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Metal–semiconductor contacts play a pivotal role in controlling carrier transport in the fabrication of
modern electronic devices. The exploration of van der Waals (vdW) metal contacts in semiconductor
devices can potentially mitigate Fermi-level pinning at the metal–semiconductor interface, with partic-
ular success in two-dimensional layered semiconductors, triggering unprecedented electrical and optical
characteristics. In this work, for the first time, we report the direct integration of vdW metal contacts
with bulk wide bandgap gallium nitride (GaN) by employing a dry transfer technique. High-angle annular
dark-field scanning transmission electron microscopy explicitly illustrates the existence of a vdW gap
between the metal electrode and GaN. Strikingly, compared with devices fabricated with electron
beam-evaporated metal contacts, the vdW contact device exhibits a responsivity two orders of magni-
tude higher with a significantly suppressed dark current in the nanoampere range. Furthermore, by lever-
aging the high responsivity and persistent photoconductivity obtained from vdW contact devices, we
demonstrate imaging, wireless optical communication, and neuromorphic computing functionality.
The integration of vdW contacts with bulk semiconductors offers a promising architecture to overcome
device fabrication challenges, forming nearly ideal metal–semiconductor contacts for future integrated
electronics and optoelectronics.
� 2024 Science China Press. Published by Elsevier B.V. and Science China Press. All rights are reserved,

including those for text and data mining, AI training, and similar technologies.
1. Introduction

Schottky metal–semiconductor contacts play crucial roles in the
functionality and performance of modern semiconductor devices
[1–3]. Nevertheless, Fermi-level pinning [4], arising from interface
degradation associated with high-energy metal deposition [5–7],
leads to a marked deviation of the observed Schottky barrier
heights from the Schottky–Mott rule prediction [5,8,9]: for semi-
conductors with a defined work function, the difference in Schot-
tky barrier heights across various types of metals is relatively
small. Recently, nondestructive metallization methods, such as
metal electrode lamination and inkjet printing techniques
[10,11], have been demonstrated to enable the construction of
damage-free metal–semiconductor interfaces, offering a novel
approach to fully exploit the potential of Schottky contacts. Liu
et al. [1] first developed a dry transfer approach to construct van
der Waals (vdW) �contacted molybdenum disulfide (MoS2) tran-
sistors, leading to highly tunable transistors approaching the
Schottky–Mott limit. Thereafter, the proficient application of dry
transfer techniques within two-dimensional material devices sig-
nifies the promising potential of this nondestructive approach for
metallic integration [12–14]. For example, in photovoltaics, by cre-
ating high-performance vdW contacts on monocrystalline halide
perovskite thin films, a three-order of magnitude reduction in con-
tact resistance has been shown [15]. Nevertheless, although vdW
contacts have been successfully applied in numerous material sys-
tems, their usage in commercially available bulk semiconductor
platforms remains elusive.

In this work, for the first time, we integrate vdW metal contacts
with wide-bandgap gallium nitride (GaN) via a simple dry transfer
ing, and
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approach. The III-nitride materials have sparked considerable
interest due to their tunable wide bandgap, high electron satura-
tion velocity, excellent chemical stability, and scalability, render-
ing them indispensable materials in optoelectronics and power
electronics [16–22]. Herein, we successfully transferred gold (Au)
metal pads onto a GaN substrate. A 1-nm vdW gap can be clearly
observed at the metal–semiconductor interface, as revealed by
high-angle annular dark–field scanning transmission electron
microscopy (HAADF-STEM), highlighting the damage-free nature
of vdW metal contacts with an atomically flat morphology. Strik-
ingly, the optoelectronic characteristics of vdW contact devices
are significantly enhanced, achieving a two-order of magnitude
increase in responsivity from 3.5 A/W to 979 A/W while increasing
the photo-to-dark current ratio (PDCR) from 3.9 to 87 compared
with a device with metal contacts fabricated via conventional elec-
tron beam (e-beam) evaporation. This improved performance of
vdW contact devices is attributed primarily to the reduction in
defects at the Au/GaN interface [7,23]. Furthermore, the high
responsivity and persistent photoconductivity of the vdW contact
device allow us to demonstrate its potential for imaging detection
and optoelectronic neuromorphic applications. Our approach pro-
vides valuable insight into effectively controlling the contact situ-
ation as well as the interface quality between conventional bulk
semiconductors and transferred metals, broadening the scope of
optimization strategies for future integrated electronic and opto-
electronic devices.

