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We investigate the photogalvanic effect in monolayer WSe; under elliptically polarized light using non-equilibrium
Green’s function density functional theory (NEGF-DFT) simulations. When defects are added that reduce the intrinsic
D5, symmetry to Cy and Cs,, the photocurrent shows distinct direction-dependent responses: a sine function of the helicity
angle along the zigzag direction and a cosine function along the armchair direction. This anisotropy arises from the specific
nonzero tensor elements activated by symmetry reduction. Ga substitution is identified as a highly effective strategy,
enhancing the polarization sensitivity by 55.54 times compared to that of pristine WSe,. Furthermore, we reveal a resonant
enhancement mechanism via impurity states introduced by Ga doping, as confirmed by projected density of states (PDOS)
analysis. The application of a small bias voltage (0.04 V) further boosts the photocurrent by up to 368 times. These
findings establish a direct link between crystal symmetry, defect engineering, and photoresponse, providing a pathway for

high-performance polarization-sensitive optoelectronic devices.

Keywords: photogalvanic effects, monolayer WSe,, anisotropy, defect
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1. Introduction

The photogalvanic effect (PGE)!'=! is a unique photo-
electric phenomenon that occurs in devices lacking spatial
inversion symmetry.[*® When valence-band electrons in a
semiconductor absorb photons, they not only transition to the
conduction band to form electron—hole pairs but also gain suf-
ficient energy to escape the nucleus and become free electrons.
Furthermore, when illuminated with polarized light, the tran-
sition of excited electrons from the valence band can generate
a continuous photocurrent, %1% ultimately converting light en-
ergy into electrical energy.

The core function of the PGE is to efficiently separate
and utilize photogenerated carriers. In optoelectronic devices,
it can overcome the limitations of traditional carrier separa-
tion methods. Although conventional p—n junctions can sep-
arate free electrons and holes via an electric field to gener-

[11-13] their performance is constrained by the

ate photocurrent,
Shockley—Queisser (S—Q) limit,'*] making it difficult to fur-
ther enhance device efficiency. In contrast, the mechanism of
the PGE utilizes the momentum-space distribution of nonequi-
librium carriers (driven by symmetry breaking) rather than the
thermal equilibrium diffusion mechanism of a conventional p—
n junction. Since the PGE does not depend on the diffusion
length of minority carriers and can generate a huge photocur-
rent under specific bias in certain two-dimensional (2D) mono-
layer devices, some energy conversion efficiency metrics (such

fCorresponding author. E-mail: wmliu@iphy.ac.cn
fCorresponding author. E-mail: jialiu@imust.edu.cn

CSTR: 32038.14.CPB.ae7a06

as the responsivity under specific polarization) can surpass the
limitations of the traditional S—Q limit. Additionally, the PGE
can generate sustained photocurrent under polarized light ex-
citation, providing critical support for improving photocurrent
response efficiency and breaking through performance bottle-
necks in optoelectronic devices. [*~10]

The development of current optoelectronic devices faces
a fundamental performance bottleneck: conventional p-n
junction-based devices are limited by the S—Q limit,!'#! which
restricts further improvements in carrier separation efficiency
and photocurrent response capability, making it impossible to
meet the demands of high-precision and high-sensitivity ap-
plications. The PGE offers unique advantages — it can di-
rectly generate photocurrent in devices without spatial inver-
sion symmetry!“8 and produce sustained photocurrent under
polarized light illumination.[®!% These properties enable the
PGE to overcome the performance constraints of traditional
structures, providing a new pathway to address issues such as
low efficiency and limited performance in optoelectronic de-
vices. Therefore, in-depth research into the PGE is urgently
needed.

Research into the PGE has significant theoretical value
and practical application importance. Theoretically, it ad-
vances our understanding of carrier transition and separation
mechanisms in semiconductors, particularly in the study of

photoelectric processes in low-dimensional materials (e.g., 2D
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materials and quantum wells), thereby enriching the funda-
mental theoretical framework of photoelectronics.!!5->7] Prac-
tically, the broad application potential of the PGE in var-
ious fields, such as electron gas,“s‘18J atoms, '] semicon-

(20211 2D perovskites,!*?! topological

ductor quantum wells,
insulators,>>?*] and Weyl semimetals,>>->’! provides core
technological support for developing novel high-efficiency op-
toelectronic devices (e.g., high-sensitivity photodetectors and
high-conversion-efficiency solar cells). This research can help
the optoelectronics industry overcome performance limita-
tions and drive technological innovation in energy and sensing
applications.

