
AlGaN UV Detector with Largely Enhanced Heat Dissipation on Mo
Substrate Enabled by van der Waals Epitaxy
Yang Chen, Hang Zang, Jianwei Ben, Shanli Zhang, Ke Jiang, Zhiming Shi, Yuping Jia, Mingrui Liu,
Xiaojuan Sun,* and Dabing Li*

Cite This: Cryst. Growth Des. 2023, 23, 1162−1171 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The epitaxy of AlGaN on metallic substrates
exhibits numerous advantages including flexibility, vertical carrier
injection, and enhanced heat dissipation for optoelectronic devices;
however, there are still many challenges for the growth of AlGaN
according to the serious interfacial reaction and lattice mismatch
by conventional epitaxial techniques. In this work, the c-oriented
AlGaN is grown on polycrystalline Mo substrate by van der Waals
(vdWs) epitaxy with graphene as the insertion layer. A high-
temperature annealed AlN is deposited as the nucleation layer,
which optimizes the crystalline quality of following AlGaN. The
isolation effect of the graphene insertion layer results in a good
epitaxial interface, which suppresses the atoms diffusion and
chemical reaction, demonstrating by the theoretical calculation of high energy barriers for Al/Mo atoms penetrating through
graphene insertion layer. The ultraviolet (UV) detector is fabricated by further growing a n-AlGaN layer as the photosensitive
absorber, whose responsivity (1.7 × 10−3 A W−1) is comparable with that fabricated on conventional sapphire. Even better, the UV
detector on the Mo substrate possesses enhanced heat dissipation ability due to its higher thermal conductivity, and the temperature
elevation after consistently applying a drive voltage largely decreases by 50%. This work enlightens the growth of AlGaN materials
and fabrication of high-power/high-voltage optoelectronic devices on polycrystalline metallic substrates by the mean of vdWs
epitaxy.

■ INTRODUCTION
The emerge of AlGaN provides a promising material basis for
the fabrication of optoelectronic devices working in the UV
wavelength,1,2 as well as high-frequency and high-power
electronic devices, benefiting from its adjustable wide bandgap,
high electron mobility, and excellent stability at high voltage.3

Up to now, the epitaxy of AlGaN is universally carried out on
foreign substrates, including sapphire (Al2O3), silicon carbide
(SiC), and (111) silicon (Si) due to the lack of high-quality
homoepitaxial AlN template.4−6 Among these substrates,
sapphire is widely used according to its appropriate cost,
lower epitaxial difficulty, and feasible epitaxial crystalline
quality. However, the poor thermal conductivity of sapphire
(around 2 W K−1 m−1 at 200 °C)7 results in heat accumulation
in AlGaN-based devices, especially for that working at high
power and high voltage, inducing efficiency degradation or
even failure.8

Metallic substrates, such as Mo, W, and Cu, have both of
excellent thermal and electrical conductivity, for instance,
around 131 W K−1 m−1 and 9.9 × 10−3 Ω cm for Mo at 200
°C.9 Meanwhile, the natural ductility makes metallic substrates
easily being extruded into thin foils with high flexibility. These
advantages reveal that metals are more competitive as the

AlGaN epitaxy substrates for the fabrication of flexible/
wearable devices with vertical carrier injection and enhanced
heat dissipation.10−12 However, the construction method by
growth of AlGaN on metallic substrates suffers from serious
interfacial atoms diffusion and chemical reaction due to the
high reactivity of metal in the rigorous epitaxial conditions,
such as the high growth temperature (over 1000 °C).13

Otherwise, the general polycrystalline nature of metallic
substrates offers inconsistent epitaxial orientation,13 which
causes chaotic crystal growth and poor crystalline quality in
AlGaN epilayers. A currently applied alternative strategy,
including the laser-assisted epilayer lift-off, transfer, and
bonding to metallic substrate, has avoided these difficulties
mentioned above.14−16 Wang et al. recently presented the
transfer of GaN epilayer from the sapphire onto Mo substrate,
a 355 nm laser was used for GaN lift-off and the multilayer Ti−
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Pd−Ti composite was served as a bonding layer to the Mo
substrate.15 However, it should be noted that the laser lift-off is
usually time-consuming, and the generation of cracks is hardly
avoided during the transfer and bonding processes. As for the
AlGaN epilayer with higher Al content, the deep UV laser with
much shorter excitation wavelength is essential for the lift-off,14

which is still restricted by the difficulty in obtaining high power
density.

