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The two-dimensional homojunction is promising in electronic and optoelectronic applications. How-
ever, its performance is restricted by lattice mismatch and the depletion region. Here, we construct a
monolayer InSe-based p-i-n homojunction photodetector. It presents high photoelectric conversion with
a wide light response in the photon-energy range from 1.4 to 5 eV, which induces a photocurrent den-
sity of 13.13 nA m−1 and a photoresponsivity of 0.022 A W−1. Moreover, the gate voltage improves the
photocurrent and photoresponsivity almost fourfold. Additionally, the increasing dielectric constant of the
substrate decreases the photocurrent spectral width, and a low doping concentration is suitable for pho-
todetectors due to high mobility. These results indicate that the two-dimensional p-i-n homojunction is
promising for future photoelectric devices.
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I. INTRODUCTION

Two-dimensional (2D) lateral junctions can be applied
in highly integrated and superior-performance electronic
[1–3], optoelectronic [4–8], and synaptic devices [9,
10], due to excellent optoelectronic properties. Recently,
2D high-quality WS2-WSe2 [11], MoS2-WSe2 [12],
MoSe2-WSe2 [13,14], 2H /1T′ MoTe2 [15], and monolayer-
bilayer WSe2 [16] lateral heterostructures were studied.
Large-area and high-quality-interface MoSe2-WSe2 lat-
eral heterostructures grown by one-pot chemical vapor
deposition synthesis can be applied as rectifiers, photo-
voltaic cells, and self-powered photodetectors [17]. For
the WSe2-WS2 lateral-heterostructure-based photodetec-
tors, the zero-gate response time is reduced by 5 orders
of magnitude [18]. In addition, the WSe2-MoS2 photode-
tectors also exhibit a large rectification and fast response
time [19]. Current studies show that lateral junctions are
suited for channel materials of electronic and optoelec-
tronic devices [13,20–22].

Among the many 2D lateral junctions, the homojunc-
tion possesses continuous band alignments and a high-
quality carrier-diffusion channel for promising device
applications [23–26]. For instance, the black-phosphorus
homojunction-based photodetector, modulated by the fer-
roelectric field, demonstrates a large photoresponsivity at
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room temperature [4]. The bent InSe-formed homojunction
manipulates the transport behavior of photogenerated car-
riers through the flexoelectric polarization potential, which
provides the flexophotoelectronic effects in an artificial
synaptic device [27]. These outstanding performances of
the 2D homojunction are attributed to superior proper-
ties at the interface and growth compatibility in designing
functional devices.

More recently, Aftab et al. demonstrated a MoTe2 lat-
eral p-i-n homojunction diode, which presents a higher
rectification ratio of about 1.4 × 106 and an open-circuit
voltage of 440.9 mV [28]. The WSe2 homojunction pho-
todetector shows a current on:off ratio of 1.2 × 106 and
a response time of 264 ns [29]. Compared with other lat-
eral homojunctions, the p-i-n junction can increase the
built-in electric field, extend the depletion region, and
weaken the diffuse-carrier influence on the effective region
of the photocarrier. The seamless MoTe2 homojunction
p-i-n diode greatly enhances the photoresponse in the
visible-to-1300-nm-wavelength range compared with the
p-n diode [30]. However, the study of the photoelectric
properties of the p-i-n homojunction is less reported to
date. Meanwhile, many optoelectronic devices based on
2D material are widely studied due to their unique phys-
ical properties [31–38]. It is worth noting that 2D InSe is
a typical III-VI semiconductor with a moderate band gap
of 1.42 eV [39], a small electron effective mass (0.18 m0)
[40], weak electron-phonon scattering, and high electron
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mobility (103 cm2 V−1 s−1) [41]. Additionally, InSe has
symmetry of the valence and conduction bands as well
as the pz atomic orbital nature, and its exciton states
have a large oscillator strength [41–45]. These excellent
properties make InSe a strong candidate for designing
2D p-i-n junctions. In this work, a monolayer InSe-based
p-i-n homojunction is designed, and the corresponding
electronic structure and photocurrent are systematically
explored. To further explore the effective modulation strat-
egy and reveal the underlying mechanism for the effect on
the device performance, we study the influence of the elec-
tronic band, gate voltage, substrate, and doping concentra-
tion on the photocurrent. This work is expected to open a
route for realizing 2D p-i-n homojunction optoelectronic
devices.