Transition-metal dichalcogenides (TMDCs) are inorganic
compounds with layered structures>8-3% held together by van
der Waals forces. Consequently, methods similar to those
used for graphene can be employed to separate TMDC blocks
into single- or multilayer nanosheets.*'=37! As the number of
layers decreases, TMDCs exhibit interesting layer-dependent
properties, such as excellent bandgap characteristics and high
carrier mobility, which are attributed to quantum constraints
and surface effects.[?8%1 In experiments and applications, the
choice of materials depends on whether large crystals can
be synthesized easily and whether doping behavior can be
adjusted. Despite the fact that tungsten diselenide (WSe;)
has recently attracted significant attention in the field of
semiconductors, #1=#4! the influence of the PGE on anisotropic
WSe, has not been sufficiently investigated. WSe, has D3,
symmetry and breaks space inversion symmetry, inducing the
PGE effect. However, the magnitude of the photocurrent is
usually very low, limiting the efficiency of light conversion
into current and its subsequent practical application. Theoreti-
cal and experimental results have shown that if we can reduce
the symmetry of the device, we can enhance the strength of the
photocurrent, and this symmetry adjustment can be achieved
by defects,! strains,#*47! and the construction of heteroge-
neous structures. '3

In this paper, we systematically study a 2D WSe, pho-
todetector under full-range visible elliptically polarized light,
considering transport directions (zigzag/armchair) and defect
types (vacancy and substitution). Figure 1 shows the mono-
layer WSe; photodetector, where orange and blue points rep-
resent Se and W atoms, respectively; the lattice constant is
3.327 A, and the W-Se, W-W, and Se-Se bond lengths are
2.553 A, 3.327 A, and 3.362 A, respectively. Figures 1(a)
and 1(b) present top/side views of the zigzag-direction de-
vice (x: transport, y: periodic), while Figs. 1(e) and 1(f) show
those of the armchair-direction device (x: periodic, y: trans-
port). Dashed lines at both ends separate the central region
(39 atoms for the zigzag device, 30 for the armchair device)
from infinite left/right leads. Vertical light incident on the
central x—y plane is shown in Figs. 1(b) and 1(f), and a 20 A
vacuum layer is used to avoid interlayer interaction. Six con-

figurations are discussed: pure WSe,, Ga, S, and Te substi-
tutes, and Se/W vacancies. Figures 1(c) and 1(g) illustrate W-
vacancy/Ga-substituted configurations for the zigzag/armchair
directions, while Figs. 1(d) and 1(h) show the Se-vacancy or
S/Te-substituted configurations of the zigzag/armchair direc-
tions, respectively. The dotted red boxes in Figs. 1(b) and 1(f)
indicate that the defects appear in the middle of the central re-
gion. The D3, symmetry of the pristine WSe, monolayer is
reduced to Cs and Cy, due to defect-induced inversion symme-
try breaking.
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Fig. 1. (a) Top and (b) side views of a monolayer WSe, photodetector
based on the zigzag configuration. (e) Top and (f) side views of a mono-
layer WSe, photodetector based on the armchair configuration. Blue: W,
orange: Se, purple: Ga, red: S/Te. (c)/(g) W-vacancy or Ga-substituted
configurations in zigzag/armchair devices, (d)/(h) Se-vacancy or S/Te-
substituted configurations in zigzag/armchair devices.

armchair

(g) W-vacancy or
Ga-substituted

2. Computational methods

The elliptic photogalvanic effect (EPGE) occurs when the
central region is irradiated by elliptically polarized light. The
excited electrons jump from the valence band to the conduc-
tion band and generate a constant photocurrent under the con-
trol of the built-in electric field. The photocurrent JIEP " of the
left lead takes the following form: (!