2. Materials and methods

2.1. Material growth

The epitaxial structure studied in this work was grown via
metal–organic chemical vapor deposition (MOCVD) on the AMEC
Prismo PD5� platform. The substrate was a 6-inch 1000-lm-
thick silicon (Si) substrate with a resistivity (q) of 0.1X�cm. The
epitaxial growth started with high-temperature hydrogen (H2)
cleaning, and aluminum (Al) was predosed to prevent gallium
(Ga) meltback. Then, a 200 nm aluminum nitride (AlN) nucleation
layer was grown, followed by a 2.5-lm-thick composite aluminum
gallium nitride (AlGaN) transition/buffer layer. The composite
transition layer consisted of an AlN/AlGaN superlattice with an
average Al composition of �70 %, an Al0.35GaN bulk layer, and an
AlN/GaN superlattice with an average Al composition of �20 %. A
2-lm-thick GaN buffer was grown on top of the AlGaN transition
layer. Both of the GaN and AlGaN buffer layers were doped with
carbon at �1 � 1019 cm�3 to form a high-resistance template.
Then, 300-nm-thick Si-doped GaN (n-GaN) was grown at 1100 �C
with a doping concentration of 1019 cm�3. The sources for epitaxial
growth included trimethylgallium (TMGa), trimethylaluminum
(TMAl), ammonia (NH3), and silicon tetrahydride (SiH4).

2.2. Electrode transfer method

We first prepared metal electrodes via standard photolithogra-
phy and e-beam evaporation on a sacrificial Si substrate. Next, we
placed the wafer and metal electrodes in a hexamethyldisilazane
(HMDS) atmosphere at 120 �C for 6 h to functionalize the whole
wafer. Next, the poly(methyl methacrylate) (PMMA, A8 Mircochem
Inc.) layer was spin-coated twice on top of the metal electrodes to
form a 1-lm-thick PMMA layer on the sacrificial wafer. With pre-
functionalization by HMDS, the PMMA layer has weak adhesion to
the sacrificial substrate and can be mechanically released by using
polydimethylsiloxane (PDMS Zhongke Experimental Materials),
together with metal electrodes wrapped underneath. Then, the
residual PMMA was removed by immersing the sample in acetone
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and isopropyl alcohol. Finally, the samples were rinsed with deion-
ized water three times, and dried, yielding clean and undamaged
electrode transfer devices.

2.3. Characterizations

HAADF-STEM and energy-dispersive spectroscopy (EDS) mea-
surements were performed on a JEM-ARM200F instrument, and
the samples were prepared through a focused ion beam (FIB).
The optoelectronic responses of the device were examined on a
semiconductor parameter system (4200SCS, Keithley). Light-
emitting diodes (LEDs) (255, 265, 285, 310, 340, 365, 453, 520,
and 625 nm) were used as the light sources, and the light intensi-
ties were calibrated by an optical power meter (S401C and
PM100D).

