
PHYSICAL REVIEW APPLIED 14, 064003 (2020)

Largely Enhanced Photogalvanic Effects in a Phosphorene Photodetector by
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The photogalvanic effect (PGE) occurring in noncentrosymmetric materials enables the generation of
an open-circuit voltage that is much larger than the bandgap, making it rather attractive in solar cells.
However, the magnitude of the PGE photocurrent is usually small, which severely hampers its practi-
cal application. Here we propose a mechanism to largely enhance the PGE photocurrent by mechanical
strain based on the quantum transport simulations for the two-dimensional nickel-phosphorene-nickel pho-
todetector. A broadband PGE photocurrent governed by the Cs noncentrosymmetry is generated at zero
bias under the illumination of linearly polarized light. The photocurrent depends linearly on the device
asymmetry, while nonlinearly on the optical absorption. By applying the appropriate mechanical tension
stress on the phosphorene, the photocurrent can be substantially enhanced by up to 3 orders of mag-
nitude, which is primarily ascribed to the largely increased device asymmetry. The change in the optical
absorption in some cases can also play a critical role in tuning the photocurrent due to the nonlinear depen-
dence. Moreover, the photocurrent can be even further enhanced by mechanical bending, mainly owing
to the considerably enhanced device asymmetry. Our results reveal the dependence of the PGE photocur-
rent on the device asymmetry and absorption in the transport process through a device, and also explore
the potential of the PGE in self-powered low-dimensional flexible optoelectronics and low-dimensional
photodetections with high photoresponsivity.
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I. INTRODUCTION

Optoelectronic properties of two-dimensional (2D)
materials have attracted intensive research interest in the
past decades for their fascinating potential applications in
various fields, including photodetections [1–5], solar cells
[6,7] and spintronics [8–10]. There are several light-to-
current conversion mechanisms that are usually involved
in these 2D optoelectronic devices. The most typical mech-
anism is the photovoltaic effect that requires the traditional
p-n junctions to separate the light-induced electron holes.
Their efficiency has been improved largely in these years
and almost reaches the Shockley-Queisser limitation [11].
The second mechanism is the photoconductor effect, in
which the external voltage is necessary for generating the
persistent current, yet cannot provide the electrical power
generation [12,13]. Other mechanisms like photogating
effects are also involved [14–16].

*yqxie@shnu.edu.cn

In contrast to these light-to-current conversion mecha-
nisms, the photogalvanic effect (PGE) [17–23], also known
as the bulk photovoltaic effect [24–26], enables the gener-
ation of the photocurrent without the need for any external
voltage or p-n junctions, which occur in materials with
broken inversion symmetry. The PGE has attracted broad
research interest in wide material systems, including the
bulk Weyl semimetals [27,28], quantum wells [18], and
2D materials [29]. This mechanism is able to generate an
open-circuit voltage that is much larger than the bandgap
[25,30], which makes it possible to achieve the light-to-
current efficiency exceeding the Shockley-Queisser limit
[31]. However, high efficiency has hardly been achieved so
far in experiments mainly because of the low magnitude of
the PGE photocurrent (photoresponsivity) that is usually
less than mA/W. It is therefore rather desirable to find an
effective approach to enhance the PGE photocurrent.

Breakthroughs have recently been achieved. It has been
demonstrated that the PGE photocurrent obtained in 1D
WS2 nanotubes is several orders of magnitude larger than
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that in flat 2D WS2 monolayers [6], and that the pho-
toresponsivity is up to 0.1 A/W, which is much larger
than PGEs reported in other systems, such as the bulk
BaTiO3 [31], TTF-CA [32], and organometallic perovskite
halide [33]. This substantially enhanced photocurrent in
the 1D WS2 nanotube has mainly been ascribed to its
reduced C2nv or C2nh symmetry, as compared to the
2D WS2 monolayer (D2h), along with increased optical
absorption. These results suggested that reducing the crys-
tal symmetry of a flat 2D semiconducting material by
creating a curvature (e.g., bending) can strengthen the PGE
and hence enhance the photocurrent. Another important
experiment has demonstrated that, by applying an appro-
priate mechanical stress gradient on the SrTiO3 single
crystal, the PGE photocurrent can be enhanced by orders
of magnitude [7], which is known as the flexophotovoltaic
effect. However, controversy has been raised regarding the
fundamental mechanism responsible for this enhancement
in the photocurrent [34]. Direct experimental evidence for
the effective enhancement of the PGE by mechanical strain
has recently been achieved in the Fe-doped LiNbO3 single
crystal, in which the photocurrent was increased by 75%
even under a tiny uniaxial compressive stress (0.005%)
on the lattice [35]. Unfortunately, much higher compres-
sive stress is difficult to achieve experimentally, so further
enhancement of the photocurrent has not been investi-
gated. Therefore, it currently remains an open question
as to whether the PGE photocurrent can be increased by
orders of magnitude under appropriate mechanical stress
or bending due to the lack of direct experimental support.

