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Hybrid Ga2O3/AlGaN/GaN Ultraviolet Detector
With Gate Metal in the Grooved AlGaN Layer

for Obtaining Low Dark Current
and Large Detectivity

Zupin Liu, Chunshuang Chu , Bingxiang Wang, Guansen Huang, Ke Jiang, Yonghui Zhang ,
Xiaojuan Sun, Zi-Hui Zhang , and Dabing Li

Abstract— In this work, a metal/Ga2O3/AlGaN/GaN
hybrid-structured metal–semiconductor–metal ultraviolet
photodetector (MSM UV PD) with low dark current has
been proposed and fabricated. In the dark condition, the
depletion region formed by the metal gate and the AlGaN
layer pinches off the two-dimensional electron gas (2DEG)
channel, and we can obtain a dark current even lower
than 10−10 A/cm2. In the illumination condition, due to
the electric field formed by the metal and the Ga2O3 layer,
the photogenerated electrons will move to the AlGaN/GaN
channel to form the 2DEG. We then get a photo-to-dark
current ratio of 8.77 × 108. Furthermore, the detectivity of
the device is higher than 3.30 × 1012 Jones when a 254-nm
UV illumination signal is applied.

Index Terms— Detectivity, metal gate, metal–
semiconductor–metal ultraviolet photodetector (MSM
UV PD), photo-to-dark current ratio, two-dimensional
electron gas (2DEG).

I. INTRODUCTION

ULTRAVIOLET light with the wavelength of 200–280 nm
cannot reach the Earth’s surface due to the absorption of

stratospheric ozone, so it is also called solar-blind ultraviolet
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(UV) light [1], [2]. Because there is no influence of solar
background radiation in the solar-blind range, the solar-blind
UV photodetectors (UV PDs) have the advantage of strong
anti-interference effect and high detection rate [3], [4]. Based
on the above characteristics, solar-blind UV PDs are widely
used in UV communication, fire monitoring, and environmen-
tal protection [5], [6], [7], [8]. Wide bandgap semiconductor
materials, such as AlGaN and Ga2O3, are preferred materials
for fabricating solar-blind UV PDs. The bandgap of AlGaN
can range from 3.4 to 6.2 eV by varying the Al composi-
tion [9]. To fabricate AlGaN-based solar-blind UV PDs, the Al
composition has to be as high as 0.45. However, the epitaxial
growth of AlGaN alloy films with high Al composition and
large thickness is a great technical challenge [10], [11]. Ga2O3

has natural solar-blind properties with the energy bandgap up
to 4.9 eV, which can detect solar-blind UV light [12]. However,
at present, there are oxygen vacancies that generate the defect
density of 1 × 1016 cm−3 in Ga2O3 films [13], [14]. High
defect density will cause a high dark current that may sacrifice
the responsivity and the detectivity [15]. In order to reduce the
density of defects, UV–ozone treatment at high temperature
can help to reduce the density for oxygen vacancies [16],
and by doing so, the dark current level can be decreased.
However, another factor influencing the photocurrent and the
responsivity is the carrier transport. The electron mobility
in the Ga2O3 layer is lower than 200 cm2/V·s because of
the scattering effect by defects [17], [18], [19], [20]. Hence,
tremendous effort has to be made to improve the crystalline
quality for Ga2O3 films [14]. Besides that, other attempts to
improve the carrier transport efficiency for Ga2O3 film are also
doable, e.g., graphene-based electrode is utilized for more effi-
ciently collecting the photogenerated carriers, and this helps to
increase the response speed and responsivity for Ga2O3-based
PD [21]. The Schottky contact/Ga2O3 interfacial properties
can also be engineered by growing an organic material Spiro-
MeOTAD layer. The Spiro-MeOTAD modulates the energy
band profile between the metal and the Ga2O3 layer, which
increases the carrier transport and enables a shorter response
time [22]. Another approach to increase the carrier transport
for Ga2O3-based PDs is utilizing a hybrid Ni/Ga2O3/GaN het-
erogeneous structure as our group has reported recently [23].
The Ga2O3 layer serves as the optical absorption layer and
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Fig. 1. (a) Schematic for the Ni/Ga2O3/AlGaN/GaN UV PD with
gate structure. (a1) TEM image for the gate region. (b) High-resolution
XRD rocking curve for Ga2O3 film. (c) Top view of the fabricated
Ni/Ga2O3/AlGaN/GaN UV PD. (d) Schematic of the bandgap alignment
for the Ni/Ga2O3/AlGaN/GaN multiple junctions.

