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Achieving desirable multifunctional optoelectronic devices requires consideration of indexes such as
photoelectrical response, polarization sensitivity, energy consumption, power conversion efficiency (PCE),
and direction dependence. To satisfy these requirements, we propose an anisotropic HfGeTe4-based
optoelectronic device driven by the anisotropic photogalvanic effect (PGE) for high-performance photode-
tection and solar harvesting. We find a robust anisotropic PGE photocurrent Jph (Jx = 5.12, and Jy = 0.07)
is generated under the illumination of linearly polarized light due to the noncentrosymmetric nature of
pristine HfGeTe4. Through appropriate mechanical bending and heterostructure assembled with a black
phosphorus monolayer, the photocurrent and anisotropic ratio can be substantially enhanced by 8 times
and 22.98%, respectively. Moreover, it exhibits a very high PCE of 20.19% and a large optical conduc-
tivity of about 13 × 103 �−1 cm−1. Our results show a fascinating functional coupling architecture that
simultaneously implements high polarization-resolved photodetection and solar-energy harvesting in self-
powered low-dimensional devices, suggesting an efficient avenue to achieve multifunctional integrated
optoelectronic devices.
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I. INTRODUCTION

Electronic devices have gradually developed in the
direction of miniaturization, integrated, and multifunc-
tional in the post-Moore era. On account of the numer-
ous advantages of tunable electronic band structures, high
surface-to-volume ratios, outstanding carrier-transport
capability, excellent flexibility, high transparency, etc.,
two-dimensional (2D) van der Waals materials have stim-
ulated a surge in research interest in the field of solar
harvesting and polarization-resolved photodetection based
on conversion mechanisms of “light to current” [1–5]. In
view of 2D materials’ superior performance and fasci-
nating physics, emerging 2D optoelectronic devices have
established themselves as transformative building blocks
toward photodetection [6–8], solar cells [9,10], and spin
optoelectronics [11,12].

The typical conversion mechanisms of “light to current”
are realized by the effect of photovoltaic, photoconductor,
photogate, and photothermal in photonic devices [13–17],
in which the traditional p-n junctions or external voltage is
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required to generate the persistent photocurrent. The power
conversion efficiency (PCE) of p-n junctions has been
improved considerably in recent years and almost close
to the Shockley-Queisser limitation [18]. 2D optoelec-
tronic devices with an external voltage usually generate a
dark current that may even exceed the photocurrent itself,
which then largely degrades the signal-to-noise ratio [19].
In contrast to these typical “light-to-current” conversion
mechanisms, the photogalvanic effect (PGE) [20–23], also
called the bulk photovoltaic effect [24–27], which occurs
in materials lacking spatial inversion symmetry, enables
the generation of persistent photocurrent without external
voltage or self-built internal field that is induced by p-
n junctions. Because of the absence of spatial inversion
symmetry, the sub-band electrons governed by the optical
selection rules accept the unequal distribution of angular
momentum of photon in the conduction band, which can
lead to a net photocurrent.

The PGE is an alternative optical response derived from
the nonlinear and symmetrical induction of materials to
light. As a result, the imbalanced distribution of pho-
toexcited electrons provides an open-circuit voltage larger
than the band gap [28,29], which makes it possible for
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“light-to-current” conversion efficiency to overcome the
Shockley-Queisser limitation [30]. The PGE with these
advantages has triggered a great deal of research inter-
est in 2D systems as a result of its promising applica-
tions in a variety of fields, including solar cells [31,32],
photodetection [33,34], as well as spintronics [35–39].
Recent experimental and theoretical reports have demon-
strated that the magnitude of PGE photocurrent can be
substantially enhanced by strain [32,40–42], vacancy [43–
45], doping [46,47], and construction of heterostructures
[48–51], which mainly are ascribed to the reduction of
crystal symmetry. Nevertheless, the tiny photocurrent pre-
vailing in the pristine structure still limits its practical
application.

Recently, 2D ternary chalcogenides have been consider-
ably explored due to their distinctive structures and exotic
properties, which are attributed to the stoichiometric varia-
tion and increased elemental degrees of freedom. The lay-
ered ternary transition-metal chalcogenide, HfGeTe4, has
been successfully synthesized, and its crystal structure has
been determined via single-crystal x-ray diffraction tech-
niques [52]. The monolayer of HfGeTe4 (ML-HfGeTe4)
has garnered significant attention in research owing to
its suitable direct band gap, ultrasoft property, remark-
able carrier mobility, and optical absorption capacity
[53–55]. More significantly, the quasi-one-dimensional
chainlike structure of ML-HfGeTe4 are believed to fos-
ter strong in-plane anisotropy and ultralow symmetry
[56,57]. The strong anisotropy is essential to achieve
a high-polarization sensitivity photodetector. Meanwhile,
the ultralow symmetry is very conducive to the sub-
stantial enhancement of PGE. However, the investiga-
tion of the physical origin of anisotropic optoelectronic
properties in ML-HfGeTe4 is still in its infancy. Also,
it currently remains elusive that the pristine structure is
purposely designed to lose spatial inversion symmetry
under the synergistic effect of anisotropy and asymmetry,
which can achieve a fascinating multifunctional coupling
architecture.

