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A monolithic integrated ultraviolet-infrared (UV-IR) dual-color photodetector based on graphene/GaN hetero-
junction was fabricated by vertically integrating a GaN nanowire array on a silicon substrate with monolayer
graphene. The device detects UV and IR lights by different mechanisms. The UV detection is accomplished by
the forbidden band absorption of GaN, and the IR detection is realized by the free electron absorption of
graphene. At peak wavelengths of 360 nm and 1540 nm, the detector has responsivities up to 6.93 A/W
and 0.11 A/W, detection efficiencies of 1.23 × 1012 cm·Hz1/2 ·W−1 and 1.88 × 1010cm·Hz1/2 ·W−1, respectively,
and a short response time of less than 3 ms.
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The ultraviolet-infrared (UV-IR) dual-color photodetec-
tor is one of the research hotspots of photodetectors, which
has important applications in many fields, such as early
warning, fire detection, and elemental analysis. Since a
UV-IR dual-color photodetector responds to the two dif-
ferent bands simultaneously, it can do better in recogniz-
ing targets and avoiding false alarm than a single-band
one[1]. In recent years, with the development of the epitax-
ial technology of wide bandgap semiconductors and the
energy band theory, the single integrated UV-IR dual-
color detector has become a new research direction. For
example, there are some UV/IR dichroic detectors based
on the AlGaN/GaN quantum structure[2,3] or ZnO/PbS
structure[4,5]. Hofstetter et al. monolithically integrated a
UV and an IR detectors on a sapphire substrate, in which
the superlattice with GaN quantum wells (QWs) and AlN
barriers accomplished the IR perception, and the AlGaN
thin film serves as the active area for the ultraviolet detec-
tor[6]. Rong et al. proposed a multi-period step-QW struc-
ture, which solved the problem of polarization electric field
in AlGaN/GaN QWs, reduced the dark current, and im-
proved the response ability of the detector[7]. However, the
difficulties in high-quality crystal growth and the unsatis-
factory IR characteristics limit the application of the
UV-IR dual-color photodetector.
Meanwhile, the development of two-dimensional (2D)

materials, especially graphene, brings some new opportu-
nities to photoelectric detection[8]. Graphene has an
ultra-wide responding spectrum and can be modulated
extremely quickly, which makes it a very attractive photo-
electric detection material[9]. However, due to its low

overall optical absorption (about 2.3%) and short carrier
lifetime [on the order of picoseconds (ps)][10], the responsiv-
ity of pure graphene photodetectors is not high, usually
only tens of micro-amperes/watt (mA/W) or even less.
To enhance the photoelectric response characteristics of
semiconductors and play to the strengths of graphene, de-
tectors with graphene bound to various semiconductors,
such as Si, Ga2O3, and GaN, have been proposed[11–13].
The results prove that graphene-semiconductor hetero-
junctions have been a great help to improve the detection
performance of the devices.

Compared to a GaN film, vertical GaN nanowire arrays
have higher optical absorption, wider response spectrum,
better optical coupling, and band-changing ability due to
its quantum size, super-high surface-volume ratio, and
tunneling effect[14–16]. Nevertheless, most of the reported
GaN nanowires are realized by synthesis or secondary
growth. For example, β-Ga2O3 nanowires are transformed
into GaN nanowires by heating for a long time in a quartz-
tube furnace. This increases the complexity and the cost of
devices[17,18].

In this Letter, for the first time, to the best of our knowl-
edge, a UV-IR dual-color photodetector based on the gra-
phene and vertical GaN nanowire array is proposed and
achieved. It makes full use of the excellent properties of
the two materials. Photoelectric detection is implemented
by the heterojunction composed of them. Absorption
enhancement is achieved by multiple reflections in the
GaN nanowire array. The higher transparency of the gra-
phene electrode than a metal one benefits the responsivity
as well[19,20]. Compared with currently available UV-IR
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dual-color detectors, this detector has the advantages
of simple preparation, high responsivity, and fast response
speed.
The vertical GaN nanowire arrays were grown along the

[002] direction of an n-type Si substrate with a resistivity
within 2–4 Ω·cm by molecular beam epitaxy (MBE).
The morphology of the GaN nanowire arrays was charac-
terized by a scanning electron microscope (SEM), as
shown in Fig. 1(a). Their heights are very uniform (about
300 nm), and the diameters vary from 20 to 50 nm. In or-
der to directly observe the crystallization quality of the
GaN nanowire, high-resolution transmission electron
microscopy (HRTEM) was applied. The HRTEM image
of a single nanowire is shown in Fig. 1(b), which illustrates
a good crystallization quality without obvious defects.
The atomic spacing is 0.273 nm, which accords with that
of the (002) crystal plane of GaN. The microstructure and
the composition of the samples were measured by powder
X-ray diffraction (XRD). As shown in Fig. 1(c), the GaN
(002) peak appears at 34.56°. This result is consistent with
that given by HRTEM.
The monolayer graphene was grown on a Cu film by