Two-dimensional (2D) materials, typical for graphene, h-
BN, and transition metal disulfide compounds (e.g., MoS2 and
WSe2), have the weak vdWs interaction in their interlayers. At
the same time, the strong chemical bond of atoms in the plane
makes excellent chemical and thermal stability for these 2D
materials. The unique properties promote them severing as the
insertion layers for the vdWs epitaxy of AlGaN-based
materials.17−19 In this epitaxial configuration, the atomic 2D
insertion layer could alleviate the matters caused by lattice
mismatch and thermal expansion coefficient difference
between the epilayer and heteroepitaxial substrate, which
results in the enhanced crystalline quality and released residual
stress.20 Up to now, the vdWs epitaxy of AlGaN-based
materials has been widely investigated on the single crystalline
sapphire substrate, particularly, the AlN nucleation regulation
and polarity control through the insertion of 2D materials have
been reported in our previous works.17,21 Inspiring by the
advantages of vdWs epitaxy, we consider that it is a promising
strategy for the growth of AlGaN on polycrystalline metallic
substrates, aiming at the easy fabrication of AlGaN-based
optoelectronic devices. On the one hand, the impermeability
for metal atoms through 2D materials would ensure the clear
epitaxial interface by avoiding from interfacial atoms diffusion
and chemical reaction; on the other hand, the remote epitaxial
space at the interface screens the lattice field interaction of
polycrystalline metals, potentially resulting in the single
crystalline epitaxy of AlGaN.13

In present work, the growth of highly c-oriented AlGaN
crystal and fabrication of UV detector with lateral metal-
AlGaN-metal (M-AG-M) junctions on the polycrystalline Mo
substrate are achieved by the vdWs epitaxy with a graphene
insertion layer, and high-temperature annealed physical vapor
deposition (PVD) AlN layer is first deposited on graphene for
improving the AlGaN crystalline quality. The following AlGaN
grown by metal organic chemical vapor deposition (MOCVD)
has a high Al content of 92%, and the full width at half-
maximum (fwhm) of rocking curve along (0002) orientation is
1.12°, which is much better than that grown without (w/o)
graphene insertion layer. Meanwhile, the residual stress in
epilayers decreases from 1.05 to 0.51 GPa. Thanks to the
stability and impermeability of graphene insertion layer, the
vdWs epitaxy ensures a clear and intact epitaxial interface
between the epilayers and Mo substrate. The first-principles
calculation proves that there are extremely high energy barriers
for the Al and Mo atoms penetrating through the graphene,
and thus, no serious interfacial atom diffusion and chemical
reaction happen. The UV detector with n-AlGaN layer as the
photosensitive absorber on the Mo substrate is fabricated, and
a maximum responsivity of 1.7 × 10−3 A W−1 is achieved for it
working at the wavelength of 266 nm, which is benefited from
the well-arranged c-oriented AlGaN crystal, and the UV light
detection ability is comparable with that on the sapphire
substrate. Even better, the UV detector on the Mo exhibits
enhanced heat dissipation ability after consistently applying a
high drive voltage of 50 V, in which the elevation of device
temperature largely decreases by 50% due to the higher
thermal conductivity of Mo substrate, demonstrating the great
potential for the future high-power/high-voltage optoelec-
tronic devices with excellent thermal management capability.

Figure 1. (a−c) Schematic diagram of the graphene transfer and (d−f) vdWs epitaxy of AlGaN on a 2-in. polycrystalline Mo wafer. A high-
temperature annealed PVD AlN layer is prepared on graphene before the epitaxy of AlGaN by MOCVD. (g) AFM images of 200 nm PVD AlN on
graphene, (h) after annealing at 1600 °C for 1 h, and (i) after epitaxy of AlGaN by MOCVD. The white dashed lines in (i) mark the hexagonal
grain boundaries of AlGaN.
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■ RESULTS AND DISCUSSION
The growth of AlGaN on metallic substrate is achieved by the
vdWs epitaxy process, in which 2-in. polycrystalline Mo wafer
with the coverage of graphene severs as the epitaxial substrate.
As schematically shown in Figure 1a−c, the graphene is
initially grown on catalytic Cu foils by chemical vapor
deposition (CVD), then, it is transferred onto the Mo
substrate by a polymer-assisted wet transfer method.22 The
Raman spectra of graphene on the Mo is shown in Figure S1a,
typical D, G, and 2D bands are observed. The weak intensity of
D band proves less defects in graphene, and it has a monolayer
nature according to the intensity ratio of 2D to G bands (I2D/
IG = 1.2), this value is lower than the previously reported
graphene transferred onto dielectric substrates (∼2) due to the
carrier doping of graphene by the Mo metal.23,24 In order to
further confirm the layer number of graphene, it is transferred
onto the dielectric sapphire, and the Raman spectra in Figure
S1b shows an increased I2D/IG value of 2.49. The atomic force
microscope (AFM) image of graphene on the Mo substrate
shows several wrinkles, as marked by the white dashed lines,
which might be generated during the growth and wet transfer
processes, corresponding root-mean-square roughness (Rq) is
3.23 nm (see Figure S2). The X-ray diffraction (XRD) spectra
of Mo is measured in Figure S3. Both of Mo (200) and Mo
(211) crystalline planes are observed, implying its polycrystal-
line nature.25