Theoretical studies have revealed that the PGE involves
two mechanisms, one of which is connected with the
asymmetry in the electron velocity distribution [17,36–38].
Another mechanism stems from the displacement of the
electrons in real space when they undergo quantum transi-
tions, namely, shift current [30,36,39–43]. These excellent
theoretical studies on the PGE have led to much success
in understanding experimental results, and provided deep
insights into the physical origin of the PGE [40,44–51].
However, these studies focus mainly on the PGE in peri-
odical systems (crystals), while in practical applications
the PGE photocurrent transports through the device that
is an open system, and therefore involves statistical and
nonequilibrium physics that go beyond the calculations for
a periodical system. Therefore, how to enhance the PGE
photocurrent flowing through the device under mechanical
strain deserves further theoretical investigations.

In this study, we propose a mechanism to enhance
the PGE photocurrent generated in the device by quan-
tum transport calculations based on the 2D phosphorene
photodetector with nickel electrodes under the vertical illu-
mination of linearly polarized light. A parameter for the
device asymmetry is presented, which plays an important
role in determining the strength of the PGE. The pho-
tocurrent can be substantially enhanced by 3 orders of

magnitude by applying the appropriate mechanical tension
stress and bending, owing to the largely increased device
asymmetry.

II. MODEL AND METHODS

We model a photodetector device with the Ni(100)-
phosphorene-Ni(100) configuration, which contains right
and left electrodes and the center region, as shown in
Figs. 1(a) and 1(b). In the center region of the device,
the phosphorene is partially overlapped with Ni(100) elec-
trodes that extend to y = ±∞, as shown in Fig. 1(b). The
lattice constants are ax = 3.524 Å and ay = 4.580 Å for
the phosphorene calculated using the VASP code [52,53].
To build a periodic structure, the phosphorene is uniformly
stretched by about 6% along the x direction to match
the Ni lattice. The Ni electrodes are modeled using five-
layer Ni(100) slabs, and the spins of the two ferromagnetic
Ni electrodes are set in a parallel configuration. The dis-
tance between the phosphorene and the Ni slab surface
is 1.95 Å. The phosphorene-Ni(100) contact breaks the
intrinsic spacing inversion symmetry of the phosphorene,

Left electrode Right electrode

(a)

(b)

(c)

(d)

FIG. 1. (a) Illustration of the Ni(100)-phosphorene-Ni(100)
photodetector under mechanical bending irradiated by the polar-
ized light. (b) Top view of the device model for the Ni(100)-
phosphorene-Ni(100) photodetector without any strains, and side
views for the photodetector with (c) tension stress and (d) a
bending ratio of 3.9%, which corresponds to a central angle
φ = 60◦, as indicated in the inset. The d and d0 denote the
distances between the two leads with and without mechanical
deformations, respectively. Yellow and pink spheres denote the
Ni atoms and P atoms, respectively. The gray wavy lines with
arrows denote the incident light irradiated on the free-standing
phosphore indicated by the dashed rectangle.
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as discussed in our previous work [22]. The whole device
structure belongs to the noncentrosymmetric Cs group,
which has only one mirror reflection plane located in the
y-z plane, considering the periodicity in the x direction.
Therefore, the PGE can be induced in the photodetector
to generate the photocurrent flowing along the y direction
when the free-standing phosphorene in the center region is
vertically irradiated by linearly polarized light.

It has been shown that the monolayer phosphorene has
an outstanding flexibility under both in-plane and out-of-
plane mechanical strains [54–56]. In our simulations, the
mechanic tension is applied uniaxially on the phospho-
rene along the y direction by increasing the y distance
d between the two electrodes, and mechanical bending
is applied along the out-of-plane direction with a cer-
tain central angle φ. When mechanical strain is applied,
the distance between the two electrodes will change.
Accordingly, we can define the ratio for the applied ten-
sion stress (εy) and bending (εb) as εy,b = |(d − d0)|/d0 ×
100%, where d0 = 37.77 Å when no strain is applied [See
Fig. 1(b)]. For example, for bending with a central angle φ

of 60◦, as illustrated in the inset of Fig. 1(d), the bending
ratio is 3.9%. The deformed phosphorene is fully relaxed
by VASP with the atoms in the Ni electrodes being fixed.
In our VASP calculations, the exchange-correlation energy
is treated by the projector augmented wave of the Perdew-
Burke-Ernzerhof functional [57] with an energy cutoff of
500 eV. The Brillouin zone is sampled with an 8 × 1 × 1
mesh of Monkhorst-Pack k points [58]. A vacuum region
of 20 Å in the z direction is added in the 2D super-
cell to isolate any possible spurious interactions between
periodical images of the supercell.