II. METHODS

Optimization of the geometric and band structure of
monolayer InSe is carried out by using the Vienna ab ini-
tio simulation package based on density-functional theory
(DFT) [46,47]. The Perdew-Burke-Ernzerhof (PBE) func-
tional is chosen to deal with the exchange-correlation inter-
actions [48]. The plane-wave cutoff employed is 500 eV.
The energy and force convergence tolerances are set to
10−5 eV and 0.01 eV Å−1, respectively. A 5 × 5 × 1 k-
point mesh is adopted for sampling in reciprocal space.
In addition, a vacuum layer of 20 Å in the z direction is

selected to avoid the interaction between neighboring InSe
layers.

The transport property is calculated using the first-
principles method in combination with the nonequilibrium
Green function, as operated by QuantumATK software
[49,50]. The exchange correlation is the PBE functional
of the generalized gradient approximation, as well as the
norm-conserving pseudopotential, and the basis sets are
SG15 and “high” [51–56]. For self-consistency, the k-mesh
grid is sampled with 1 × 11 × 11 and 1 × 11 × 171 for the
left (right) electrode and central region, respectively. A
density mesh cutoff of 110 Hartree is applied. Meanwhile,
the temperature is set to 300 K [57–60]. The photocurrent
calculations use 31 k points perpendicular to the transport
direction. The photocurrent is calculated using first-order
perturbation theory within the first Born approximation
[55,61]. The photocurrent, J ph, is expressed as

Jph = e
�

∫
dE
2π

∑
k,α

Tα(E, k).

The effective transmission coefficients are given by

Tα(E, k) = Tr{i�α(E, k)[(1 − fα)G< + fαG>]},

where G>(<) denote the noninteracting Green functions.
�α and fα are the line width and Fermi distribution function
of the α (left or right) electrode, respectively.

(a) (b)

(c) (d)

FIG. 1. (a) Side and top views of InSe monolayer atoms. (b) Elemental projected electronic band structures and projected density
of states. Monolayer InSe-based p-i-n homojunction: (c) sketch and (d) local density of states. Magenta and black represent high and
low local density of states, respectively.
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FIG. 2. Photocurrent density as functions of (a) photon energy and (b) θ (φ). Red and blue lines represent linearly and circularly
polarized light, respectively. (c),(d) Rph and EQE, and (e),(f) extinction ratio of the monolayer InSe p-i-n homojunction.

III. RESULTS AND DISCUSSION

The geometrical atomic structure of the InSe mono-
layer with a honeycomb lattice is shown in Fig. 1(a), and
its lattice constant and thicknesses are 4.09 and 3.57 Å,
respectively [62,63]. Additionally, Fig. 1(b) presents an
indirect-band-gap characteristic, with 1.4 eV for the InSe
monolayer [39]. The projected density of states (DOS)
show that the conduction-band minimum (CBM) and the
valence-band maximum (VBM) are mainly constituted by
the In p states and Se p states. The VBM has a non-
parabolic Mexican-hat-like dispersion with a depression,
and the CBM has a steep band edge, which indicates that
the electrons have a smaller effective mass than that of
holes. We would like to point out that the PBE method
underestimates the band value of a semiconductor, while
the obtained results can gain the same variation trend
with the GW and Bethe-Salpeter equation (BSE) methods
[51–56]. Therefore, in this manuscript, we employ the PBE
method to simulate related properties.

In Fig. 1(c), we sketch the two-probe p-i-n homojunc-
tion device based on monolayer InSe, where the source
(drain) is doped with acceptor (donor) for the p-type (n-
type) region. The lengths of the n- and p-doped and central
intrinsic regions are 1.7, 1.7, and 5 nm, respectively. The
thickness of the substrate is set as 0.41 nm for different 2D
transistors. To form flat bands near the electrode, doping
concentrations of 9 × 1013 and 1 × 1013 cm−2 are chosen
for p- and n-type monolayer InSe, respectively.

Additionally, in Fig. 1(d), the local density of states
indicate a typical p-i-n profile, along with the homo-
junction structure, and the band gap is approximately

that of the InSe monolayer. Flat bands near the elec-
trodes represent the existing converged screening poten-
tials, and the curved band means a built-in electric field
in the scattering region of the device. Upon light illu-
mination, photoexcited electron-hole pairs are efficiently
separated by the built-in electric field in the p-i-n homo-
junction, which can reduce electron-hole recombination,
extend the photocarrier lifetime, and enhance the pho-
tocurrent. Accordingly, the p-i-n homojunction can real-
ize a high-performance self-powered photodetector using
photogalvanic effects.