In this study, we propose a multifunctional optoelec-
tronic device based on ML-HfGeTe4 that can simultane-
ously improve the photoelectric response, solar harvesting,
anisotropy, polarization sensitivity, and photoconductivity
due to the synergistic effect of anisotropy and asymmetry.
Our quantum transport simulations indicate that the pris-
tine HfGeTe4 photodetector can produce a PGE photocur-
rent of 5.12 and an anisotropic ratio of 73, which can be
further enhanced by 8 times and 22.98%, through mechani-
cal bending and assemble heterostructure with a monolayer
of black phosphorus (ML-BP). Furthermore, it exhibits
type-II band alignment and PCE of 20.19%, implying
that the multifunctional applications of self-power pho-
todetections and solar harvesting can be achieved using
BP/HfGeTe4 heterostructure.

II. MODEL AND METHODS

The pristine ML-HfGeTe4 is orthorhombic with the
lattice constants a of 11.09 Å and b of 4.01 Å. The
ML-HfGeTe4 belongs to the noncentrosymmetric Cs
group. The sketch of the ML-HfGeTe4 photodetector is
shown in Fig. 1, which can be divided into three parts,
i.e., the left- and right-handed leads as well as the central
region. Note that the two-probe systems along the transport
direction extend to z = ±∞. To account for the anisotropic
PGE of ML-HfGeTe4, we define the lattice constant a to
be the x direction, and the y direction as consistent with
the shorter lattice b vector. The supercells of 3 × 1 × 1
and 1 × 8 × 1 are adopted in the scattering regions along
the x and y directions, respectively. Figures 1(a)–1(d)
are the top and front views of the device along the x
and y directions, respectively. It has been shown that the
exceptional flexibility of ML-HfGeTe4 both in plane and
out of plane in our previous results (C11= 42.02 N m−1,
C22= 65.00 N m−1, C66= 14.14 N m−1) [57], renders it
highly appropriate for deployment in flexible nanodevices.
To intentionally decrease the spatial inversion symmetry
of ML-HfGeTe4 and amplify the PGE, mechanical bend-
ing is utilized to impose a central angle of 30° on the
ML-HfGeTe4 devices (ML-HfGeTe4 bending) along the x
and y directions, respectively. The ML-HfGeTe4 bending
in the y direction is fully relaxed as shown in Fig. 4(a).
Furthermore, constructing heterostructures using ML-BP

(a)

(b)

(c)

(d)

FIG. 1. Top and side views of ML-HfGeTe4 device in the
(a),(b) x and (c),(d) y directions, respectively.
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is also investigated as a means to reduce device symmetry.
The lattice parameters of ML-BP unit cells are a = 4.62 Å
and b = 3.30 Å, which are consistent with previous work
[48]. For the case of BP/HfGeTe4 heterostructure, the
supercells of

√
8 × √

5 and 1 × 2 are used for ML-BP and
ML-HfGeTe4, respectively. Therefore, the lattice param-
eters of the BP/HfGeTe4 superlattice are obtained to be
a = 11.16 Å, b = 8.02 Å, with the overall lattice mis-
match of 1.06%, and the vertical distance between layers
is 3.13 Å. The sketch of the BP/HfGeTe4 photodetec-
tor oriented along the x and y directions is depicted in
Fig. S1 (see Supplemental Material for more details [58]).
It is worth noting that the implementation of mechanical
bending and construction of heterostructures can lead to
the elimination of the mirror reflection plane of pristine
ML-HfGeTe4.

In our cases, we employed a plane-wave basis projector
augmented wave method [61] within the Vienna ab initio
simulation package (VASP) [62] to assess both structural
relaxation and band dispersions. Perdew-Burke-Ernzerhof
(PBE) is implemented to describe the exchange-correlation
potential within the generalized gradient approximation
(GGA) [63]. The kinetic energy cutoff for the plane wave
was set to �2|K + G|2/2m = 500 eV. Brillouin-zone inte-
gration of ML-HfGeTe4 and BP/HfGeTe4 is executed
with the 6 × 16 × 1 and 8 × 6 × 1 k-point grids deter-
mined by the �-centered Monkhorst-Pack scheme [64].
The geometric optimization and ionic relaxation until the
Hellmann-Feynman forces on each atom were smaller
than 0.01 eV Å−1, and the energy difference between
two sequential steps was less than 10−5 eV. The Heyd-
Scuseria-Ernzerhorf (HSE06) hybrid function is utilized
to achieve accurate estimations of band gaps and band
alignments. A vacuum thickness of approximately 25 Å
was adopted along the out-of-plane direction to minimize
the periodic interaction between the adjacent monolayers.
The phonon dispersive relations by the small displace-
ment method implemented in the PHONOPY package and
the results are processed by the vaspkit package [65,66].
The ab initio molecular dynamics (AIMD) simulations
with a total simulation time of 6 ps and time steps of
3 fs are used to examine the thermal stability of BP/

HfGeTe4.
The photoelectric properties generated by the PGE are

investigated based on density-functional theory within the
nonequilibrium Green’s function method (NEGF) [67].
The electron-photon interaction can be considered in the
Hamiltonian as Ĥ = Ĥ0 + (e/m0)A · P̂, where H0 is the
Hamiltonian without the electron-light interaction, e is
the electron charge, m0 is the free electron mass, and P̂
and A are the momentum of the photoexcited electrons
and the electromagnetic vector potential of polarized light,
respectively. According to linear response theory [68], the
photocurrent injected into the leads (label with L) can be

written as [69]