A = TR IG 4 i (B)(G70Y - Gk, (1)

where i is the imaginary unit, e is the electronic charge, & is
Planck’s constant, I, describes the coupling between the scat-
tering region and the left electrode, and f is the Fermi—Dirac
G>/<P" denotes
the greater/lesser Green’s function with electron—photon inter-

distribution function of the left electrode.

action, which depends on symmetry, photon frequency, and
polarization vector. When elliptically polarized light is inci-
dent upon the central region, the photocurrent is given by

i;/{cos (pTr{FL[ G1<<ph))]}
+ sin (pTr{FL {Gz +/L ( Gz<<ph))} }

s = (e

077302-2
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+ Sin(;(p) {1 |67 + (67 ™ - 65 ™) } e,

2
where
G1>/<(ph) = Z C()NGBe]aszgkelﬁpﬁGg,
o,B=x,y,z
G/ = Y CoNGherp Gy “erpppGy,
o,B=xy,z
Gy —xi Y Y CoN(GhejapiGy “eipppGe)-
o,f=xyzj=12
3

Here, Gf)/ ®and Gg /< correspond to the retarded/advanced and
greater/lesser Green’s functions, respectively, without pho-
tons, while ey, . represents the Cartesian component of
the unit vector ej(y) determined by the polarization of light,
and py, . is the Cartesian component of the electron momen-
tum. For elliptically polarized light, the polarization vector is
given by e =cos @e; L 1isin @e,, where “+” denotes right/left-
handed elliptically polarized light, and ¢ determines its helic-

ity, e.g., ¢ = +45° corresponds to right- and left-handed circu-
i/ I

2Nm(2)w£C >
where LI, is the relative magnetic susceptibility, € (&) is the di-

larly polarized light, respectively. In Eq. (3), Cy =

electric (relative dielectric) constant, N is the number of pho-
tons, my is the bare electron mass, @ is the photon frequency,
C is the speed of light, and I, is the photon flux determined by
the number of photons per unit area per unit time. The pho-
toresponse function can be written as R = Jﬁp h) /ely. Here, R
in units of a(z) /phonon has the dimensions of area, where a is
the Bohr radius.

The non-equilibrium Green’s function (NEGF) technique
combined with density functional theory (DFT) is imple-
mented in Nanoacademic Device Calculator (NanoDCAL), 8]
and double-zeta atomic orbital bases with polarization func-
tions are used to expand all physical quantities. The local
density approximation is used to predict interchange and cor-
relation phenomena. Atomic cores are defined by the stan-
The cut-
off energy is 80 Hartree. k-point meshes of 10 x 1 x 1 and

dard norm conserving nonlocal pseudopotentials.

1 x 10 x 1 are employed when calculating the photocurrent
transport from the left probe to the right one.

3. Photocurrent and PDOS

The WSe, monolayer is a direct semiconductor with a
bandgap of 1.532 eV.[*°l Both the pure and the defective
WSe; monolayers induce PGEs and generate photocurrent un-
der vertical irradiation of elliptically polarized light, as shown
in Fig. 2. To systematically explore the polarization-angle-
dependent photoresponse, we deliberately select three typical
photon energies of 2.6 eV (black line), 2.8 eV (red line), and

3.0 eV (blue line). These energies correspond to distinct inter-
band transition regions along characteristic band dispersions,
which can accurately reflect the law governing the evolution
of the photoresponse under different excitation conditions. Six
configurations are examined: (a) pure WSe,, (b) W-vacancy,
(c) Ga-substituted, (d) Se-vacancy, (e) S-substituted, and (f)
Te-substituted. Due to the lack of spatial inversion symmetry,
a photocurrent is generated even in the absence of a bias volt-
age. In the zigzag devices (left column), the photoresponse
varies according to sin(2¢), consistent with the prediction
Ry = E3¥,sin(2¢). Here, E is the electric field intensity
of the light and ¥, is a tensor.’! The maximum photocur-
rent occurs at ¢ = 45° or ¢ = 135°, corresponding to right-
and left-handed circularly polarized light, respectively. In the
armchair devices (right column), the photocurrent varies ac-
cording to cos(2¢ + 8¢) + C, where §¢ and C denote the
phase shift and a constant that depends on the photon en-
ergy, respectively.[?) The maximum photocurrent is observed
at @ = 0° or @ =90°, and it varies with the photon energy.

