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Abstract— Detectivity is the most key parameter in
weak-signal photodetection, which depends on high pho-
toresponse and low noise simultaneously. In this work,
metal-semiconductor-metal solar-blind UV detectors with
internal gain were fabricated based on high resistant and a
certain oxygen vacancy density Ga,Oj3 thin films. Electrical
measurements and electric field simulation indicated that
thickening the active layer is helpful for high responsivity.
The gain is dominated by the tunneling effect in high electric
field under the electrodes. A high photoresponse of 371 A/W
and a normalized detectivity up to 6.6 x 10'® Jones were
obtained.

Index Terms—High detectivity, solar-blind photodetec-
tors, thickness-regulated.

|. INTRODUCTION

ENEFITING from ultralow background noise disturbing,

solar-blind ultraviolet photodetector shows great potential
in many occasions, such as fire alarming, missile warning,
secret communication, and ozone detection [1]-[3]. Among
all the applications, the detection to weak signal commonly
plays an important role, which is usually evaluated by the
specific detectivity. It depends on high photoresponse and low
noise simultaneously [4], [5]. Compared with silicon, which
is widely used in commercialized solar-blind photodetector,
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wide bandgap materials, such as AlGaN, MgZnO, Ga;0s;,
and diamond, attract more and more interests for their intrin-
sic spectral selectivity and much lower dark noise [6]-[8].
Among these materials, f-Ga,O3 is gradually becoming an
essential part in solar-blind photodetection materials, due to its
fixed composition, intrinsic solar-blind bandgap, economical
preparation method, and adaptability to bad working environ-
ment [9]-[13].

Undoped f-Ga,0; usually shows high resistivity, which
is beneficial to decrease the dark current for photodetection
[14], [15]. However, the devices based on such high resistant
f-Ga,03 often showed poor responsivity when no gain was
introduced [16]—[18]. In our early work, an internal gain was
observed in Ga;O3-based metal-semiconductor—metal (MSM)
photodetector [19]. An extremely unbalanced resistance dis-
tribution between the exposed and sheltered part leads to
an ultrahigh electric field under the electrodes in device.
A detectivity near 10'® Jones was obtained. Based on the
same structured photodetector, Li er al. [20] also achieved a
detectivity up to 2 x 10'¢ Jones.

In this work, we grew f-Ga,O; thin films at different
oxygen pressures and fabricated MSM photodetectors. It was
found that thickening the active layer is helpful for increasing
the electric field under electrodes and the detectivity subse-
quently. An ultrahigh rejection ratio at 254/365 nm of 103
was observed. The device showed a normalized detectivity up
to 6.6 x 10'% Jones and fast response with a decay time of
1.3 wus. The gain is dominated by tunneling effect assisted by
oxygen vacancy (Vp).

Il. EXPERIMENT

f-Ga,O3 thin films were grown on c-plane sapphire by
metalorganic chemical vapor deposition (MOCVD). The pre-
cleaning process was carried out with ultrasonic bathing in
trichloroethylene, acetone, ethyl alcohol, and deionized water.
The growth temperature and pressure were kept at 700 °C
and 650 Pa, respectively. Triethylgallium was used as the
precursors with the flow rates of 4 SCCM (blowing out
from the cylinder at 10 °C). The 120 and 1000 SCCM of
5-N O, were adopted to growth the Ga,Os thin films with
different Vo densities. The thickness of the thin film was
regulated from 200 to 400 nm by changing growth time
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Fig. 1. (a) SEM images of thin films with different growth times. Scale
bar: 400 nm. (b) Optical transmission spectrum of the 3-GayOs3 films.
(c) Optical bandgap fitting from transmission spectrum.

from 2 to 4 h. Post-thermal annealing was carried out in air
atmosphere for 30 min at 800 °C to improve further the crystal
quality. This annealing process is demonstrated to reduce the
conductivity by more than three orders of magnitude [19].
The MSM structured device was fabricated by lithography
and the following sputtering gold electrodes. The interdigital
electrodes consist of 25 pairs of Au fingers with 10-um width
and 10-um interval.

Scanning electron microscopy (SEM) (HITACHI S-4800)
and X-ray diffraction (XRD) (Bruker DEGADDS) with Cu Ka
radiation (A = 0.154 nm) were used to characterize the mor-
phology and structure, respectively. Surface morphology was
characterized by atomic force microscope (AFM) (BRUKER
MULTIMODE 8). Transmittance spectra were measured on
the Shimadzu UV-3101PC spectrophotometer. The /-V and
I-t curves were obtained on a semiconductor device analyzer
(Agilent B1500A). The photoresponse spectra were measured
through responsivity measurement system equipped with an
SR 830 lock-in amplifier and 150-W Xe lamp. Time-resolved
response was recorded by a Tektronics DPO5104 oscilloscope
with 110-Q load resistance under the excitation of 254-nm
laser with 10-ns pulsewidth.