Before the vdWs epitaxy of AlGaN, a 200 nm PVD AlN layer
is initially deposited on the graphene insertion layer, serving as
the nucleation layer, as shown in Figure 1d. After that, high-
temperature (1600 °C) annealing is carried out to further
enhance the crystalline quality of PVD AlN, as shown in Figure
1e. The AFM images of PVD AlN before and after annealing
are shown in Figure 1g and h, respectively. To be different

from the selective nucleation of AlN on the defective wrinkles
or broken boundaries of graphene by MOCVD in our previous
work,21 the PVD AlN has the improved nucleation property
with dense distribution on the graphene insertion layer.
Furthermore, the size of AlN particles tends to be larger after
the annealing process, which is attributed to the recrystalliza-
tion of PVD AlN, suggesting the potentially enhanced AlN
crystalline quality. Based on the annealed PVD AlN, the vdWs
epitaxy of AlGaN is carried out by MOCVD, as shown in
Figure 1f and i. The AlGaN exhibits hexagonal grains, as
marked by the white dashed lines, corresponding to the typical
c-oriented (0002) wurtzite crystal. The photography of
samples at critical processing steps on a 2-in. Mo wafer is
shown in Figure S4. The always mirror-liked reflection of Mo
substrate after PVD AlN annealing and AlGaN epitaxy imply
that the graphene insertion layer ensures a clear and intact
epitaxial interface.

The optical microscope (OM) images of PVD AlN before
and after annealing are compared in Figure 2a and b. The
surface morphology of PVD AlN becomes rougher after the
high-temperature annealing, and it is consistent with the AFM
results in Figure 1g and h, in which the Rq increases from 2.63
to 4.13 nm. The XRD 2Theta scan in Figure 2c exhibits a
single (0002) peak of wurtzite AlN, demonstrating a preferred
c-oriented growth of AlN crystal. In addition, the XRD
diffraction peaks of underneath polycrystalline Mo substrate
could be simultaneously observed. The annealing process
shows an effective impact on the diffraction intensity of PVD
AlN along the (0002) orientation, as shown in Figure 2e of the
XRD fine-scanning. The much higher diffraction intensity of
PVD AlN after the annealing reveals an enhanced crystalline
quality, which is further proved by the XRD rocking curve scan
along (0002) orientation in Figure 2d, the fwhm of rocking
curves decreases from 3.33° (before annealing) to 1.53° (after

Figure 2. (a) OM images of PVD AlN on the Mo substrate before and (b) after the high-temperature annealing. (c) XRD 2Theta and (d) rocking
curve scan along (0002) orientation for the PVD AlN. (e) XRD fine-scanning for enlarged diffraction peak of PVD AlN, corresponding to that in
(c).
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annealing). The optimization of PVD AlN crystalline quality
by high-temperature annealing has been investigated in our
previous work, proving that the formation of voids during the
annealing process makes paired dislocations merging together,
meanwhile, providing an inner surface for dislocation
termination.26

