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First-principles calculation of shift current bulk photovoltaic effect in two-dimensional «-In,Se;
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Shift current is the dominant dc-current response in the bulk photovoltaic effect (BPVE), which is the
conversion of solar energy into electricity in the materials with broken inversion symmetry. While the guiding
principle of BPVE is a lack of inversion symmetry in a material which also results in ferroelectricity, it is
therefore, expected that a significantly large shift current is achieved in ferroelectric materials. In this work,
we calculate shift current using first principles in two-dimensional «-In,Se; which has both in-plane and
out-of-plane polarization at room temperature. To understand the implications of in-plane and out-of-plane
polarization on shift current BPVE, mono- and bilayer structures of 3R and 2H «-In,Se; are considered in our
calculations. It suggests that the in-plane polarization doesn’t affect the shift current response of this material.
In monolayer, a dominant shift current response of magnitude 750 uA/V? is obtained along the direction of
out-of-plane polarization under uniform illumination of zz-polarized light at a photon energy of 4.16 eV. The
doping engineering is further implemented to tune the shift current response to visible light. Bismuth (Bi)
is used to substitute the indium element at the tetrahedral site thereby introducing more energy levels in the
conduction band which importantly are contributed by p orbitals of Bi and take part in the transition process.
Consequently, a giant shift current of 1200 £A/V? is obtained at a photon energy of 2.98 eV. The present study
would be an instrumental in understanding the shift current BPVE and would pave the path for designing efficient
photovoltaic devices based on «-In,Se; and similar material systems.
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L. INTRODUCTION in BPVE [7] therefore, the shift current and BPVE are used
interchangeably in this paper. The shift current tensor is given

The conversion of solar energy into electric current in the as [8-11]

materials with broken inversion symmetry is called bulk pho-
tovoltaic effect (BPVE) [1]. It is a technologically important he
phenomenon as it can generate a photovoltage more than the o(0; w, —w)
band gap of the material [2]. Moreover, its photoconversion i med
efficiency is not limited by the Shockley-Queisser limit unlike =—— f [dk] Z Fam (o oma & TonToa)
the conventional p-n junction solar cells [3-5]. Therefore, 2n n,m
BPVE is viewed as one of the most efficient alternative X 8(wyy — ), (1)
sources of green energy. Because of its prospective scope in
solar energy harvesting applications, intense research is being
done to understand or formulate a mechanism to improve
its efficiency. Though the necessary ingredient to optimize
the BPVE is still not fully understood, a material with the
band gap in visible range (1.1-3.1 eV) [5,6], large electronic
densities of states near the band edge, and high anisotropy are
beneficial [5,7,8]. The latter ensures a preferential direction
of current (called “shift current”) flow through such material-
based devices under uniform illumination.

The shift current BPVE is a nonlinear optical process

where a, b, ¢ are Cartesian indices, n and m are the band
indices, fun, = fu — fm 1s the Fermi-Dirac occupation number,
Wyn = Wy — 0y, 1s the band energy difference, rﬁm is the
dipole matrix elements, r?, ., represents generalized deriva-
tives, the integral is over the first Brillouin zone with [dk] =
dk?® /2w Y in d dimensions, and k is the wave vector. The
dipole matrix elements are defined as r5, = A2 whenn # m
or zero otherwise [7]. The term A® is the Berry connection
matrix given as Af,m = (|, |u,), where |u,) denotes the

that arises from second-order interaction with monochromatic
light. Photoexcitation of electrons from one band to another
accompanying a coordinate shift allows a net current flow
from the asymmetry of the potential resulting in a shift current
[3-5]. The shift current is a dominant dc-current response

cell periodic part of a Bloch eigenstate. The generalized

derivative is defined as r,,., = O, F,,,, — i(An, — A )
Under a monochromatic light of form E bty =

Eb(w)e + E’(—w)e™™" with frequency w and linearly
polarized along the direction b, the dc-photocurrent density
(J) from the linear BPVE is given as [7,10]
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and the second-order response function for the shift current
becomes

3
50 . —) = ’;_ez f [dk] > fumRiy

b b
X FumTimn

X S(wmn - w)a (3)
where R%? is a shift vector [9,10] defined as

Ra,b = akad)Sm - A;lnm + AZ}’!; (4)

nm

here ¢?, is the phase of 2 = |rb |e~m. The shift vector
RZ;}; has a unit of length and can be physically interpreted
as, on average, the displacement of coherent carriers during
their lifetimes when they are pumped from band m to band
n. According to Fermi’s golden rule, the product r2 r? x
8(wum — ) = |2 128(wpm — ) in Eq. (3) can be interpreted
as a transition rate from band m to band n. Therefore, the shift
current response is expressed as the shift vector multiplied by
the transition rate.