When the center region is irradiated by the polar-
ized light, the photocurrent can be generated. Based on
the linear response approximation [59], the photocurrent
injecting into the left electrode can be written as [60–62],

J (ph)

L = ie
h

∫
Tr{�L[G<(ph) + fL(E)(G>(ph) − G<(ph))]}dE,

(1)

where G>[<(ph)](E) is the greater (lesser) Green’s func-
tion including electron-photon interactions, and fL is the
Fermi-Dirac distribution function. To analyze the PGE,
we assume that the temperature is low enough and hence
the Fermi function fL is stepwise, so that Eq. (1) can be
rewritten as [63]

J (ph)

L = ie
h

∫ 0

−∞
Tr[�LG>(ph)]dE + ie

h

∫ +∞

0
Tr[�LG<(ph)]dE

= J− + J+, (2)

where J− = (ie/h)
∫ 0
−∞ Tr[�LG>(ph)]dE < 0 denotes the

current flowing out of the center region to the left lead,

while J+ = (ie/h)
∫ +∞

0 Tr[�LG<(ph)]dE > 0 denotes the
current flowing into the center region from the lead. The
magnitude of the PGE photocurrent is thus determined
by |J (ph)

L | = �J = |J+ − |J−||. Therefore, we can define a
factor A to describe the device asymmetry as

A =
∣∣∣∣J+ − |J−|

J+

∣∣∣∣ . (3)

For the device with space inversion symmetry, the current
flowing into the center region equals that which flows out
of the center region, that is, there is no net current flowing
through the device. In this case, J+ = |J−|, so J (ph)

L = 0,
and A = 0. For the device without inversion symmetry,
there is a net photocurrent and A is nonzero. The magnitude
of the photocurrent can then be rewritten as

|J (ph)

L | = AJ+. (4)

Note that J+ includes �LG<(ph), while G<(ph) includes the
photon propagator D< [59],

D<
ln;qm(E) = 2πMlnMqmNδ(E − �ω), (5)

where

Mln = e
m

(
�
√

μ̃rε̃rIω
2Nωε̃c

)1/2

〈l|p · e|n〉 . (6)

Here, l, n, m, q are atomic orbital labels, Iω is the photon
flux, m0 is the bare electron mass, e is the electronic charge,
μ̃r is the relative magnetic susceptibility, ε̃r is the relative
dielectric constant and ε̃ the static dielectric constant, p
is the electron momentum, and e is the light polarization
vector. Therefore, in essentials the photon propagator D<

corresponds to the excitation of an electron by the absorp-
tion of a photon [59,64]. As a comparison, we give the
optical absorption coefficient α of a material [24,65],

α(ω) = e2

2π2ε0m2
0ωc

∑
n,l

∫
(fn − fl)|〈k, l|p · e|k, n〉|2

× δ(El − En − �ω)d3k. (7)

It can be seen that the photon propagator D< and the
optical absorption coefficient α have the same physical
meaning, that is, the excitation of electrons by absorbing
the photon energy of �ω. This indicates that J+ should
have a nonlinear dependence on the optical absorption of
the device due to the tensor product of D< with the cou-
pling matrix �. Consequently, the photocurrent J (ph)

L has a
linear dependence on the device asymmetry A (a scalar),
while a nonlinear dependence on the optical absorption of
the device, according to Eq. (4).
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The PGE photocurrent also varies with the light polar-
ization. In our previous work, we showed that, for linearly
polarized light, the photocurrent has a dependence on the
polarization angle θ and can be written as [22,61,66]

J (ph)

L = ie
h

∫
( cos2 θTr{�L[G<(ph)

1 + fL(G
>(ph)

1 − G<(ph)

1 )]}

+ sin2 θTr{�L[G<(ph)

2 + fL(G
>(ph)

2 − G<(ph)

2 )]}
+ 2 sin(2θ)Tr{�L[G<(ph)

3

+ fL(G
>(ph)

3 − G<(ph)

3 )]})dE,

where G>[<(ph)]
1,2,3 depends on the photon frequency ω,

the electron momentum p, and the polarization vector
e=cos θe1+sin θe2. In our calculations, the unit vectors e1
and e2 are set along the x (zigzag) and y (armchair) direc-
tions, respectively. It is worth noting that the photocurrent
is proportional to the photon flux Iω, and is thus propor-
tional to the light power, within the linear response approx-
imation [59]. The photocurrent can be further normalized
as J = J (ph)

L /eIω. Note that the normalized photocurrent J
still has a dimension of area, i.e., a2

0/photon, where a0 is
the Bohr radius. To facilitate the analysis of the enhance-
ment of the photocurrent, we define three factors, namely,
RJ , RA, and Rα , which respectively denote the increase
ratio of the photocurrent J , device asymmetry A, and the
optical absorption coefficient α with respect to that when
no strain is applied.