3. Results and discussion

Fig. 1a illustrates the concept of this work. A high-quality wurt-
zite GaN thin film was grown via MOCVD on a 6-inch Si substrate.
The room-temperature photoluminescence (PL) spectrum of the
GaN film is shown in Fig. S1 (online). Fig. 1d depicts the dry trans-
fer metallization process. Following standard photolithography,
patterned Au electrodes were deposited on a sacrificial Si substrate
(step i) [1]. Then, HMDS was applied to prefunctionalize the sacri-
ficial Si substrate (Fig. S2 online), followed by spin-coating a PMMA
layer. By rendering the Si surface hydrophobic through HMDS, the
adhesive force between the PMMA and the sacrificial substrate can
be effectively reduced, facilitating the complete detachment of
metal electrodes via the use of PDMS (step ii). Subsequently, the
released metal electrodes were subsequently physically laminated
onto the GaN surface (step iii), followed by dipping into acetone
and isopropyl alcohol to remove the PMMA layer (step iv). E-
beam evaporated devices with identical electrode patterns were
prepared for a comprehensive comparison, depicted in the upper
half of Fig. 1a. Due to the high-energy deposition process in e-
beam evaporation, the surface of GaN was damaged by the diffu-
sion of Au atoms into GaN, as confirmed by HAADF-STEM imaging
(Fig. 1b) and EDS mapping (Fig. S3 online). In contrast, the vdW
contact shows a distinct 1 nm vdW gap between the Au electrode
and the GaN surface, demonstrating an atomically sharp and
damage-free metal–semiconductor interface (Fig. 1c). Previous
research has indicated that defects at the metal–semiconductor
interface are a leading cause of Fermi-level pinning, which in turn
results in device performance degradation [7,24]. Conversely, the
damage-free interface enables effective carrier transport, providing
a perfect platform for constructing high-performance optoelec-
tronic devices.

To elucidate the impact of interfacial defects on device perfor-
mance, we constructed metal–semiconductor–metal (MSM) pho-
todetectors by employing two different electrode fabrication
approaches (Fig. 2a). Fig. 2b and c show the current–voltage (I–
V) characteristic curves of the GaN photodetectors in the dark
and under 340 nm ultraviolet illumination. Compared with the
evaporated contact device, the vdW contact device substantially
suppresses the dark current and significantly improves the pho-
tocurrent. We distilled the dark and light current values of both
device types under variable biases, as illustrated in Fig. S4 (online).
The marked discrepancy benefits from the presence of a vdW gap
and the formation of a near-ideal Schottky junction, as the surface
damage caused by the Fermi-level pinning effect at the Au/GaN
interface has been significantly mitigated in vdW contact devices
[25].

To further investigate the photoresponse behavior and explore
the underlying mechanisms, time-dependent photoresponse



Fig. 1. (a) Schematic of metal contact deposition based on conventional e-beam evaporation and transfer of predeposited metal contacts. (b) Cross-sectional HAADF-STEM
images of GaN with e-beam evaporation-fabricated and (c) dry transfer-fabricated Au electrodes. Scale bar, 1 nm. (d) Schematic illustration of the electrode dry transfer
process. The insets show photographs and optical images of the transfer process of the Au matel electrodes. (i) Au electrodes deposited on a Si substrate. (ii) Au electrodes are
physically released by a PDMS stamp with the assistance of PMMA. (iii) Au electrodes were transferred onto the target GaN substrate. (iv) After removing the PMMA, the Au
electrodes were placed on GaN.