BPVE has long been studied intensively in conventional
ABO3 ferroelectric oxides because the fundamental require-
ment of broken inversion symmetry is well satisfied in such
materials. However, in most of such material systems, the
bands involved in the transition process are strongly con-
tributed by the localized d orbitals which tend to decrease the
shift current [12]. Moreover, studies show that the shift current
can be improved by choosing the material systems with a large
joint density of states where the band edge is closely aligned
with the peak of the solar spectrum [5,12]. Since the band edge
always induces a Van Hove singularity in the density of states,
the requirement of a large peak in the photoresponse can be
naturally better satisfied by low dimensional materials, which
generically present stronger singularities [5,7,12]. Therefore,
the recent development of a number of two-dimensional
(2D) materials with broken inversion symmetry has opened
up a new paradigm to the BPVE. Recently, Rangel et al.
reported a large shift current (~100 A /V?) in single-layer
GeS monochalcogenide [8]. Interestingly, the reported shift
current in single-layer GeS (thickness ~2.6 A) is far larger
than that in the most studied ferroelectric perovskite oxides
such as BaTiO; (30 uA/V?), and PbTiO3 (50 A /V?) in bulk
[4], suggesting that the 2D van der Waals (vdW) layered
materials are promising for photovoltaic applications at an
ultimate scaling thickness.

The polar 2D vdW materials, especially, are more interest-
ing because a large shift current BPVE is reported in such ma-
terial systems [12]. Although polarization and shift current are
not linked in any specific way despite the fact that both orig-
inate from inversion symmetry breaking, it is reported that a
material with larger polarization would significantly enhance
the bulk photovoltaic response [6,13—15]. The shift current
response has been studied in many material systems includ-
ing perovskite oxides [3,4], organometal-halide perovskites
[16], and 2D material system [8,10,11], etc., however, to our
knowledge it has been studied in the material systems in which
polarization exists in one direction (i.e., either in plane or out
of plane). But a recent development in the 2D material system
with broken inversion symmetry leads to the emergence of the
group III, — VI3 vdW materials which are reported to possess
a robust in-plane as well as out-of-plane polarization [17-19].

Understanding the implications of coexisting in-plane and
out-of-plane polarization on shift current is, therefore, vital
in down selecting the material and designing the photovoltaic
devices with improved efficiency. Therefore, in this study,
we choose a-In;Ses, a crystalline family member of In,Ses,
which is a prototypical 2D layered material system having
both in-plane and out-of-plane polarization.

In,Se; is an intriguing III—VI binary chalcogenide with
diverse electronic properties and crystalline polymorphism
existing in at least five different crystalline phases, viz.,
o, B, v, 8, and x [20,21]. At room temperature, «-In,Ses
has a hexagonal crystal structure and is a multidirectional
ferroelectric layered semiconductor with a robust in-plane
and out-of-plane polarization [17,21]. It has been widely
studied theoretically and experimentally with the view of its
applications in two-dimensional memory and optoelectronics
such as photodetectors [22-25]. However, the photovoltaic
application of «-In;Se; is still not well explored. Therefore,
here we theoretically study its shift current BPVE application
and implications of in-plane and out-of-plane polarization on
it. We find that a large BPVE shift current of 750 uA/V?
is obtained along the direction of out-of-plane polarization
and a negligible shift current is obtained along the direc-
tion of in-plane polarization direction when illuminated by a
zz-polarized and xx/yy-polarized light, respectively. Further-
more, the highest shift current response lies in the ultraviolet
range (~4.16 eV) which can be tuned effectively by doping.
Wisely choosing the dopant and doping site, an enhanced shift
current (~1200 £A/V?) is obtained in single-layer InBiSe;
system that importantly occurs in the visible spectrum range.

