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The defect-related photoconductivity gain and persistent photoconductivity (PPC) observed in Ga, O3 Schottky pho-
todetectors lead to a contradiction between high responsivity and fast recovery speed. In this work, a metal-semiconductor—
metal (MSM) Schottky photodetector, a unidirectional Schottky photodetector, and a photoconductor were constructed on
Gay 03 films. The MSM Schottky devices have high gain (> 13) and high responsivity (> 2.5 A/W) at 230-250 nm, as
well as slow recovery speed caused by PPC. Interestingly, applying a positive pulse voltage to the reverse-biased Ga;O3/Au
Schottky junction can effectively suppress the PPC in the photodetector, while maintaining high gain. The mechanisms of
gain and PPC do not strictly follow the interface trap trapping holes or the self-trapped holes models, which is attributed
to the correlation with ionized oxygen vacancies in the Schottky junction. The positive pulse voltage modulates the width
of the Schottky junction to help quickly neutralize electrons and ionized oxygen vacancies. The realization of suppression
PPC functions and the establishment of physical models will facilitate the realization of high responsivity and fast response
Schottky devices.

Keywords: Ga,O3 Schottky photodetector, persistent photoconductivity, high gain, pulse voltage, oxygen va-

cancy
PACS: 61.72.jd, 73.30.+y, 85.60.Dw, 85.30.De

1. Introduction

Recently, Ga;O3 and related materials have attracted
widespread attention due to their potential applications in op-
toelectronic and microelectronic devices.!!! Although sig-
nificant progress has been made in the research of Ga;O3
based devices, the manipulation and understanding of its de-
fects and related physical characteristics still demand further
research,! 19131 for example, the defect-related photoconduc-
tivity gain and persistent photoconductivity (PPC) observed
in Ga,03 photodetectors.!°->31 The photoconductive gain in-
creases the responsivity of the device, which is conducive to
the detection of weak light, while PPC increases the response
recovery time of the device, which is not conducive to the
detection of high-frequency switching light. In photodetec-
tors based on ZnO, SnO,, InGaZnO, and GaN, the application
of “interference” (for example, bending, illumination, heat-
ing and electric field) to suppress PPC in the photodetector
has been proven to be efficient and feasible without affecting
the high responsivity (gain).[?=3! Recently, heating and elec-
tric fields have been used in Gap;O3 photodetectors to main-
tain high gain and effectively suppress PPC. In our previous

work,[21]

we studied the effect of “short-time heating” process
on PPC in Ga, O3 photoconductor, through which the PPC can

be effectively suppressed within a few seconds. From an ap-
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plication point of view, the electric field may be more capa-
ble of suppressing PPC in microseconds. Han et al.”**! and
Ahn et al.'**! adopted the method proposed by Jeon et al.!>®!
to suppress PPC in GayOj3 three-terminal transistor by apply-
ing a pulse voltage at gate. Qiao ef al.3!! suppressed PPC in
Si/Al,03/Gay O3 heterojunction photodetectors by applying a
pulse voltage. However, there is no report on the effect of the
pulse voltage on PPC in a simple two-terminal Ga;O3 Schot-
tky photodetector.

In this paper, the metal-semiconductor-metal (MSM)
Schottky Ga,Os3 photodetectors we prepared show high gain
and PPC. We study the influence of pulse voltage size and
width on PPC in MSM Schottky Ga,O3 photodetectors.
Combining the photoresponse characteristics of the prepared
Ga;03 photoconductors and the unidirectional Schottky de-
vices and the effect of pulse voltage on the PPC, a physi-
cal model related to ionized oxygen vacancies in the reverse-
biased Schottky junction is proposed.

2. Experimental methods

Ga;03 films were grown on c-plane sapphire substrates
at room temperature by pulsed laser deposition (PLD). The
substrates were sequentially cleaned with acetone, ethanol and
deionized water in an ultrasonic bath for 10 min, respectively.