Fig. 2. (a) Schematic of the MSM photodetector under ultraviolet illumination (340 nm light emitting diode). I�V output characteristics in the dark and under 340 nm
ultraviolet illumination with 0.26 mW/cm2 light power intensity for (b) the evaporated contact device and (c) the vdW contact device. The inset figures show the schematics
of Au/GaN interfaces of both the evaporated contact and the vdW contact device. (d) Time-dependent photoresponse of evaporated contact and vdW contact GaN
photodetectors under 340 nm illumination with 0.26 mW/cm2 light power intensity. The inset shows a magnified image of the time-dependent photoresponse of the
evaporated contact GaN photodetector. (e) Energy band diagram for the evaporated contact device and (f) the vdW contact device under ultraviolet illumination. MIGS, Esurf
and hm represent metal-induced gap states, dangling bond-induced surface states and photons, respectively.
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measurements were carried out, with one representative cycle pre-
sented in Fig. 2d. Under a fixed 2 V bias, the vdW contact device
presents a remarkable photocurrent of 2.4 lA; in contrast, the
photocurrent of the evaporated contact device is only 15 nA.
3694
Remarkably, the vdW contact device exhibits an enhanced respon-
sivity of two orders of magnitude compared with that of the evap-
orated contact device, increasing from 3.5 A/W to 979 A/W.
Notably, the vdW contact device exhibits longer response and
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recovery times than the evaporated contact device does (Fig. S5,
online), indicating persistent photoconductivity, which is promis-
ing for applications in optoelectronic synapses for neuromorphic
image processing. The conventional metal deposition method,
commonly afflicted by lithographic resist residues and high-
energy deposition conditions, tends to induce interface defects
caused by metal atom diffusion and material strain, fostering the
emergence of metal-induced gap states (MIGSs) [1,7] (Fig. 2e). In
contrast, the dry transfer technique enables the formation of a
vdW gap between the semiconductor and transferred metal elec-
trodes, weakening the Fermi-level pinning effect caused by the
metal deposition process (Fig. 2f). In addition, even with a perfectly
ordered surface atomic configuration, the existence of dangling
bonds on the topmost atoms induces deviations in the surface
energy states from the bulk electronic states, giving rise to surface
states (Esurf) [26,27]. Due to the ultralow current levels near 0 V,
fluctuations arising from the testing environment are challenging
to eliminate, making accurate extraction of the barrier height from
the voltage–current (I–V) characteristic curve difficult. To discuss
the electronic performance of the vdW contact on GaN, we use a
vertical Schottky diode as an example to obtain the barrier height
of the evaporation contact and vdW contact devices [28,29] (more
information can be found in Supporting Information Section II,
online). At room temperature, the Schottky barrier height
extracted from the vdW contact device is 0.97 eV, which is close
to the theoretical value of 1 eV predicted by the Schottky–Mott
rule (Au work function: 5.1 eV, GaN electron affinity: 4.1 eV)
[30]. The slight deviation may be attributed to the unavoidable
presence of dangling bonds on the GaN surface. In contrast, the
Schottky barrier height for the device with evaporated contacts is
approximately 0.89 eV, which is attributed to defect states at the
Au/GaN interface. When illuminated by ultraviolet photons, pho-
toexcited carriers are generated, and the bias drives the carriers
directionally toward the electrodes. However, the metal
evaporation-induced defects at the interface serve as recombina-
tion centers, diminishing the photocurrent and hastening carrier
recombination [24,31–33]. Conversely, owing to its nondestructive
interface properties, the vdW contact mitigates defect-related car-
rier recombination, leading to high responsivity and persistent
photoconductivity. The persistent photoconductivity phenomenon
in our vdW contact devices is a plausible way to explore optoelec-
tronic neuromorphic functionality.

To further compare the photoelectronic properties of the evap-
orated contact and vdW contact devices, light intensity-dependent
photoresponse measurements were carried out under both dark
and illuminated conditions, as shown in Figs. 3a and b. A substan-
tial increase in the photocurrent with increasing illumination
intensity for both the evaporated contact and vdW contact devices
was observed, indicating a clear power density-dependent pho-
tocurrent relationship. We further extracted the output photocur-
rent and calculated the responsivity (R) of the evaporated contact
and vdW contact devices (Fig. 3c) via Eq. (1) [34–36]:

R ¼ Iph=ðP � SÞ; ð1Þ
where photocurrent Iph = Ilight – Idark and where Ilight and Idark repre-
sent currents measured with and without illumination, respec-
tively. P corresponds to the incident light power intensity (mW/
cm2), and S represents the effective area. Clearly, the vdW contact
device exhibits a larger photocurrent and responsivity than the
evaporated contact device, demonstrating a high responsivity of
979 A/W at 2 V, with a corresponding light power intensity of
0.18 mW/cm2. To explore the device’s uniformity and reproducibil-
ity, we provided the statistical distribution results of the responsiv-
ity for both the evaporation contact and the vdW contact samples in
Fig. S6 (online).
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Furthermore, several key figures of merit for comprehensively
assessing device performance, such as PDCR and detectivity (D*),
were calculated and summarized [37,38]. The PDCR directly
reflects the current ratio of the device under light and dark condi-
tions and is calculated via Eq. (2):

PDCR ¼ Ilight � Idark
� �

=Idark: ð2Þ
Another important parameter, D*, aimed at providing information
regarding the signal-to-noise ratio, is obtained from Eq. (3):