In Fig. 2, we discuss the critical factors that characterize
the photoelectric properties of the monolayer InSe-based
p-i-n homojunction under a normal incidence of polar-
ized light with zero bias, where the entire channel region
is vertically irradiated by linearly (or circularly) polarized
light illumination (light power density of 16 μW mm−2)
and photon energies from 0 to 5 eV. Figure 2(a) shows
that the circularly polarized photocurrent density is larger
than that of linearly polarized light illumination at the same
photon energy. According to Fermi’s golden rule [64],
the probability of an electron transition is proportional to
the DOS. Therefore, the photocurrent density is gener-
ated near the photon energy of 1.4 eV, which matches the
band gap of InSe. In addition, the maximum photocurrent
densities are 10.13 (13.13) nA m−1 of linearly (circularly)
polarized light, which is around the photon energy of 3.6
eV. This originates from the higher transition probabil-
ity of electrons between the valance band and conduction
band, which is excited by the optical absorption of pho-
tons with appropriate energy. To further understand the
electron transition, we calculate the band structures and
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FIG. 3. (a) Gate-dependent and (b) angle-dependent photocurrent-density spectra at different photon energies of the monolayer InSe-
based p-i-n homojunction under zero bias. (c) Rph and EQE, and (d) extinction ratio at different photon energies. (e) Local density of
states under a gate voltage of 1 V. (f) Functional relationship between w and gate voltage.

density of states of monolayer InSe, as given in Fig. 1(b).
According to Fermi’s golden rule, the DOS peaks (−0.8
and 2.8 eV) can obtain a higher electron-transition rate. In

addition, to clarify the contribution of photon energy, we
give the optical absorption coefficient in Fig. S1 within the
Supplemental Material [65]. There is a prominent

(a) (b)

(c) (d)

FIG. 4. (a),(b) Photocurrent density and (c),(d) Rph, EQE, and extinction ratio induced by circularly polarized light of the monolayer
InSe-based p-i-n homojunction with SiO2, Al2O3, and HfO2 substrates.
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(a) (b)

(c) (d)

FIG. 5. (a) Photocurrent density, (b) Rph, (c) EQE, and (d) extinction ratio induced by circularly polarized light of the monolayer
InSe-based p-i-n homojunction with different doping densities.

absorption peak located in the ultraviolet range. Thus, the
device absorption of the photon energy of 3.6 eV will
produce a large photocurrent.

Additionally, in Fig. 2(b), the photocurrent-density
curve presents a perfect sine (cosine) function with polar-
ization angle θ and helicity φ, which is consistent with
phenomenological theory. Furthermore, to study the influ-
ence of incident direction on the photocurrent, we plot the
relationship between the photocurrent and photon ener-
gies under normal- and grazing-incidence linearly and
circularly polarized light, as shown in Fig. S2(a) within
the Supplemental Material [65]. Compared with the pho-
tocurrent of the two cases, I ph of the grazing-incidence
device is larger than that in the normal case. Moreover, the
first-maximum value is located at 1.7 and 2.2 eV for the
grazing- and normal-incidence devices, respectively. This
is because the first direct interband transition is forbidden
for normal-incident light, which is consistent with previous
work [45]. In addition, Fig. S2(b) within the Supplemen-
tal Material [65] further evaluates Rph of the two cases,
showing that the grazing-incident light has a large first-
maximum Rph located at around 1.7 eV, while it is small
beyond the photon energy of 1.8 eV.

As an important indicator of optoelectronics in
experiments, Figs. 2(c) and 2(d) depict the photorespon-
sivity (Rph) and external quantum efficiency (EQE) of
linearly and circularly polarized light. Rph characterizes

the efficiency of energy conversion and is expressed
as Rph = J ph/PA, where J ph is the photocurrent, P is
the incident-light power density, and A is the effec-
tive area. The highest Rph of the p-i-n homojunction is
about 0.028 (0.022) A W−1 under the illumination of lin-
early (circularly) polarized light in the ultraviolet (UV)
emission region, which is comparable with that of 2D-
material-based photodetectors (0.015 A W−1 for β-AsP,
0.0062 A W−1 for black phosphorus, and 0.0101 A W−1

for InSe) [66–68]. In addition, the EQE is also an indi-
cator for optoelectronics to evaluate the ratio of extracted
free electrons per incident photon flowing out from the
device. It is calculated as E = Rphhc/(eλ), where λ is the
wavelength of light [50,51,56,69]. Figures 2(c) and 2(d)
show that the EQE can reach 8% and 10% with lin-
early and circularly polarized illumination, respectively,
which is also bigger than that of β-AsP (6.1%) and the
MoSe2-WSe2 lateral junction (4.3%) [18,67]. Therefore,
these performances suggest that the monolayer InSe-based
p-i-n homojunction has powerful potential for optoelec-
tronic applications.