II. METHODOLOGY

Density functional theory (DFT) calculations were per-
formed using the QUANTUM ESPRESSO package [26] with
the ultrasoft pseudopotential [27] as parameterized by the
Perdew-Zunger exchange correlation [28]. The plane-wave
basis set with an energy cutoff of 70 Ry and 8 x 8 x 1
Monkhorst-Pack k-point grid was found to optimally con-
verge self-consistent energy up to 107> Ry using Davidson
diagonalization algorithm [29]. Fermi-Dirac distribution with
a width of kgT = 0.005Ry was used for smearing the oc-
cupation of numbers of electronic states. A vacuum layer of
20 A along the Z axis was used to minimize the interac-
tions between the periodic images of the layers. In order to
account for vdW interaction, we tested many vdW correc-
tion functionals [30,31] and the vdW-df-obk8 functional was
used as it defined the lattice constants of this material more
accurately. The calculations were sufficiently converged to
allow the atomic structures to be optimized until the residual
forces on the atoms are less than 10~*Ry/bohr. Uniform
k-point grid of 8 x 8 x 1 and 30 x 30 x 1 was used for self-
consistent and non-self-consistent calculations, respectively.
Polarization was calculated by the quantum theory of po-
larization approach [32] using Berry’s phase method. The
hybrid functional Heyd-Scuseria-Ernzerhof-06 (HSE06) [33],
as implemented in QuantumATK [34], was used to correctly
describe the electronic band structures. Based on HSEO06
band-structure calculations, Hubbard U was further optimized
using electronic property calculation [6] and used as a basis to
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FIG. 1. Showing the side view of an «-In,Se; quintuple (a); quintuple layers and their stacking in rhombohedral (3R) and hexagonal (2H)
arrangement (b); variation of in-plane (P,,) and out-of-plane (P, ) polarization with the number of layers in these stacking arrangements (c).
In a quintuple, the In atoms, In,. and In, are coordinated octahedrally and tetrahedrally, respectively, while the Se atoms at the top (Sey;) and
bottom layer (Sey) are coordinated trigonally, and the central Se,, atom (encircled) is coordinated tetrahedrally via which the P, and Py in
a quintuple layer (QL) are interlinked. The alignment of in-plane polarization (Pi/n) and out-of-plane polarization (P(;m) of the individual layer

are also indicated (green arrow).

take into account the correlation effect in Wannier functions
in QUANTUM ESPRESSO. Since electronic bands near the Fermi
level of In,Se; are greatly influenced by p orbitals of In and
Se, therefore, in order to treat the large self-interaction error
originating from p orbitals, an optimum Hubbard U of 4.6 eV
was applied on the p orbitals of both In and Se.

Considering the optimized local-density approximation
plus Hubbard U (USPP/LDA + U or simply LDA 4 U unless
until specified) Kohn-Sham potential, maximally localized
Wannier functions (MLWFs) were created using the Wan-
nier90 code [35] in the slab geometry as obtained after orthog-
onalizing the hexagonal a-In;Se;. On obtaining MLWFs, the
Wannier interpolation method was used to calculate the shift
current conductivity using a refined k grid of 200 x 200 x 1
and a boarding factor of 0.04 eV. The k grid of 200 x 200 x 1
was chosen after performing the shift current convergence test
with the k points. Furthermore, to check the stability of band
structures and the shift current response against the change of
pseudopotentials in o-In,Ses, along with the Hubbard U, we
used ultrasoft pseudopotential with Perdew, Burke, and Ernz-
erhof exchange correlation (USPP/GGA + U), and projector-
augmented wave parametrized by Perdew-Zunger exchange-
correlation functional (PAW/LDA + U). The optimized Hub-
bard U of 4.8 and 5.0 eV were used with USPP/GGA and
PAW/LDA, respectively applied on the p orbitals of both In
and Se.