The vdWs epitaxy of AlGaN is further carried on the
annealed PVD AlN by MOCVD, as the comparison, an
identical annealed PVD AlN on bare Mo substrate w/o
graphene insertion layer is provided. As shown in Figure 3a,
the XRD 2Theta scan of AlGaN by vdWs epitaxy is
deconvoluted into two individual peaks by “peak analyzer”
package of Origin software, which locate at 35.91° and 36.04°,
corresponding to the AlGaN with a high Al content of 92%
and underneath AlN, respectively. The inset of Figure 3a is the
XRD rocking curve scan of AlGaN along (0002) orientation,
corresponding to a fwhm of 1.12°. The screw dislocation
density is calculated as ∼3.22 × 1010 cm−2 according to the
fwhm of rocking curve, implying an enhanced crystalline
quality compared with the annealed PVD AlN in Figure 2d.
Even better, the fwhm of AlGaN rocking curve also decreases
in contrast to the early reported value (1.5°) in our previous
work,13 demonstrating the excellent effect of PVD AlN
annealing. As for the AlGaN epitaxy on the bare Mo substrate,
its XRD diffraction intensity of 2Theta scan is extremely weak,
both of the typical peaks belonged to AlGaN and AlN are
difficult to be distinguished (see Figure S5). Even worse, the
attempt of XRD rocking curve scan is failed because that none
peaks could be detected. We consider that the direct contact of

PVD AlN with polycrystalline Mo substrate makes the chaotic
crystalline orientations in the latter AlGaN epitaxy. In addition,
the serious interfacial atoms diffusion and chemical reaction
during high-temperature annealing is also responsible for the
poor crystalline properties of epilayers.

The scanning electron microscope (SEM) images of AlGaN
epitaxy on Mo substrate w/o and with the graphene insertion
layer exhibit great difference in the grain arrangement and
geometry, as compared in Figure 3b and c. Unlike the chaotic
epitaxial orientation of AlGaN direct growth on the
polycrystalline Mo substrate, the graphene insertion layer
results in a c-oriented preferred grains, which tightly arrange
together with a smoother surface morphology. These differ-
ences are further demonstrated by the AFM images in Figure
S6, and the corresponding Rq decreasing from 30.2 to 23.6 nm.
The surface morphology of AlGaN is related to their crystalline
properties measured by XRD in Figures 3a and S5, implying
that the graphene insertion layer could screen the lattice field
interaction from the polycrystalline Mo substrate, thus, the
vdWs epitaxy process is mainly controlled by the graphene
insertion layer. The Raman spectra of AlGaN is shown in
Figure 3d, typical A1(TO), E2, and E1(LO) bands are
observed. It is known that the peak position of E2 band
reflects the residual stress in AlGaN epilayers. As shown in
Figure 3e, the enlarged E2 band of AlGaN is compared with
the stress-free one, which locates at 657.4 cm−1. The E2 bands
red-shift by 2.7 and 1.3 cm−1 for the AlGaN epilayer on Mo
substrate w/o and with graphene insertion layer. The residual
stress (σ) in epilayers could be calculated by the formula of

Figure 3. (a) XRD 2Theta scan along (0002) orientation for the vdWs epitaxy of AlGaN by MOCVD, and it is deconvoluted into two individual
peaks with Gaussian type. Inset of (a) is the corresponding XRD rocking curve scan along (0002) orientation. (b) SEM images of AlGaN epilayer
on the Mo substrate w/o and (c) with the graphene insertion layer. (d) Raman spectra of the epitaxial AlGaN. (e) Enlarged Raman E2 band of
AlGaN as the comparison with the stress-free one located at 657.4 cm−1.

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.2c01273
Cryst. Growth Des. 2023, 23, 1162−1171

1165

https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.2c01273/suppl_file/cg2c01273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.2c01273/suppl_file/cg2c01273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.2c01273/suppl_file/cg2c01273_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.2c01273/suppl_file/cg2c01273_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01273?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01273?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01273?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c01273?fig=fig3&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.2c01273?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ΔE2 = K × σ, and the ΔE2 refers to the difference of E2 band
position with respect to the stress-free one, K is the stress
coefficient of ∼2.56 cm−1 GPa−1.27 By inserting a graphene
layer, the residual stress in AlGaN decreases from 1.05 to 0.51
GPa. As mentioned above, the graphene insertion layer makes
the weak vdWs interaction between the AlGaN and epitaxial
substrate, and the residual stress induced by lattice distortion
would be alleviative since the strong interfacial covalent
bonding rarely happens.