*Project supported by the National Natural Science Foundation of China (Grant Nos. 51872043, 51732003, and 51902049), the National Key R&D Program of
China (Grant No. 2019YFA0705202), Natural Science Foundation of Jilin Province, China (Grant No. 20200201076JC), the National Basic Research Program
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After being cleaned, the substrates were blown dry using nitro-
gen gas. The distance between the substrate and the target is
4.5 cm. The background pressure and oxygen pressure in the
growth chamber were fixed at 1 x 107® Pa and 3 x 1073 Pa,
respectively. The Kr excimer laser pulse energy and repeti-
tion rate were 240 mJ and 10 Hz. The as-grown Ga,0O3 films
were subsequent thermally annealed at 600 °C in oxygen am-
bient. The crystal structures were characterized by a Rigaku
D/max-2500 x-ray diffractometer. The optical characteristics
were measured by a Hitachi UH4150 spectrometer. The mor-
phologies were characterized by scanning electron microscopy
(SEM, Hitachi S-4800). Al and Au electrodes were deposited
on the annealed Ga;Os3 films using shadow masks by vac-
uum thermal evaporation. The width, length and distance of
the interdigital fingers in Au/GayO3/Au and Al/GayO3/Al de-
vices are 50 pm, 1000 pm and 20 pm, respectively. The dis-
tance between the Au and Al square electrodes is 500 um for
the Au/Ga,O3/Al devices. The I-V characteristics and time-
dependent photoresponse of the devices were measured using
a Keithley 2461 sourcemeter and a system composed of a Xe
lamp, a monochromator and an optical chopper.

3. Results and discussion

The XRD pattern of the Ga, O3 film is shown in Fig. 1(a).
There are three diffraction peaks at 19.2°, 38.3°, and 59.3°,
corresponding to the (-201), (-402) and (-603) crystal planes
of B-Gay03, respectively.[3>331 However, the intensity ratio
of (-201) and (-402) diffraction peaks is 0.031, which is lower
than the theoretical value (2.2) reported in the literature. (34!
This phenomenon may be caused by the overlap of the (0006)
diffraction peak of ®-GayO3 and the (-402) diffraction peak
of ﬁ-Ga203.[34] Therefore, our Ga,O3 film may be a mixed-
phase material with o (rhombohedral) and 8 (monoclinic)
phases coexisting, and similar results have been reported by
other research groups.!3>-*%] The thickness of the Ga,03 film
is about 290 nm, as shown in the cross-sectional image in the
inset of Fig. 1(a).

Figure 1(b) shows the optical transmission spectrum of
the GayO3 film. The spectrum shows a high transmittance of
over 90% in the 300-800 nm, and has a cutoff at approxi-
mately 268 nm. The fitting result of the optical band-gap of
the film is about 4.6 eV, as shown in the inset of Fig. 1(b).
The optical band gap obtained here is consistent with the re-
sults (4—4.7 eV) reported in the literature by the PLD method
at a relatively low preparation temperature (< 650 °C).137-38]
However, it is slightly smaller than the previously reported
4.8-5.1 eV.39*11 This difference may be related to different
tail states, crystallinity and other factors.

Figure 2(a) shows the I-V curve of the interdigitated
Au/Ga03/Au device in the dark and under 254 nm illumina-
tion, in which the rectification characteristic indicates a typical
Schottky contact between Au and Ga,Os. Figure 2(b) shows

the responsivity and gain spectral of the device at 20 V bias.

Responsivity (R;) and gain (G, ) could be calculated by!?!4?!
Iy —1
Ry =5 (1)
)
Ry he
v= 2 )
nqgi