III. RESULTS AND DISCUSSION

We calculate the PGE photocurrent under different
mechanical stress for the Ni-phosphorene-Ni photodetec-
tor. The photon energy considered is from 1.2 to 3.2 eV,
which is larger than the bandgap of the pristine phospho-
rene and covers the near infrared and visible range. We
find that the photocurrent J shows the cosine dependence
on the polarization angle θ for all of the photon energies,
which is a characteristic behavior of the PGE photocurrent
governed by the Cs symmetry [17]. Examples are pre-
sented in Fig. 2(a) for photon energies 1.5, 1.6, and 1.7 eV,
when no mechanical tension is applied. Specifically, the
photocurrent for a photon energy of 1.5 eV is well fit-
ted by the function 0.017 cos(2θ) + 0.018, which agrees
qualitatively with the phenomenological theory [17,18].

We then examined the effect of mechanical strain on
the behavior of the photocurrent, finding that the photocur-
rent still preserves the cosine dependence on the 2θ under
mechanical tension, since the mechanical tension applied
uniformly along the y direction does not change the Cs
symmetry. Examples are shown in Fig. 2(b) for a tension
ratio of εy = 30%. However, it can be seen that the mag-
nitude of the photocurrent can be much larger than that
without mechanical tension. For comparison, we obtained

J 
(m
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)

R
J

J 
(a
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) (a) (b)
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(d)

FIG. 2. The photocurrent J for photon energies 1.5, 1.6, and
1.7 eV without (a) and with (b) mechanical tension, where the
green solid line denotes the fitting function. (c) The variation of
the maximum J with photon energy for different tension ratios
εy . (d) The increase ratio RJ of the photocurrent under the differ-
ent mechanical tensions with respect to that without mechanical
tensions.

the maximum photocurrent at θ = 90◦ or 0◦ for all of the
photon energies under the different tension ratios, as shown
in Fig. 2(c). It can be seen that the magnitude of the pho-
tocurrent is substantially enhanced by mechanical tension
for most of the photon energy from 1.2 to 3.2 eV. More
specifically, in Fig. 2(d) we present the increase ratio RJ of
the photocurrent under mechanical tension with respect to
that without mechanical tension. Noticeably, at εy = 30%,
RJ is greater than 1 for almost all of the photon energies
except 3.1 eV (see the green squares), and RJ exceeds 102

for a number of photon energies. Moreover, the maximum
ratio reaches 1.5 × 103 for εy = 30% at a photon energy of
1.8 eV. For the other εy , RJ is also greater than 1 for most
of the photon energies.

To understand this remarkable enhancement of the pho-
tocurrent under mechanical tension, we first analyze the
device asymmetry A and examine its behavior for differ-
ent tension ratios εy . The asymmetry A is determined by
the photon energy and also the tension ratio. We mainly
focus on the photon energies 2.9, 2.5, and 1.8 eV, where
the PGE photocurrent is enhanced the most. The A under
different εy and its increase ratio RA are calculated for εy =
5%, 10%, 12.5%, 15%, 17.5%, 20%, and 30% with respect
to those without tension stress. In Figs. 3(a), 3(c), and 3(e)
we show the variation of RA (black stars) and RJ (green
squares) with εy for photon energies 2.9, 2.5, and 1.8 eV,
respectively, and in Figs. 3(b), 3(d), and 3(f) we give the
normalized ratios with respect to their largest value. From
the normalized ratios, we observe that the overall trend of
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FIG. 3. The increase ratios of the device asymmetry (RA)
and of the photocurrent (RJ ) at different tension ratios εy =
(1) 5%, (2) 10%, (3) 12.5%, (4) 15%, (5) 17.5%, (6) 20%,
(7)30% for photon energies (a),(b) 2.9 eV, (c),(d) 2.5 eV, and
(e),(f) 1.8 eV, with normalized ratios plotted in (b),(d),(f).

RJ matches monotonously with that of RA for different εy .
This indicates that the enhancement of the PGE photocur-
rent is primarily determined by the change in the device
asymmetry A. Nevertheless, there are evident differences
between RA and RJ at some εy , as shown in Figs. 3(a),
3(c), and 3(e). This means that the enhancement of the pho-
tocurrent cannot be exclusively attributed to the change in
A. The influences from the change in the optical absorp-
tion induced by the mechanical tension should also be
considered. Therefore, we calculated the optical absorp-
tion coefficient α of the monolayer phosphorene and the
increase ratio Rα under the different εy , as listed in Table
I. Here, we calculated the optical absorption coefficient

α based on the 2D monolayer phosphorene, which is an
acceptable approximation according to the analysis below.