D� ¼ RS1=2= 2qIdarkð Þ1=2; ð3Þ
where q is the absolute value of the electronic charge
(1.6 � 10�19C), under the assumption that the noise of the device
is attributed mainly to the dark current. As illustrated in Fig. 3d
the PDCR monotonically increases with increasing light power den-
sity because the number of photogenerated carriers increases with
increasing light power intensity. D* fluctuates slightly in the range
of 4.76 � 1013 Jones to 5.58 � 1013 Jones and shows the highest
detectivity of 5.58 � 1013 Jones under a 0.18 mW/cm2 light power
intensity. The wavelength-dependent photocurrent spectra were
measured to further investigate the wavelength selectivity
(Fig. 3e), where the vdW contact device demonstrated higher ultra-
violet absorption. At a constant light intensity of 0.14 mW/cm2, the
wavelength-dependent PDCR of the photodetectors in the ultravio-
let range is summarized in Fig. 3f, where the vdW contact device
has a much higher PDCR for all illumination wavelengths. Further-
more, we extracted and calculated the device’s optoelectronic per-
formance under different applied biases, as shown in Fig. S7
(online). Both vdW contact and evaporated contact devices exhibit
a wide photoresponse with the highest PDCR at approximately
340 nm and a falling edge at �365 nm, corresponding to the intrin-
sic absorption of the GaN film (3.4 eV, corresponding to a wave-
length of 364 nm), which is consistent with the results shown in
Fig. 3e. Beyond a wavelength threshold of 400 nm, the detected
photocurrent is negligible, indicating excellent visible-blind detec-
tion characteristics in GaN. Table S1 (online) lists the performances
of representative wide bandgap semiconductor-based ultraviolet
detectors reported in recent years. Our vdW contact device shows
excellent responsivity and detectivity, suggesting the potential for
significant advancements in ultraviolet photodetection and imaging
applications.

To fully leverage the ultrahigh photoelectric detection capabili-
ties of vdW contact devices, we conducted a series of experiments
aimed at validating their application in visible-blind imaging. The
imaging system is illustrated in Fig. 3g. We encoded the pattern
information ‘‘GAN” in a 26�8 array and controlled the ultraviolet
light source on–off states [39,40]. With the light on and off, the 1
and 0 signals are reflected in the device output current, followed
by the data extraction process. Since the vdW contact device has
the highest responsivity under 340 nm illumination, the output
pattern shown in Fig. 3i is clearer, whereas the pattern is indis-
cernible under 453 nm illumination (Fig. 3h). This ultraviolet imag-
ing demonstration manifests a remarkable photoresponse
characteristic, underscoring the potential of vdW contact photode-
tectors for the development of optoelectronic devices for imaging
systems.

By leveraging its high responsivity and inherent persistent pho-
toconductivity, the vdW contact device can output continuously
varying current states that depend on light and electrical parame-
ters, enabling complicated neuromorphic functions, such as image
contrast enhancement and Morse code transmission [41–44]. To
simulate neurosynaptic functions, the dynamic optical response
characteristics of the vdW contact device under various light
power intensities were explored, as delineated in Fig. 4a. An
increase in the memory level is noted with increasing learning



Fig. 3. I–V curves measured under various 340 nm illumination powers for (a) the evaporated contact device and (b) the vdW contact device. (c) Photocurrent and
responsivity and (d) PDCR and D* as a function of incident light power intensity for evaporated contact and vdW contact devices under 340 nm illumination. (e) Responsivity
of evaporated contact and vdW contact GaN photodetectors under 265, 285, 310, 340, 365, 453, 520, and 625 nm light illumination with 0.26 mW/cm2 light power intensity.
(f) RDCR of the evaporated contact and vdW contact devices under different wavelengths of illumination. (g) Schematic diagram of an optical wireless imaging application
with the input image displaying the characters ‘‘GAN”. Results of the vdW contact device (h) under 453 nm and (i) 340 nm illumination.
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intensity (light power intensity), indicating the retention charac-
teristics of the vdW contact devices. This feature is harnessed to
showcase image retention by projecting an ‘‘M” shape onto a
5 � 5 matrix. Images of the vdW contact device collected at differ-
ent times after the removal of light stimulation are shown in
Fig. 4b, where the output currents of the corresponding pixels
are normalized (the weakest signals are normalized to 0 and the
strongest signals are normalized to 1). The disparity in the output
current intensifies over time, yielding a enhanced contrast in the
image compared to the original input signal. Despite the presence
of background noise, remarkable image retention is observed, sug-
gesting excellent noise reduction and feature enhancement for var-
ious noise levels, underscoring the potential in artificial image
processing.