The distinct angular dependence of the photocurrent is
dictated by the reduced point group symmetry induced by de-
fects. In the zigzag devices, the symmetry is reduced to C;
(characterized by a single mirror plane o,;). Group theory
analysis reveals that this symmetry permits a photogalvanic
tensor component %.;, leading to a photocurrent response
proportional to sin(2¢). Conversely, the armchair devices
exhibit C, symmetry (retaining two vertical mirror planes).
This higher (reduced) symmetry allows for a different ten-
sor configuration, specifically enabling a ¥,y,-dominated pro-
cess. Consequently, the photocurrent follows a cos(2¢) de-
pendence. This formal connection between the point group
(Cs vs. () and the specific nonvanishing tensor elements pro-
vides the fundamental physical mechanism underlying the ob-
served anisotropic PGEs.

The photoresponses of WSe, devices show significant
anisotropy: zigzag devices exhibit a sinusoidal dependence on
helicity (peaks at 45°/135°), while armchair devices show a
cosinelike trend (peaks at 0°/90°). Defects and photon energy
further modulate these responses, demonstrating the tunability
of PGEs in WSe;.

To explore how photon energy, defect engineering, and
crystal orientation jointly regulate the PGE in WSe,, we in-
vestigate the maximum photocurrent Rp,x in devices with
zigzag (Fig. 1(a)) and armchair (Fig. 1(b)) edges, covering
six configurations: pure WSe; (black line), W-vacancy (red
line), Ga-substituted (blue line), Se-vacancy (magenta line), S-
substituted (green line), and Te-substituted (orange line). Be-
low the WSe, bandgap (1.5 eV), the maximum photocurrent
produced via the PGE is negligible, as photons lack the energy
required to excite carriers. Above the bandgap, Rp.x varies
nonlinearly, reflecting complex carrier dynamics. In zigzag
devices, the S-substituted photodetector reaches Rpax under ir-
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radiation by elliptically polarized light, which is 5.63 at a pho-
ton energy of 2.5 eV. The Rp,x of pure WSe, is 5.22 at 2.8 eV,
while that of Te-substituted WSe; is 3.75 at 2.6 eV.[* Fig-
ure 3(b) shows that for armchair devices, pure WSe; achieves
the lowest photocurrent under irradiation by elliptically polar-
ized light, and the Ga-substituted WSe; achieves a remarkable
Riax of 3.95 at 2.6 eV (55.54 times that of pure WSe;), while
other defects lead to smaller values of Ry,x (mostly < 2.4).
Consequently, it can be suggested that the photocurrent has
obvious anisotropy, and the effect of defects on the ellipti-
cally polarized photocurrent is more significant in devices with
armchair edges. In Ga-substituted case, the tuning of valley
polarization and carrier mobility along the armchair direction
enhances the photogalvanic response, showing that defects
impact elliptically polarized photocurrent more in armchair-
edged structures.

Zigzag Armchair
551 (a,) Pure WSe, o-®4 0.08 ..(.az) Pure WSe,
. - ‘m [ ]
- | 0.04 [ ]
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Fig. 2. Variation of the photoresponses of the zigzag (left column)
and armchair (right column) devices with helicity ¢ for photon ener-
gies of 2.6 eV (black line), 2.8 eV (red line), and 3.0 eV (blue line).
(a) Pure WSe;, (b) W-vacancy, (c) Ga-substituted, (d) Se-vacancy, (e) S-
substituted, and (f) Te-substituted configurations.
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Fig. 3. Influence of photon energy on the maximum photocurrent (Rmax)
in devices with zigzag (a) and armchair (b) edges. Curves correspond
to different configurations: pure WSe, (black line), W-vacancy (red
line), Ga-substituted (blue line), Se-vacancy (magenta line), S-substituted
(green line), and Te-substituted (orange line).

Since Ga doping exhibits the most pronounced photocur-
rent response along the armchair direction, we analyze its
physical mechanism using the density of states as shown in
Fig. 4: (a) original cell, Ga-substituted in (b) zigzag, and (c)
armchair configurations. The three curves correspond to the s
(black line), p (red line), and d (blue line) orbital densities of
states based on the electronic localized landscape projection.