J (ph)

L = ie
h

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

(1)

In particular, when the central scattering region is irradi-
ated by linearly polarized light, the photocurrent injected
into the leads can be written as [36,48]

J (ph)

L = ie
h

∫
{cos2θTr{�L[G<(ph)

1 + fL(G
>(ph)

1 − G<(ph)

1 )]}

+ sin2θTr{�L[G<(ph)
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>(ph)
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2 )]}

+ sin(2θ)

2
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}

dE,

(2)

where
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0
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†G>/<

0 e1βpβGa
0). (3)

For circularly polarized light,

J (ph)

L = ie
h

∫
{cos2φTr{�L[G<(ph)

1 + fL(G
>(ph)

1 − G<(ph)

1 )]}

+ sin2φTr{�L[G<(ph)

2 + fL(G
>(ph)
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+ sin(2φ)
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Tr{�L[G<(ph)
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(4)

where G>/<(ph)

1,2 is the same as in the linearly polarized case
and

G>/<(ph)

3 = ±i
∑

α,β=x,y,z

C0N (Gr
0e1αpα

†G>/<

0 e2βpβGa
0

+ − Gr
0e2αpα

†G>/<

0 e1βpβGa
0). (5)

Here, C0 = (e/m0)
2
(
�
√

μrξr/2Nωξc
)

Iω, m0 is the bare
electron mass, ξ denotes the dielectric constant, N is
the number of photons, Gr/a

0 (G>/<

0 ) are the retarded or
advanced (greater or lesser) Green’s functions without
photons, px,y,z is the Cartesian component of the electron
momentum and e1(2)x,y,z is the Cartesian component of
the polarization vector e. For the linearly polarized light,
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e = cos θe1 + sin θe2 with θ being the polarization angle.
For elliptically polarized light, e = cos φe1 ± isin φe2 with
± is being the right- or left-handed elliptical light, and
φ determines its helicity. Specifically, φ = ±45◦ corre-
sponds to circularly polarized light. For Figs. 1(a) and
1(b), the polarized light is irradiated vertically along the
b axis in the scattering region of ML-HfGeTe4 photodetec-
tor and the θ formed by the vector e with respect to the a-c
plane, the e1 and e2 are the unit vectors along the transport
direction and periodic direction, respectively. The PGE
photocurrent obtained can be further normalized by J =
J (ph)

L /eIω with Iω being the photon flux determined by the
number of photons per unit area per unit time. Note that the
normalized photocurrent still has dimensions of area, i.e.,
a2

0/photon with a0 being the Bohr radius. The normalized
photocurrent can be converted to the actual photocurrent,
as shown within the Supplemental Material [58]. To facil-
itate the comparison with the previous theoretical works,
we then still use the normalized photocurrent.

The approach mentioned above to determine the PGE
photocurrent can be carried out utilizing the quantum
transport software package Nanodcal [67]. The double-ζ -
polarized (DZP) basis set is selected to expand all perti-
nent physical properties, whereby a linear combination of
atomic orbital basis is employed. To treat exchanges and
correlations, we adopted a generalized gradient approxi-
mation with PBE form. The atomic cores are characterized
by norm-conserving nonlocal pseudopotentials following
the standard protocol. The electron temperature is set
to 100 K, and the 1 × 10 × 100 (5 × 1 × 100) k points
are executed to sample the scattering region along the x
(y) directions in the self-consistent field calculations. For
the PGE photocurrent calculation, 1 × 10 × 1 (5 × 1 × 1)

k-point grids are correspondingly adopted.

III. RESULTS AND DISCUSSION

A. Anisotropic effect

The phonon dispersion of the fully relaxed ML-HfGeTe4
is first calculated as presented in Fig. S2 within the Supple-
mental Material [58]. One can see that the ML-HfGeTe4
photodetector here is dynamical stability due to the overall
phonon dispersions are devoid of any imaginary frequen-
cies. The ML-HfGeTe4 in the GGA-PBE algorithm is a
direct band-gap semiconductor with its value of 0.75 eV,
and it can be refined further to 1.34 eV using HSE06 hybrid
functional approach. The corresponding electronic band
structures are given in Fig. S2(b) within the Supplemental
Material [58]. Consequently, the sampled photon energy
range is between 1.4 and 3.4 eV, which is larger than that of
ML-HfGeTe4 and covers the entire visible light spectrum.

