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van der Waals (vdW) heterostructures based on two-dimensional (2D) semiconducting materials have

been thoroughly investigated for practical applications. Recent studies on 2D materials have reignited

interest in p–n junctions, with promising potential for applications in both electronics and optoelectro-

nics. Here, we present a photodiode using a p-type GeP/n-type MoS2 heterostructure with a strong

diode rectification of 2.1 � 104, which confirms the creation of a high-quality p–n junction. The device

has a high responsivity of about 754 A W�1 and a high external quantum efficiency (EQE) of about

5.35 � 104 at a bias of 1 V along the source–drain. Photocurrent mapping shows intrinsic photovoltaic

behaviour with a photocurrent of 0.39 mA under zero bias conditions, which is enhanced to 0.60 mA

under reverse bias conditions and suppressed under forward bias conditions, which provides evidence of

junction-dominated carrier separation. The measured photoresponse is sub-linear within a power-law

with an exponent a = 0.65, and a stable response of the device with a rise and decay time of

165 milliseconds and 206 milliseconds, respectively, is achieved. These results point to the GeP/MoS2

vdW heterostructure as a potential platform for high-performance visible light photodetectors with the

possibility of extending into the near-infrared region.

1. Introduction

Two-dimensional (2D) layered materials have emerged as a
powerful platform for next-generation electronic and optoelec-
tronic devices owing to their atomic-scale thickness, van der
Waals (vdW) bonding, and dangling-bond-free surfaces.1–5 vdW
heterostructures offer the additional advantage of remarkable
flexibility in engineering the band alignment and interfacial
electrostatic fields, which are critically important for the effi-
cient separation and transport of charge carriers.6–8 Therefore,
heterostructures involving 2D materials have been extensively
studied as photodetectors, photovoltaics, and other optoelec-
tronic devices in which the interface-oriented processes play
critical roles in device functionality.9–13 Among various 2D
semiconductors, molybdenum disulfide (MoS2) has been exten-
sively studied because of its layer-dependent bandgap, which
evolves from an indirect gap (B1.2 eV) in the bulk to a direct gap
(B1.9 eV) in the monolayer, making it highly suitable for visible-
light detection.14 Moreover, MoS2 exhibits strong light–matter
interactions, and the electronic properties of the material are
favorable for device integration. However, photodetectors made
of MoS2 are often inherently limited, including low optical
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absorption due to their atomic-scale thickness, relatively high
dark current, and low detectivity with external bias.15–17 These
constraints significantly limit the ability of the devices under the
low-light conditions, which in turn has led to the creation of
heterostructure-based photodiodes that aim at improving the
separation of the carriers and reducing the recombination
losses.18–21 Photodiode-based photodetectors based on p-–n
junctions can be a feasible approach to overcome these hin-
drances, as they take advantage of the inherent electric field at
the junction interface to dissociate photogenerated carriers.22–25

In vdW p–n heterostructures assembled by stacking intrinsically
p-type and n-type 2D semiconductor sheets, the built-in potential
at the junction drives directional charge-carrier transport, sup-
presses interfacial recombination, and yields a stable, well-
defined photoresponse without the need for complex electro-
static gating or chemical doping.26,27 Such devices are often
driven with a relatively low external bias in order to raise the
collection of carriers, but the fact that a significant photocurrent
is observed at zero bias is important evidence of good junction
quality and efficient separation of charges using internal electric
fields.28,29 Germanium phosphide (GeP) is a new layered semi-
conductor with intrinsic p-type conductivity with a narrow
bandgap of about 0.83 eV, thus being especially interesting for
extending photodetection to the near-infrared (NIR) spectral
range.30

In this work, we demonstrate a GeP/MoS2 vdW p–n hetero-
structure photodetector exhibiting clear diode-like behavior
with a rectification ratio (RR) of 2.1 � 104, confirming the
formation of a high-quality junction. Upon application of
drain–source bias of 1 V, the device delivers a high responsivity
(R) of 754 A W�1, a large external quantum efficiency (EQE) of
5.35 � 104% under 455 nm illumination. Furthermore, photo-
current mapping reveals a finite photocurrent of approximately
0.39 mA at zero bias, evidencing efficient built-in-field-assisted
carrier separation at the heterointerface. These results high-
light the effectiveness of the GeP/MoS2 vdW p–n heterostruc-
ture for high-sensitivity visible-light photodetection while
offering a promising route toward broadband photodetectors
with potential IR detection capability.