The epitaxial interface morphology between the PVD AlN
and Mo substrate is investigated by cross-sectional SEM, as
shown in Figure 4a and b. The absence of graphene insertion
layer makes the Mo metal blending together with the epitaxial
materials, and none clear epitaxial interface is found in Figure
4a. As for the vdWs epitaxy, a clear and intact epitaxial
interface appears with the graphene insertion layer, as marked
by the red dashed line in Figure 4b. The total thickness of
epilayers, including PVD AlN and epitaxial AlGaN by
MOCVD, is about 1.2 μm. The corresponding epitaxial
interface models are schematically compared in Figure 4c and
d, respectively, showing that the graphene insertion layer has
an important effect for achieving the clear and intact epitaxial
interface. As for the absence of graphene insertion layer, the
serious interfacial atoms diffusion and chemical reaction would
happen during the high-temperature annealing of PVD AlN
and epitaxy of AlGaN, thus, resulting in the indistinguishable
epitaxial interface, which are directly responsible for the
degradation of crystalline quality. As shown in Figure 4d, these
terrible situations could be suppressed by the interfacial
isolation effect of graphene insertion layer. The theoretical
calculations in Figure 4e−g demonstrates that the energies for
both Mo and Al atoms penetrating through graphene insertion
layer are extremely high, reaching up to 17.31 and 15.02 eV,

respectively.28,29 In other words, the insertion of graphene
induces high energy barrier for atoms diffusion, therefore, the
vdWs epitaxy process triggers the clear and intact epitaxial
interface, which provides the prerequisites for the growth of c-
oriented AlGaN crystal.

The Mo atoms diffusion into the AlGaN epilayers would
also cause the dopant-induced higher electrical conductivity,
otherwise, the blended epitaxial interface provides the path for
current leakage passing through the underneath Mo substrate.
For electrical properties measurement of epitaxial AlGaN w/o
and with the graphene insertion, we have fabricated the devices
by depositing four In pads on their surface as contacts, and the
device configurations are shown in Figure S7a and f,
respectively. For each device, the current as a function of
bias voltage is collected between each two adjacent In contacts
of 1−2, 2−3, 3−4, and 4−1 with the bias voltage of −0.1−0.1
V, as plotted in Figure S7b−e and g−j, respectively. To be a
well confirmation for the epitaxial interface conditions in
Figure 4a−d, the epitaxy of AlGaN on bare Mo substrate has a
higher electrical conductivity, and the measured current rapidly
increases with the bias voltage, which reaches to 10−2−10−1 A
at 0.1 V. As the comparison, the current of AlGaN vdWs
epitaxy with graphene insertion layer is persistent at the order
of magnitude in 10−6−10−4 A, and no dramatic current
enhancement is observed along with the bias voltage
increasing, well suggesting that limited atoms diffusion through
the graphene insertion layer happens, and thus AlGaN
epilayers maintain a higher resistivity. It is well known that
the high resistivity of AlGaN is crucial for lowering the current
leakage and ensuring the high performance of AlGaN-based
high-power/high-voltage electronics.

Based on the vdWs epitaxy of AlGaN crystal on the Mo
substrate, a conductive n-AlGaN layer is further grown as the

Figure 4. (a) Cross-sectional SEM images of AlGaN epitaxy on Mo substrate w/o and (b) with graphene insertion. (c) Schematic diagrams of the
interfacial atoms diffusion and chemical reaction of Al/Mo atoms w/o the graphene insertion layer, (d) intact and clear interface isolated by the
graphene insertion layer. (e) Theoretical calculation models of the Mo/Al atoms penetrating through the graphene insertion layer. (f) Energy
barrier distribution for Mo atom and (g) Al atom along the graphene insertion layer.
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photosensitive absorber for UV detector fabrication. After that,
the interlaced Au strips are deposited onto n-AlGaN as the
electrodes for photocarriers collection, which forms the lateral
M−AG−M junctions.30 For the heat dissipation ability
evaluation of UV detector on the Mo substrate in following
sections, a device with identical structure is fabricated by the

vdWs epitaxy of AlGaN on the conventional sapphire. The
photoluminescence (PL) spectra of n-AlGaN are measured at
room temperature, the typical near-band-edge emission is
observed at 326 and 313 nm for that on the Mo and sapphire
substrates, as shown in Figure S8. The difference in the PL
peak position reveals the Al content shift in n-AlGaN (from

Figure 5. (a) Schematic diagrams of the measurement for the UV detector, and it has the lateral M−AG−M junctions. (b) Photography of UV
detector fabricated on Mo substrate. (c) Photocurrent as a function of bias voltage and (d) laser power-dependent photocurrent and responsivity
for the UV detector on Mo substrate. (e) Response time measurement by collecting the current with a periodic UV light irradiation.