III. RESULTS AND DISCUSSION

Structure of a-InySe; — Among the five («, 8, y, §, and
k) known crystalline polymorphisms of In,Ses, the «-In,Ses

is a layered 2D semiconductor at room temperature and is a
technologically important material system [19-21,24]. Using
mechanical or chemical exfoliation, mono to a few layers of
a-InySe; is easily obtained [21,36]. The building block of
a-InySe; is a quintuple consisting of Se-In-Se-In-Se atomic
sequence connected by the strong covalent bond vertically
[Fig. 1(a)]. Similar quintuple layers (QLs) can be stacked
stable by the weak out-of-plane vdW interactions. Depending
upon the geometrical orientation of stacked quintuple layers,
the «-In,Se; may adopt two different crystal structures: rhom-
bohedral (3R) or hexagonal (2H) [21], as shown in Fig. 1(b).
The 3R structure has a three-layered cell unit comprising of
identical QLs with a constant translation along the xy plane,
belonging to the R3m (no. 160) space group, whereas the 2H
structure has a two-layered cell unit with each successive QL
rotated by 180° in the xy plane to its preceding QL and it
belongs to the P63/mc (no. 186) space group. The 3R and
2H structures are easily transferred into each other by turning
and moving the layers along the xy plane. An optimized
in-plane lattice constant of 4.0751 A in 3R and 4.0761 A in the
2H structure is obtained which matches closely the previous
reports [17,21] (a lattice constant calculated using different
pseudopotentials is shown in Table S1 in the Supplemental
Material [37]).

In addition to the enigma of QL stacking in «-In,Ses,
the Se and In atoms have different coordination polyhedra.
In a quintuple, the Se atoms at the top (Sey) and bottom
layer (Sey) are coordinated trigonally with In,. and Ing,
respectively (see Fig. S1 in the Supplemental Material [37]).
The Iny. on the other hand is coordinated octahedrally by
six Se atoms, and the In, is coordinated tetrahedrally by
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FIG. 2. (a) Electronic band structure of single-layer «-In,Se; as obtained with LDA + U. It is an indirect band semiconductor with
conduction-band minimum (CBM) at the I" point and the valance-band maximum (VBM) lies between I' and M points as indicated by an
arrow; (b) fat band of single-layer «-In,Se; showing the contribution of s and p orbitals of In and Se.

four Se atoms, whereas the central Sey atom is tetrahedrally
sandwiched by In,. and In, atoms. The Se,; atom plays a vital
role in persuading the distinguished attribute of coexistence
of in-plane and out-of-plane polarization in «-In,Ses. In its
low-energy symmetry, the Se, atom [Fig. 1(a)] undergoes a
vertical movement along the Z axis in addition to the lateral
movement along the xy plane. Due to its vertical movement,
there is a dramatic difference in the bond length between
Sey-Ing. and Sey-Ing (~0.36 A) leading to the breaking
of out-of-plane centrosymmetry and hence an out-of-plane
polarization (P,y) along the Z axis, whereas the lateral move-
ment of Se,, leads to the breaking of in-plane centrosymmetry,
resulting in an in-plane polarization (Py) in the xy plane;
therefore, P, and P,y are interlinked in this material system.
In a QL of thickness 6.8 10\, we calculate a robust P, and
Poy of 0.53 nC/m and 0.023 nC/m, respectively which is
quite larger than the previously reported in-plane polarization
in y-SbP (0.38 nC/m) [38] and out-of-plane polarization in
y-LiAlTe, [39]. Therefore, o-In,Ses; can provide a robust
multidirectional polarization at an ultimate scaling length of
a few angstroms.

Interestingly, in a multilayer «-In,Ses system, the strength
of polarization depends upon the stacking style of the QL
(i.e., 3R or 2H). Variation of Py, and P, in 3R and 2H
a-In,Ses with layers is shown in Fig. 1(c). If the in-plane and
out-of-plane polarization of individual layer is represented as
P, and P, as indicated in Fig. 1(b), then in both 3R and 2H
stacking arrangements, the P(;ut of each layer is always along
the —z (or +z) axis, therefore, the total out-of-plane polariza-
tion P,y gradually increases with the number of layers [40].
The strength of the net in-plane polarization P, component,
however, depends upon the QL stacking style. In 3R arrange-
ment, it increases up to the trilayer system and thereafter it
gradually weakens and eventually becomes smaller than Py
after the quad layer. On the other hand, in the 2H system,
the P, vanishes in an even number of layer structures and is
nonzero in an odd number of layer structures because in this
stacking arrangement each successive QL is a mirror image of
its preceding QL in the xy plane [see Fig. 1(b)], therefore,
Pi’n components cancel themselves in the even number of
QLs. Our theoretical calculation of polarization in single and
the layered 3R and 2H structures of «-In,Se; are in good

agreement with the results reported earlier. For instance, a
similar trend of polarization in the layered 3R structure was
earlier reported by Dai et al. [40] and Ding et al. [17] as
calculated using Berry’s phase method, while Cui et al. [25]
reported an odd-even nature of in-plane polarization in the
layered 2H structure.