2. Device fabrication

A conventional dry-transfer method was used to fabricate the
GeP/MoS2 vdW heterojunction device. Thin GeP flakes were
first mechanically exfoliated from bulk crystals (from HQ
graphene) onto a PDMS stamp using adhesive tape and trans-
ferred onto a Si/SiO2 substrate. Subsequently, few-layer MoS2

flakes were exfoliated onto a PDMS stamp and carefully aligned
and transferred onto the GeP flake under an optical microscope
using a micromanipulator-assisted transfer system. The source
and drain electrodes were patterned using electron-beam litho-
graphy, followed by thermal evaporation of Cr/Au (5/50 nm) to
form electrical contacts. The morphology and the overlap
region of the GeP/MoS2 heterostructure were examined using
optical microscopy, scanning electron microscopy (SEM), and

Raman. Electrical and optoelectronic measurements were per-
formed at room temperature using a Keithley measurement
system under high-vacuum conditions. Scanning photocurrent
mapping was carried out under 405 nm laser excitation with an
incident optical power of 6.73 mW, and the laser spot size was
estimated to be approximately 1 mm in diameter from the
spatial resolution of the photocurrent map.

3. Results and discussion
3.1. Structural and spectroscopic characterization

The structural configuration and material characterization of
the GeP/MoS2 is presented in Fig. 1. A schematic illustration of
the device architecture is shown in Fig. 1a, where the GeP flake
is positioned at the bottom, and the MoS2 flake is stacked on
top, forming a vertical p–n junction on a Si/SiO2 substrate. The
overlapping region between GeP and MoS2 defines the active
junction area, while the metal electrodes provide independent
electrical contacts to each layer. An optical microscope image
and a scanning electron microscope image of a representative
GeP/MoS2 heterostructure device are displayed in Fig. 1b and c.
The image clearly reveals a well-defined overlap region with
sharp flake boundaries, indicating successful assembly of the
heterostructure through a dry-transfer process. Although loca-
lized bubbles (trapped air pockets) are observed at the over-
lapped region, a well-documented artifact of the deterministic
dry-transfer assembly that remains confined to localized, non-
active areas of the active overlap region is free of visible cracks
or contamination, indicating good interlayer contact essential
for efficient charge transport across the junction. Raman
spectroscopy was employed to further confirm the material
quality and phase integrity of the individual components and
the assembled heterostructure. Fig. 1d shows the Raman
spectrum of the GeP flake, exhibiting its characteristic vibra-
tional modes, consistent with previously reported layered GeP
crystals.31 Fig. 1e presents the Raman spectrum of the MoS2

flake, where the prominent in-plane E1
2g and out-of-plane A1g

modes are clearly observed, confirming the crystalline nature of
MoS2.32 The Raman spectrum collected from the GeP/MoS2

overlap region is shown in Fig. 1f. Distinct Raman features
from both GeP and MoS2 are simultaneously present without
the emergence of additional peaks or significant peak shifts,
indicating that the heterostructure formation preserves the
structural integrity of each layer. This observation confirms
that the GeP/MoS2 interface is formed through van der Waals
interactions rather than chemical bonding, resulting in a clean
and well-defined heterointerface suitable for p–n junction
device operation. The thickness of each flake is examined via
atomic force microscopy (AFM) as shown in Fig. S1(a–d).