Figure 6. (a) Photography of the system for UV detector heat dissipation ability measurement. (b) Schematic diagram of the heat transportation in
UV detector on the sapphire and (c) Mo substrates. (d) Heat Acc. and Dis. temperature as a function of drive voltage. (e) Time-dependent
temperature variation: 0−200 s is under the drive voltage of 50 V, and 200−320 s removes the voltage. (f) Thermal imaging of the UV detector on
sapphire and (g) Mo substrates at their maximum temperature.
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20% to 14%), which might be induced by the largely different
thermal conductivity for these two substrates. The current of
UV detector is collected at the bias voltage of −1−1 V, and a
266 nm laser is served as the UV light source. The schematic
device structure and measured method are shown in Figure 5a.
In Figure 5b, the photography of as-fabricated UV detector on
the Mo substrate is shown in the center, and two probes
contact on the Au electrodes for current collection.

The photocurrent (Iph) of UV detector on the Mo substrate
is plotted by calculating the difference in current measured at
dark (Idark) and 266 nm laser irradiation (Ilight) conditions, as
shown in Figure 5c. It obtains a typical photocurrent of 1.52
μA at the bias voltage of −1 V, and the power of UV light is 10
mW. The detection ability to the UV light is also evaluated by
changing the light power, and the variations of photocurrent
and responsivity are plotted in Figure 5d. The responsivity (R)
is calculated by the formula of R = Iph/P, where P is the power
of UV light irradiating on the n-AlGaN absorber.30,31 The
photocurrent near linearly increases with the UV light power,
implying that the response is dominant by the excitation of
photocarriers with incident photons.32 On the other hand, the
responsivity tends to be saturated at higher light power, and a
maximum responsivity of 1.7 × 10−3 A W−1 is achieved at the
laser power of 0.5 mW. As the light power increasing, the
deduction in responsivity is attributed to the enhanced
recombination between photogenerated carriers according to
the reduced built-in electric field at the M−AG−M junctions,
which is consistent with our early work.31 The response time is
measured by irradiating the device with a periodic UV light
source, whose frequency is ∼0.2 Hz. The rise and fall time
between 10% above the lowest current and 90% below the
highest current are defined as the response (τres) time and
recovery (τrev) time, thus, the typical τres and τrev are measured
as 1.37 and 1.87 s, respectively. The τres/τrev of UV detector
with n-AlGaN photosensitive absorber are restricted by the
trap states around Si dopant atoms, which result in the longer
lifetime of photocarriers.33 As shown in Figure S9, the
photocurrent and response time of an identical UV detector
on the sapphire are measured for comparison. It has a
photocurrent of 3.36 μA at the bias voltage of −1 V, and the
τres/τrev is 2.4 s/0.85 s, which is on the same order of
magnitude with that on the Mo substrate. The comparable
device performance proves that the vdWs epitaxy provides a
reliable method for the fabrication of AlGaN-based photo-
electronic devices on other metallic substrates.

It is known that the nonradiative recombination of carrier or
current leakage would cause heat accumulation in photo-
electronic devices, especially for it working at high drive
voltage, which is correlated to the device working stability and
lifetime. Therefore, the heat dissipation ability is one of key
parameters to evaluate the performance of as-fabricated
devices. Herein, a thermal imager is used to monitor the
temperature of UV detector at various working conditions,
including different drive voltage and working time, as shown in
Figure 6a, and there is a distance of ∼17 cm between the
thermal imager and UV detector. The heat dissipation abilities
of UV detector on the sapphire and Mo substrates are
compared. The current as a function of drive voltage for the
UV detector is plotted in Figure S10. The maximum current of
1.13 mA (on sapphire) and 1.36 mA (on Mo) is comparable,
which indicates that the total thermal generation in n-AlGaN
layer should be similar. In this way, the maximum temperature
of UV detector after the consistent voltage driving could

