonon frequencies
indicates the structural stability of the two compounds in the 3D y
phase. (e) Brillouin zone showing the path and high-symmetry k
points.

direct band gap of 1.84 eV at the I point, in good agreement
with the onset of optical absorption shown in Figure 3a and
previously reported values of 1.8—1.9 eV."'~" Consistently
using the optimized HSEQ6 lattice parameters we obtain a gap
of 1.88 eV, which is only slightly larger. Previous DFT-GGA
calculations for y-In,Se; showed a band gap of ~1.0 ev.”’
However, GGA functionals are known to underestimate band
gaps. We find that the lowest conduction band originates from
In Ss orbitals, while the highest valence band originates mainly
from Se 4p orbitals. The calculated effective electron masses
are 0.136 m, and 0.148 m,, respectively, along the in-plane and
out-of-plane directions, based on a parabolic fit to the band
structure around the CBM. In the case of y-In,Te;, we find an
indirect band gap of 1.23 eV, with the conduction-band
minimum (CBM) at K, and a direct gap of 1.27 eV at " is only
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Figure 3. Optical properties of y-In,Se; and y-In,Te;: (a) Tauc plot of
the optical absorption derived from the transmission and reflection
spectra of the In,Se; thin film, indicating a gap of 1.87 eV. (b)
Calculated absorption coefficient (a) of bulk y-In,Se; and y-In,Te; in
log scale, for light polarization perpendicular (L) and parallel || to the
Chex aXiS.

slightly lower than at the I' point by 0.04 eV. Note that our
HSE06 calculations using the HSE06 optimized lattice
parameters give a direct band gap at I' of 1.34 eV, with the
indirect gap I'-K slightly higher in energy. Using the HSE06
lattice parameters, the indirect gap I'-K is 1.38 eV, and the
direct gap at I' is 1.34 eV, inverting the order. Similar to In,Se;,
the lowest energy conduction band is derived from In Ss
orbitals, and the valence-band maximum (VBM) at I is mainly
derived from Te Sp orbitals.

We verified the structural stability of the y phase of In,Se;
and In,Te; by inspecting their phonon spectra. The phonon
dispersion calculations were obtained using a combination of
VASP and phonopy.”® In these calculations, the dynamic
matrices and second order interatomic force constants (IFCs)
are computed on a 8 X 8 X 8 g-point mesh. We generate 210
displaced supercells, each with 240 atoms, with the atomic
displacements of 0.02 A. The calculated phonon dispersions of
7-In,Se; and y-In,Te;, shown in Figure 2¢,d, reveal no trace of
imaginary frequency, indicating that our optimized structure
for y-In,Se; represents a minimum-energy structure, consistent
with experimental results, indicating that this phase is
structurally stable.”””

For the optical properties, we show the absorption spectra of
7-In,Se; and y-In,Te; in Figure 3. A Tauc plot of the optical
absorption of the In,Se; thin film, obtained from measured
transmission and reflection spectra, is shown in Figure 3a, with
a direct band gap of 1.87 eV. For comparison, the calculated
absorption coefficients a of bulk y-In,Se; and y-In,Te; are
shown in Figure 3b. We find a good agreement between the
calculated band gap of 1.84 eV and the value of 1.87 eV
extracted from the Tauc plot.*” ™"

Due to the hexagonal crystal structure, the absorption
coefficient is anisotropic, but it shows small differences for light
polarization parallel vs perpendicular to the ¢, axis. The

absorption coeflicients of y-In,Se; and y-In,Te;, derived from
the real and imaginary parts of the dielectric function, rapidly
increase for photon energies above the band gap and are
comparable to those of conventional III-V and II-VI
semiconductors. For y-In,Te;, we note that the calculated
onset at 1.27 eV in the absorption coeflicient occurs at photon
energies that are only slightly higher than the calculated
fundamental indirect band gap.