According to Eq. (4), in general, the photocurrent should
have a nonlinear dependence on the optical absorption.
This nonlinear relationship is difficult to express explic-
itly due to the tensor product of � and G<ph, which varies
with the different photon energies and mechanical strain.
For example, for a photon energy of 2.5 eV [Fig. 3(c)], the
change in the optical absorption seems to have a negligi-
ble influence on the photocurrent since RA almost equals
RJ for most of the εy values except εy = 10% (2). In con-
trast, RA is evidently less than RJ for a photon energy of
1.8 eV [Fig. 3(e)], which indicates a different dependence
on the optical absorption. Interestingly, we find that at most
of the εy values RJ ≈ RA ∗ Rα , as the blue triangles in
Fig. 3(e) shows. This indicates that, for a photon energy of
1.8 eV, the photocurrent has a linear dependence on both
the optical absorption and the asymmetry A in most of the
cases. Besides, Fig. 3(e) indicates that, at εy = 12.5% and
30%, Rα has the largest contribution to the increase of the
photocurrent (RJ ), as compared with those at the other εy .
Moreover, we find that Rα has the large values of 13.191
and 12.644 at εy = 12.5% and 30% (Table I), respectively.
To understand this large increase in the optical absorp-
tion for a photon energy of 1.8 eV at εy = 12.5% and
30%, in Fig. 4(a) we show how the optical absorption α

varies with photon energy. Here, at εy = 12.5%, α is given
for light polarization along the y direction (θ = 0◦), while
at εy = 30% and 0%, α is given for polarization along
the x direction (θ = 90◦), at which the largest photocur-
rent is achieved for these εy . The α for x polarization at
εy = 0% is obviously smaller than that in the y direction
at εy = 12.5% for a photon energy less than 2.8 eV, which

TABLE I. The optical absorption coefficient α and its increase ratio Rα of the monolayer phosphorene under mechanical tension stress
and bending. The “x” and “y” denote the polarization directions for θ = 90◦ and 0◦, respectively, at which the largest photocurrent is
achieved.

εy

Tension (eV) 0% 5% 10% 12.5% 15% 17.5% 20% 30%

1.8 α 0.344(x) 0.274(x) 2.286(y) 4.536(y) 5.034(y) 0.510(x) 1.177(x) 4.348(x)
Rα 0.798 6.648 13.191 14.639 1.483 3.424 12.644

2.5 α 1.521(x) 1.892(x) 3.651(x) 5.073(x) 5.558(x) 4.046(x) 6.410(x) 6.246(y)
Rα 1.243 2.400 3.334 3.652 2.659 4.213 4.105

2.9 α 4.585(x) 4.142(x) 5.469(x) 3.267(x) 1.927(y) 2.077(x) 8.390(x) 5.248(y)
Rα 0.903 1.193 0.713 0.420 0.453 1.830 1.145

εb

Bending (eV) 0% 0.9% 1.3% 2.5% 3.9% 5.3% 6.3% 8%

1.3 α 0.066(x) 1.482(y) 1.500(y) 1.639(y) 1.634(y) 1.661(y) 1.917(y) 0.459(x)
Rα 22.390 22.663 24.773 24.699 25.109 28.976 6.943

1.8 α 0.180(x) 1.965(y) 1.980(y) 1.999(y) 2.010(y) 2.044(y) 2.017(y) 2.165(y)
Rα 10.902 10.982 11.090 11.150 11.340 11.188 12.010

2.1 α 1.157(y) 1.474(x) 1.761(y) 1.705(y) 1.369(x) 1.308(x) 1.657(y) 2.311(y)
Rα 1.273 1.522 1.473 1.183 1.130 1.432 1.996
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(a)

(b) (c)

(e)(d)

FIG. 4. (a) The optical absorption coefficient α of the 2D
monolayer phosphorene at εy = 30% and 0% for the light polar-
ized along the x direction, and at εy = 12.5% for the light
polarized along the y direction. Panels (b) and (c) show the elec-
tronic bandstructure and density of states (DOS) for εy = 30%
(blue lines), with the DOS at εy = 0% (solid black line) also
shown. Panels (d) and (e) show the electronic bandstructure and
DOS at εy = 12.5%, where E = 0 eV corresponds to the Fermi
energy. The double-headed arrows indicate photoexcited electron
transitions.

can be attributed to the anisotropic optical absorption of
the phosphorene, as has been revealed both in experiments
[67] and theory [68,69]. It can also be seen that there are
evident absorption peaks located around 1.8 and 2.4 eV for
εy = 30% and 12.5%, respectively. In Fig. 4(c) we show
that there are two peaks in the DOS located at +0.45 and
−1.35 eV for εy = 30%, which corresponds to the first
conduction and valence bands around the “X ” point in the
first Brillouin zone, respectively [Fig. 4(b)]. According to
Fermi’s golden rule, the probability of electron transitions
is proportional to the DOS. This means that the probability
of electron transitions between these two density-of-state
peaks within the first valence and conduction bands is
larger, and therefore leads to the optical absorption peak
for a photon energy of 1.8 eV. Moreover, the DOS at εy =
30% is overall larger than that at εy = 0% (black line), as
shown in Fig. 4(c), and therefore the absorption is largely
increased. Similarly, the optical absorption peak located at
2.4 eV for εy = 12.5% can be mainly attributed to electron
transitions between the energy levels +1.1 and −1.3 eV,
corresponding to the second valence and conduction bands
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FIG. 5. (a) The photocurrent for photon energies 1.5, 1.6,
and 1.7 eV under mechanical bending. (b) The variation of the
maximum photocurrent with photon energy under the different
bending ratios εb. (c) The increase ratio RJ of the photocurrent
under the different mechanical tensions.