Figures 2(a) and 2(b) show the PGE photocurrent of
the ML-HfGeTe4 photodetector in linearly polarized light
along the x and y directions with 1.9, 2.6, and 3.4 eV as
examples. We find that the photocurrent is sensitive under

illumination by linearly polarized light. The photocurrent
maintains a perfect cosine (sine) dependence versus the
polarization angle in the x (y) direction, which stems from
a second-order response of Cs symmetry structures to the
electric field of light, i.e.,

jc = E2
0χcc(a/b)sin(2θ), j(a/b) = E2

0(χ+ + χ−cos(2θ)), (6)

here, c is the transport direction of photogenerated carriers.
jc and j(a) or j(b) are the photocurrents along the directions
normal and parallel to the mirror reflection plane, respec-
tively. E2

0 refers to the electric field amplitude of the light,
and χcc(a/b), χ+, and χ− denote the tensors that dependent
on the photon frequency ω. Therefore, the characteristics
of photocurrent either takes a sine or a cosine are deter-
mined by both symmetry and polarized light. Our results
are in accordance with the phenomenological theory of
PGE [20] that has been widely used to explain the behavior
of PGE [70] in experiments. Specifically, when the pho-
ton energy of the linearly polarized light corresponds to
the energy in our examples, we find that the ML-HfGeTe4
photodetector has an anisotropic PGE photocurrent, which
is one order of magnitude larger in the x direction than
that in the y direction. Furthermore, the effect of circularly
polarized light illumination on PGE photocurrent is also
considered additionally, the results reveal that the helicity
(φ) as a function of PGE photocurrent is almost identical
to that of polarization angle (θ) at the same photoenergies,
which agrees with the explanation given in the previous
work [49], i.e., the characteristic of PGE here is deter-
mined by Cs symmetry. Note that for oblique incidence, the
PGE responses of linearly and circularly polarized light at
Cs symmetry will no longer be similar. Here, we consider
only the PGE response of normal incidence to Cs symme-
try. In this scenario, all subsequent calculations of the PGE
response are discussed for linearly polarized light.

We then give, in Fig. 3(a), the maximum PGE photocur-
rents (Jmax) for different photon energies in the x and y
directions. The occurrence of high anisotropic photoelec-
tric properties is due to the evident difference in the x
and y directions of photocurrent. The maximum photocur-
rent for x and y directions are 5.12 at 1.7 eV and 1.64
at 2.8 eV, respectively. This means that the valence-band
electrons are favorable to be excited by 1.7 eV photons
along the x direction, whereas, for the y direction, it is more
likely to absorb 2.8-eV photons to be excited to the con-
duction band. The electron transmission coefficient (TE)
versus the energy is shown in Figs. 3(a) and 3(b). There
are two TE peaks at −1.05 and 0.65 eV along the x direc-
tion, also at −1.39 and 1.41 eV along the y direction,
respectively. According to Fermi’s golden rule, the TE of
electrons is proportional to the density of states (DOS), it
means that the energy difference between the two peaks
can generate large photocurrent due to the greater trans-
mission probability. Thus, large PGE photocurrents in the

054025-4



THEORETICAL DESIGN OF A . . . PHYS. REV. APPLIED 20, 054025 (2023)

(a) (b)

(c) (d)

FIG. 2. The photocurrent of ML-HfGeTe4 along the (a) x and (b) y directions for different photon energies under illumination by
linearly polarized light. Comparison of (c) linearly and (d) circularly polarized light.

x and y directions occur at 1.7 and 2.8 eV, respectively.
Note that the transmission spectrums of the ML-HfGeTe4
photodetector along two different directions have a gap
value close to the band gap of 0.75 eV near the Fermi
level. It is clear that the devices constructed along dif-
ferent directions do not affect the electronic properties of
pristine ML-HfGeTe4, i.e., the direction-dependent PGE
photocurrent is defined only by the anisotropic effects.

To ensure that the obtained results are reproducible and
reasonable, the supercells of 6 × 1 × 1 is adopted in the
scattering regions of ML-HfGeTe4 along the x directions.
A schematic of the device and the PGE photocurrents
response are shown in Fig. S3 within the Supplemental
Material [58]. One can see that the photocurrent after cell
expansion still follows the perfect cosine dependence in
the x direction, and the maximum photocurrent is very
close to the previous result. Note that the photocurrent
and photon energy resonance peaks are shifted due to the
expansion of unit cells in the central scattering region,
which has no effect on the overall photoelectric perfor-
mance of ML-HfGeTe4. Furthermore, the effect of k-point
sampling on the PGE photocurrent is also considered. The
photocurrent of the ML-HfGeTe4 device sampled at k-
point grids of 1 × 10 × 1 and 1 × 20 × 1 in the x direction,
and 5 × 1 × 1 and 10 × 1 × 1 in the y direction are cal-
culated, as depicted in Fig. S4 within the Supplemental
Material [58]. It is clear that the photocurrent is consistent

as the k-point grids increases, indicating that the k points
have converged.

B. Mechanical bending effect

For structures lacking spatial inversion symmetry, the
photoexcited electrons may experience an asymmetric
motion in the conduction band that creates a nonequilib-
rium situation conducive to the generation of persistent
photocurrent. In this sense, reducing the symmetry of the
system by mechanical bending can potentially enhance
the PGE photocurrent. For instance, it was experimentally
confirmed that the PGE photocurrent of WS2 nanotubes is
several orders of magnitude higher than that of the pristine
monolayer stems from the symmetry reduction from D2h to
C2nv [32]. 2D optoelectronic devices are gradually devel-
oping towards a “flexible” future. Based on the pristine
ML-HfGeTe4 photodetector, noncollinear leads are con-
structed by bending the planar scattering region along x
and y directions with a central angle of 30° (ML-HfGeTe4
bending), as evident in Fig. 4(a). Figures 4(b) and 4(c)
present example PGE photocurrent characteristics of the
ML-HfGeTe4-bending photodetector along the x and y
directions for photoenergies of 1.7, 2.4, and 2.9 eV, respec-
tively. As mentioned, the photocurrent J in the x direction
varies as a function of α cos(2θ) + J0, and follows the
β sin(2θ) + J0 forms in the y direction. Although the PGE
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(a) (b)