For semiconductors, besides the band gap, it is essential to
know the position of the valence and conduction-band edges in
an absolute energy scale, and the band alignment to other
common semiconductors for designing contacts and hetero-
junctions. Thus, we calculated the position of the band edges
of y-In,Se; and y-In,Te; with respect to the vacuum level using
the following procedure: first we built slabs for -In,Se; and -
In,Te; constraining the volume per formula unit to be the
same as that of y-In,Se; and y-In,Tes, respectively. The
crystal structure is the same as that of Bi,Se;, which is a
hexagonal two-dimensional layered structure formed of
quintuple layers,** with a natural cleavage plane perpendicular
to the c-axis. Since the volume per formula unit of the
constructed f phase is constrained to be the same of that of the
7 phase, they have the same average electrostatic potential.
From the slab of this constrained S phase, we obtain the
average electrostatic potential in a bulk region with respect to
the vacuum level. We then combine the top of the VBM of the
7 phase with respect to the average electrostatic potential in a
bulk calculation, and the position of the average electrostatic
potential of the ff phase with respect to a vacuum to obtain the
position of the VBM of the y phase with respect to a vacuum.
The results for y-In,Se; and y-In,Te; are shown in Figure 4,
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Figure 4. Band alignments and band edge positions with respect to a
vacuum for y-In,Se; and y-In, Te;, compared to CulnSe, (from ref 42)
and CdTe (from ref 43), which are two important absorber materials
in thin-film solar cells.

along with the values for CdTe and CulnSe, from the
literature.*** From the results, we note that the valence-band
maximum of y-In,Te; is 1.25 higher than that of y-In,Se;,
which is attributed to the higher energy of Te Sp than the Se
4p orbital. This difference is larger than those between CdTe
and CdSe and between ZnTe and ZnSe.**** This is attributed
to the stronger p-d coupling in the II-VI compounds that
pushes up the VBM,**® and it is stronger in the selenides than
in the tellurides, reducing the valence band offset between
them. The p-d interaction is weaker in y-In,Se; and y-In,Te;
due to the stoichiometry (50% more anions than cations) and
lower symmetry of the defective wurtzite crystal structure.

As shown in Figure 4, we find that the VBM of y-In,Te; is
higher than that of CdTe; this is due to Te being 3-fold
coordinated in y-In,Tes, resulting in a nonbonding or lone-pair
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character of the VBM that is higher in energy than that of
CdTe with a mainly Te p-Cd p bonding character. Note that
CdTe is a material that is used in thin film solar cells, and one
of the current limitations of CdTe-based solar cells is the
efficiency of p-type doping. Having a VBM ~ 0.5 eV higher
than that of CdTe, we expect that it would be easier to dope y-
In,Te; p-type, thus making this material itself a promising
material for thin film solar cells, despite having a smaller band
gap than CdTe.

Having established the structural, electronic, and optical
properties of bulk y-In,Se; and y-In,Te;, we now discuss the
basic properties of y-In,(Se,_,Te,); alloys. We simulate these
random alloys using SQS structures in a supercell of 90 atoms,
varying the Se/Te concentrations in steps of Ax = 0.056 (3/
54), from x = 0 (y-In,Se;) to x = 1 (y-In,Te;). One example of
such SQS structure for x = 0.33 (18/54) is shown in Figure Sa.
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Figure S. Structure, volume, mixing enthalpy, and band gap of y-
In,(Se,_,Te,); alloys. The structure in (a) represents a SQS structure
for x = 0.33; the volume per formula unit of the alloys in (b) follows
Vegard’s law; the mixing enthalpy per formula unit as a function of Te
concentration x in (c) is relatively low and comparable to other
semiconductor alloy systems for which mixing over the whole
concentration range has been observed. (d) Band gap of y-
In,(Se,_,Te,); alloys as a function of Te concentration x.

In Figure Sb we show the variation of the volume per formula
unit of y-In,(Se;_,Te,); alloys as a function of Te
concentration x, indicating that these alloys closely follow
Vegard’s law."