at the “�" point, where the sharp DOS peak appears, as
indicated in Figs. 4(d) and 4(e)

We next consider the influence on the photocurrent of
applying mechanical bending on the free-standing part of
the phosphorene, as shown in Fig. 1(d). Obviously, the
space inversion symmetry of the phosphorene is broken
by the bending, while the whole device still remains in
Cs symmetry. Note that the mechanical tension does not
change the symmetry of the phosphorenene. This means
that the asymmetry of the device can be further increased
by mechanical bending, and therefore the PGE photocur-
rent would be enhanced further, as compared with that
under mechanical tension stress. We find that the photocur-
rent still holds the form cos(2θ) due to the unchanged
Cs symmetry of the device, as illustrated in Fig. 5(a).
Evidently, the magnitude of the photocurrent is largely
increased, as compared to that without mechanical bend-
ing, as shown in Fig. 5(b). Moreover, the maximum pho-
tocurrent is 14.5 at 2.8 eV for εb = 1.3%, which is 2 times
larger than that (6.6) under tension stress [see Fig. 2(c)].

We observe that, for a number of photon ener-
gies, RJ is greater than 103, and that the maximum
RJ reaches about 6.26 × 103 for a photon energy of
1.8 eV at εb = 1.3% (blue squares), which is about
4 times larger than that under mechanical tension. At
photon energies of 1.3, 1.8, and 2.1 eV, the photocur-
rent shows the largest enhancement. We therefore present
in Figs. 6(a), 6(c), and 6(e) RA and RJ for these photon
energies at different mechanical bending ratios εb =
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FIG. 6. The increase ratios of the device asymmetry (RA)
and of the photocurrent (RJ ) at different bending ratios εb =
(1) 0.9%, (2) 1.3%, (3) 2.5%, (4) 3.9%, (5) 5.3%, (6) 6.3%,
(7) 8% for photon energies (a),(b) 1.3 eV, (c),(d) 1.8 eV, and
(e),(f) 2.1 eV, with normalized ratios plotted in (b),(d),(f).

(1) 0.9%, (2) 1.3%, (3) 2.5%, (4) 3.9%, (5) 5.3%, (6) 6.3%,
and (7) 8%, and correspondingly present in Figs. 6(b),
6(d), and 6(f) the normalized ratios. It can be seen that
the trend of RJ is in good agreement with that of RA.
This indicates that the remarkable enhancement of the pho-
tocurrent should also be mainly attributed to the increased
device asymmetry A. Nevertheless, the magnitude of RA
still differs from RJ . For photon energies 1.3 and 1.8 eV,
RA is evidently less than RJ at the different εb, as shown
in Figs. 6(a) and 6(c). Therefore, we should consider the
influence of the change in the optical absorption. We find
that the optical absorptions are overall increased evidently
at the different εb for photon energies 1.8 and 1.3 eV, as
listed in Table I. This means that the photocurrent has a
positive dependence on the optical absorption. In contrast,
for a photon energy of 2.1 eV, RA has a much smaller devi-
ation from RJ [Fig. 6(c)], which indicates that the change
in the optical absorption has a very small influence on the
photocurrent. Accordingly, we find that 1 < Rα < 2.0 at
every εb, which means that the optical absorption changes
slightly under mechanical bending for a photon energy of
2.1 eV. Besides, it is worth noting that, under mechanical
bending, the largest RA is 1254 at εb=2.5% for a photon
energy of 1.8 eV [see Fig. 6(c)], while the largest RA is 415
achieved under a mechanical tension stress of εy = 10%
for 2.9 eV [see Figs. 3(a)]. This means that the device
asymmetry is indeed further strengthened by mechanical
bending since it breaks the inversion symmetry of the
phosphorene, while mechanical tension stress does not.