evaluate its heat dissipation ability. The temperature of UV
detector as a function of drive voltage (20−50 V) is shown in
Figure 6d. In this process, the device temperature is measured
at 60 s after consistently driving by the voltage and another 60
s after removing the voltage, defining as the heat accumulation
(Acc.) and dissipation (Dis.) steps, respectively. At the lower
drive voltage of 20 V, the heat generation is not obvious, thus,
the Acc. and Dis. temperature is closed to the room
temperature (RT) of ∼23 °C. As the drive voltage increasing,
the temperature elevation of UV detector on Mo substrate
alleviates in contrast to that on the sapphire, showing the
largely enhanced heat dissipation ability according to the Acc.
and Dis. temperature. Typically, the Acc. and Dis. temper-
atures decrease from 40.2 and 32 °C (on sapphire) to 30.9 and
25.2 °C (on Mo) at the drive voltage of 50 V. The heat
dissipation enhancement of UV detector on the Mo as a
comparison with that on the sapphire is summarized in Figure
S11, clearly showing the largely enhanced heat dissipation for
UV detector fabricated on the Mo at the drive voltage of 30−
50 V.

The dynamic temperature variation as a function of working
time is plotted in Figure 6e. At the first 200 s, the drive voltage
maintains at 50 V, after that, the voltage is removed for later
120 s. The temperature of UV detector on the sapphire
monotonously increases, reaching to the maximum difference
(ΔMax) of 24.8 °C at the time of 200 s, which is subtracted with
the room temperature (∼23 °C) at 0 s. However, the ΔMax of
12.4 °C for that on Mo substrate emerges at the time of 90 s,
and it is 50% lower than that on the sapphire. The
corresponding thermal imaging at their maximum temperature
is shown in Figure 6f and g. The difference in heat dissipation
ability among the UV detector on sapphire and Mo substrates
is illustrated by the heat transportation models in Figure 6b
and c, respectively. Limiting by the poor thermal conductivity
of sapphire, the heat generation at the UV detector is difficult
to spread among the sapphire, then, it would be similarly hard
for the following heat dissipation skipping the sapphire into the
surrounding. As the result, the heat accumulation makes a
larger temperature elevation in the UV detector, which is
generally responsible for the device performance degradation.
In contrast, the enhanced heat dissipation on metallic Mo
substrate is attributed to its high thermal conductivity, thus,
the thermal generation is immediately extracted into the
surrounding. To be simplified, the Mo substrate has provided
an efficient mediator for high throughput heat transportation.
We consider that the excellent heat dissipation ability of UV
detector on Mo substrate has demonstrated a novel strategy for
the future fabrication of high-power/high-voltage optoelec-
tronic devices via the easy vdWs epitaxy of AlGaN on
polycrystalline metallic substrates.

■ CONCLUSIONS
In conclusion, the growth of AlGaN is achieved on the
polycrystalline Mo substrate by the vdWs epitaxy process with
the graphene as insertion layer, and the annealed PVD AlN
severs as the nucleation layer, which optimizes the AlGaN
crystalline quality. Benefiting from the weak vdWs interaction
of graphene insertion layer, the AlGaN on Mo substrate has
the preferred c-oriented growth and remission in residual
stress. The first-principles calculation proves that there are
large energy barriers for Mo and Al atoms penetrating through
the graphene insertion layer, thus, the atoms diffusion and
chemical reaction are suppressed. As the result, the clear and
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intact epitaxial interface obtains the higher resistivity of AlGaN
epilayers, which is crucial for the fabrication of high-power/
high-voltage electronics. The UV detector is fabricated on the
Mo substrate by further epitaxy of n-AlGaN layer as the
photosensitive absorber. Despite the similar responsivity
comparing with that on the conventional sapphire, the UV
detector with lateral M−AG−M junctions on Mo substrate
also possesses a largely enhanced heat dissipation ability,
especially for it working at high drive voltage. This is attributed
to the high thermal conductivity of Mo metal, which provides
an unobstructed path for heat transportation. Present work
demonstrates the strategy for growth of AlGaN on polycrystal-
line metallic substrates via the vdWs epitaxy, enlightening the
thoughts for easy design and fabrication high-power/high-
voltage devices with higher working stability and longer
lifetime.

■ METHODS
Epitaxial Substrates Preparation and Materials Growth.