The ease of forming y-In,(Se,_,Te,); alloys is, in part,
determined by the mixing enthalpy, defined by

AH{[x] = E[x] — xE[In,Se;] — 1- x)E(InzTe3) (1)

where E[x] is the total energy of the y-In,(Se,_,Te,); SQS
supercell for a given x, E(In,Se;) is the total energy of bulk y-
In,Se; and E(—In,Te;) is the total energy of bulk y-In,Te,
using the same supercell size and k-mesh of the SQS structure.
The results are shown in Figure 5c. We find that the mixing
enthalpies are all positive and comparable to those of III-V-
based alloys,*® where uniform mixing have been observed for
all alloy concentrations. The positive sign of AH; indicates that
the ground state of these alloys at T = 0 corresponds to phase
separation into the binary constituents. However, since the

formation enthalpies are relatively low, these alloys are likely to
be stabilized through entropy at finite temperatures for the
entire range of Te compositions.

The calculated band gap of y-In,(Se,_,Te,); alloys as a
function of composition x is shown in Figure 5d. We note that
these results also include the effects of spin—orbit coupling.
Here we only discuss the direct band gap at I" in the alloys,
despite the conduction-band minimum at K and at I' being
very close in energy in y-In,Te;. The calculated bowing
parameter b, defined as,”

E lx] = (1 — x)E,(In,Se;) + xE,(In,Te;) — bx(1 — x)

()
is 1.0 eV, which is close to other chalcogenide alloys such as
(Cd,Se)Te (0.83 €V) and (Zn,Se)Te (1.23 eV).*!

The band gap of y-In,(Se,_,Te,); rapidly decreases with Te
composition for small «, reaching around 1.3 eV for x = 0.4.
For higher Te concentrations, i.e., x > 0.4, the gap remains
within 0.1 eV of the gap of y-In,Te; and has a minimum band
gap of 1.2 eV at x = 0.8. We attribute this behavior to the large
difference between the energy of the Se/Te valence p orbitals,
i.e, adding small amounts of Te to y-In,Se; leads to an
isovalent Te-related band that is expected to be much higher in
energy than the host valence band. Such a high VBM of the
alloy not only reduces the band gap, but also facilitates p-type
doping as in pure y-In,Te;. Conversely, adding small amounts
of Se to y-In,Te; would lead to an isovalent Se-related band
below the VBM of the host, causing only small changes in the
band gap.

Finally, we note that the band gap of y-In,(Se,_,Te,); alloys
can be tailored to be in the range of 1.2—1.5 eV for Te
concentration between 20% and 100%, which is accepted as
the optimum range of band gaps for single junction solar cells.
One could also combine y-In,Se; or low Te content y-
In,(Se,_,Te,); alloys with high Te content alloys in tandem
architectures, so the efficiency could surpass the ~33%
Shockley-Queisser limit for single-junction devices. Doping p
type could be achieved using column-II acceptors, such as Mg,
Ca, Zn, Cd, etc., yet such studies combined with native point
defects are left for future work.

In summary, we investigated the structural, electronic, and
optical properties of y-In,Se;, and predicted the properties of y-
In,Te;, and y-In,(Se,_,Te,); alloys, aiming at developing these
materials for photovoltaic and other optoelectronic applica-
tions. y-In,Se; has a direct band gap of 1.84 eV, in good
agreement with the onset in the absorption spectrum, whereas
7-In,Te; has an indirect band gap of 1.23 eV, with the direct
band gap at I' being only 0.04 eV higher. The absorption
coefficients of y-In,Se; and y-In,Te; are very high in the visible
light range, reaching 10° cm™ at ~1 eV above the band gap
energy. The valence band of y-In,Te; is predicted to be higher
than that of CdTe, indicating that this material can be easily
doped p-type. y-In,(Se,_,Te,); alloys are predicted to easily
form, with a maximum mixing enthalpy of 52 meV/f.u., similar
to other semiconductor alloys for which mixing over the whole
concentration range has been observed. The band gap of -
In,(Se,_,Te,); alloys rapidly decreases with increasing Te
composition, falling in the range of 1.2—1.5 eV for Te
concentrations higher than ~20%, which is optimal for single
junction solar cells.”” With such a high Te concentration, the
VBM is also high enough to facilitate p-type doping. Our work
thus indicates that the y-In,(Se,_,Te,); alloy system is
promising for photovoltaic applications.
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