We find that, under mechanical bending stress, α is
enhanced for a photon energy below 3.0 eV. Examples
are given in Fig. 7(a) for εb = 0.9% and 3.9%, showing
that α at different εb has a similar trend varies simi-
larly for increasing photon energies, and so does the DOS
[Fig. 7(b)]. From about a photon energy of 1.5 eV, α

reaches a larger value and is evidently greater than that

(a)

(b)

(c) (d) (e)

FIG. 7. The optical absorption (a) and the DOS (b) at dif-
ferent bending ratios εb. Panels (c)–(e) show the electronic
bandstructure for εb = 0%, 0.9%, and 3.9%, respectively. The
double-headed arrows indicate photoexcited electron transitions
between the valance and conduction bands, corresponding to the
density-of-state peaks indicated in (b).

without mechanical bending. Correspondingly, we observe
sharp density-of-state peaks around −0.4 and +1.1 eV, as
shown in Fig. 7(b), and, moreover, the DOS in the conduc-
tion bands is evidently larger than that without mechanical
bending. The increased DOS is attributed to the increased
density of the energy bands in the conduction bands around
the � point, induced by mechanical bending, as shown in
Figs. 7(d) and 7(e). Therefore, a larger electron transition
probability between the corresponding energy levels, as
indicated in the Fig. 7(d), will lead to the enhanced α.

We note that there is a prestretch (about 6%) in the phos-
phorene along the x direction before applying mechanical
bending in order to match the lattice of the underlying
Ni(100) surface, and for every bending ratio, this prestretch
is invariant. This x-direction stretch should also have an
influence on the photocurrent. However, we have shown
that, under different bending ratios, the photocurrent can
be largely enhanced, as compared to that without bend-
ing (i.e., only with the prestretch in the x direction). This
means that the prestretch in the x direction by itself cannot
lead to an appreciable enhancement in the photocurrent.

We now show that the large enhancement of the
PGE photocurrent under the appropriate mechanical strain
is primarily due to the substantially increased device
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asymmetry, while the change in the optical absorption has
a weaker contribution to the enhancement in most of the
cases. This point is in agreement with recent experimental
findings, which showed that the change in the asymmetry
of the LiNbO3 single crystal by mechanical compressive
stress has a more important contribution on the enhance-
ment of the PGE photocurrent than the change in the
optical absorption [35]. Our results show that, under an
appropriate mechanical stress, the PGE photocurrent can
be substantially enhanced by up to 3 orders of magni-
tude. In this regard, it is understandable that in the flex-
ophotovoltaic effect the mechanical gradient can induce
a considerable enhancement of the PGE photocurrent for
the SrTiO3 single crystals [7]. Moreover, in our work the
mechanical bending is even more effective in improving
the PGE photocurrent, which is in good agreement with
the essential point derived from the recent experiments
that reducing the structure symmetry can largely enhance
the PGE photocurrent in WS2 nanotubes [6]. Interestingly,
recent experiments have also shown that the photocur-
rent generated in the flexible 2D PtSe2 phototransistor
[70] and the 2D antimonene photodetector [71] can be
enhanced by mechanical bending, which suggests that the
mechanical-tuned PGE may play a role.

To give further insight into the experiments regarding
the large enhancement of the PGE in WS2 nanotubes [6],
we simulate the PGE in the (18,0) phosphorene nanotube
with the zigzag edge [72], as shown in Fig. 8. This nan-
otube has an indirect bandgap of 0.66 eV [Fig. 8(c)], with
the noncentrosymmetric D2d symmetry. The center region
of the nanotube is illuminated by linearly polarized light
with a photon energy from 1.0 to 3.2 eV. For comparison,
the number of illuminated phosphorene atoms is 28, which
is the same as that illuminated in the Ni(100)-phosphorene
photodetector. In Fig. 8(d) we show that the generated PGE
photocurrent varies in the form cos(2θ + θ0), where θ0 is a
phase shift determined by the photon energy and the asym-
metry of the illuminated area (atoms). The photocurrent
of this zigzag phosphorene nanotube can be much larger
than that of the Ni(100)-phosphorene photodetector with-
out mechanical stress. The increase ratio RJ is presented
in Fig. 8(e). The largest RJ is up to 1.1 × 103 for a photon
energy of 1.0 eV, and for several photon energies, RJ is
of the order of 102; moreover, for most of the photon ener-
gies, RJ is greater than 1 except at 3.1 eV. This result shows
that the large enhancement of the PGE photocurrent can be
achieved by using a nanotube with appropriate symmetry.