(c)

FIG. 3. (a) The maximum photocurrent of ML-HfGeTe4 under different photon energies for the x and y directions. (b),(c) The
electron transition spectrum of ML-HfGeTe4 in the x and y directions, respectively.

photocurrent still maintains a cos(2θ) dependence versus
the polarization angle in the x direction, the photocurrent in
the y direction is not proportional to sin(2θ) at certain pho-
ton energy. Instead, jz is proportional to sin(2θ + θ0) with
θ0 being a phase shift that is caused by the buckling strain.
Therefore, it can be seen that the maximum photocurrent
in the x direction is 42.77 at θ = 90◦ for 1.7 eV, and in the

y direction is 3.62 at θ = 90◦ for 2.9 eV. Compared with
the pristine ML-HfGeTe4 device, the PGE photocurrent of
the ML-HfGeTe4-bending photodetector along the x and y
directions is both enhanced dramatically.

The Jmax with respect to the different photon energies
in the x and y directions are calculated, as depicted in
Fig. 4(d). The Jmax is 42.77 at 1.7 eV for x direction and

(a) (b)

(c) (d)

FIG. 4. (a) The side view of ML-HfGeTe4 device under the condition of mechanical bending (central angle of 30°) along the
y direction. (b) Dependence of photocurrent on polarization angle θ for ML-HfGeTe4-bending along x and (c) y directions under
different photon energies. (d) The maximum photocurrent of ML-HfGeTe4 bending under different photon energies in the x and y
directions.
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8.37 at 2.5 eV for y direction. This means that the per-
formance of the pristine ML-HfGeTe4 photodetector in
both x and y directions can be enhanced by about 8 times
as its symmetry is reduced from Cs to C1 by the buck-
ling strain. Interestingly, the mechanical bending enhances
the PGE photocurrent without weakening the photoelec-
tric anisotropic ratio. To obtain a deeper understanding of
these results, we plot the local density of states (LDOS)
of ML-HfGeTe4-bending device in the central scattering
region along the x and y directions (Fig. 5), respectively.
The Fermi energy level is set at 0 eV, an evident band
gap of approximately 0.75 eV is observed along both the
x and y directions (blue area). This suggests that applying
a small buckling strain to pristine ML-HfGeTe4 photode-
tector has a negligible effect on the whole electronic band
structure of the device, and reduces only its spatial inver-
sion symmetry. Moreover, compared with the y direction,
the distribution of the atomic DOS projected on the con-
duction bands along the x direction in the transport space
plane (z) is very asymmetric, thus, the x direction has a
larger PGE photocurrent. In addition, to reveal whether
the regulation of bending strain on PGE photocurrent is
affected by angle, the PGE response of bending with a
central angle of 10° is calculated as shown in Fig. S5
within the Supplemental Material [58]. The photocurrent
is significantly reduced in both the x and y directions com-
pared to the bending of 30°. However, there is still a small
increase of photocurrent under bending of 10° compared
to that of pristine ML-HfGeTe4. It shows that bending can
effectively reduce the symmetry of the device and increase
the PGE photocurrent under polarized light, and there is a
positive correlation between PGE and bending strain.

C. Construct heterostructures

The anisotropic effect is considered to be one of the
important strategies for designing multifunctional devices,
as it introduces additional degrees of freedom for tun-
ing electrical and optical properties. Thus, we investi-
gate the potential of constructing a heterostructure for
ML-HfGeTe4 to induce a reduction in symmetry and
enhancement in the anisotropic ratio within the device. As
the inaugural anisotropic 2D material, BP has been demon-
strated to possess anisotropic electronic, mechanical, and
thermal properties [71–73]. Moreover, BP has garnered
extensive utilization in optoelectronic devices [74,75], pri-
marily attributed to its exceptional carrier mobility, broad-
band photoresponse, and inherent linear dichroism. We
find that the utilization of supercells with

√
8 × √

5 and
1 × 2 for ML-BP and ML-HfGeTe4 can effectively regu-
late the lattice mismatch to 1.06%. The band structure and
phonon band dispersions of ML-BP are depicted in Fig. S6
within the Supplemental Material [58]. The ML-BP shows
a direct band gap of 0.91 eV under the PBE algorithm,
while that of 1.60 eV under the approach of the HSE06

(a)

(b)

FIG. 5. (a),(b) The local density of states for the center region
of ML-HfGeTe4-bending device in the x and y directions, respec-
tively. The Fermi level is set at 0 eV, indicated by the white
dashed line.

framework, agreeing well with the previous results [76].
In addition, we calculate the direction-dependent photo-
electric responses of pristine ML-BP photodetector, as
shown in Fig. S7 within the Supplemental Material [58].
The results show that the Jmax in the armchair direction is
0.38, which is about one order of magnitude larger than
that in the zigzag direction. Our conclusions are consis-
tent with other work [49], with only certain differences at
the corresponding peaks due to differences in the calcula-
tion parameters, we emphasize that our method is universal
and reasonable, and that the choice of semiconductor is not
restricted to BP or HfGeTe4.