Double side polished 2-in. Mo wafer with polycrystalline nature was
purchased from a commercial company, and its thickness is 430 μm.
The graphene was primarily grown on catalytic Cu foils by CVD,
then, it was transferred onto the Mo wafer by a previously reported
polymer-assisted wet transfer method,22 severing as the epitaxial
substrates. Meanwhile, the graphene layer was simultaneously
transferred onto a 2-in. sapphire substrate as the reference. A 200
nm AlN was first deposited on the epitaxial substrates as the
nucleation layer by PVD. After that, the PVD AlN was annealed at
1600 °C for 1 h in the atmospheric pressure with N2 protection.26

Before the epitaxy of AlGaN by MOCVD, a thin layer AlN and AlN/
AlGaN superlattice with 10 loops were deposited for higher crystalline
quality (Figure S12 shows a XRD RC fwhm of 1.38° for epitaxy AlN,
implying the enhanced crystalline quality of AlGaN). The AlN was
grown at 1250 °C with a V/III (NH3/TMAl) of ∼3, and the AlN/
AlGaN superlattice was grown at 1150 °C by alternant input of
TMGa, whose flux was controlled at 20 sccm. For the undoped
AlGaN epitaxy, 20 sccm TMGa, 120 sccm TMAl, and 800 sccm NH3
were injected, the growth temperature and chamber pressure were set
as 1150 °C and 50 mbar. After the growth of 40 min, the thickness of
undoped AlGaN is about 350 nm. For later n-AlGaN epitaxy, SiH4
was severed as the dopant, and the final thickness of n-AlGaN is about
500 nm with a doping concentration of ∼2 × 1018 cm−3, identifying
by Hall measurement.

UV Detector Fabrication. The AlGaN epilayers on 2-in. Mo
wafer was cut into 1 × 1 cm2 pieces by a tinsmith scissors, then, the
cutting edges were polished by abrasive papers. As for the epitaxy of
AlGaN on sapphire substrate, it was separated via a laser beam
cutting. For the resistivity measurement of undoped AlGaN, four In
pads were mechanically pressed onto the corners, and the adjacent In
pads had a distance of 8 mm. After the epitaxy of n-AlGaN, 30 nm Au
strips were deposited through a certain patterned mask by electron
beam deposition, and the Au electrodes had a space of 0.5 mm. In
order to make the device more stable during the current collection, In
pads were deposited onto Au electrodes for probes contact.

Theoretical Calculations. Density functional calculations were
performed with the Perdew−Burke−Ernzerhof (PBE)34 functional,
and the projected augmented wave (PAW) plane-wave basis
implemented in the Vienna ab initio simulation package
(VASP)35,36 was used to describe the interaction between core and
valence electrons.37 The DFT-D3 correction was adopted for the van
der Waals interaction. The transition state energy was calculated with
the climbing image nudged elastic band (CI-NEB) method.38 A 5 × 5
supercell of graphene with a 2 × 2 × 1 k-mesh was used to model the
atom diffusion process. The spin polarization was considered for all
the calculations. The energy cutoff for all the elements is 400 eV. The
atomic structure relaxation was performed using the conjugate
gradient scheme and the maximum force on each atom is set to be
0.02 eV Å−1.

Materials Characterization and Device Measurement. The
morphology of AlN nucleation layer and AlGaN epilayers were
evaluated by the OM (DS-Ri2, Nikon), SEM (S4800, Hitachi), and
AFM (MULTIMODE 8, Bruker). The AFM worked in the tapping
mode. The XRD (D8 Discover, Bruker) was used to measure the
structural properties of Al(Ga)N, and the parameters related to
hexagonal crystal system of AlN were applied. The Raman
spectrometer (LabRAM HR Evolution, HORIBA Scientific) was
applied to identify the graphene properties and residual stress in the
AlGaN epilayer, and a 532 nm laser with 50% of its maximum power
was used as the excitation source. The PL of n-AlGaN was collected
by a homemade system, and a 266 nm laser was applied for the near-
band-edge emission of AlGaN. The doping concentration of n-AlGaN
was confirmed by Hall measurement (8400 Series, TOYO). The
current−voltage of undoped AlGaN on metallic Mo was measured by
a 2400 Source Meter, KEITHLEY. The current of UV detector with
lateral M−AG−M junctions were also collected by the 2400 Source
Meter, and a 266 nm laser (MPL-F-266-20 mW, CNI Laser) severed
as the light source. The applied bias voltage ranged from −1 to 1 V,
and the laser power was calibrated at 0.5 mW, 1 mW, 4 mW, 6 mW, 8
mW, and 10 mW with a dynamometer. In order to obtain the periodic
light input, an optical shutter was placed in front of the 266 nm laser.
The temperature variation of UV detector driven by a consistent
voltage was collected by a thermal imager (UTI220A Pro, UNI-T).
There was a distance of ∼17 cm between the thermal imager and
target device.
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