where I) is the light current, Iy is the dark current, P, is the
intensity of the illumination, S is the effective area, & is the
Planck’s constant, c is the speed of light, 7] is the quantum effi-
ciency (assuming the quantum efficiency is 100%), g is the el-
ementary charge, and A is the wavelength of illumination. The
responsivity spectrum shows predominant peak (> 2.5 A/W)
at 230-250 nm, and the corresponding gain is > 13. The UV-
to-visible rejection ratio that is defined as the responsivity ratio
at 240 nm and that at 400 nm of around 114 is achieved in the
photodetector.
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Fig. 1. (a) XRD pattern of the Ga,Os3 film, the typical cross-sectional
SEM image of the film (inset). (b) Optical transmittance spectra of the
Gay O3 film. The inset shows the band-gap fit.
Figure 2(c) shows the time-dependent photoresponse of
the Au/Ga;03/Au device to 254 nm illumination at —20 V
bias. The dark current is about 1 nA and the current in-
creases rapidly to about 4 pA once the light illuminates on
the device. After removing the light, it takes more than
5 hours for the PPC current to return to the initial dark
current (black line) due to the PPC effect. In order to re-
strain the PPC, —15V, +10 V, +15V, 420 V, +25 V, and
430 V pulses with duration of 500 ms were applied to the
Au/Gay03/Au device. As shown in Fig. 2(c), the —15 V

pulse has almost no effect on the PPC current attenuation,
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Fig. 2. (a) The I-V characteristics of the Au/Ga;O3/Au device in dark and under 254 nm illumination (446 uW/cmz). The inset shows the device structure.
(b) Responsivity and gain spectrum at 20 V bias in semilog scale. The inset shows the linear responsivity spectrum. (c) Time-dependent photoresponses of
the device to 254 nm illumination. This includes the effect of different voltage pulses on PPC. (d) PPC current vs. the pulse voltage. (e) The time-dependent
cyclic photoresponse of the device. (f) PPC current vs. the pulse width. The PPC current was measured 4 s later than the pulse voltage.

and when +10V, +15V, 420 V, 425V, and 430 V pulses = PPC current with the pulse voltage. The greater the applied
are applied, the PPC current drops significantly. For compar-  positive pulse voltage, the more the PPC current drops. The
ison purpose, the PPC currents measured 4 s after the end of =~ PPC current corresponding to pulse voltages of +20 V, +25 V
the pulse were used to evaluate the effect of the pulse voltage  and +30 V drops sharply from 320 nA without pulse voltage
on PPC suppression. Figure 2(d) shows the variation of the  to 14—11 nA. Taken the +20 V pulse as an example, time-
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dependent photoresponse cycling showed that the pulse volt-
age not only suppressed PPC, but also was harmless to the sta-
bility and repeatability of photoresponse (Fig. 2(e)). When the
420 V pulse duration increases from 100 ms to 4000 ms, the
corresponding PPC current decreases from 16.2 nA to 13.3 nA
(Fig. 2(f)). Obviously, applying a pulse voltage can make the
response recovery time of the device reach 100 ms. Note that,
as shown in Fig. 2(c), after the pulse voltage is removed, the
current has a short process of rapid rise. This may be related to
the rapid extraction/injection process of electrons in the Schot-
tky junction region when the bias at both ends of the Schottky
junction changes instantaneously.

Figure 3(a) shows the I-V characteristics of the interdig-
itated Al/GayO3/Al device in the dark and under 254 nm il-
lumination, in which a linear /-V curve indicated that Al and
Gay03 film formed a typical Ohmic contact. The responsiv-
ity is 7.9 A/W at 254 nm, and the corresponding gain is 41.
Figure 3(b) shows the time-dependent photoresponses of the
Al/GayO3/Al device to 254 nm illumination at —20 V bias,
in which one can also see an obvious PPC effect. But unlike
the Au/Ga;O3/Au device, the pulse voltages of —15V, 420 V
and 430 V (pulse duration was also 500 ms) have almost no
contribution to PPC current attenuation (Fig. 3(b)).
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Fig. 3. (a) The I-V characteristics of the Al/Ga;O3/Al device in dark and
under 254 nm illumination (44 6 uW/cm?). The inset shows the device
structure. (b) Time-dependent photoresponses of the device to 254 nm illu-
mination.