Comparing the projected densities of states (PDOSs) of
a pristine WSe, nanoribbon and a Ga-doped configuration
clearly reveals the remarkable modulation effect of Ga dop-
ing on electronic structure, which fundamentally accounts for
the enhanced photocurrent and polarization sensitivity. In the
case of the pristine WSe, nanoribbon, the valence and con-
duction bands are primarily contributed by the d orbitals of
W atoms, followed by the p orbitals of Se atoms, while the
contribution of s orbitals is nearly negligible. The Fermi level
is located at the mid-gap position, and the density of states
around the Fermi level is extremely low, resulting in insuffi-
cient carrier concentration and unfavorable conditions for the
generation and transport of photogenerated carriers. After Ga
atoms are substituted for W atoms, the electronic structure is
effectively modulated. The pronounced enhancement of the
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p-orbital density of states indicates strong orbital hybridiza-
tion between Ga p orbitals and the adjacent orbitals of W and
Se atoms, which plays a critical role in tuning the electronic
structure. Meanwhile, the Fermi level clearly shifts toward the
valence band, indicating strong p-type doping. The increased
density of states near the Fermi level provides sufficient trans-
port channels for photogenerated carriers.

(a) s
45} b
> —d
~
n
[}
< 3.0}

g
RS
n
8 1.5¢
a
~
0 ; . ;
-2 —1 0 1 2

Energy (eV)

PDOS (states/eV)

PDOS (states/eV)

—2 -1 0 1 2
Energy (eV)

Fig. 4. Projected densities of states (PDOSs) for pristine and Ga-
substituted systems: (a) original cell, (b) Ga-substituted zigzag config-
uration, (c) Ga-substituted armchair configuration. The three curves cor-
respond to the s (black line), p (red line), and d (blue line) orbital densities
of states based on the electronic localized landscape projection.

Ga doping induces newly localized impurity states within
the valence and conduction band regions. Such Ga-dominated
localized states hybridize strongly with the surrounding W and
Se orbitals, optimizing the band structure and carrier distri-
bution, facilitating the separation and migration of photogen-
erated electron—hole pairs, and consequently improving the
photocurrent response intensity. Furthermore, comparative
analysis among W-vacancy, Se-vacancy, S-substituted Se, and
Ga-doping configurations demonstrates that only Ga doping
achieves a prominent enhancement of maximum photocurrent

together with improved polarization sensitivity. Although va-
cancy defects can introduce localized states, they easily act as
carrier recombination centers and suppress photocurrent gen-
eration. S substitution can slightly adjust the band edge po-
sition, whereas its capability in tuning the Fermi level and
strengthening orbital hybridization is much weaker than that
of Ga doping. Consequently, the synergistic effects of a Fermi
level shift, localized impurity state formation, and orbital hy-
bridization enable Ga doping to achieve optimal electronic
structure modulation, thereby realizing a substantial improve-
ment in photocurrent and polarization performance.

X
Armchair L% y
Center region
8 B8 ®

(¢)  Ga@-substituted

Fig. 5. Top view of the monolayer WSe; photodetector in the armchair
direction. The blue, orange, and purple spheres represent W, Se, and Ga
atoms, respectively. The defective supercells are Ga-substituted in the
armchair devices. (a) ‘Ga®-substituted’ denotes a central defect where
the defect is located at the top of the central region; (b) ‘Ga*-substituted’
denotes a central defect where the defect is located in the middle of the
central region; and (c) ‘Ga®-substituted” denotes an edge-doped structure
near the electrode.