Next, the dependence of PGE photocurrent on polar-
ization angle θ for direction-dependent BP/HfGeTe4 pho-
todetector at different photon energies (as examples,
1.5, 1.6, and 2.8 eV are given), as evident in Figs.
6(a) and 6(b). One can see that the photocurrent of
2.8 eV (red curve) is fitted well with the function
J = 3.26 + 5.87(cos 2(θ + 4◦)) for x direction, and J =
0.39 + 0.26(sin 2(θ − 30◦)) for y direction. The shifting
phase angle is arising from the symmetry decreasing from
Cs to C1. The maximum photocurrent is therefore not
located at 0◦ or 90◦ at certain photon energies. We then
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(a) (b)

(c) (d)

FIG. 6. (a) Dependence of photocurrent on polarization angle θ for BP/HfGeTe4 device along the x and (b) y directions under
different photon energies. (c) The maximum photocurrent of BP/HfGeTe4 device under different photon energies in the x and y
directions. (d) Hartree effective potential of BP/HfGeTe4 in the x and y directions.

give, in Fig. 6(c), the Jmax for various photon energies in
the x and y directions. There is evidently higher anisotropy
than the pristine ML-HfGeTe4 and ML-HfGeTe4-bending
cases between the x and y directions, with a maximum
of 9.02 at 2.8 eV, and 2.10 at 3.1 eV, respectively. To
shed light on the anisotropic photoelectric responses stem-
ming from the device’s symmetry, we present the Hartree
effective potential along both x and y axes in Fig. 6(d).
Clearly, it exhibits a considerably more symmetric and
higher effective potential energy of 1.22 eV in the x
direction as compared to that in the y direction, which
shows a value of 0.43 eV. Consequently, this anisotropy
can give rise to a larger photocurrent that is direction
dependent.

To evaluate the overall performance of multifunctional
polarized optoelectronic devices, we explore the polar-
ization sensitivity and anisotropic ratio, which represent
the critical device figure of merit. The extinction ratio
(ER), defined as J‖/J⊥ or J⊥/J‖, is proposed to mea-
sure the polarization sensitivity [Fig. 7(a)], where J‖ and J⊥
are the photocurrent at the polarization angles of 0◦ and
90◦ with respect to the x direction. Given that the pho-
toelectric response of pristine ML-HfGeTe4 along the y
direction depends on the sine function, i.e., J is almost
0 at 0◦. According to the above ER equation, this result

will be infinite. Therefore, this kind of device along the
y direction will not be considered here. As depicted in
Fig. 7(a), the pristine ML-HfGeTe4 exhibits a maximum
ER of 98.94 at 2.9 eV, while the application of mechanical
bending can increase it to 100.1 (indicated by the purple
curve). However, this construction of heterostructure has
a significant impact on the phase angle θ deviation and
consequently reduces the maximum ER to 20.91, which is
still much higher than the maximum ER (approximately
5) of the BP photodetector measured experimentally at
present [77]. Moreover, the anisotropic ratio (AR), a cru-
cial parameter of polarized optoelectronic devices, has
been calculated systematically according to the definition
of [max(Jx, Jy)/min(Jx, Jy)], as illustrated in Fig. 7(b).
The findings indicate that the pristine ML-HfGeTe4 dis-
plays a maximum AR of 73 at 1.7 eV, which can be
substantially enhanced by 22.98% by constructing het-
erostructure with anisotropic BP. This increase in the AR
of the PGE photocurrent is attributed to the synergistic
effect of strong in-plane anisotropy and ultralow symme-
try. In contrast, mechanical bending marginally affects the
AR of the pristine ML-HfGeTe4 photodetector, reducing it
by only 3.54%, demonstrating the robustness of the pre-
dicted anisotropic photoelectric devices against external
forces.
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(a)

(b)

FIG. 7. (a) The extinction ratios (ER) and (b) anisotropic
ratio (AR) of photocurrent for pristine ML-HfGeTe4, bend
ML-HfGeTe4, and BP/HfGeTe4.

To further elaborate on the remarkable functional
coupling architecture and highlight the excellence of
HfGeTe4-based optoelectronic devices, we have compiled
a summary of recent theoretical studies on the overall per-
formance of the PGE photodetector in Table S1 within
the Supplemental Material [58]. As is evident from the
table, the amplitude of the PGE photocurrent in pristine
HfGeTe4 is several times greater than those of other pris-
tine structures (indicated by the blue label). The reason
behind this phenomenon is attributed to the quasi-one-
dimensional fold structure of HfGeTe4, which possesses
only one symmetric operation for specular reflection and
thus yields ultralow symmetry of Cs point group, a fea-
ture that is not present in other pristine structures. This
means that the anisotropic pristine HfGeTe4 already has
Cs symmetry, therefore, other structures require the use
of strategy, such as vacancy, doping, and strain. Further-
more, the synergistic effect of symmetry and anisotropy
has been observed to further enhance the photoelectric
response by applying mechanical bending and constructing
heterostructure, and the loss of the corresponding asym-
metry operation resulting from the change of symmetry
from Cs to C1. As a consequence, the maximum pho-
tocurrent achieved in this case is 42.77, which far exceeds
the currently known optoelectronic devices. On the other
hand, the photoelectric AR of 73 in the pristine HfGeTe4
remarkably surpasses other photodetectors, which are very
attractive in the field of polarized photodetection. Despite
the maximum ER achieved in this study of 100.1 is slightly
lower than that reported in some other studies.