the high-efficiency carrier transport process is favored by the
GaN layer. The Ni metal helps to push the photogenerated
electrons into the GaN layer. The increased responsivity and
the detectivity can also be obtained if one can decrease the
dark current.

Hence, in this work, we design a hybrid Ni/Ga2O3/
AlGaN/GaN structure, in which we have fabricated a gate
metal in the grooved AlGaN layer. The advantages of this
design include the deep UV light absorption by the Ga2O3

layer and the enhanced electron transport in the AlGaN/GaN
interface. Note that the AlGaN/GaN interface forms a
two-dimensional electron gas (2DEG) channel [24]. In order to
reduce the dark current in the AlGaN/GaN structure, we pur-
posely design and fabricate a groove where a Ni-based gate
metal is deposited. By doing so, the 2DEG in the AlGaN/GaN
channel can be depleted, which helps to decrease the dark
current and increase the detectivity for the proposed structure.

II. EXPERIMENT

The schematic for the proposed structure is shown in
Fig. 1(a). First, we grow a 20-nm-thick GaN buffer layer
on a [0001]-oriented sapphire substrate by using a metal-
organic chemical vapor deposition (MOCVD) system. Then, a
2-μm-thick unintentionally n-type doped GaN (u-GaN) layer
is grown on the buffer layer. Next, we further grow a
70-nm-thick Al0.10Ga0.90N layer on the u-GaN layer. After
the epitaxial growth, we use photolithography mask and dry
etching process to make a groove in the Al0.10Ga0.90N layer.
The groove has a depth of 60 nm and a width of 0.20 mm.
Then, a 40-nm-thick Ni gate metal is deposited in the groove
by using an electron beam (E-beam) evaporation method,
which is followed by a 20-nm-thick SiO2 layer. The SiO2 layer
is grown by using an atomic layer deposition (ALD) system.
Note that we present the cross-sectional TEM image for the
gate region in Fig. 1(a1). It can be seen that the thicknesses of
the Ni gate metal and the SiO2 insulation layer are precisely
controlled experimentally. After preparing the carrier transport
layer, we grow a 400-nm-thick β-Ga2O3 layer on top of the
AlGaN layer by using another MOCVD system. Fig. 1(b)
shows the XRD rocking curve of asymmetric planes for the
grown Ga2O3 layer. The full-width at half-maximum (FWHM)
for the (−201)-planed Ga2O3 is 1.43◦, which indicates that the

grown Ga2O3 layer has excellent crystalline quality [25]. After
growing the Ga2O3 layer, we mask and dry etch the sample
to get the Ga2O3 mesa. By using an E-beam system, a very
thin Ni/Au (5/5 nm) metal stack is deposited on the Ga2O3

layer and two Ni/Au (10/10 nm) metal stacks are deposited
on the AlGaN layer serving as Schottky contact electrodes.
Finally, a 400-nm-thick Au metal is deposited on the two
Ni/Au (10/10 nm) Schottky contacts. Fig. 1(c) presents the
fabricated device that is taken under the optical microscope.
Fig. 1(d) shows the energy band diagram for the proposed
device. The photogenerated carriers will be separated after the
Ga2O3 layer absorbs the light. Then, the electric field formed
at the Schottky contact region between Ni and Ga2O3 drives
the photogenerated electrons toward the Al0.10Ga0.90N/GaN
interface and forms 2DEG for efficient carrier transport.