Band structure and shift current — It is seen above that
the ferroelectric properties of «-InySe; are sensitive to the
nature of stacking of QLs, however, the electronic band profile
of these structures is essentially similar, suggesting that the
interlayer interaction is quite weak in nature [22,41]. A repre-
sentative band structure of a single-layer «-In,Ses is shown in
Fig. 2(a). Single-layer «-In,Se; is an indirect band gap semi-
conductor with conduction-band minimum (CBM) at the I
point and the valance-band maximum (VBM) lies between the
I' and M points. The fat band of a QL [Fig. 2(b)] reveals that
the p,, orbitals of In, (at octahedra site) and p,,, orbitals of
Iny (at the tetrahedral site) form a degenerated orbital which
combines with the p orbitals of Seyy; (at the top layer) and the
p. orbital of Sey (at the tetrahedral site) to form the VBM,
whereas the CBM is composed of the s orbital of In, (at the
tetrahedral site) hybridized with the p orbitals of Sey (at the
bottom layer) and the p, orbital of In, (at the tetrahedral site).

We calculate the band gap with different methods (Table I)
which match closely with the previous reports [17-19,43].
The USPP/LDA + U (U, = 4.6eV, U, = 4.6eV) band gap
of «-Iny;Se; matches very well with the band gap calcu-
lated using hybrid functional HSE06. The band structures
of single-layer «-In,Ses, as calculated using LDA + U and
HSEQ6, are shown in Fig. S2 in the Supplemental Material
[37]. Therefore, using the optimized LDA + U Kohn Sham
potentials, the MLWFs are further obtained. To perform the
Wannierization, a frozen window of 14 eV is chosen to contain
the low-energy region, whereas the outer window extends up
to 24 eV to capture the manifold of 50 bands. For initial
projections, we choose s and p trial orbitals of each atom. The
LDA + U and Wannier-interpolated energy bands are shown
in Fig. 3. The Wannier interpolation is further extended to cal-
culate shift current response in «-In; Ses in the postprocessing
step.

Following Ref. [11], we report 3D-like shift current re-
sponse (o) which is obtained by rescaling the response of the
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TABLE I. Electronic band gaps of single-layer 3R «-In,Se; calculated with different approaches. Results are also compared with previous

reports.

Band gap USPP/LDA + U USPP/GGA +U PAW/LDA 4+ U HSEO06 Previous reports
Indirect (eV) 1.404 1.402 1.407 1.404 1.46" [17]
Direct (eV) 1.416 1.414 1.415 1.467 1.55° [42]
2Obtained with HSEQ6.

PElectronic band gap measured using high-resolution electron energy-loss spectroscopy (HR-EELS).

slab as o = (slab thickness/layer thickness) og,p. The shift
current is calculated with the optimized k-point interpolation
mesh obtained after performing the convergence test. With the
k grid of 30 x 30 x 1 in the non-self-consistent calculations,
a well converged shift current spectrum of «-In,Ses can be
obtained by using the k-point interpolation mesh of 200 x
200 x 1. On further increasing the k-point interpolation mesh,
the shift current changes insignificantly (see Fig. S3 in the
Supplemental Material [37]). Furthermore, the stability of
shift current against different pseudopotentials is also exam-
ined (see Fig. S4 in the Supplemental Material [37]). Different
pseudopotentials, USPP/LDA, USPP/GGA, and PAW/LDA,
yield similar shift current response (with some qualitative
differences mostly at the higher energy regions) with almost
equal magnitude. Therefore, here we present the shift current
response calculated using USPP/LDA. Besides, we success-
fully reproduce the previously reported shift current response
of bulk GaAs and single-layer GeS [11] by the Wannier90
code which indicates the robustness of our calculations (see
Figs. S5 and S6 in the Supplemental Material [37]).

