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Photocatalytic materials attract immense scientific interest due to their possible applications in energy
harvesting. These applications are strongly dependent on the material's band gap and efficient visible
light absorption, which ultimately relies on the underlying electronic structure of the material. In this
work, we have theoretically studied the electronic and optical response of a CuzP semiconductor. We
have used Density Functional Theory (DFT), and the Many-Body Perturbation Theory (MBPT) based
Bethe—Salpeter Equation (BSE). CusP has intriguing band gap nature, as DFT predicts a semi-metallic
state which was corrected by employing the Hubbard potentials. Only astronomically large values of
Hubbard potentials reproduced the semiconducting state of CusP. The optical response of the material
is computed within a Random Phase Approximation (RPA) and using the BSE on top of DFT+U

wavefunctions and on the ground state computed with the PBEO functional. The BSE captures the

Recei 17th April 2022 ) . . ) ) . . .
Aig:;i% 6tth Juﬁ;llzogz excitonic physics, and the optical absorption obtained from it was red-shifted compared to the RPA,
which shows the significance of electron—hole interactions in CuszP. The comparison of the BSE with

DOI: 10.1039/d2ra02472a experiments suggests that BSE@QPBEO reproduces the optical absorption much more closely to the

Open Access Article. Published on 19 July 2022. Downloaded on 10/24/2025 11:57:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances experimental data.

1 Introduction

Photocatalytic materials have drawn considerable scientific
interest in water splitting since TiO, emerged as a pioneering
material in this field.* TiO, possesses promising characteristics
such as low-cost and a non-toxic nature; however, pure TiO, is
hardly employed in actual photocatalytic applications due to its
wide band gap. Although significant efforts have already been
made to tune the TiO, band gap via doping> and altering its
surface properties,® the need to probe for new potential pho-
tocatalytic materials has been profoundly felt, worked on in the
past,* and still continues. Various semiconductors like Bi,WOjq
and other tungsten oxides have recently evolved as photo-
catalytic systems,® but most materials exhibit suppressed pho-
tocatalytic activity compared to TiO,.® Apart from designing new
undoped materials, combining two semiconductors to form
a heterostructure is another popular method. There are several
heterostructures that have been studied; for instance, Bi,WO¢-
Cu;P has been experimentally studied to be a conducive system
for photocatalysis.” Substantial research has been conducted on
pure Bi,WOg, both experimentally and theoretically,” to find
its electronic and optical response. However, interestingly,
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Cu;zP, which shows promising photocatalytic performance
under irradiation, has not been investigated in much detail
experimentally and is yet to be studied theoretically.

Copper phosphide (CusP) has been found to be a semi-
conductor with a lower band gap than TiO, and even lower than
Bi,WOs, which ensures sizeable optical absorption in the visible
portion of the electromagnetic spectrum, which has also
experimentally been observed.” CuzP has shown promise as an
electrode material for batteries due to its cyclability and
capacity'® and was recently found to be an excellent fluorescent
material due to its excellent fluorescence properties,'* hence is
also suitable as a photodetector. Furthermore, Cu,P as a p-type
semiconductor has been combined with several other wide
band gap n-type semiconductors such as Bi,WOg,” SnO,,"* and
very recently with TiO, (ref. 13) to form heterostructures which
enhanced the photocatalytic properties of the overall system
under solar light irradiation. The internal electric field that
develops near the p-n junction area helps to segregate gener-
ated electron-hole pairs and prevents recombination, ulti-
mately improving the photocatalytic efficiency.**