To assess the polarization influence on the photoelectric
property of InSe-based p-i-n homojunction photodetectors,
the extinction ratio is calculated to evaluate the device sen-
sitivity. It is defined as the maximum value in R⊥/R‖ and
R‖/R⊥, where R‖ and R⊥ are the photocurrents with polar-
ization angles of 0° and 90° relative to the transmission
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(a) (b) (c)

FIG. 6. Photoelectric property of the device with different (a) gate voltages, (b) substrates, and (c) p- (n-) type doping densities.

direction, respectively. Under linearly and circularly polar-
ized illumination, the relationship between the extinction
ratio and photon energy can be seen in Figs. 2(e) and
2(f). Large extinction ratios of 6 and 15 at the photon
energy of 3.6 and 5.0 eV are obtained for linearly polar-
ized light in Fig. 2(e), and 5 at 3.7 eV for circularly
polarized light in Fig. 2(f). In addition, the monolayer
InSe-based p-i-n homojunction can be used as a candi-
date for 2D-material-based photodetectors. Since linearly
and circularly polarized light produce similar effects in the
device, circularly polarized light is only used to radiate the
scattered region in subsequent studies of the photocurrent.

To investigate the gate-voltage modulation of the pho-
tocurrent of the monolayer InSe-based p-i-n homojunc-
tion, Figs. 3(a) and S3 within the Supplemental Material
[65] give the photocurrent density as a function of Vg at
0, ± 1, ± 2, and ±3 V, where the photon-energy range
is from 1.5 to 5 eV. When the gate voltage changes, the
photocurrent density is asymmetrically distributed with
the photon energy; a larger photocurrent density is gen-
erated under lower gate voltages of 1 and −2 V. Taking
a gate voltage of 1 V as an example, we also further
present the change of photocurrent density with helicity
φ from 0° to 180° in Figs. 3(b) and S4 within the Sup-
plemental Material [65], showing that the gate voltage can
enhance the photocurrent density, which is consistent with
phenomenological theory.

Additionally, Fig. 3(c) reveals that Rph and EQE have
similar trends and gain maximum values of 0.056 A W−1

and 21% around a photon energy of 3.7 eV; these val-
ues are larger than that of the monolayer InSe-based p-i-n
homojunction without a gate voltage. Moreover, we study
the influence of applying a gate voltage on the sensitiv-
ity of the devices by the extinction ratio. In Fig. 3(d), a
photon energy of 4.7 eV has very large extinction ratios
greater than 9. However, the extinction ratio of the pho-
ton energy is similar with and without a gate voltage,
which means that the extinction ratio is insensitive to
gate voltage. To further analyze the underlying physics
mechanisms, the local density of states of the device with
different gate voltages are shown in Figs. 3(e) and S5

within the Supplemental Material [65]. When the gate volt-
age is 1 V, the conduction band falls off, leading to the
length of the depletion region (w) reducing from 55.8 to
41.8 Å. In Fig. 3(f), w decreases further as the gate voltage
increases, which favors the separation of photogenerated
electron-hole pairs. Hence, the photocurrent density is
enhanced. This indicates that the 2D-material-based p-i-n
homojunction with a gate voltage amplifies not only the
photocurrent but also keeps the light-radiation effective
area.

To explore the substrate effects on photoelectric proper-
ties, we choose SiO2, Al2O3, and HfO2 with dielectric con-
stants of 3.9, 9, and 25, respectively. For comparison with
the monolayer InSe-based p-i-n homojunction without the
substrate, Figs. 4(a) and 4(b) present the photocurrent-
density change with the substrate for gate voltages of 0
and 1 V, showing that the photocurrent density increases.
This is because of different charges distributed in the inter-
face between the channel and substrate. We also present
the change of photocurrent density with helicity φ from 0
to 180° in Fig. S6 within the Supplemental Material [65],
and the result is consistent with phenomenological theory.
In Fig. 4(a), the photocurrent spectral width increases as
the dielectric constant increases. Also, the maximum pho-
tocurrent densities appear at 3.8, 3.3, and 3.0 eV. This
indicates that the peak position moves towards low pho-
ton energy with an increase of the dielectric constant. In
addition, the HfO2 substrate can produce a larger photocur-
rent density using a low photon energy. It shows that the
substrate influences the device performance. Meanwhile,
Fig. 4(b) shows the photocurrent density with a gate volt-
age of 1 V. However, the spectral width barely changes and
the maximum photocurrent value decreases with increas-
ing dielectric constant. That is, the gate voltage presents
a greater ability to control the charge distribution in the
interface between the channel and substrate. For example,
if a gate voltage of 1 V and HfO2 substrate are used, the
device performance is similar to that of the SiO2 substrate.
This suggests that it is better to use SiO2 as a substrate
when designing an optoelectronic phototransistor with a
gate voltage.