The current–voltage characteristics for the fabricated PD
are measured by using a Keithley 6487 source meter. The
photocurrent is excited by a 254-nm laser on the top side.
The spectral responses are measured by utilizing a DSR100
system that is equipped with a xenon lamp, a chopper,
a monochromator, a Keithley 6487 source meter, an SR830
lock-in amplifier, and a standard Si detector. All response
spectra have been calibrated by using the standard Si detector.
The transient response spectra are measured by utilizing a
RIGOL DS6104 digital oscilloscope. A pulsed laser with the
wavelength of 254 nm is used to measure the photocurrent
and transient responses.

III. RESULTS AND DISCUSSION

To further investigate the carrier transport processes and the
device physics, APSYS software is adopted to calculate the
carrier distribution, dark current, photocurrent, and the energy
bandgap by solving the continuity equation and Poisson’s
equation. In our physical models, we set the work function
of Ni to 5.15 eV [26]. The mobility for the 2DEG is set
as 1980 cm2/V·s [27]. The Shockley–Read–Hall (SRH) recom-
bination lifetime is assumed to be 10 ns [28]. The optical
absorption coefficient for Ga2O3, AlGaN, and GaN materials
in terms of wavelength can be found elsewhere [29], [30]. The
wavelength for producing photogenerated carriers is also set
to 254 nm.

Fig. 2(a) shows the dark current and the photocurrent for
the fabricated device at different biases. It is worth noting
that due to the limited measurement scale for our source
meter, the precise dark current level cannot be measured.
Nevertheless, we can infer that an extremely low dark current
smaller than 10−10 A/cm2 can be obtained. When the PD is
irradiated by UV light with the intensity of 460 μW/cm2, the
photocurrent is as high as 10−2 A/cm2 at the applied bias
of 10 V, which generates the ratio between photocurrent and
dark current larger than 108. We believe that the depletion
effect by the Ni gate metal reduces the electron density in
the Al0.10Ga0.90N/GaN channel that allows the device to have
such a low dark current. In the illumination condition, the
electric field formed by the Ni and Ga2O3 layer pushes the
photogenerated electrons into the Al0.10Ga0.90N/GaN channel
and forms 2DEG. The 2DEG enables the device to obtain a
high photocurrent.
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Fig. 2. Dark current and photocurrent density in terms of the applied
bias from (a) experimental measurement and (b) numerical calculation.
The blue dashed line is the measurement limit for our test system.

Fig. 3. (a) 2-D profile of the electron concentration for the proposed
PD in the case of no UV light illumination. (b) Energy band alignment
for AlGaN/GaN region in the case of no UV light illumination. (c) 2-D
profile of the electron concentration for the proposed PD in the case of
UV light illumination. (d) Energy band alignment for AlGaN/GaN region
in the case of UV light illumination. Ec, Ev, Efe, and Efh represent the
conduction band, valence band, and quasi-Fermi level for electrons and
holes, respectively. The data are calculated at the bias of 0 V.

The numerically calculated results are shown in Fig. 2(b).
We notice that the calculated dark current is ∼10−13 A/cm2.
The numerically calculated ratio between the photocurrent and
the dark current is 1011, which also evidences the effectiveness
of the Ni gate metal in decreasing the dark current and
increasing the photocurrent. Note that both experimentally and
numerically, the gate Ni metal is not biased.