In our previous report, the gain and PPC in the Ga;03

photoconductor were related to the ionized oxygen vacancies
(Vg+).[2” When the electron on neutral deep level V, is ex-
cited by light (V, —V2* 4-2e) there will be an energy barrier
generated between the shallow level V2* and the electrons in
the conduction band because the surrounding bonds near V,
are released outward, which prevent V%+ and electrons from

[22,24.26,4344] Therefore, after the conduc-

quick neutralization.
tion band electrons paired with the long-lived V(Z,+ are col-
lected by the external circuit, the external circuit will continue
to replenish electrons to maintain the electrical neutrality of
the system until the positively charged V2* are neutralized
with the electrons. Therefore, multiple carriers are collected
by absorbing one photon, and a high photocurrent (gain) is
achieved. As a result, Ga; O3 photoconductor will remain con-
ductive even the illumination is removed (PPC) due to the high
electron density in the conduction band. In addition, accord-
ing to the theories of Deak et al.l'! and Ryu et al.,[* V,
have a trap trapping effect on valence band holes (V,+2h™ —
V21) generated by light excitation. This is similar to the effect
of the aforementioned photoionized oxygen vacancy (V, —
V2+ 4 2e) on the gain and PPC of the Ga,O3 photoconductor.

It is known that Au/Ga,;03/Au device is composed of two
Schottky junctions, in which one Schottky junction is always
reverse-biased and the other is forward-biased. In order to
verify whether the forward-biased Schottky junction or the
reverse-biased Schottky junction made more contribution to
PPC suppression, we fabricated an Al/GayO3/Au device with
Al and Au square electrodes. Because the Schottky contact is
at the Au electrode and the Ohmic contact is at the Al elec-
trode, the I-V curve of the Al/Ga;O3/Au device in dark shows
significant rectification characteristics (Fig. 4(a)). As shown
in Fig. 4(b), when the GapO3/Au Schottky junction is forward-
biased with a bias of 420 V, a —20 V pulse with duration of
500 ms is applied to the device, and the PPC current is almost
unaffected. On the contrast, when the Ga,O3/Au Schottky
junction is reverse-biased with the bias of —20 V, the PPC cur-
rent is reduced dramatically once a 420 V pulse with 500 ms
duration is applied to the device, as shown in Fig. 4(c). There-
fore, the pulse voltage will take effect upon suppressing PPC
only in reverse biased Ga,O3/Au Schottky junction.

As we all know, the characteristics of Schottky photode-
tector are mainly related to the Schottky barrier, especially
when the junction is under a reverse bias. In the metal/GayO3
Schottky junction, the metal/GayO3 interface trap and the
hole self-trapped trap near the Schottky junction can trap-
ping photo-generated holes, which are considered to be two
main mechanisms that may reduce the height of the Schot-

tky barrier.[46-48]

If the interface trap state trapping holes is
the main mechanism of PPC in our Schottky device. Then,
only under the forward bias, it is almost possible to make the

electrons tend to the interface to recombine the trapped holes
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and achieve the effect of suppressing PPC. However, our ex-
periments show that applying +10 V and 415 V pulses can
suppress PPC, and the bias on the Schottky junction at this
time is —10 V and —5 V under reverse bias (Fig. 2(c)). The
self-trapped hole model near the Schottky junction believes
that the electron—phonon coupling of the lattice is so strong
that the holes in the valence band induce local distortion of the
ion positions in the lattice, thereby generating an electrostatic
potential that locates the holes.[*] Since the self-trapping of

holes is an inherent material property, this model will produce
gains in any combination of Schottky metal and Ga;O3 sur-
face orientations.*8] However, in our previous work, as the
annealing temperature of the Ga; O3 film increased to 800 °C,
the corresponding MSM Schottky device’s responsivity (gain)
at 254 nm decreased from 136 A/W (706) to 3 x 10~* A/W
(0.0016).1231 Obviously, these devices do not all show signifi-

cant gains, that is, the gains are not all greater than 1.
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Fig. 4. (a) The I-V characteristics of Au/Ga,O3/Al device with square electrodes in dark. The inset shows the device structure. Panels (b)
and (c) show the time-dependent photoresponses of the device to 254 nm illumination under forward bias and reverse bias, respectively. The

—20 V and +20 V pulses were selected for demonstration, respectively.