D. 2D BP/HfGeTe4 for high-performance solar cells

Based on the aforementioned analysis, HfGeTe4-based
multifunctional devices exhibit significant potential as
self-powered flexible optoelectronics and photodetectors
with high photoresponsivity. In addition, we anticipate
that the devices would demonstrate exceptional perfor-
mance as solar cells in the field of solar-energy harvest-
ing. Identifying a suitable material possessing high opti-
cal absorbance, high solar conversion efficiency, and low
electron-hole recombination rate remains an essential chal-
lenge in the industrial implementation of 2D solar-energy-
harvesting applications. Thus, the frequency-dependent
dielectric functions (ε2) and optical absorption coefficient
of ML-HfGeTe4 are calculated first, as shown in Fig. S8
within the Supplemental Material [58]. It clear that the sig-
nificant optical anisotropy can be directly observed, and
the absorption spectrum of ML-HfGeTe4 overlaps mas-
sively under the incident AM1.5 solar flux. The broad
optical absorption range with high absorption coefficient
(4 × 105 cm−1) is close to the perovskites that are known
to be highly efficient for solar cells [78].

Next, we examine the stability and electronic char-
acteristics of BP/HfGeTe4 heterostructure. The phonon
dispersions have confirmed the dynamical stability of the
constituent layers. To predict the thermal stability, AIMD
simulations are conducted as illustrated in Fig. 8(a). The
results show that no bond breaking or structural recon-
struction occurred, and the total energy remained stable
without showing any significant fluctuations, implying that
BP/HfGeTe4 are thermally stable. The projected band
structures and density of states of BP/HfGeTe4 are the-
oretically calculated using PBE methods, as shown in
Fig. 8(b). It is found that BP/HfGeTe4 has a direct band
gap of 0.62 eV and a staggered type-II band alignment.
The conduction-band minimum (CBM) and the valence-
band maximum (VBM) are contributed separately by the
BP and HfGeTe4 monolayers, which is conducive to the
effective separation of the photoexcited electron-hole pairs.
The band decomposed charge densities of heterostructure
demonstrates the contribution of isolated monolayers (see
the resultant snapshot).

The charge redistribution at the interface can alter the
electronic properties of type-II BP/HfGeTe4 heterostruc-
ture. Figure 8(c) presents the corresponding planar aver-
aged electrostatic potential with respect to the vacuum
layer z with dipole correction. According to the band struc-
tures, the CBM of ML-HfGeTe4 is higher than that of
ML-BP, indicating that the charge-transfer process occurs
from HfGeTe4 (donor) to BP (acceptor). Consequently, a
potential drop (
V = 8.85 eV) is established at the inter-
faces, giving rise to an effective built-in electric field
(Eint) with HfGeTe4 towards BP. The Eint significantly
impacts the photoexcited carrier migration by efficiently
separating the electron–hole pairs and restraining their
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(a) (b)

(c) (d)

FIG. 8. (a) Variation of energy versus time at 300 K for BP/HfGeTe4, the insets show the snapshots of atomic configurations at
the start and end of AIMD simulations, (b) projected band structures and density of states of BP/HfGeTe4. The illustration on the
right shows the band decomposed charge densities of heterostructure, (c) planar-averaged electrostatic potential and (d) charge-density
difference as a function of position in BP/HfGeTe4 along the z direction. The 3D charge-density difference of BP/HfGeTe4 with the
isovalue of 1.0 × 10−3 e Å−3, and the yellow and cyan denote the accumulation and depletion regions of electrons.

recombination. To gain more details of charge transfer and
interface coupling in BP/HfGeTe4, the charge-density dif-
ference, defined as Δρ = ρhet − ρHfGeTe4 − ρBP with ρhet,
ρHfGeTe4 , and ρBP being charge densities of the heterostruc-
ture, isolated HfGeTe4, and BP monolayers, respectively,
is presented in Fig. 8(d). The oscillations show the charge-
transfer status in space. It can be seen that the charge
transfer occurs mainly at the heterointerface, and the
regions of hole and electron accumulation are close to
HfGeTe4 and BP layers, respectively. The left illustration
gives the three-dimensional (3D) differential charge den-
sity of BP/HfGeTe4 with an isovalue of 1.0 × 10−3 eÅ−3,
where yellow and cyan regions denote the accumulation
and depletion of electrons. Note that the charge transfer is
mainly distributed by the adjacent atomic layers owing to
the interface dipole. Moreover, quantitative analysis tech-
nique based on Bader charges confirms that approximately
0.18 e are transferred from HfGeTe4 to BP per unit cell.