Besides experimental studies, theoretical calculations on
CuzP heterostructures have already been performed.'>*®
However, the theoretical study of pure Cu;P, mainly electronic
and optical properties, is often overlooked, and there are
unanswered questions about the absorption and emission
spectroscopy of this material. The electronic and optical
response is vital for any photocatalytic material, and theoretical
computation has become a valuable tool to predict these
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properties with comparable results to experiments. Electronic
structure methods such as DFT have found enormous success
in finding the lattice structure'” or phonon vibration in solids.*®
However, inherently complex and spurious interactions
between electrons, named self-interaction, which is not treated
in the GGA type of functionals, cause severe band gap under-
estimation.” Experimentally, Cus;P has been found to have
a small band gap; however, PBE predicts a metallic state sug-
gesting a strong underestimation of gap or physically wrong
ground state at the PBE level. The significant underestimation
of the gap has also been manifested in other copper-based
materials such as chalcopyrites.”® To mitigate the band gap
underestimation and to deal with onsite correlation effects, we
have used the DFT+U method.”* Quasi-particle corrections,*
like the GW approximation,” based upon the Many-Body
Perturbation Theory (MBPT) followed by a BSE calculation is
often used as a state-of-the-art approach to compute electronic
and optical spectra.>® However, we have avoided GW here
because this method might give ambiguous corrections if the
ground state wavefunctions computed from DFT are funda-
mentally unphysical;>® therefore, the Hubbard correction
(DFT+U) is considered in this work. The hybrid functional
starting point for GW or BSE calculations is one popular choice
known to give reasonable results,”>*® but employing large k-
points with a hybrid functional becomes unfeasible due to the
massive computational and memory costs.

Nevertheless, a band gap calculation was carried out
employing the PBEO hybrid functional using a 3 x 3 x 3 k-grid,
which yielded a 0.55 eV band gap. The band gap of CuzP with
the PBEO functional is comparable to earlier studies using the
same functional.”” Furthermore, meta-GGA types of functionals
are prevalent, and they perform significantly better than the
GGA functionals to yield band gaps close to experiment,”® and
they have not been employed for CusP in the past; we have used
a SCAN functional® to compute the band gap. However, still,
the semiconducting state was not achieved. Therefore, Hubbard
potentials and hybrid functional calculations were performed
in all further computations. We have taken DFT+U, or PBEO
computed wavefunctions in the optical calculations to solve the
BSE. Furthermore, a significant effort was made to determine
Hubbard parameters for CuzP from first-principles; however,
those calculations did not yield promising results due to a well-
known limitation in the theory, which is discussed in Section 3.

In this work, we have performed theoretical calculations to
investigate optoelectronic properties using DFT and post-DFT
methods like the BSE. In the past, the optical calculations
were carried out within the Independent Particle Approxima-
tion (IPA) only, and therefore, no electron-hole interaction was
taken into account.”” Since excitonic physics plays a significant
role in describing the optical absorption of semiconductors, we
have computed optical properties from the BSE as well as with
IPA levels of theories. Furthermore, a comparison of these two
theories with the experimental data was also studied, which was
missing in the earlier studies. These theoretical calculations
will help in understanding the optoelectronic properties of
highly correlated Cu;P and pave the way for further studies to
fine-tune its properties.
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2 Computational details

Ground-state wave functions were computed using DFT*
employing Generalized Gradient Approximation (GGA) to
account for the exchange and correlational effects between
electrons as implemented in the Perdew-Burke-Ernzerhof
(PBE)* functional using the Quantum ESPRESSO code.** Norm-
conserving pseudopotentials®* were used to model the ions-
electrons interaction without Non-Linear Core Correction
(NLCC) taken from the SG15 library.>* In optical calculations, we
have also included the non-local part of the pseudopotentials.*
A plane-wave basis set up to the cutoff energy 80 Ry was used to
expand the electronic wavefunctions, at which the total energy
convergence of 3.1 x 10~> Ry per atom is achieved. A k-points
sampling under the Monkhorst-Pack®® scheme was used for the
first Brillouin zone integration using the 6 x 6 x 6 k-mesh. All
the calculations are performed using the non-spin-polarized
DFT to save computational time, as we had determined that
Cu;P has an identical DOS for spin-up and spin-down config-
urations (Fig. S1t). To achieve the minimum potential energy
configuration of the system, the atomic positions and structure
constants are optimized by computing the Hellmann-Feynman
forces using the Broyden-Fletcher-Goldfarb-Shanno procedure
(BFGS).*” Optimization is performed until the total force on the
system becomes as low as 3 x 10~* Ry per a.u. To correct the
band gap energies and to account for the onsite Coulombic
repulsion, we have applied Hubbard potentials (U) not only to
Cu-3d but also to the P-3p states (DFT + Uq + Up) with values of
22 eV and 10 eV respectively.”” It has already been extensively
studied for various materials that applying Hubbard corrections
to p-orbitals has a prominent effect on the band gap,>*”*** and
it signifies the localized nature of the p states. In the hybrid
functional (PBEO) calculations, 25% exact exchange was
considered as the exchange parameter.