3.2. Electrical properties

The transfer characteristic of the MoS2 device measured at a
fixed drain–source voltage of 1 V is shown in Fig. 2a. The drain
current increases monotonically with a positive gate voltage,
reaching a maximum current of approximately 32.1 mA at
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Vg = +60 V, confirming the intrinsic n-type conduction of MoS2.
This behavior arises from gate-induced electron accumulation
in the MoS2 channel under positive gate bias. The corres-
ponding output characteristics presented in Fig. 2b, measured
at gate voltages ranging from 0 to +60 V, exhibit clear gate-
dependent current enhancement, indicating effective electro-
static modulation of electron transport in MoS2. In contrast, the
GeP device exhibits pronounced p-type behavior, as shown in
Fig. 2c. The transfer curve measured at Vds = 1 V shows
increasing drain current with negative gate voltage, reaching
its maximum at Vg = �60 V, which reflects strong hole accu-
mulation in the GeP channel under negative gate bias. The
output characteristics displayed in Fig. 2d, measured at gate
voltages between 0 and �60 V, further confirm hole-dominated
transport with enhanced current at increasingly negative gate
voltages. These results verify the complementary carrier pola-
rities of MoS2 and GeP, which are essential for forming a high-
quality p–n junction. The semi-log plot of the output character-
istics of the GeP/MoS2 heterostructure is shown in Fig. 2e,
where clear diode-like rectification is observed, indicating
asymmetric carrier transport across the p–n junction. The
rectifying behavior originates from band bending33 and the
formation of a depletion region at the GeP/MoS2 interface after
Fermi-level equilibration. Under forward bias, the potential
barrier is reduced, allowing efficient carrier injection, whereas
under reverse bias, the barrier suppresses current flow.34,35 The
inset, shown on a linear scale, provides a clearer view of the
forward-bias regime, illustrating the gradual increase in current
with increasing drain voltage and the strong gate-dependent
modulation of carrier transport. Fig. 2f presents the gate-
voltage-dependent rectification ratio, where a maximum
rectification ratio of approximately 2.1 � 104 is achieved at
Vg = �60 V, followed by a gradual reduction as the gate voltage

increases toward positive values. This behavior can be
explained by the gate-controlled modulation of carrier concen-
trations and the depletion region at the heterointerface. At
negative gate voltages, hole accumulation in GeP is signifi-
cantly enhanced while electron density in MoS2 is reduced,
leading to an expanded depletion region and a higher effective
junction barrier under reverse bias. This strongly suppresses
reverse current while maintaining forward current, resulting in
a high rectification ratio. As the gate voltage becomes more
positive, electron accumulation in MoS2 increases and the
depletion region narrows, which reduces the junction barrier
and increases reverse-bias leakage current. Consequently, the
rectification ratio decreases with increasing gate voltage.36,37

This gate-tunable rectification behavior confirms that the GeP/
MoS2 heterostructure operates as an electrostatically controlla-
ble p–n diode with a high-quality van der Waals interface.

3.3. Broadband photoresponse dynamics

The photodetection performance of the GeP/MoS2 vdW p–n
heterostructure under broadband optical illumination is illu-
strated in Fig. 3. Fig. 3(a) shows the output characteristics of
the GeP/MoS2 vdW p–n heterostructure under illumination at
wavelengths between 365 and 850 nm. The device exhibits clear
wavelength-dependent photoresponse, with higher photocur-
rent at shorter wavelengths and a gradual decrease toward
longer wavelengths, reflecting more efficient photogeneration
at higher photon energies. The nonlinear and asymmetric beha-
vior of the curves confirms the rectifying nature of the p–n
junction, where enhanced current under forward bias arises
from efficient carrier injection across the heterointerface. The
time-resolved photocurrent response of the GeP/MoS2 device
measured at a drain–source voltage of 1 V is presented in
Fig. 3b. The device exhibits stable and repeatable photocurrent

Fig. 1 (a) Schematic illustration of the GeP/MoS2 vdW p–n heterostructure fabricated on a Si/SiO2 substrate, showing the device geometry and
electrode configuration. (b and c) Optical microscope and SEM image of a representative GeP/MoS2 heterostructure, where the GeP flake is located at
the bottom, and the MoS2 flake is stacked on top, forming the vertical p–n junction in the overlapping region. (d) Raman spectrum of the GeP flake,
confirming its characteristic vibrational modes. (e) Raman spectrum of the MoS2 flake, exhibiting the typical in-plane and out-of-plane vibrational peaks.
(f) Raman spectrum of the GeP/MoS2 heterostructure, demonstrating the coexistence of Raman features from both constituent materials, indicating
successful formation of the vdW heterostructure.
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switching under periodic illumination at different wavelengths
ranging from the ultraviolet to the near-infrared region. The
reproducible on/off behavior and negligible signal degradation
over multiple cycles confirm reliable photodetection and good
operational stability. The magnitude of the photocurrent varies
with wavelength, reflecting differences in optical absorption,
carrier generation, and recombination dynamics across the
spectrum.38

EQE and D* were calculated using the following relations:

EQE ð%Þ ¼ Rhc

ql
� 100 (1)

where R is the responsivity, h is Planck’s constant, c is the speed
of light, q is the elementary charge, and l is the wavelength.