In fact, our previous work and literature results show that
as the oxygen vacancy concentration in GapO3 decreases, the
responsivity (gain) and PPC of the Schottky device decrease

[4.23.25991 Therefore, the gain and

and weaken, respectively.
PPC of our GayO3 Schottky photodetectors are more likely
to be related to the oxygen vacancy in GayOs.

Generally, the effective Schottky barrier height is used to
measure the ability of the Schottky barrier to block carriers.
If the effective Schottky barrier height is higher, it means that
it is more difficult for carriers to cross the barrier, and vice
versa, it is easier to cross the barrier. The effective Schottky
barrier height is affected by the mirror force and the tunnel-
ing effect. As we all know, the donor concentration (for n-
type semiconductors) affects the strength of the image force
and tunneling effect. If the donor concentration is higher,
the image force and tunneling effect are stronger. In our ex-
periment, due to the large resistance of the Gay O3 film, it is
difficult to obtain the carrier concentration in the sample by
Hall. According to literature reports, the carrier concentra-
tion of undoped GayO3 samples in the dark is much lower
than 106 ¢cm=3.125:31 Therefore, the donor concentration of
the undoped Ga;O3 sample in the dark is much lower than
10'® cm—3. However, the ultraviolet light excites the electrons
in the valence band and the original neutral V, to the con-
duction band, leaving valence band holes and shallow donor
V2+ [21-26] At the same time, the original neutral V,, traps the
valence band holes generated by the light excitation and trans-

10,45

forms into V2*.[1045] Therefore, under ultraviolet light, the

donor concentration in the Ga,O3 sample increases. Accord-

ing to literature reports, the concentration of oxygen vacan-

=3 022151 If we as-

cies in Ga,03 is generally 10'°-10'® cm
sume that the concentration of oxygen vacancies in our Ga; O3
film is about 10'7 cm~3, the donor concentration in Ga,0s is
about 107 ¢cm™3 under ultraviolet light. Therefore, it can be
understood that the donor concentration increases under light,
which will cause the image force and tunneling effect to be-
come stronger, so the effective Schottky barrier height is re-
duced more, and the carriers are more likely to pass through
the Schottky junction.

Based on the above considerations, combined with the
energy band diagram of the reverse-biased Schottky junc-
tion (Fig. 5), the gain and PPC in the reverse-biased Schot-
tky device can be understood as follows. In the initial dark
(Fig. 5(a)), the neutral V, in GayO3 is at a deep level. Un-
der ultraviolet light illumination (Fig. 5(b)), electrons in both
the valence band and V, are excited to the conduction band,
leaving valence band holes and shallow donor V2+ [21-26]
Meanwhile, the V, have a trap trapping effect on the va-
lence band holes generated by light excitation.[>*3] Neutral
V, is converted to positively charged V2*, so the donor con-
centration increases, the image force and tunneling effect
become stronger, resulting in a greater reduction in the ef-
fective Schottky barrier height, and electrons are more eas-
As the effective
Schottky barrier height is reduced, the positively charged V2

ily transported from the metal to GayOs.

in Ga;0O3 can more easily induce the continuous injection
of electrons from the contacts to maintain electrical neutral-
ity in the quasi-neutral region, and ultimately generate high
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photocurrent (gain). Once the illumination ends (Fig. 5(c)),
the conduction band electrons and valence band holes in the
Schottky junction will quickly recombine or be swiped away.
However, due to the depletion of electrons in the Schottky
junction, the shallow donor V2* cannot be quickly neutral-
ized, and a high donor concentration is still maintained in the
Schottky junction. Therefore, the effective Schottky barrier
height is still low, resulting in an obvious PPC.

Based on the above experimental results and our model,
the suppression effect of the pulse voltage on the PPC in the
reverse-biased Schottky device can be understood as follows.
Take the application of +20 V pulse as an example (Fig. 5(d)).
Due to the pulse voltage, the bias across the Schottky junc-
tion changes from —20 V to 0 V. According to formula (3),
using the above estimated donor concentration in GapOs of
10'7 cm™3 under illumination, the change in Schottky barrier
width x4 before and after the bias can be calculated by [>"!