014039-6



SELF-POWERED BROADBAND. . . PHYS. REV. APPLIED 19, 014039 (2023)

In Figs. 4(c) and 4(d), we plot the parameters Rph,
EQE, and extinction ratio under zero gate voltage as a
function of wavelength. In the UV-light region, the three
cases have wide photocurrent spectra, which is beneficial
for UV detection. In addition, the case of HfO2 substrate
also has a visible-light response, and Rph and EQE reach
0.076 A W−1 and 24%, respectively, near the wavelength
of 400 nm. Meanwhile, Fig. 4(d) presents an extinction
ratio for the HfO2 substrate of around 3 in the visi-
ble region and exhibits a maximum extinction ratio of
20. Because of HfO2-substrate modulation, the monolayer
InSe-based p-i-n homojunction is suitable for applica-
tion in photodetectors with broadband photodetection, high
responsivity, and high sensitivity. The results show that the
substrate can change the interface charge distribution and
change the photoelectric performance of the device.

Next, we explore doping-concentration modulation on
the monolayer InSe-based p-i-n homojunction, as shown
in Figs. 5 and S7 within the Supplemental Material
[65]. For three device cases, the p-(n-) type doping
concentrations are 4.5(0.5) × 1012, 9.0(1.0) × 1012, and
4.5(0.5) × 1013 cm−2. Figure 5(a) presents the maximum
photocurrent densities as 18.34, 15.87, and 9.09 nA m−1,
which appear at wavelengths of 459, 344, and 310 nm,
respectively. The peaks of photocurrent density decrease
obviously and the peak positions move towards the short-
wave direction. The maximum photocurrent-density val-
ues indicate appealing photoelectric conversion perfor-
mances. In addition, Rph and EQE are calculated in Figs.
5(b)–5(d) and have similar trends. With increasing dop-
ing concentration, the maximum values of Rph and EQE
decrease. For 4.5(0.5) × 1012 cm−2 doping concentration,
this is suitable for blue-light detection, while the doping
concentration of 9.0(1.0) × 1012 and 4.5(0.5) × 1013 cm−2

cases are suitable for UV detection. In addition, Fig. 5(d)
reveals that the extinction ratio varies greatly with doping
concentration. We can see that the extinction ratio of the
device for 4.5(0.5) × 1012 cm−2 doping concentrations can
reach a maximum value of 21, which is advantageous for
sensitivity to 459-nm-wavelength light. This indicates that
the monolayer InSe-based p-i-n homojunction with low
doping densities driven by photogalvanic effects is highly
desirable for detection applications.

In Fig. 6, we contrast photocurrent density, Rph, and
EQE of the monolayer InSe-based p-i-n homojunction
under different conditions. When applying a gate volt-
age of −2 V, the homojunction presents excellent per-
formance and the photocurrent density, Rph, and EQE
reach 57.33 nA m−1, 0.09 A W−1, and 44%, respectively.
Moreover, the substrate can result in interfacial charge
redistribution, and the influence becomes larger with an
increase of the dielectric constant; therefore, the maxi-
mum photocurrent values of Al2O3 and HfO2 substrates
reach 31.58 and 27.03 nA m−1, respectively. The mobility
increases with a decrease in doping concentration, leading

to a low-doping-concentration p-i-n homojunction suitable
for optical detector applications.

IV. CONCLUSION

We theoretically investigate the electronic properties of
InSe through first-principles calculations. The monolayer
InSe-based p-i-n homojunction has a built-in electric field
and facilitates separate photogenerated electron-hole pairs.
It exhibits a photocurrent density of 13.13 nA m−1 and
Rph of 0.022 A W−1 under the illumination of circularly
polarized light. Also, the structure can induce a larger pho-
tocurrent density and high photoresponsivity through a low
gate voltage or low doping concentration. Furthermore, the
dielectric constant of the substrate affects the photocurrent
spectral width from the visible-to-ultraviolet region with
HfO2 substrate. This work provides a route to design a
photoelectric device based on the 2D semiconductor-based
p-i-n homojunction.
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