The area of the GeP/MoS2 overlap junction is determined
from the calibrated optical micrograph (Fig. 1b) and the
SEM image (Fig. 1c) as A E 4.8 mm � 6.2 mm E 29.8 mm2

(E3.0 � 10�7 cm2), and this value is used consistently in all R,
EQE calculations. Fig. 3c shows the wavelength-dependent
photocurrent and the corresponding responsivity extracted at
a fixed illumination power density of 7.2 mW cm�2. The device
exhibits its maximum photoresponse at 455 nm, where a high
responsivity of 754 A W�1 is achieved. This enhanced response
originates from the strong light absorption of MoS2 in the
visible region, where the photon energy closely matches its
direct bandgap, resulting in efficient photocarrier generation.
In contrast, the reduced response observed at 365 nm can be
attributed to increased surface recombination and higher-
energy photon losses near the interface, where photogenerated
carriers are more susceptible to trapping and nonradiative
recombination before being collected. Additionally, ultraviolet
illumination can induce stronger scattering and absorption
near the surface, limiting the effective carrier extraction across
the heterojunction. The spectral dependence and external
quantum efficiency (EQE) is presented in Fig. 3d. At 455 nm,
the device reaches a high and a large EQE of 5.35 � 104%,
indicating efficient photon-to-carrier conversion and low noise
performance. Toward shorter wavelengths, the decrease in EQE
is consistent with enhanced recombination and reduced carrier
collection efficiency, while the gradual decline at longer wave-
lengths reflects reduced optical absorption. Notably, the
presence of GeP with a narrow bandgap supports photore-
sponse extending toward the near-infrared region. These
results confirm that the GeP/MoS2 heterostructure operates as

Fig. 3 Photodetection performance of the GeP/MoS2 vdW p–n heterostruc-
ture device. (a) Output characteristics of the GeP/MoS2 vdW p–n hetero-
structure photodetector measured under illumination at different wavelengths
(365–850 nm) with a fixed optical power density of 7.2 mW cm�2 and a drain–
source bias condition of 1 V. (b) Time-resolved photocurrent response of the
GeP/MoS2 device measured at a drain–source bias of 1 V under illumination
with different wavelengths ranging from 365 to 850 nm at a fixed power
density of 7.2 mW cm�2, demonstrating stable and repeatable photoresponse.
(c) Wavelength-dependent photocurrent (IPH) and corresponding responsivity
(R), showing a strong visible-light response with a peak around 455 nm. (d)
Spectral dependence and external quantum efficiency (EQE), revealing
enhanced detection performance in the visible region and a gradual decrease
toward longer wavelengths.

Fig. 2 Electrical characteristics of the individual materials and the GeP/
MoS2 vdW p–n heterostructure device. (a) Transfer characteristic (Ids–Vg)
of the MoS2 channel, showing typical n-type behavior. (b) Output char-
acteristics (Ids–Vds) of the MoS2 device measured at different gate voltages,
confirming gate-tunable electron transport. (c) The transfer characteristic
of the GeP channel exhibits pronounced p-type conduction. (d) Output
characteristics of the GeP device under various negative gate voltages,
demonstrating hole-dominated transport. (e) Semi-log of output charac-
teristics of the GeP/MoS2 heterostructure under varying gate voltages,
revealing pronounced rectifying (diode-like) behavior with asymmetric
current response between forward and reverse bias, along with strong
gate control over carrier injection across the p–n junction. Inset: linear-
scale plot of the same output characteristics, highlighting the forward-bias
conduction behavior and gate-dependent current modulation. (f) Gate-
voltage-dependent rectification behavior of the GeP/MoS2 heterostruc-
ture, highlighting the tunability of the junction characteristics.
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an efficient broadband photodetector with optimal sensitivity
in the visible spectral range.

3.4. Intensity-dependent photodetection

The intensity-dependent photodetection behavior of the GeP/
MoS2 vdW p–n heterostructure under 455 nm illumination is
illustrated in Fig. 4, measured at a fixed drain–source bias of
1 V. Fig. 4(a) shows the output characteristics of the GeP/MoS2