{ZQEO(VD ~V) }‘/2
Xd=\" v )

3
o 3)

where ¢ is the unit electronic charge, Np is the donor concen-
tration, & is the relative permittivity of Ga,0O3, & is the vac-
uum permittivity, Vp is the built-in potential difference (about
1 V) under O V bias, and V is the applied bias. Calculations
show that the width of the depletion region is 48 nm and 11 nm
before and when the pulse is applied. Therefore, when a pulse
is applied, the part Vg* that was previously in the depletion
region will be located outside the depletion region. The high
electron concentration outside the depletion region is easier to
neutralize these V%*. After the pulse is removed (Fig. 5(e)),
the bias is restored to —20 V, but the Vg+ concentration in
the depletion region is significantly lower than that before the
pulse is applied. Therefore, the height of the effective Schot-
tky barrier is remarkably restored, and the Ga;O3/Au Schottky
junction has a stronger blocking effect on electrons. There-
fore, the PPC in the Ga;O3/Au photodetector is suppressed.
Larger the positive voltage pulse or longer the pulse duration,

more V2* in the previous depletion region can be neutralized
with electrons and more effective the attenuation of PPC will
be (Figs. 2(c), 2(d), and 2(f)).

----> photon excitation
----> generation

hole capture

Vo

vzt

previous location of V,

® clectron

Ev

Fig. 5. Schematic diagram of the energy band at Au/Ga; O3 Schottky
junction: (a) initial in dark; (b) under illumination; (c) after illumina-
tion has removed; (d) applying a +20 V pulse voltage; (e) after the pulse
voltage ends.

Table 1 shows some important parameters of Ga; O3 pho-
todetectors that have been reported. With the responsivity pro-
vided in the literature, the gain can be calculated. Our MSM
devices have high responsivity and gain. More importantly,
the pulse voltage suppression PPC makes the response recov-
ery time of the device 0.1 s, so it achieves a fast response re-
covery speed while maintaining high responsivity (gain).

Table 1. Comparison of the photoresponse parameters between the Ga, O3 based photodetectors.

Gay03 Structure of device Recovery time (s) Responsivity (A/W) Gain Ref.
Single crystal heterojunction 219.19 39.3 204.36 [20]
Single crystal MSM ~ 15 29.8 154.96 [51]
Single crystal MSM 0.41/12.23 8.41 43.7 [52]

Substrate Schottky 2.4 %1072 1.48 x 1072 - [6]
Nanostructure film Schottky 6x 1073 29x1073 0.015 [33]
Nanostructure film MSM ~ 100 - - [53]

Film MSM 1.2/32.68 1.45 7.54 [58]
Film MSM 0.1 1.13x 1073 0.006 [54]
Film MSM 1.02/16.61 - - [55]
Film MSM 0.022 8x 1072 0.42 [57]
Film MSM > 10 5 26 [56]
Film MSM 2.0 9.63 - [9]
Film MSM 0.1 > 2.5 A/IW > 13 this work
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4. Conclusions

In summary, Ga;O3/Au Schottky photodetectors suffer
from severe PPC effects. However, when the Schottky junc-
tion is in reverse bias, the PPC can be suppressed by applying a
positive pulse voltage. As a result, a Ga,O3 photodetector with
high gain (> 13) and fast response recovery speed (0.1 s) is ob-
tained. The physical mechanism of gain and PPC is attributed
to the decrease of the effective Schottky barrier height due to
the strong mirror force and tunneling effect caused by the long
lifetime \/(Z)Jr in the Schottky junction. The positive pulse volt-
age will temporarily reduce the width of the depletion region,
so that the V%+ in the previous depletion region is neutralized
by the high concentration of electrons, thus suppressing PPC.
Our research proposes a feasible solution to suppress PPC in
Ga03 Schottky photodetectors while maintaining high gain,
and can deepen the understanding of the mechanism of gain
and PPC in similar devices.
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