It is worth noting that there are some limitations in our
calculations. The first limitation is that the phosphorene
in the photodetector is only about 4 nm along the trans-
port direction, which is much shorter than that used in
real experiments. However, our results can be generalized
qualitatively to the photodetector with much larger size,
e.g., of micrometers. The reason is that the PGE is
determined by the symmetry of the system, and the PGE

Left electrode Center region Right electrode

(a)

(c) (d)

(e)

(f)

(b)

FIG. 8. (a) The cross-sectional view of the (18,0) phospho-
rene nanotube with the zigzag edge. (b) The device model for
the photocurrent calculation, where the green atoms are those
illuminated by linearly polarized light. (c) The electronic band-
structure of the (18,0) phosphorene nanotube with an indirect
bandgap of 0.66 eV. (d) The PGE photocurrent for photon ener-
gies 1.6, 1.7, and 2.0 eV. (e) The maximum photocurrent Jmax
and (f) the increase ratio RJ with respect to the photocurrent
of the Ni(100)-phosphorene-Ni(100) photodetector without any
mechanical stress.

photocurrent is proportional to the photon flux based on
linear response theory [59]. Therefore, enlarging the size
(area) of the phophorene will increase the magnitude of the
photocurrent, while not changing its qualitative behavior.
For example, the photocurrent will always keep the cosine
dependence on the polarization angle θ , as long as the Cs
symmetry in the photodetector is preserved. The second
limitation is that, due to the limited length in our model,
the phosphorene in the center region of the photodetector is
a nanoribbon with the zigzag edge, while we treat it as the
2D monolayer phosphorene for the analysis of the change
in the optical absorption under various mechanical strains.
The reasons are as follows. Firstly, the Ni-phosphorene
contact has a strong interaction, which saturates the dangle
bonds in the zigzag edge of the phosphorene nanoribbon.
In this case, it is very difficult to determine the accurate
edge states, and therefore the exact model for calculat-
ing the optical absorption of the phosphorene nanorib-
bon in such cases is difficult to be achieved. Secondly,
the optical absorption of the phosphorene is anisotropic
between the zigzag and armchair directions. Based on the
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2D phosphorene, the influence of the anisotropic optical
absorption on the PGE photocurrent is examined by ana-
lyzing the photoexcited interband transitions for the light
polarization along both the zigzag and armchair direc-
tion, whereas for the nanoribbon, only one direction can
be considered. Thirdly, the large enhancement of the PGE
photocurrent is mainly due to the increased device asym-
metry, while the optical absorption has less contributions
in most of the cases. For these reasons, we analyze the
optical absorption of the phosphorene in the photodetector
based on the 2D phosphorene, which is an approximation,
yet an acceptable compromise. In addition, there can be
an interesting quantum size effect on the energy level of
the phosphorene nanoribbon, which can largely enhance
the optical absorption, as has been proposed recently in
theory for the graphene nanoribbon [73]. However, in our
model this effect is severely suppressed since the edge
boundary conditions are changed due to the strong interac-
tions between the phosphorene and the underlying Ni(100)
surface.

In this work, the PGE photocurrent is spin polarized due
to the spin injection from the ferromagnetic Ni electrodes.
It is well known that there is a conductivity mismatch in
the partial contact between the metal electrodes and 2D
materials, as has been revealed in the Ni-graphene con-
tact [74] and the metal-transition metal disulfide contacts
[75]. In our Ni-phosphorene contact, the spin conductivity
of the monolayer phosphorene differs from the Ni elec-
trodes, and therefore causes significant backscattering of
electrons in the Ni-phosphorene interface, and then leads
to low spin injection efficiency (SIE). A relatively low SIE
of around 60% was found in our previous study for the Ni-
phosphorene-Ni magnetic junctions [76,77]. In this work,
the SIE of the photocurrent can be tuned by the mechani-
cal strains. The reason is that the mechanical strains change
the orbital overlap, and the tunnel barrier between the Ni
surface and the covered phosphorene, as well as the Schot-
tky barrier between the Ni-phosphorene contact and the
free-standing phosphorene, and therefore change the con-
ductivity mismatch between the conduction channels of the
phosphorene and those of the Ni electrodes. However, we
do not intent to give a detailed discussion on the SIE in the
present work, as we mainly focus on the enhancement of
the magnitude of the photocurrent.

IV. CONCLUSIONS

In summary, we have investigated the large enhance-
ment of the PGE in the nickel-phosphorene-nickel pho-
todetector tuned by mechanical tension and bending, using
the quantum transport calculations. The photocurrent can
be substantially improved by 3 orders of magnitude by
applying the appropriate mechanical tension and bending.
The remarkable enhancement of the photocurrent is overall
mainly due to the largely increased device asymmetry,

although the change in the optical absorption can also
play an important role in some cases. Mechanical bend-
ing can enhance the photocurrent more effectively than the
tension stress, since it breaks the inversion symmetry of
the phosphorene and hence largely strengthens the device
asymmetry. Moreover, the PGE photocurrent of the phos-
phorene nanotube with the appropriate symmetry can also
be much larger than the photodetector without mechan-
ical strain. Our results propose an approach to largely
enhance the PGE photocurrent by applying mechanical
tension and bending, and shed light on applications of
the PGE in low-power 2D flexible optoelectronics and
low-dimensional photodetections with high photorespon-
sivity, as well as give insights into the enhancement of the
PGE achieved recently in experiments on nanotubes and
flexophotovoltaic effects.
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