To further understand the electron concentration in the
Al0.10Ga0.90N/GaN channel in the dark and light conditions,
we calculate and show the 2-D electron concentration profile
in the dark condition, as presented in Fig. 3(a). Note that
our actual device has a radius of 0.50 mm and a groove
width of 0.20 mm. However, because of the limited computer
memory, our computation model has scaled down the device
size except that the layer thickness and groove depth are
the same as the experimentally set values. Fig. 3(a) shows
that the Ni gate metal has depleted the electrons in the
Al0.10Ga0.90N/GaN interface. Fig. 3(b) shows the energy band
diagram for the Al0.10Ga0.90N/GaN interface under the Ni
gate metal region, which also illustrates the absence of the
2DEG at the Al0.10Ga0.90N/GaN interface under the Ni gate
metal region. As a result, a low dark current is produced.
When the device is irradiated with UV light of 254 nm,
according to Fig. 3(c), the 2DEG in the Al0.10Ga0.90N/GaN
interface is retrieved. Fig. 3(d) shows the energy band profile
for the Al0.10Ga0.90N/GaN interface under the Ni gate metal

Fig. 4. (a) 2-D profile of the electron current for the proposed PD in the
case of no UV light illumination. (b) 2-D profile of the electron current for
the proposed PD in the case of UV light illumination. (c) Electron current
profiles when the UV light is ON and OFF. The data are calculated at the
bias of 4 V.

region, and it demonstrates the generation of 2DEG in the
Al0.10Ga0.90N/GaN interface. The energy band also indicates
that the holes will be stored in the GaN layer, and the electric
field in the Ni/Ga2O3 junction only pushes the electrons to the
GaN layer, while the hole concentration is negligibly low. The
2DEG density at the Al0.10Ga0.90N/GaN interface is calculated
to be 1019 cm−3, which favors the increased photocurrent
density.

Next, to further solidify our speculations, we have also
computed and shown the electron current flow perpendicular
to the [0001] orientation for the proposed PD in dark and
UV illumination conditions, respectively. Fig. 4(a) presents the
2-D current profile in the case of no 254-nm light illumination,
from which we see an extremely low electron current level
at the Al0.10Ga0.90N/GaN interface despite the 4-V applied
bias. The Ni gate metal in the grooved Al0.10Ga0.90N layer
disables the electron current flow. Nevertheless, when the
254-nm light is turned on in our simulation program, the
current density at the Al0.10Ga0.90N/GaN interface has become
significantly increased, as shown in Fig. 4(b). Fig. 4(c) further
compares the electron current in the Al0.10Ga0.90N/GaN region
when the 254-nm light is turned off and turned on. It shows
that the electron current is increased by more than 108 in mag-
nitude when the 254-nm light is applied. The largest current
level occurs at the Al0.10Ga0.90N/GaN interface because of the
2DEG formed therein.

Fig. 5(a) shows the measured responsivity as a function
of the wavelength for the proposed PD. The responsivity
increases as the applied bias on the Schottky contact becomes
increased. However, the responsivity is almost unchanged,
which is consistent with Fig. 2(a). The saturated current in
the proposed PD structure is another proof for the impact
of the gate on the pinchoff for the electron channel. We find
the responsivity in the wavelength range from 200 to 250 nm,
which corresponds to the cutoff absorption edge for the Ga2O3

material. An even higher responsivity is obtained when the
wavelength exceeds 250 nm, which is believed to be caused
by the thick GaN layer. If we define a ratio (R350/R250)
between the responsivity at the wavelength of 350 and 250 nm,
this value is 3.54 at the applied bias of 2 V. Nevertheless,
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Fig. 5. (a) Spectral responsivity and (b) detectivity in terms of the incident
light wavelength at different applied biases.

Fig. 6. Time-dependent optical response in (a) multiple cycles and
(b) single cycle when a 254-nm UV illumination signal is applied. The
applied bias is set to 6 V.

such R350/R250 is 18.39 at the applied bias of 2 V in our
recent report that utilizes 100-nm-thick Ga2O3 layer in the
Ga2O3/GaN hybrid PD [23]. Hence, the increased Ga2O3 layer
thickness can more efficiently absorb the deep UV photons.
To better address the advantage for our Ga2O3/AlGaN/GaN
hybrid PD with Ni gate metal, we also calculate the detectivity
(D∗) by using the formula D∗ = R