15
13.91 4
10r S
g ;o
~ I‘\ A
5r 3.95 47 X O
:l”‘ A
v ‘,l‘ \\
_A A- ' [ ] N
0}.-.4’-;::_.-:_'.":‘" . - . "
1.4 1.8 2.2 2.6 3.0 3.4

Photo energy (eV)

Fig. 6. Variation of the maximum photocurrent Ry« with defect position

for the Ga-substituted material in an armchair device. The black and red

lines represent central doping, while the blue line represents edge doping.
Since Ga doping exhibits the most pronounced photocur-
rent response along the armchair direction, this configuration
is chosen to further investigate the effect of different doping
sites. The blue curve in Fig. 3(b) corresponds to Rp,x for
central doping, which is shown as the reference data (Ga*)
in Fig. 5(a) and as the black line in Fig. 6 for comparison
with other doping sites. In Fig. 5(a), ‘Ga*-substituted” rep-
resents a central defect where the defect is located at the top
of the central region; in Fig. 5(b), ‘Ga*-substituted’ denotes
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Fig. 7. Effect of bias voltage on maximum photocurrent Rp,x in both
zigzag (left column) and armchair (right column) directions for bias volt-
ages of 0 V (black line), 0.02 V (red line), and 0.04 V (blue line).
(a) Pure WSe;, (b) W-vacancy, (c) Ga-substituted, (d) Se-vacancy, (e) S-
substituted, and (f) Te-substituted configurations.

a central defect where the defect is located in the middle of
the central region; and in Fig. 5(c), ‘Ga®-substituted’ denotes
an edge-doped structure near the electrode. Due to the peri-
odic structure of WSe», there is little difference between the
Ga*-substituted and Ga®-substituted cases, so the black line
and red line coincide. In contrast, in the edge-doped case, ex-
emplified by the Ga®-substituted configuration (blue line in
Fig. 6), Rnax reaches 13.91 at 3.2 eV, 8.1 times that of the
center-doped cases, because edge states strongly break local
symmetry and boost transition efficiency. A noticeable differ-
ence in Rp,x between the edge-doped and center-doped sam-
ples is also observed in the low-energy region (1.4 eV-2.2 eV).
However, the magnitude of this difference is relatively small,
as it is far less pronounced than that in the high-energy region.
It can be seen that changing the doping position affects the
symmetry of the structure, thus affecting the size of the pho-

tocurrent. We conclude that when the generation of defects is
unavoidable, the armchair-direction photocurrent is preferable
for the manufacture of optoelectronic devices.

Figure 7 illustrates the influence of bias voltage (0 V,
0.02V, and 0.04 V) on the Rp,ax values achieved by six config-
urations (pure WSe;, W-vacancy, Ga-substituted, Se-vacancy,
S-substituted, and Te-substituted) in both the zigzag (left col-
umn) and armchair (right column) directions; all bias calcula-
tions are Poisson-NEGF self-consistent. Weak bias generally
enhances the photocurrent across most visible-light ranges,
with striking amplification effects observed in specific cases:
at 2.6 eV, pure WSe, with a bias of 0.04 V exhibits an in-
crease of 368.90 times in Ry,x compared to the R, observed
at zero bias (Fig. 7(a)); S-substituted WSe; shows a Rpyax en-
hancement of 46.62 times at the same photon energy and bias
(Fig. 7(e2)); and Te-substituted WSe; achieves a Rpy,ax increase
of 49.70 times at 2.7 eV with a bias of 0.04 V (Fig. 7(f>)).
Only isolated exceptions exist, such as a reduced photocur-
rent at 2.8 eV for pure WSe, under bias (Fig. 7(a;)). Notably,
the degree of amplification varies with structure and orien-
tation. For pure WSe,, zigzag devices outperform armchair
devices at zero bias, but this trend reverses under bias — at
2.6 eV with a 0.04 V bias, armchair devices show higher Rpax
(26.27 vs. 15.22 in the zigzag direction; see Figs. 7(a;) and
(az)). This directional shift holds for most configurations ex-
cept Se-vacancy, arising from WSe,’s structural anisotropy,
which modulates carrier transport and bias-dependent photore-
sponse differently along zigzag and armchair axes.