vdW p–n heterostructure under 455 nm illumination at varying
optical power densities (0.76–7.2 mW cm�2). The drain current
increases systematically with increasing illumination intensity,
indicating enhanced photogeneration of charge carriers at
higher incident power. The nonlinear and asymmetric nature
of the curves confirms the rectifying behavior of the p–n
junction. Under forward bias, the current rises sharply due to
efficient carrier injection across the heterointerface, while
under reverse bias, the current remains comparatively low
due to the presence of a depletion region. These results
demonstrate strong light-intensity-dependent photoresponse
and efficient carrier separation in the device. The time-
resolved photocurrent response measured at incident power
densities ranging from 0.76 to 7.2 mW cm�2 is presented in
Fig. 4b. The device exhibits stable photo-switching behavior at
all illumination levels, with the photocurrent increasing sys-
tematically as the incident power density increases. At the
highest illumination intensity of 7.2 mW cm�2, the photocur-
rent reaches a maximum value of approximately 1.35 mA,

indicating efficient photocarrier generation and collection
across the heterojunction. The absence of noticeable baseline
drift or signal degradation during repeated on/off cycles con-
firms good operational stability. Fig. 4c shows the dependence
of photocurrent and responsivity on incident optical power,
while the photocurrent increases monotonically with increas-
ing power density, the responsivity exhibits a gradual decrease
at higher illumination levels. The maximum responsivity of
approximately 754 A W�1 is achieved at lower optical powers
and decreases as the incident intensity increases. This behavior
is attributed to the progressive filling of trap states at the GeP/
MoS2 interface and within the layered materials, which reduces
photo-gain at higher carrier densities. As the illumination
intensity increases further, enhanced carrier–carrier recombi-
nation and limited carrier lifetime lead to responsivity satura-
tion. The variation of the external quantum efficiency (EQE) as
a function of incident power density is shown in Fig. 4d. The
device exhibits a high EQE of 5.35 � 104% under low illumina-
tion conditions, which gradually decreases with increasing
power density. This trend is consistent with increased noise
and recombination processes at higher photocarrier concentra-
tions. In addition to intensity-dependent behavior, the tem-
poral response of the GeP/MoS2 photodetector was evaluated,
as shown in Fig. S2. By fitting the rising and falling edges of the
photocurrent transients with exponential functions, rise and
decay time constants of 165 ms and 206 ms, respectively, were
extracted. These response times indicate reliable and repeata-
ble photo-switching behavior, governed by carrier transport
across the heterointerface and trapping–detrapping processes
within the device. The intensity-dependent photocurrent fol-
lows a power-law relationship Iph p Pa, with an extracted
exponent of a = 0.65, as summarized in Fig. S3, confirming a
sub-linear photoresponse governed by trap-assisted carrier
dynamics.

3.5. Photocurrent generation mechanism

The photocurrent generation mechanism of the GeP/MoS2 vdW
p–n heterostructure through schematic band diagrams and
spatial photocurrent mapping under different bias conditions
is illustrated in Fig. 5. At zero bias (Fig. 5a), Fermi-level equili-
bration between p-type GeP and n-type MoS2 leads to band
bending at the heterointerface and the formation of a built-in
electric field across the depletion region. This internal electric
field enables photovoltaic separation of photogenerated elec-
tron–hole pairs without external bias.39,40 The corresponding
zero-bias photocurrent map shown in Fig. 5b reveals a localized
photocurrent hotspot at the GeP/MoS2 overlap region, with a
measured photocurrent of approximately 0.39 mA. This finite
photocurrent confirms efficient built-in-field-assisted carrier
separation at the junction and indicates a high-quality vdW
interface with suppressed recombination. Under forward bias
(+1 V), as illustrated in Fig. 5c, the applied voltage partially
compensates for the built-in potential, resulting in reduced band
bending and a narrow depletion region. Consequently, the effec-
tive electric field responsible for separating photogenerated car-
riers is weakened. This behavior is reflected in the forward-bias

Fig. 4 (a) Output characteristics of the GeP/MoS2 vdW p–n heterostruc-
ture photodetector measured under 455 nm illumination at varying optical
power densities (0.76–7.2 mW cm�2) with a fixed drain–source bias
condition. (b) Time-resolved photocurrent response measured at a
drain–source bias of 1 V under 455 nm illumination with varying incident
power densities from 0.76 to 7.2 mW cm�2, demonstrating stable and
reproducible photoresponse with increasing light intensity. (c) Depen-
dence of photocurrent (IPH) and responsivity on incident optical power,
showing a monotonic increase in photocurrent accompanied by a gradual
reduction in responsivity at higher illumination intensities. (d) Variation of
external quantum efficiency (EQE) as a function of incident power density,
indicating enhanced detection performance at lower illumination levels
and saturation behavior at higher powers.
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photocurrent map (Fig. 5d), where the photocurrent decreases to
approximately 0.27 mA and becomes more spatially broadened.
The reduced photocurrent under forward bias indicates sup-
pressed photovoltaic separation due to the diminished junction
electric field and increased recombination. In contrast, when a
reverse bias (�1 V) is applied, the band diagram shown in Fig. 5e
demonstrates enhanced band bending and an expanded deple-
tion region at the GeP/MoS2 interface. The strengthened electric
field promotes more efficient separation and collection of photo-
generated carriers. As a result, the reverse-bias photocurrent map