The «-In;Se; belongs to C3, symmetry and has a mirror
plane perpendicular to %, leading to five independent non-
vanishing shift current response tensors [44]: Zxx = Zyy,
Yyy = —Yxx = —Xxy = Xyx, Zzz, Xxz =Yyz, and Xzx =
Yzy, where the upper case letter represents the direction
of shift current susceptibility and the last two lower case
letters represent light polarization. For a monochromatic
light linearly polarized along a particular direction, we cal-
culate longitudinal (6%%, ¢7?) and transverse (c%?) shift
current responses. The longitudinal component, %% (o¥%),

— Wannier
= |LDA+U

Energy (eV)

FIG. 3. LDA + U and Wannier-interpolated energy bands of
monolayer «-In,Se;.

represents the shift current response along the Z (Y) axis, i.e.,
along the direction of out-of-plane (in-plane) polarization due
to zz (yy) polarized light, whereas the transverse component
o % represents the shift current response along the Z axis due
to yy polarized light.

The longitudinal and transverse shift current responses in
a single-layer a-In,Se; are shown in Fig. 4(a). Surprisingly,
the shift current response %% is the only dominant current

(a) 800

600

0 2 4 6 8 10
Energy (eV)

FIG. 4. (a) Longitudinal (6%%, ¢¥?) and transverse (%) shift
current responses in single-layer a-In,Se;. (b) Absorption of zz,
vy, and xx polarized light in «-In,Se;. A dominant shift current
response o %% along Py, under the illumination of zz-polarized light

is indeed consistent with the larger absorption of zz-polarized light
in a-In,Ses.
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response in this material. In a QL of «-In,Se; with a thickness
of 6.8 A, the 0% is strikingly large and is of the order of
750 A /V? at a photon energy of 4.16 eV. Previously, the shift
current of ~50 £A/V? and ~30 uA/V? was reported in the
prototypical ferroelectrics PbTiO; and BaTiOs, respectively
[4], and that of ~40 uA/V? was reported in the bulk GaAs
[11] (see Fig. S5 in the Supplemental Material [37]). Addi-
tionally, in 2D materials, the shift current of ~100 uA/V? is
reported in single-layer GeS [8] (see Fig. S6 in the Supple-
mental Material [37]). Therefore, the shift current in a-In,Ses
is quite larger than that in the previously reported 3D bulk and
2D materials.

It is interesting to note in Fig. 4(a) that the 0% is only a
dominant current response and o7 is nearly zero despite the
fact that P,y < P, in single-layer «-In,Ses. This observation
raises two questions: (i) Why is o%% the only dominant
current response and the o7?? component of the shift current
is negligible? (ii) Is the shift current not influenced by P,
in this material? In order to understand the first question,
we calculate the dielectric absorptive spectrum (imaginary
dielectric constant, 82’;}) which is given as [11]

im ine’ b b
efp(@) = T [ 180 Y furhrty x S(om— o). ®

n,m

The product of the last two terms in the right-hand side of
Eq. (5), 72,12 X 8(@mn — @) = |12, |28 (wmn — ), Tepresents
the transition rate from band m to band n. From Egs. (5) and
(3) it is clear that the shift current depends upon the transition
rate, therefore, it inherits most of its features from the absorp-
tion spectrum [4,8,11]. The absorption spectrum, shown in
Fig. 4(b), indicates the highly anisotropic nature of «-In,Ses
which agrees well with the previous reports [36,45]. Higher
absorption of zz-polarized light than the xx/yy-polarized light
in single-layer «-In,Ses is indeed consistent with the large
07% tensor response in this material. Previously, a similar
trend was also reported in the single-layer GeS 2D material
system [8,11]. It is to be noted in Fig. 4 that the maximum
absorption of zz-polarized light and the corresponding shift
current response along the Z axis, 0%%, occur at ~4.16 eV
which approximately equals the energy separation between
the upper valance band due to the Se p orbitals and the
lower conduction band due to the In s orbital (see Fig. S7
in the Supplemental Material [37]). Clearly, the peak of shift
current response lies well outside the visible spectrum [lies
in the ultraviolet (UV) range]. However, for efficient solar
conversion, the peak of shift current response in the visible
spectrum is highly desired. Therefore, in the later section, we
will discuss a mechanism by which the shift current response
in o-InySes can be brought inside the visible spectrum.