chemical vapor deposition (CVD). It was transferred to
the surface of GaN nanowires array by wet etching. As
shown in the Raman spectrum of the transferred graphene
[Fig. 1(d)], the 2D peak intensity is significantly higher
than that of the G peak, indicating that the transferred
graphene is a single-layer structure.
Our UV-IR dual-color photodetector adopts a vertically

integrated structure, as shown in Fig. 2(a). The area of the
photosensitive surface of the detector is 480 μm× 480 μm.
The back electrode and the ohmic contact were formed by
electron beam evaporation of Ti/Al (20/100 nm) and
annealing at 400°C for 30 min. The 75-nm-thick SiO2 in-
sulator layer was prepared by inductively coupled plasma
CVD. The photosensitive region was defined by selectively
exposing and etching SiO2 in the photosensitive region.

The graphene was transferred to the top of the GaN nano-
wires by wet transfer to form a transparent electrode.
Finally, the front electrode (Ti/Au of 20/150 nm) was
evaporated on the graphene. Figure 2(b) is an optical
microscope image of the fabricated device.

Figure 3 demonstrates the energy band and the carrier
transition diagrams of the graphene/GaN nanowires het-
erojunction under illumination. The design idea of this de-
tector is as follows: the unintentionally doped graphene is
a weak p-type material. Due to the contact of the gra-
phene and the GaN nanowire array, a p-n heterojunction
will be formed[21]. At no illumination, the barrier between
GaN and graphene decreases as a forward bias is applied,
and the current increases exponentially. With a reverse
bias, the barrier height increases, the depletion region wi-
dens, and the current is limited. Because the bandgap of
GaN is less than the energy of a UV photon, when the de-
tector is irradiated by UV light, photogenerated carriers
will be generated in the GaN nanowires. Here, the GaN
nanowires act as a photosensitive material, and the gra-
phene works as a transparent electrode. The photogener-
ated carrier pairs will be quickly separated and collected
on the electrode by the built-in electric field in the space
charge region. That is the photocurrent. In the near-IR
band, graphene can absorb about 2.3% of vertical incident
light in a wide spectral range[8,22]. When IR light is irradi-
ated on the graphene surface, the transition rate of the
photoexcited hot electrons may be greater than the carrier
recombination rate. The photogenerated carriers of energy

Fig. 1. (a) SEMmorphology of the vertical GaN nanowire array;
(b) HRTEM image of a single GaN nanowire; (c) XRD pattern of
the vertical GaN nanowire array; (d) Raman spectrum of the
monolayer graphene film.

Fig. 2. (a) Schematic diagram of the UV-IR dual-color detector
based on GaN/graphene heterojunction; (b) optical microscopy
image of the top of the fabricated device.

Fig. 3. Energy band and carrier transition diagrams of the
graphene/GaN nanowire heterojunction under illumination.
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greater than the barrier between graphene and GaN can
leap over the barrier and form a photocurrent.
Firstly, the basic electrical characteristics of the

UV-IR dual-color detector are tested and calculated. The
current–voltage (I–V) characteristic is illustrated in
Fig. 4(a). The Schottky barrier height can be extracted
from the I–V curve[23]. Through the linear fitting of the
data in the inset of Fig. 4(a), the barrier height (φB) is
estimated as 0.82 eV. This value is comparable to
previously reported results for the graphene/GaN
heterojunction[24].
Secondly, in order to assess the optical characteristics of

the detector, its spectral response to the UV and IR bands
is measured. The detector is tested by a self-built response
testing system[25]. Two standard detectors are used to
calibrate the intensity of the light source (a xenon lamp)
in UV and IR bands, respectively. For example, the
power densities of the light source are evaluated as
3.93 × 10−5 W∕mm2 and 2.03 × 10−5 W∕mm2 at 360 nm
and 1540 nm, respectively. The phase-locked amplifier is
used to measure the photocurrent of the detector, so as to
calculate the photoelectric response spectrum of the detec-
tor. Figure 4(b) shows the photoelectric response spectra
of the detector at a−5 V bias. The maximum responsivity
is 6.93 A/W at 360 nm. The response wavelength is in
agreement with the band gap of GaN of 3.4 eV. Since
the response of both graphene and Si is weak below
400 nm[26], as we have aspired above, this is the response
of the GaN nanowires. Because Si strongly responds in
both visible and near-IR bands with a cutoff wavelength
of 1100 nm, the peak in the 500–1100 nm range is mainly
contributed by the Si substrate. The response above
1100 nm comes from graphene. The peak wavelength of
the 1540 nm in this band coincides with the previously

calculated barrier height of 0.82 eV between graphene
and GaN, which corresponds to a light wavelength of
1510 nm.

In this Letter, since we focus on the response of the com-
bination of the GaN nanowire array and the graphene, and
such a structure can also be grown on other substrates, in
the following, only the dual-color response around 360 nm
and 1540 nm will be considered. In future work, to remove
the influence of Si material on the response spectrum, we
will explore replacing the Si substrate by other materials,
such as SiC, using a GaN self-supporting substrate, or
growing a GaN film on a Si substrate as the lower elec-
trode support material and then growing GaN nanowires
on it.