√
(S/2eId), where R is

the responsivity in Fig. 5(a), S is the effective illuminated
area of 0.00785 cm2, e is the free electron charge, and
Id is the dark current. Note that, as we have mentioned
previously, the dark current in our proposed PD is too low to
be tested by our source meter, and hence, we assume Id to be
1.04 × 10−12 A/cm2 according to Fig. 2(a). Then, the detec-
tivity at different biases is shown in Fig. 5(b). We compare the
dark current and the detectivity in the ∼250-nm wavelength
for our proposed PD with the values for other reported
Ga2O3-based UV PDs (see Table I). It shows that our PD
shows the lowest dark current level and this is attributed to the
electron depletion effect at the Al0.10Ga0.90N/GaN interface by
the Ni gate metal. It is worth noting that the underestimated
dark current can produce the detectivity of 3.30 × 1012 Jones
at a low bias of 2 V, and this number can be further increased
if a more accurate low dark current can be measured.

Fig. 6(a) shows the photoresponse when multiple optical
cycles are used. It can be seen that our device exhibits
excellent stability and repeatability because of the
Al0.10Ga0.90N/GaN 2DEG channel. Besides, Fig. 6(a)
shows the time-dependent optical response in a single cycle,
from which we can infer a rise time (τr ) of 0.041 s and
a decay time (τd) of 0.236 s for the fabricated PD in this
work. Note that τr is defined as the time interval when the
photocurrent increases from 10% to 90% of its peak value
and τd is defined as the time interval when the photocurrent
decreases from 90% to 10% of its peak value [22].

Table I also summarizes and compares the rise time and the
decay time for different Ga2O3-based PDs. It seems that the
rise time for our proposed PD in this work is at a good level,

TABLE I
DETECTIVITY AND RESPONSE TIME FOR THE REPORTED

Ga2O3-BASED UV PDS IN THE LITERATURE

and we attribute this to the 2DEG in the Al0.10Ga0.90N/GaN
channel. We also notice a long decay time for our proposed
PD when compared with other structures, which is likely due
to the existence of the donor-complex (DX) centers within
the AlGaN or GaN epitaxial layers [31]. This is known
as the persistence photoconductive (PPC) effect and can be
normally observed in PDs with 2DEG [32]. The polarization-
induced electric field in the Al0.10Ga0.90N/GaN channel can
spatially separate the electrons and holes. However, there still
exists the Coulomb effect between the 2DEG and the holes
in the GaN layer, which attracts the holes in the channel.
The traps in the Al0.10Ga0.90N/GaN interface may capture the
photogenerated holes. When the UV light is switched OFF,
such photogenerated holes cannot be quickly released and the
depletion region width decreases in the vicinity of Schottky
contact that has traps or deep levels. Then, the decay time
for the electron current increases. We believe that the PPC
effect can be reduced by increasing the temperature of the
device such that the holes can get more energy and escape
from the traps [33], [34]. Then, the depletion region width
in the vicinity of Schottky contact gets increased and the
corresponding decay time will subsequently be shortened.

IV. CONCLUSION

In summary, a metal/Ga2O3/Al0.10Ga0.90N/GaN hybrid-
structured MSM UV PD has been proposed and fabricated
in this work. The Ni gate metal fabricated in the grooved
Al0.10Ga0.90N layer plays an important role in significantly
reducing the dark current. The electric field formed by the Ni
and Ga2O3 layer drives the photogenerated electrons toward
the Al0.10Ga0.90N/GaN channel and the 2DEG is therefore
formed at such heterojunction interface so that an increased
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photocurrent can be obtained. We then obtain the decent
ratio between photocurrent and dark current that is larger
than 108. The detectivity in the 254-nm wavelength exceeds
3.30 × 1012 Jones even at the low applied bias of 2 V. Besides,
the existence of 2DEG is the key factor for realizing a fast
response speed for the demonstrated PD when the UV light is
turned on. We believe that the structure proposed in the report
contributes to improve the sensitivity and stability of solar-
blind UV PDs and the device physics revealed here helps the
optoelectronic community to better understand photosensitive
devices.
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