Now, coming back to understand the question (ii) that if the
shift current is not influenced by P, in single-layer «-In;Ses,
it is interesting to note that the P, is greater than P, but a
negligible shift current is obtained along the direction of P,,.
Although the strength and direction of polarization are not
directly related to the shift current in any obvious ways, the
maximum shift current response has been reported along the
direction of polarization in many material systems (leaving
few exceptions, e.g., BiFeOj3 [3]), including 2D materials. For
example, in prototypical ferroelectrics, BaTiO3, and PbTiOs3,

500 T T T T
——3Rc Zzz
———2H-¢ Zzz

Energy (eV)

FIG. 5. Shift current in the bilayer of 3R and 2H «-In,Ses. The
bilayer of 3R has both P, and P,, whereas 2H has only P,, nonzero
component. The 0-?% is only a dominant shift current in 3R and 2H a-
In,Se; along P, under zz-polarized light, also 0% in 3R and 2H are
equal in magnitude; this confirms that P, doesn’t affect shift current
BPVE in «-In,Se;s.

the bulk polarization and shift current are reported along
the same direction [4]. Similar reports are also available for
perovskite halide CH3NH3;Pbl; [16] and 2D material like
GeS [8]. The «-In,Ses; material system, however, is one of
its kind in which P, and P,, coexist. The dominant shift
current 0“% along the direction of Py [Fig. 4(a)] suggests
that in-plane polarization has either no or less significance to
the shift current in this material. In order to further confirm
the influence of P, on shift current, we calculate the shift
current in bilayer 3R and 2H «a-In,Se; structures where in
the former case there exist both P, and P,, while in the
latter structure there exists only P,y as explained above in
Fig. 1. Remarkably, in both 3R and 2H «-In,Se; bilayer
structures, the %% is only a dominant shift current response
with almost equal magnitude as shown in Fig. 5. It is to
be noted that to eliminate the spurious interlayer screening
[46], the shift current in the bilayer is calculated using a
vacuum level of 40 A. The trend of shift current in mono- and
bilayer structures confirms that the particular value of in-plane
polarization (P,,) is insignificant in BPVE shift current in
single-layer «-In,Ses; rather the symmetry breaking along
with higher absorption spectrum is leading to the large shift
current.

Shift current engineering via doping — It is clear from the
above discussion that in single-layer «-In,Ses; the maximum
BPVE shift current response can be achieved along the Z axis
when illuminated by zz-polarized light. But the peak of shift
current response lies well outside the visible spectrum in the
ultraviolet range [Fig. 4(a)]. The peak of shift current response
in the visible spectrum is highly desired for efficient solar
energy conversion. Therefore, here in this section, we discuss
a prototypical doping strategy by which the shift current re-
sponse is tuned effectively for photovoltaic application under
visible solar light.
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FIG. 6. Demonstrating doping engineering in a QL of «-In,Se;. (a)

In,, at the tetrahedral site is substituted by Bi to obtain a QL of InBiSe;

with P, = 0.391 nC/m, and P,,, = 3.088 nC/m; (b) fat band of QL of InBiSe; shows that the Bi substitution introduces more bands in CBM
which importantly composed of p orbitals of Bi and Se. (¢) Dominant shift current response in InBiSe; is along the direction of P,, under

zz-polarized light. Two sharp peaks, one in the visible spectrum and ano
is obtained. (d) Proposed device model based on «-In,Se; and InBiSe;

It is well known that doping engineering is a key mecha-
nism to modulate electronic [47], optical [48], magnetic [49],
and many other exotic properties of 2D materials for different
applications [41]. The ultrathin nature of 2D materials not
only allows traditional substitutional doping strategies by im-
plantation or diffusion processes, but also enables new meth-
ods such as surface charge transfer, intercalation, and field-
effect modulation methods. Here we theoretically demonstrate
the substitutional doping of the bismuth (Bi) element in a
QL of «-InySe; which results in improving the shift current
response under visible light in the resulting QL of InBiSes.
Notably, the substitution of a foreign atom for any particular
element in «-In,Se; is a bit tricky in the sense that atoms
are differently coordinated and substitution at a particular site
may lead to an attribute suitable for a particular application.