I1l. RESULTS AND DISCUSSION

Fig. 1(a) shows the SEM images of the f-Ga,0Oj3 thin films.
As can be seen from the surface images, the thin films are
composed of dense grains. By the cross-sectional graphics, it is
found that the thin films show good thickness uniformity, and
the thickness increases from 200 to 400 nm as the growth time
changes from 2 to 4 h. Fig. 1(b) shows the transmission spectra
of GayO3; samples. All the samples show sharp adsorption
edge, indicating their good optical quality. All the samples
show almost the same bandgap value of 5.08 eV according
to the (ahv)?> ~ hv curve [21], indicating the uniformity in
optical quality among these samples, as shown in Fig. 1(c).
Fig. 2 shows the XRD spectra of thin films with different
thicknesses. All the samples show the single orientation of
(—201). The full-width at half-maximum (FWHM) of peak
(—201) is 0.188°, 0.173°, and 0.175° for the films with

The insets show the transformation of surface morphology.

the thickness of 200, 300, and 400 nm, respectively. Small
FWHM indicates the high crystal quality of Ga,Os3 thin film.
The surface morphology of annealed Ga,O; thin film was
characterized by AFM, as shown in the inset. It is found
that the samples with 200 and 400 nm thickness show similar
roughness 6.92 and 8.14 nm, respectively. According to pre-
vious reports, such difference in roughness almost brought no
difference in photodetection performance [22], [23].

To investigate the UV response properties of the Ga,03
thin film, MSM structured devices were fabricated by the
liftoff process of photolithography. The pattern covers a region
(effective area) of 0.5 mm x 1.0 mm. The /-V curves of the
three samples under dark, 365-nm illumination, and 254-nm
illumination are shown in Fig. 3(a)—(c), respectively. The dark
I-V curves are almost linear, indicating approximate ohmic
contact. It indicates that the Femi level of Au is higher than the
one of insulating Ga,O3 in this work. Under 365-nm illumina-
tion (850 uW/cmz), the current shows a certain increase, and
the /-V curve keeps semilinear shape. For the thickest sample,
the currents at 20 V in dark and under 365-nm illumination are
514 fA and 12.5 pA, respectively. Under 254-nm illumination
(890 ©W/cm?), the photocurrent at 20-V bias is 1578 uA.
Thus, the photo-to-dark current ratio (PDCR) and rejection
ratio at 254/365 nm can reach 3.2 x 10° and 1.1 x 108,
respectively.

According to the 254-nm illumination density, photocurrent,
dark current, and effective area [24]-[26], the responsivities
of three samples are calculated to be 6.2, 94, and 371 A/W,
and the corresponding external quantum efficiencies (EQE)
are 3028%, 45900%, and 181355%, respectively. Due to
ultralow dark current and high responsivity, the highest specific
detectivity reaches 6.6 x 10'® Jones [27], which is larger
than most reported values. Besides that, to show the spectral
selectivity, Fig. 3(d) shows the response spectra. It could be
found that all the devices show satisfying solar-blind selectiv-
ity and increasing peak responsivity with thickness. The lower
responsivity than that obtained from the /-V measurement is
due to the lower illumination density, which will be discussed
later.

The increase of responsivity partly originates from the
increase in light absorption. From Fig. 1(b), the transmittance
ratio at 254 nm is estimated to be 0.69, 0.55, and 0.47 for
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Fig. 4. (a) It curves with turning on/off the 254-nm illumination of
different thickness devices. (b) Response speed of different thickness
devices under 10-ns 254-nm pulse laser.

the thin film with the thickness of 200, 300, and 400 nm,
respectively. However, this little variation cannot bring such
large increase in the responsivity and EQE. It indicates that
there are some gains amplifying the current with thickening
the active layer, i.e., photoconductive gain, avalanche gain,
or tunneling. Fig. 4(a) shows the I—t curves at 20-V bias of
the three samples with switching 254-nm illumination. The
device exhibits highly stable and relatively high speed. Noting
that there is a climb after the sharp rising edge, which is the
characteristic of the defect associated photoconductive gain.
However, this photoconductive gain is far from the main part
of the total gain because the climb range is too small for the
total photocurrent, and persistent photocurrent is not observed
clearly in the decay edge. Fig. 4(b) shows the accurate time-
response results collected by an oscilloscope with 110-Q load
resistance, which is far smaller than the resistance of the device
under illumination. The decay times are 2.3, 1.7, and 1.3 us
of the three samples. If the gain is completely caused by
photoconduction, the EQE value is calculated to be about only
10000% according to the carrier mobility value [19] and decay
time as the lifetime of minor carrier, which is far less than the
EQE obtained from 371 A/W. Therefore, photoconductive gain
is not the main cause for the large responsivity.