displayed in Fig. 5f shows a strongly intensified and spatially
confined photocurrent hotspot at the heterojunction, with a
maximum photocurrent of approximately 0.60 mA. This enhance-
ment confirms that reinforcing the built-in electric field under
reverse bias significantly improves carrier extraction efficiency.41

Overall, the bias-dependent photocurrent mapping clearly
demonstrates that the photoresponse of the GeP/MoS2 hetero-
structure is governed by the strength of the interfacial electric
field. While the device exhibits intrinsic photovoltaic behavior at
zero bias, the application of reverse bias enhances band bending

Fig. 5 (a) Schematic band diagram of the p-GeP/n-MoS2 interface at zero bias, illustrating the built-in electric field established after Fermi-level
equilibration. (b) Zero-bias photocurrent map showing a junction-localized photocurrent hotspot generated by the internal electric field, indicating
intrinsic carrier separation at the heterointerface. (c) Forward-bias band diagram, where the applied voltage partially compensates for the built-in
potential, reduces band bending, and narrows the depletion region, leading to a weakened interfacial electric field. (d) Forward-bias photocurrent map
exhibiting a reduced and spatially broadened photoresponse, consistent with suppressed photovoltaic separation and increased majority-carrier
transport. (e) Reverse-bias band diagram, where the external bias enhances band bending, enlarges the depletion region, and strengthens the electric
field across the p–n junction. (f) Reverse-bias photocurrent map displaying an intensified and spatially confined hotspot at the GeP/MoS2 overlap region,
confirming efficient photocarrier separation and collection under the reinforced electric field.
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and depletion width, leading to the highest photocurrent,
whereas forward bias weakens the junction field and suppresses
the photoresponse. These observations provide direct experi-
mental evidence that the GeP/MoS2 vdW p–n junction dominates
the photodetection mechanism and that carrier separation can be
effectively tuned through external biasing.

The present study introduces an intrinsic vdW p–n hetero-
structure photodetector by combining p-type GeP with n-type
MoS2, avoiding external doping, complex contact engineering, or
electrostatic carrier modulation that are commonly employed in
2D photodetectors. The demonstrated junction-dominated
photoresponse, gate-tunable rectification, and bias-controlled
carrier separation provide direct insight into the interfacial
physics governing photodetection in layered heterostructures.
Importantly, the incorporation of narrow-bandgap GeP not only
enhances charge separation at the junction but also offers a clear
pathway for extending photodetection beyond the visible spec-
trum toward the near-infrared region. Building on these results,
future efforts will be focused on optimizing layer thickness,
interface quality, and contact configuration to further improve
response speed and spectral sensitivity, as well as exploring
scalable fabrication routes and integration with flexible or multi-
functional device architectures. These directions position GeP-
based vdW heterostructures as a promising material platform for
next-generation broadband optoelectronic systems.

4. Conclusions

In summary, a vdW p–n heterostructure photodetector with p-
type GeP and n-type MoS2 has been presented. The hetero-
structure produces a clean and well-defined p–n junction,
which shows evident diode-like characteristics and efficient
electrostatic tunability, which verifies the quality of vdW inter-
face. The GeP/MoS2 shows a stable and efficient photoresponse
of the visible spectral range with photocurrent generation
dominated by the inherent electric field at the heterointerface.
Spatial photocurrent mapping and anisotropy in bias depen-
dence quantities indicate that junction electrostatics define
carrier separation and collection and give a direct understand-
ing of the mechanism underlying photodetection. Moreover,
GeP has a narrow bandgap, which provides a viable path to the
development of photodetection in the near-infrared spectrum.
In general, this paper has shown that intrinsic two-dimensional
vdW p–n heterostructures offer a scalable and efficient plat-
form for high-sensitivity optoelectronic devices.
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