The density of states (DOS) and optical calculations require
a dense k-mesh grid; therefore, in DOS calculations, we have
chosen an 18 x 18 x 18 k-grid, while for optical calculations, a 9
x 9 x 9 grid in the BSE was found to give convergent results.
Optical calculations have been computed using the Yambo
code,* within RPA theory, including local field effects and using
the Bethe Salpeter Equation (BSE) incorporating electron-hole
interaction effects. The static screening calculation considered
four hundred bands (212 unoccupied). To build the exchange
part of the BSE kernel comprising local field effects, 10 Ry of
Hartree potential components and 3 Ry for the screened inter-
action block size for electron-hole interaction term proved to be
perfectly convergent for the BSE kernel. Optical absorption was
computed by averaging out values of dielectric function along
with three spatial directions, and a 0.1 eV damping coefficient
was used as the width of the Lorentzian peak.

3 Results and discussion
3.1 Electronic properties

The hexagonal unit cell of CuzP with space group P6;cm was
considered with experimental lattice parameters a = b = 6.959
and ¢ = 7.143 (in angstrom). All the properties were calculated

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02472a

Open Access Article. Published on 19 July 2022. Downloaded on 10/24/2025 11:57:36 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

from the optimized geometrical structure from the PBE func-
tional (Fig. S31), and the optimized lattice constants are given in
Table S1 (ESI). 1 Since the geometrical structure can influence
the optoelectronic properties, relaxing the structure is vital in
electronic structure calculations. The PBE lattice constants were
within 1% of experimental parameters and were closer to
experimental values than the PBEsol optimized structure. Some
reports suggest CuzP is a semiconductor with an energy gap in
the range 1.3-1.4 eV measured from scanning tunneling spec-
troscopy* or around 0.8 eV according to optical DRS spectros-
copy* and 1.6 eV from another DRS spectroscopy,” while a study
using the NMR technique shows it to be metallic.** However,
many experimental studies have shown CuzP is a semi-
conductor. Moreover, the metallic state obtained by theoretical
calculations at the PBE level*” can be attributed to the band gap
problem in Kohn-Sham DFT formalism. We also obtained the
metallic state at the PBE level in this study. In order to
circumvent the band gap problem of DFT, we have tried to
employ the DFT+U method, where Hubbard (U) values are taken
empirically, but the same “U” values have been used in the
previous study on this material. The Hubbard values taken in all
the calculations (unless explicitly mentioned) were 22 eV and
10 eV for Cu-3d and P-3p, respectively. These surprisingly large
values seem unusual at first glance. However, the same were
used in the previous study to open up the gap, close to the
experimental value®” and it indicates strong localization and
correlational effects of Cu-3d and P-3p electrons in CuzP. The
lattice constants at these U values (22 eV and 10 eV) are also
given in Table S1 (ESI),T which is not too far from the PBE result
and the band gap against a different set of “U” values is pre-
sented in Table S2 (ESI).t