Avalanche gain or tunneling can support high EQE and
fast response simultaneously. Because both the two effects are
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Fig. 5. (a) Simulated distribution of electric field in the device with 200,

300, and 400 nm-thickness samples in dark (left) and under 254-nm
illumination (right). (b) -V curves under 254-nm illumination at different
temperatures. The I~V curves of (c) low and (d) high Vo density Ga>O3
device before and after annealing.

strongly associated with electric field, it is necessary to discuss
the electric field distribution in the thin film. Undoubtedly,
the thickness of Ga,O; is the main factor, which affects the
distribution of electric field. It can be deduced that a thicker
Ga, 03 can absorb more UV illumination and reduce the series
resistance. In consequence, the electric field under electrodes
will increase. Fig. 5(a) shows the simulation of electric field
performed by COMSOL. All the simulation parameters were
obtained based on experimental data. Gold was selected as the
electrode material. Due to the linear dark current in the MSM
device, the contact was defined to be ohmic. The width of
electrode and interval was both set as 10 gm. The conductivity
of the covered region was set as 5 x 107! S/m according
to /-V measurement in dark. In the exposed region, it was
set according to the /—V measurements under illumination.
For the simulation in dark, the electric field almost distributes
uniformly. Under illumination, the electric field concentrates
near the edge of electrode, and the intensity increases quickly
with thickening the film. These simulation results are in
accordance with the experimental phenomenon that this gain
exists only under 254-nm illumination and could increase
with thickening the active layer. A higher responsivity can
be reached with thicker film. It is obvious that the larger the
254-nm illumination density is, the more unevenly the electric
field distributes. This is why the responsivity in Fig. 3(d) is
smaller than the one calculated in Fig. 3(a).

The I-V curves at different temperatures were commonly
adopted to distinguish the gain type. As shown in Fig. 5(b),
the inflection point of photocurrent shifts to lower voltage
with increasing the temperature. Also, such low inflection
point voltage has not been observed in the MSM structured
device based on wide bandgap materials. It indicates that the
large responsivity is dominated by some kind of tunneling
gain in high electric field under electrodes, not avalanche.
According to the simulation, the electric field under elec-
trode is markedly lower than the breakdown electric field
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of f-Gay,03 (8 MV/cm). Therefore, the tunneling should not
occur directly between the valence band and the conduction
band, but with the help of some defects with energy levels in
bandgap.

We grew f-Ga,0Os3 thin films at different oxygen pressures,
which were expected to have different Vy and Ga interstitial
densities. As shown in Fig. 5(c) and (d), the -V curves of
thin film grown with high and low oxygen pressure exhibit
marked differences. For the sample grown with high oxygen
pressure, the photocurrent and dark current show a similar
decrease after thermal annealing, which keeps a certain photo-
to-dark ratio. The decrease of dark current and photocurrent is
caused by the repair of shallow donors, such as Ga interstitial.
For the sample grown with low oxygen pressure, the thermal
annealing decreases the dark current by about three orders
of magnitude, which is also caused by the repair of shallow
donors. However, the photocurrent keeps its high level after
the thermal annealing. It means that some defects remain after
annealing. Some deep-level defects, such as Vy with different
charge states, can play the bridge for tunneling between
the valence band and the conduction band. These deep-level
defects are responsible for the large gain of the detector with
low dark current.

IV. CONCLUSION

In summary, we grew f-Ga,O; thin films at different
oxygen pressures by the MOCVD method and fabricated
MSM photodetectors. It was found that thickening the
active layer is helpful for increasing the electric field under
electrodes and the detectivity subsequently. This device shows
a rejection ratio at 254/365 nm of 1.1 X 108, an excellent
fast response speed with a 90%—-10% decay time of 1.3 us
as well. A photoresponsivity of 371 A/W and a specific
detectivity of up to 6.6 x 10'® Jones were obtained. The
light-induced gain was demonstrated to be dominated by
the tunneling effect. Some deep-level defects, such as Vp
with different charge states, can play the bridge for tunneling
between the valence band and the conduction band.
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