4. Extinction ratio

The photocurrent is related to the helicity ¢, as shown in
Fig. 2; thus, a polarized photodetector can be developed, and
its sensitivity can be defined using the extinction ratio (ER),
denoted by RH/R ' (black line) or R | /R” (red line), where
R and R, are the photocurrents at ¢ = 0° and ¢ = 90°,
respectively. Figure 8 shows the changes in ER with pho-
ton energy in zigzag (left column) and armchair (right col-
umn) devices. As can be seen, in zigzag devices, the max-
imum ER value is 23.99 when the photon energy is 2.5 eV
for pure WSe, (Fig. 8(a;)). For photodetectors with the W-
vacancy (Fig. 8(b;)), Ga-substituted (Fig. 8(c;)), Se-vacancy
(Fig. 8(dy)), S-substituted (Fig. 8(e;)), and Te-substituted
(Fig. 8(f1)) configurations, the maximum ERs are 21.24 at
1.9 eV, 178.16 at 2.6 eV, 75.44 at 3.2 eV, 30.15 at 2.1 eV,
and 21.59 at 2.7 eV, respectively.
maximum ER value is 8.99 in pure WSe; when the photon
energy is 1.6 eV (Fig. 8(a)). For photodetectors with the W-
vacancy (Fig. 8(by)), Ga-substituted (Fig. 8(c;)), Se-vacancy
(Fig. 8(d2)), S-substituted (Fig. 8(ey)), and Te-substituted
(Fig. 8(f2)) configurations, the maximum ERs are 9.17 at
1.4 eV, 416.03 at 2.2 eV, 57.70 at 3.2 eV, 4.64 at 1.6 eV, and

In armchair devices, the
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46.03 at 2.7 eV, respectively. It can be seen that doping gener-
ally enhances the ERs of WSe, polarized photodetectors, ex-
cept in the case of S substitution in armchair devices. Appro-
priate Ga substitution stands out as the most effective approach
— achieving maximum ERs of 178.16 (zigzag) and 416.03
(armchair), with armchair devices showing a higher peak ER
than zigzag ones. These results confirm that defect engineer-
ing is a viable strategy for boosting the polarization sensitivity
of PGE-driven WSe; photodetectors.
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Fig. 8. Variation of the ER of the photocurrent with photon energy for
six different central regions in zigzag (left column) and armchair (right
column) devices: (ay), (az) pure WSey; (by), (b2) W-vacancy; (c1), (c2)
Ga-substituted; (d;), (dy) Se-vacancy; (e;), (ez) S-substituted; and (f}),
(f,) Te-substituted configurations. Key: RH/RL — black line; RL/RH —
red line.

5. Conclusion

In this work, we employed quantum transport simulations
combined with the NEGF formalism and DFT to systemati-
cally investigate the elliptical PGE in monolayer WSe; under
elliptically polarized light irradiation. The study considered
various defect types (vacancies and substitutions), transport
directions (zigzag and armchair), photon energies, light he-
licities, and external bias voltages.

Our results demonstrate that the photocurrent exhibits
strong anisotropy between zigzag and armchair directions.
Defect-induced symmetry breaking from Dj3, to C; and

C,, produces direction-dependent sinusoidal/cosine photore-
sponses. In zigzag-oriented devices, the photoresponse fol-
lows a sine dependence on the light helicity angle, with the
maximum photocurrent occurring under circular polarization.
In contrast, armchair-oriented devices exhibit a cosine depen-
dence. Among the defect configurations, S substitution in
the zigzag direction yields the highest photocurrent (5.63 at
2.5 eV), while Ga substitution in the armchair direction shows
the most significant enhancement (3.95 at 2.6 eV), exceed-
ing the photocurrent generated by the pristine structure by a
factor of 55.54 due to the resonant enhancement via impu-
rity states introduced by Ga doping. The position of defects
was also found to influence the magnitude of the photocur-
rent by modifying structural symmetry. The application of
a small bias voltage (up to 0.04 V) markedly enhanced the
photocurrent across the visible spectrum, despite occasional
reductions at specific photon energies. Furthermore, the intro-
duction of defects generally increased the polarization sensi-
tivity, with Ga substitution achieving the highest ERs in both
transport directions. These findings provide valuable insights
into the tunability of PGEs in 2D materials via defect engi-
neering and symmetry breaking. The high polarization sen-
sitivity and bias-enhanced photoresponse suggest that defect-
modified WSe, monolayers — particularly those modified via
Ga substitution — are promising candidates for the devel-
opment of high-performance polarization-sensitive photode-
tectors and efficient solar energy conversion devices. These
results provide guidance for the design of high-performance
polarization-sensitive photodetectors.
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