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Abstract Ultra-high photo-dark current ratio (PDCR) has always been a fascinating indicator for photodetectors. In this
paper, the 3-GazOg3 solar-blind ultraviolet (UV) light detector with Ni-Ni double Schottky-junctions structure is prepared.
The detector has an ultra-high PDCR. value exceeding 10% under 254 nm UV light irradiation. The physical mechanism
behind this phenomenon is to control the current competition between the two Schottky junctions by setting the drain
voltage V4 and the source voltage V. When the flowing direction of the current in the device is converted, the current
balance point B at which the dark current Ig(qark) is zero appears during the conversion. Theoretically, at B point, PDCR
should be infinite if the photo-current I4(pnoto) is not 0. In the experiment, B point where Ig(qark) is actually O is obtained
at Vg = 10.1 V in the Vy-Ig curve under Vs = 20 V and I4(photo) at B point is 8.52 puA, so the infinite PDCR realizes at B
point. This paper provides new insight into Gaz O3 solar blind UV detectors.
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1 Introduction

Solar-blind ultraviolet (SUV) light detectors have many applications in military and civil fields. 5-Ga203
is an ultra-wide bandgap semiconductor material, and its bandgap is about 4.5-4.9 eV, which makes it
a natural preferred material for SUV detectors. Recently, research in the field has become increasingly
active, and researchers have continuously reported detectors with excellent indicators and new records.
Among the indicators of these detectors, photo-dark current ratio (PDCR) is very critical, which reflects
the response characteristics of the device to UV light. In 2016, Oh et al. used graphene electrodes to
prepare an SUV detector based on a stripped 5-GasOgs sheet. It was found that, under the 254 nm UV
illumination, the detector had an ultra-high PDCR of 1.18 x 10° [1]. In 2019, Han et al. prepared an
amorphous GaO3 thin film transistor by chemical etching. The device had a high photocurrent Ipnoto
of about 10™* A and a low dark current I, of 10712 A, and its PDCR is as ultra-high as 5 x 107
[2]. Kim et al. fabricated a phototransistor based on the stripped 5-GapO3 material using graphene as a
highly transparent gate. Its PDCR is particularly excellent, which reaches up to 6.0 x 10% [3]. In 2020,
Zhang et al. prepared UV detectors based on the 5-GasOgs thin films grown by pulsed laser deposition.
At 20 V, Ijari was only 100 fA, and Ihoro could reach 16 pA, and the maximum PDCR also reached
108 [4]. In 2021, Qin et al. deposited a-GagOg thin films by magnetron sputtering, and annealed them
in Ny atmosphere at 400°C. The PDCR of SUV detector prepared by this method reaches 3.9 x 107 [5].
In 2022, Han et al reported an InGaZnO/a-GasO3 double active layer TFT. Under the illumination of
254 nm UV light, the device has a PDCR of 10% as well [6].

Theoretically, PDCR depends on Ipnoto and Igerk, and Iypoto generally can not be increased indefinitely,
so the devices with ultra-high PDCR in the above research are generally heavily dependent on ultra-low
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Figure 1 (Color online) (a) XRD pattern of GazOgs thin films grown by ALD; (b) schematic diagram of device structure;
(c) images of prepared Ni-Ni double Schottky-junctions structure device.

Liari- The control of I,k is one of the keys for detectors to realize ultra-high PDCR [7-9]. Then, an
interesting and serious question should be raised: What is the boundary of the minimum dark current
and could it be zero?

In this paper, GapOs3 thin films are grown on SiO5/Si substrate based on Atomic Layer Deposition
(ALD), and then Ni-Ni double Schottky-junctions device is prepared on the thin films. The current
characteristics of the device under the dark and UV light illumination conditions are studied, and the
physical mechanism of obtaining the minimum [, is discussed in order to answer and verify the above
question.

2 Experiments

Gay O3 thin films with 130 nm thickness were grown on a SiOs/Si substrate by ALD, and annealed at
900°C [10]. In Figure 1(a) the XRD pattern shows the grown material after annealing is 5-GaoO3 with
only two crystal orientations of (—401) and (002). Among them, (—401) is the main crystal orientation.
The few impurity peaks indicate that the crystal quality of the material is good [11]. Then, the Ni/Au
pads with a thickness of 100/50 nm were deposited on the $-GagOs thin film to form electrodes of
source S and drain D by using lithography and electron beam evaporation processes, as shown in Figure
1(b). Figure 1(c) is the image of the prepared Ni-Ni double Schottky-junctions device. The main area
of electrodes is about 160 um x 160 wm and the distance between S and D electrodes is 5 wm. For the
measurement of drain current I, the drain voltage V; was swept from —10 V to 20 V at the fixed source
voltage V. All current-voltage (I-V') curves of devices were tested by keysight B1505A semiconductor
parameter analyzer at room temperature under dark condition and 254 nm UV light with an intensity of
1800 uW /cm?2.