The responsivity at the peak wavelengths of 360 nm and
1540 nm at different reverse bias voltages is measured and
shown in Fig. 4(c). It was found that in both bands, the
responsivity of the device increases with the increase
of the bias voltage. The photocurrents of the detector
under the xenon lamp irradiation at 360 nm and 1540 nm
were measured, as shown in Fig. 4(d). They are far greater
than the dark current at a large bias. These test results
fully prove the UV-IR dual-color detection performance
of the device.

Another two figures of merit for a detector are detection
efficiency (D�) and external quantum efficiency (EQE),
which can be calculated by

D� ≈
A1∕2R

ð2qI darkÞ1∕2
; (1)

EQE ¼ hcR
eλ

; (2)

where A, R, I dark, h, c, e, and λ are the junction area, re-
sponsivity, dark current, Planck constant, speed of light,
electronic charge, and wavelength, respectively. D� repre-
sents the sensitivity of the device, and EQE indicates the
sufficiency of electron transport as well as carrier collec-
tion. The parameters of the UV-IR dual-color detector
are summarized in Table 1.

The responsivity of the detector is much higher than
those of the traditional UV detectors (typically 150–
300 mA/W)[27] and the monolayer graphene detectors
(typically 1–10 mA/W)[28,29]. The reasons are expected
to be as follows. (1) As the GaN nanowire array has
high surface-volume ratio, the photosensitive area of

Fig. 4. (a) I–V characteristic of the device measured at room
temperature in the dark. The inset shows the H versus I used
to estimate φB at the graphene/GaN heterojunction; (b) spectral
response of the detector at a bias of−5 V; (c) peak responsivities
of the detector under different bias voltages at different wave-
lengths; (d) dark current and output photocurrent versus bias
at 360 nm and 1540 nm.

Table 1. Parameters of the UV-IR Dual-Color
Photodetector at −5 V Bias

Wave
band

Peak
wavelength

(nm)
R

(A/W)
D�

(cm·Hz1∕2 ·W−1)
EQE
(%)

UV 360 6.93 1.23 × 1012 2382

IR 1540 0.11 1.88 × 1010 8
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UV light increases. (2) A microcavity structure is formed
by the graphene and GaN nanowires. When light enters
the nanowire array, it is reflected multiple times in the
nanowire array. This is equivalent to an increase of the
absorption area and enhances the light-trapping ability
of the detector. (3) Compared with ordinary electrodes,
graphene is transparent for UV transmission. (4) The p-n
heterojunction formed between the graphene and the GaN
nanowire array promotes the separation of the photogen-
erated carrier pairs and enlarges the photocurrent.
Lastly, the transient response characteristics of our de-

tector are measured by the test system shown in Fig. 5.
The detector is illuminated by a 365 nm LED and a
1500 nm one, respectively. The switching frequency of
the LED is controlled by a frequency generator. The bias
voltage of the detector is −5 V, and the photoelectric sig-
nal obtained by the detector is detected by an oscilloscope.
It can be seen from Figs. 6(a) and 6(b) that for the UV
light, the rise time of the device, defined as the time when
the current increases from 10% to 90% of the peak value, is
0.36 ms, and the attenuation time, defined as the time
when the current drops from 90% to 10% of it, is
1.22 ms. For the IR illumination, from Figs. 6(c) and 6(d),

they are 0.76 ms and 2.68 ms, respectively. These data
indicate that the response speed of our detector is in
the leading level compared to similar GaN nanowire-based
detectors reported (typically 20–200 ms)[30]. Besides the
contribution of the heterojunction, the rapid response per-
formance of our detector is also attributed to the excellent
crystal quality of the GaN nanowires, because the fewer
defects there are in the crystal, the fewer carriers will
be captured, and the faster the detector will respond.

In summary, a UV-IR dual-color photodetector based
on integration of monolayer graphene and a vertical
GaN nanowire array was designed, fabricated, and evalu-
ated. The device has two response peaks at 360 nm and
1540 nm, respectively. At these two wavelengths, the re-
sponsivities are 6.93 A/W and 0.11 A/W, and the re-
sponse times of the device are less than 3 ms. The
heterojunction structure formed by the graphene and ver-
tical GaN nanowire array improves the performance of de-
vices. Besides that, the high surface-volume ratio of the
GaN nanowire array and the microcavity formed by the
graphene and nanowires enhance the photon capture abil-
ity in the UV and IR bands. At the same time, graphene as
a transparent electrode plays an important role in the
high-response performance of the device. It should be
noted that GaN nanowires can also be used to design ter-
nary alloy-based AlGaN nanowires to extend the spectral
response range. The UV response wavelength of the
UV-IR dual-color detector can reach the solar-blind UV
spectrum range. Therefore, the graphene/vertical GaN
nanowire array may be the next candidate for future
development of UV-IR dual-color detectors.
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