Interestingly, the gap does not open unless we apply Hubbard
on P-3p, no matter how large the “U” is for Cu-3d alone (up to
Ug = 30 eV has been tested).” The DFT + Uq + U, with the chosen
U values opens the gap as the states around the Fermi level start
to re-shift, causing the gap to open up, Fig. 1, 2 and S31 show this
shifting. Moreover, the band gap opening is strongly dependent
on the U, value (Fig. $47). Furthermore, we also tried to use the
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Fig. 1 The band structure of CusP from the PBE functional without
Hubbard potentials. The valence and conduction states overlap and
hence the metallic state was obtained.
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Fig. 2 The band structure of CuszP from the PBE functional with
Hubbard potentials. The gap opened up with value of 0.41 eV.
However, the band curvatures are almost identical to without Hubbard
case.

DFT + U + V method* (“U” signifies the onsite correlation, the
“V” term accounts for the inter-site electronic interactions) and
tried to compute “U and V” using the linear response method
within Density Functional Perturbation Theory (DFPT).*
However, DFPT was not successful for the Cu;P system. It has
been found that for closed d-shell transition metals, this
approach gives unphysical “U” values that continue to rise
astronomically after each iteration;* therefore, self-consistency
cannot be attained. We also got similar behavior for the Cu-3d
state, as shown in Table S3 (ESI).}

The computed band structure of CuzP is shown in Fig. 1,
which shows the metallic state due to bands of top valence states
overlapping with some of the conduction states. The band
structure with the Hubbard potential, as depicted in Fig. 2, shows
the band gap opening and yields a 0.41 eV band gap value, which
is quite similar to what has already been obtained using these
Hubbard values in the past.”” However, the effect of these large
Hubbard potentials on optical calculations, especially using the
BSE, has not been studied in the past. We tried to use these
Hubbard parameters to find optical properties and also
employed hybrid functional PBEO in optical calculations
(BSE@PBEO). Furthermore, the curvature of the bands is iden-
tical in both cases, which shows that the effective mass and hence
carrier dynamics of the electron and holes will not be influenced
much by applying these enormous Hubbard potentials.

3.2 Partial density of states (PDOS)

The significant change in applying the Hubbard was observed at
the top of the valence state, where those states shifted to lower
energies, as depicted in Fig. 2. The partial density of states
(PDOS) plot in Fig. 3 with applied Hubbard values suggests that
the top of the valence band is mainly composed of P-3p and Cu-
3d orbitals, so these two states primarily constitute the total
density of states of valence states, while the bottom of the
conduction state is comprised mainly of Cu 4s. Thus, the
significant impact on valence states in the band structure

RSC Adv, 2022, 12, 20721-20726 | 20723
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Fig. 3 The PDOS plot of CuzP with Hubbard potentials (22, 18). The
gap value of 0.41 eV was obtained as it was in the band structure
diagram using the same Hubbard values.

corresponds to applying Hubbard on P-3p and Cu-3d. Further-
more, the nature of the band gap is direct; as evident in Fig. 2,
the top of the valence band and the bottom of the conduction
band exist at the gamma point, and experimental studies also
suggest a direct band gap.”

4 Optical properties
4.1 Dielectric function

Many optical parameters for a material can be deduced from
dielectric function, such as absorption coefficient, refractive
index, reflectivity, and extinction coefficient. A material might
show no significant response at much lower energies than the
visible; however, we might have a resonant response resulting
from the inter-band transitions at higher energies. In this study,
we are considering interband transitions only to study the
optical absorption of Cu;P, and phonon-assisted optical tran-
sitions were also omitted due to the direct nature of the band
gap. The imaginary part of the dielectric function describes the
transition probability from occupied to unoccupied states and
is related to optical absorption.