3 Results and discussion

The Ni/Au electrodes at S and D regions deposited on 3-GasOgz form two back-to-back Schottky junctions,
as shown in the upper part of Figure 2(a). The Fermi levels of S and D are respectively Erars and Epyp,
and the Fermi level of 5-GasO3 is Ery. The relative differences between Erjs and Eppyp can be created
by applying different voltages on S and D, and Fr is generally located between them. These three Fermi
levels couple with each other. The electrons located at Eppys and Eppyp should occupy Epy [12-16].
Their occupation probabilities are expressed by fs and fp, respectively:

1

Js = IBrn = Brms) = { o~ Bras)RTT S
1

Ip=f(Erny — Ermp) = 1T oxp[(Brn — Brarn) /T (2)
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Figure 2 (Color online) (a) Schematic diagram of energy bands for current commutation process; (b) experimental Iy(gark)-Va
curves at different V;; (c) changes of the balance point B of Ij(gark) curves of (b) at different V.

where k, T are Boltzmann’s constant and temperature, respectively. Therefore, the total drain current
14 of the electrons in the device flowing from S to D should be proportional to the difference between fg
and fp:

Iy o< (fs — fp)- (3)

In the upper part of Figure 2(a), Eryp(A), Erppp(B), and Eppp(C) are the three locations of
Erpyp. They are defined as greater than, equal to, and less than Eryg, respectively. According to Egs.
(1)—(3), for the case of Epyrs = Epprp(B), theoretically no current flows and I; = 0. When Eppp is
at Eppp(A), fs < fp and electrons flow from D to S, resulting in a negative I;. The opposite situation
is that fs > fp when Erys < Eppp(C). In this case, the electron flows from S to D, and 1, is positive
[17-21]. Based on the above discussion, we can achieve current reversal in devices by manipulating the
relative positions of Erps and Epprp. Vg and Vs can control this type of relative positions, thereby
determining fs and fp. As shown in the bottom part of Figure 2(a), I; will be switched from negative
to positive as Vy increases from A to C point which corresponds to Epprp(A) and Eppp(C). In this
process, there must be a switching point with I; = 0, which is the balance point B corresponding to
Eryvp(B) [22,23]. Figure 2(b) is the experimental I;-Vy curves in dark environment. Under different
fixed Vi, Vj is swept from —10 V to 20 V, and it is found that I; truly increases from negative to positive.
Figure 2(c) is an enlarged view of Figure 2(b) near the B point under different V,, which shows that B
shifts rightwards from By to Bs as Vj increases from —10, —5, 0 and 5 V to 10 V.

Furthermore, under 254 nm UV light irradiation, the photo-generated carriers increase greatly [24-26].
As shown in Figure 3(a), Ery increases to Epy(pho) under UV light illumination due to the accumulation
of photo-generated electrons. At this time, the Schottky-junction at D is more forwards biased than that
under dark condition, so a large number of photo-generated electrons enter the drain region and the
photo current Iy(,not0) increases greatly [27-31]. Figure 3(b) shows the experimental I;(,p0t0)-Va curves.
It can be seen that Ijpnoto) changes from negative to positive as Vy increases, and point B is located
at the voltage where the positive and negative currents switch. This experimental result shows that the
above mechanism still holds on under illumination. Figure 3(c) extracts Vj corresponding to B point at
different V; before and after illumination from Figure 2(c) and Figure 3(b). As can be seen from Figure
3(c), these V4(B), Vy at point B, before and after illumination are linear with V5, and their slopes are
0.306 and 0.828, respectively. In Figure 3(c), changes of V;(B) during irradiation are divided into (Vs <
5 V) and II(Vy > 5 V) cases, which correspond to the decrease and increase of V;(B), respectively. In
I case, V4(B) under illumination decreases, that is to say, Igphotoyar curve shifts to the left, causing its
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Figure 3 (Color online) (a) Schematic diagram of energy band under 1800 uW/cm? UV irradiation; (b) current characteristics
measured at different V; under 254 nm UV irradiation; (¢) V4(B)-Vs curves of light and dark current extracted from Figure 3(b)
and Figure 2(c). The inset is the illustration of two types of PDCR; (d) PDCR-V; curves at different V.