Transmission of Morse code is also realized on the basis of the
persistent photoconductivity phenomenon of vdW contact devices,
exhibiting applicability in optical wireless communication. The
Morse code transmission for all letters of the English alphabet
(Fig. S8, online) and their specific combinations, such as ‘‘USTC
GaN” (Fig. 4c), are achieved by encoding the optical signals with
International Morse code [45]. Fig. 4d illustrates that the vdW con-
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tact device responds precisely to each letter of the English alpha-
bet, demonstrating consistent excitatory postsynaptic current
responses, which is indicative of potential in human–machine
interface interactions. The adoption of vdW integration within
GaN photodetector devices, enabling the exploration and realiza-
tion of optoelectronic neuromorphic functionalities, such as image
processing and wireless Morse code communication, represents a
significant advancement in III-nitride-based optoelectronics and
power electronics.

Finally, we would like to reemphasize that, prized for their
bandgap tunability, high electron mobility, and compatibility with
the semiconductor industry, III-nitride materials have been instru-
mental in the evolution of diverse functional devices across the
fields of optoelectronics and power electronics [46]. Considering
the intimate connection between the quality of metal–semicon-
ductor contact interfaces and the performance of III-nitride–
based devices, investigating the prospective application of vdW
integration for metal electrodes in III-nitride material systems
holds substantial practical importance [47]. For example, in III-
nitride high-mobility field-effect transistors (HEMTs) [47–50],
achieving an ideal Schottky contact between the gate and channel



Fig. 4. Demonstrations of photosynaptic response applications. (a) Excitatory postsynaptic currents of a vdW contact device under different light power intensities. (b)
Illustration of image contrast enhancement after training: memory of the 5 � 5 optoelectronic neuromorphic image ‘‘M” recorded after 0, 1, 10, and 20 s following light
irradiation removal. (c) Excitatory postsynaptic current evoked by a series of spikes (340 nm, 0.26 mW/cm2) representing the International Morse code of ‘‘USTC GaN” and (d)
the International Morse code of every letter in the English alphabet. The spike durations of the dot and dash patterns are 1 s and 3 s, respectively, and the interval between
two optical spikes is fixed at 1 s.
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is imperative for averting leakage currents and preserving the gate
control capability. Moreover, the quality of the metal–semiconduc-
tor interface in optoelectronic devices, such as LEDs, Schottky
diodes, and photodetectors, profoundly affects the behavior of pho-
togenerated carriers [51–53]. In addition, by employing advanced
electron-beam lithography, the smallest size of vdW contacts can
be achieved at approximately the tens of nanometers scale for
possible high-density device integration with a reduced manufac-
turing cost [54]. The application of the dry transfer method to fab-
ricate electrodes in the III-nitride material system will advance our
comprehension of phenomena at material interfaces and further
expand the application scenarios in the electronic and optoelec-
tronic device fields, which holds considerable significance and
novelty.

4. Conclusions

Herein, we report a vdW metal contact with wide bandgap GaN
by forming a damage-free metal electrode via a dry transfer tech-
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nique, which enabled the realization of superior optoelectronic
characteristics, including neuromorphic functionality. HAADF-
STEM clearly reveals a 1-nm-thick vdW gap at the metal–semicon-
ductor interface, confirming the existence of an atomically flat,
damage-free contact. The excellent photodetection performance
of the vdW contact device (with a high responsivity of 979 A/W
and a low dark current of 10–9 A) is attributed to defect reduction
at the Au/GaN interface. Owing to the high responsivity and persis-
tent photoconductivity of vdW contact devices, we further demon-
strate their applications in image detection and optoelectronic
neuromorphic functionality, including image contrast enhance-
ment and Morse code communication. Our findings provide a facile
and effective strategy to develop a high-quality interface between
metal electrodes and semiconductors for future electronics and
optoelectronics.
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