The imaginary part of the dielectric function shown in Fig. 4
was computed using RPA and BSE theories. Independent
Particle Approximation (IPA) including Local Fields Effects
(LFE) constitutes the RPA.*” Local fields in the material result
from polarization caused by the applied electric field and
describe the density inhomogeneity of the material. On the
other hand, the Bethe-Salpeter equation (BSE) also deals with
neutral excitations but takes electron-hole interaction into
account.*®*’ The BSE is an eigenvalue problem solved by finding
eigenvalues of the electron-hole Hamiltonian.*® The obtained
eigenvalues of the BSE are then used to find the optical prop-
erties.* The dielectric function in Fig. 4 shows the enlarged
absorption up to 5 eV from the BSE and has a low absorption
onset than the RPA curve. This shows that the BSE curve is red-
shifted and signifies the optical excitation caused by the exci-
tonic states present in the band gap.

4.2 Absorption coefficient

To see the effect of the large Hubbard values used in all our
calculations, we have computed the optical absorption at two
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Fig. 4 The imaginary part of the dielectric function is computed from
RPA and BSE theories. The BSE curve shows a red-shift due to elec-
tron—hole interactions.

different sets of “U” values. One with (22, 10) and the other with
(18, 8) for (Cu-3d, P-3p), as shown in Fig. 5. The electronic band
gap with (22, 10) Hubbard values was 0.41 eV, and we obtained
0.07 eV with (18, 8) values. Both curves in Fig. 5 are pretty
similar, while the (18, 8) curve is red-shifted almost the same
amount as the difference in electronic band gap using these two
different sets of Hubbard values. This signifies that the large
Hubbard values help open the band gap but do not drastically
impact the shape of the optical spectrum. Moreover, the iden-
tical optical absorption calculated from the BSE with these two
sets of Hubbard values also validates the resemblance of the
band structures because the optical spectrum directly correlates
with underlying electronic structure calculations.

Fig. 6 compares the theoretically obtained absorption coef-
ficient with the experimental data for the absorption. The BSE
can be solved on top of the Kohn-Sham wavefunction with the

1 T T T T T
Hubbard (U) values
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Fig. 5 The absorption coefficient of CuzP at two different sets of
Hubbard values. The results are qualitatively similar to the expected
shift across the x-axis due to the difference in the band gap.
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Fig. 6 The optical absorption comparison was obtained from the BSE on top of DFT+U and PBEO with the experimental data. BSE@QPBEO gives

better agreement with the experiment.

band gap corrected by rigid scissor shift, or quasiparticle
wavefunctions like GW corrections, or the ground state wave-
function calculated using hybrid functionals. In this work, we
have tested the PBEO hybrid functional as a starting point for
the BSE, and conventional DFT+U. Fig. 6 shows that
BSE@DFT+U has the correct optical absorption onset compared
to the experimental curve. However, it misses some features; for
instance, the peak close to 800 nm is not present in the DFT+U
curve. The BSE@PBEO performs much better in terms of qual-
itatively reproducing the experimental data. The comparison
shows that BSE@PBEDO is closer to the experimental data, which
shows that the exact exchange present in PBEO plays a vital role
in Cu,P. However, the need for a more involved theory like GW
corrections might be helpful to obtain even better agreement
with the experimental data and to understand the behavior of
subtle exchange and correlation effects present in Cu;P.

5 Conclusions

The electronic and optical response of CusP is correctly repro-
duced by applying DFT+U followed by the BSE. The semi-
conducting state can be obtained in ground state Kohn-Sham
calculations using the Hubbard potentials or more computa-
tionally expansive hybrid functional, PBEO. The first-principles
determination of Hubbard values from the self-consistent
DFPT approach was unsuccessful due to the full-shell d-block
transition metal (Cu). Furthermore, optical calculation
suggests the electron-hole interaction plays a significant role in
the optical response of CusP, as the optical onset for the RPA
and BSE curves differs. BSE@PBEO gives much better agree-
ment with the experimental data as compared to BSE@DFT+U.
Our study provides an improved understanding and application
of BSE theory on Cu;P; however, further studies using more
advanced theories incorporating quasiparticle calculations will
further pave the way in understanding the electronic structure
of Cu;P.
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