As seen above in Fig. 4(a), the maximum shift current
response o> for the QL of a-In,Ses occurs at 4.16 eV which
approximately equals the energy separation between the upper
valance band due to Se p orbitals and the lower conduction
band due to In s orbital (see Fig. S7 in the Supplemental Ma-
terial [37]). Therefore, increasing the density of states (DOS)
near the CBM would enhance the transition rates under visible
light and thereby modulate the shift current response. How-
ever, the increment of DOS should not be on account of the
introduction of localized d orbitals as it may reduce the shift
current response [12]. Therefore, we choose the bismuth (Bi)

ther in the ultraviolet range, which is much higher than that in ¢-In,Se;,
material system.

element as it has half filled p orbitals ([Xe]4f!45d'%6s%6p)
which contribute to bands taking part in the transition process
near the Fermi level. It is worth noting here that the CBM of
a-InySe; is primarily contributed by the s orbital of Iny, (at the
tetrahedral site, Fig. 1); therefore, we substitute this indium
element by Bi to obtain a QL of InBiSes, as shown in Fig. 6(a).
Although the doping percentage considered in this study may
be difficult to obtain experimentally, it serves a good example
for demonstrating the doping engineering of shift current in
()1—11’12863.

Single-layer InBiSe; is an indirect semiconductor with
band gap 1.28 eV as obtained using the hybrid functional
HSEOQ06. The CBM lies at M and the VBM lies between I'
and M. Substitution of In, with Bi introduces more bands in
the CBM as shown in the fat bands of InBiSe; in Fig. 6(b).
The CBM comprises Bi-p and Se,-p orbitals and the VBM
is not affected by Bi substitution. When illuminated under the
zz-polarized light, a giant shift current (6%) response of mag-
nitude ~1200 pLV/cm2 is obtained, which is almost double
that of the QL of «-In,Ses along the Z axis in the visible
spectrum (at 2.98 eV) as shown in Fig. 6(c) (the transverse
and longitudinal components of the shift current are shown
in Fig. S8 in the Supplemental Material [37]). Thus, using
doping engineering, the shift current response of «-In,Ses
can be modulated effectively to occur in the visible spectrum.
Notably, the shift current response of InBiSe; contains two
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sharp peaks, one at 2.98 eV (in the visible spectrum) and
another at 3.89 eV (in the ultraviolet spectrum) suggesting
that InBiSe; can generate a larger photocurrent in visible
as well as ultraviolet light. It is worth mentioning here that
we used both longitudinal and transverse polarized lights,
however o%% is the dominant shift current response in the
QL of InBiSes, indicating that a vertical device would be
more efficient than a lateral device. Such a device model
is schematically shown in Fig. 6(c) which can be realized
easily using exfoliation [19] or chemical vapor deposition [20]
techniques on a substrate (such as Si/SiO,) with a conducting
layer acting as a back contact. A transparent conducting layer
(such as of indium tin oxide) can be deposited at the top which
would allow the solar light to fall on to the InBiSes; layer.
The maximum photogenerated charge carriers are collected
via the transparent conducting layer at the top along the Z
axis, thereby the maximum solar energy conversion efficiency
can be obtained with such devices in this material system.

IV. CONCLUSION

a-InySe; is a 2D van der Waals layered material with
in-plane and out-of-plane polarizations coexisting at room
temperature. We calculate the shift current in this material
to understand the implication of polarizations on BPVE. In
a single layer, a larger shift current of 750 uA/V? at the
photon energy of 4.16 eV is obtained along the direction of

out-of-plane polarization under the illumination of zz-
polarized light whereas a negligible shift current is obtained
along the direction of in-plane polarization under yy-polarized
light. Furthermore, in the bilayer, a dominant shift current
along the direction of out-of-plane polarization is obtained
in both 3R and 2H arrangement, confirming that in-plane
polarization doesn’t affect the shift current in «-In;Ses.

Moreover, we have found that the maximum shift current
response occurs in the ultraviolet energy range in this material.
Therefore, for efficient solar energy conversion, the shift
current is tuned to the visible spectrum by doping engineering.
The indium element at the tetrahedral site is substituted by
bismuth, thereby a giant shift current response of 1200 uA/V?
is obtained at 2.98 eV in the resulting composition, InBiSe;,
under zz-polarized visible light along the direction of out-of-
plane polarization. This study would be instrumental in under-
standing the BPVE in «-In,Ses and similar material systems.
A device model is also proposed which would guide design of
an efficient solar energy converter based on this material.
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