Optical conductivity σ1(ω) is an essential parameter for
the development of photoelectric devices, especially in
the fabrication of high-performance photosensitive pho-
todetectors and efficient solar cells, which can be defined
as σ1(ω) = ωε2(ω)/4π with ω and ε2 being the photon
frequency and imaginary part of the dielectric function,
respectively. Figure 9 illustrates the optical conductivity

of each layer and their type-II heterostructure. All three
structures exhibit distinctive optical in-plane anisotropy
characteristics in the x and y directions because of their
intrinsic linear dichroism, with the optical conductiv-
ity primarily governed by the x direction within the
visible light range. This finding is consistent with that

FIG. 9. Direction-dependent optical conductivity of
ML-HfGeTe4, ML-BP, and BP/HfGeTe4.
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FIG. 10. (a) Photoexcited carrier migra-
tion and related parameters in a staggered
type-II band alignment. (b) PCE contour
as a function of donor band gap and CBO
in the Anderson limit.

of PGE photocurrent. Besides, the optical conductivity of
ML-HfGeTe4 is significantly higher than that of ML-BP
within the visible light range, suggesting that HfGeTe4-
based structures hold promise as a replacement for BP in
anisotropic photoelectric devices. Compared with isolated
monolayers, the optical conductivity of type-II heterostruc-
ture is enhanced from ultraviolet to near-infrared ranges.
Notably, BP/HfGeTe4 exhibits a peak optical conductiv-
ity of approximately 13 × 103 �−1 cm−1 in the x direc-
tion within the visible light range, indicating its immense
potential in solar-energy harvesting.

The evaluation of the PCE is a critical aspect in assess-
ing the ability of a solar cell to convert solar energy. In
2006, Scharber et al. [79] proposed a method to calcu-
late PCE in organic solar cells, which was subsequently
adapted for use in 2D solar cells [80]. The theoretical max-
imum PCE can be estimated using the equation provided
below:

η = JscVocβFF

Psolar

=
0.65(Ed

g − 
Ec − 0.3)
∫ ∞

Ed
g

(Jph(�ω)/�ω)d(�ω)∫ ∞
0 Jph(�ω)d(�ω)

,

(7)

where the band fill factor βFF derived from the Shockley-
Queisser limitation is 0.65, Ed

g is the donor band gap, and
ΔEc is the conduction-band offset (CBO) at the Anderson
limit. (Ed

g − ΔEc − 0.3) refers to the open-circuit voltage,
where 0.3 is the empirical parameter of experimental fit-
ting. Jph(�ω)(W/m2/eV) is the AM 1.5 M solar-energy
flux at the photon energy (�ω). Given that the PCE exhibits
a strong correlation with the donor band gap and CBO,
the electronic band structures for BP/HfGeTe4 are further
refined using the HSE06 method to enhance their accu-
racy, as illustrated in Fig. S9(a) within the Supplemental

Material [58]. It shows that the overall band structures
remain unaltered, but the band gap is increased to 1.18 eV.

To provide greater insight into the carrier migration
at the interface and the driving forces behind the PCE,
Fig. 10(a) presents the migration schematic of photoex-
cited electron-hole pairs in BP/HfGeTe4. The work func-
tion of BP/HfGeTe4, � = Evac − EF , is 4.63 eV, where
Evac and EF are the vacuum level and Fermi level, respec-
tively. Meanwhile, the CBO and donor band gap are 0.15
and 0.23 eV. Interestingly, the PCE of BP/HfGeTe4 can
be up to 20.19%, as shown in Fig. 10(b), which is higher
than those of other theoretical reports of heterobilayer solar
cells, such as GeSe/SnS (approximately 18%) [81], Ga/In-
based (10–13%) [82], Janus TMD/TMD (0.8–19.91%)
[83], Ga2SeTe/InS (17.7%) [9], and so forth.

Strain engineering is also regarded as a viable approach
to regulate the electronic and optical characteristics, par-
ticularly the band alignment and PCE of heterostructure.
Considering its experimental feasibility, we apply a 4% in-
plane biaxial tensile strain to investigate its impact on the
electronic properties of BP/HfGeTe4 based on the HSE06
functional. The corresponding band structures are depicted
in Fig. S9(b) within the Supplemental Material [58], in
which the effective tunability of the band alignment and
band gap by strain engineering is clearly demonstrated,
that is, the band gap is reduced to 1.03 eV and the band
alignment shifts from type II to type I. These outcomes
augur well for BP/HfGeTe4, which demonstrates multi-
functional photoelectric properties and may be considered
highly desirable candidate units for use in efficient solar
cells and luminescent devices.

IV. CONCLUSIONS

To summarize, we propose a kind of multifunctional
optoelectronic device that can integrate multiple gain
effects. Under illumination with linearly polarized light,
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a remarkably anisotropic PGE photocurrent can be gener-
ated in the pristine ML-HfGeTe4 photodetector, rendering
it self-powered. The photoelectric response can be further
improved by an order of magnitude through mechanical
bending due to the symmetry reduction from Cs to C1.
Moreover, the AR and PGE photocurrent can be highly
increased in BP/HfGeTe4 heterostructure due to the syn-
ergistic effect of ultralow symmetry and anisotropy. Com-
pared with isolated monolayers, the anisotropic optical
conductivity of BP/HfGeTe4 is improved from ultraviolet
to near-infrared ranges. Our results present a fascinat-
ing functional coupling architecture that simultaneously
realizes photodetection with high photoresponsivity and
efficient solar-energy harvesting in 2D HfGeTe4-based
optoelectronic devices, bringing us closer to achieving the
next-generation chip-scale integrated optoelectronics.
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