point B to drift to the left B; point, as shown in the inset of Figure 3(c). As Vi decreases, the difference

of V4(B) before and after illumination begins to expand. When Vi = 5 V, they are very close. When

Vs > 5V, V4(B) after illumination exceeds that before illumination, which is shown in the II case.
PDCR is as follows:

PDCR = Iyphoto)/ La(dark)- @

According to Eq. (4), because Ilj(jqr) at B point is zero, the PDCR peak should appear here and
be infinite in theory. The illustrations of PDCR in the I and II cases are further shown in the inset of
Figure 3(c). The PDCR peak around B point in I case is first negative and then positive as increasing
Va. The situation of II case is just the opposite, positive first and then negative. Figure 3(d) shows
the PDCR curves extracted from the experimental I;-V; curves in Figures 2(b) and 3(b). Note that
the PDCR peaks are more than 107 near point B, regardless of positive or negative V,. When V,=
—10 V, the positive PDCR peak is more than 2.5 x 10%. The experimental results verify the above
principles, but PDCR is not infinite. This is because Ij(4qr1) near point B was adopted in the experiment
due to test voltage sampling and it is not I, at real B point. There is still a very small deviation
between them.

Next, it is necessary to find out the real point B that can reach 0 A in the experiment. Figure 4(a)
shows the experimental I;-V; curve under the dark and UV condition when V; = 20 V. The inset of
Figure 4(a) shows that Lggark) is exactly 0 A at V; = 10.1 V, which is its real point B. In addition,
the B point in the case of UV, shifts rightwards. Figure 4(b) shows the PDCR ratio of Figure 4(a), and
the PDCR increases to 4.4 x 107 when Vj increases from —5 V to 9.8 V. When V; = 10.4 V, PDCR is
—1.18 x 10®%. However, Iygark) = 0 A and Iyppote) = —8.52 x 107% A when Vy = 10.1 V. As a result,
its PDCR is infinite, as can be seen in Figure 4(b). In fact, the physical mechanism guarantees that
every experimental Ij(jqrk) curve will have a real B point. During the measurement, the current curve
is made up of a large number of V; sampling points. Sometimes there is a small deviation at point B in
the test, which is due to too few sampling points or too large sampling interval. So, if one wants to get
the B point where the current is very close to zero value or actually zero value, increasing the number of
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Figure 4 (Color online) (a) Light and dark currents of V; = 20 V in semilogarithmic coordinates. The inset shows the experimental
point B of Ig(gark) = 0 A in linear coordinates; (b) infinite PDCR at B point based on the result of (a). The table shows the
PDCR data near point B; (c) I4-T curves at point B; (d) the rising time and decline time of I-T" curve.

sampling points and decreasing the sampling interval should be an effective way. Figure 4(c) presents the
I-T curve at this time under the 254 nm UV light illumination, which is uniform and consistent. Figure
4(d) further shows the rising and falling times are very short and they are 70 ms and 107 ms, respectively.
This experimental result reflects that the device has good UV light response characteristics.

4 Conclusion

In this paper, the solar-blind UV light detector of 5-GasO3 with Ni-Ni double Schottky junctions is
studied. The device can control the flow direction of current inside the device by setting V; and Vi,
thus forming the current balance point B which is zero in theory. Therefore, PDCR at point B under
illumination will be extremely large. The experimental results show that V range from —10, —5, 0,5V
to 10 V, and their maximum PDCR under these settings can be beyond 10%. Furthermore, when V is
20 V, the real point B with I; = 0 A is found in the experiment. At this point, the device obtains infinite
PDCR at point B. The I-T curve at this B point obtained shows good optical turn-off characteristics,
and the rising and falling times are very short, 70 ms and 107 ms respectively. The physical mechanism
behind this result is to control the flowing direction of current in device, which makes it work in a wide
range. So the infinite PDCR should also occur for double Schottky-junctions structure photodetector
based on other photosensitive materials, electrode materials, and electrode shapes as long as there the
flowing direction of current can be converted. The results will provide a new method for high PDCR of
Gag03 SUV light sensors and can be used to resist the effect of SUV light on GasOj3 if the focus is on
point B of photocurrent.
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