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A solar-blind photodetector is fabricated on single crystal Ga;O3 based on vertical structure Schottky barrier diode. A
Cu Schottky contact electrode is prepared in a honeycomb porous structure to increase the ultraviolet (UV) transmittance.
The quantum efficiency is about 400% at 42 V. The Ga;O3 photodetector shows a sharp cutoff wavelength at 259 nm
with high solar-blind/visible (= 3213) and solar-blind/UV (= 834) rejection ratio. Time-resolved photoresponse of the
photodetector is investigated at 253-nm illumination from room temperature (RT) to 85.8 °C. The photodetector maintains
a high reversibility and response speed, even at high temperatures.
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1. Introduction

A solar-blind photodetector is used in the detection of
photon signal shorter than 280 nm and scarcely responds to
the wavelength above 280 nm. Owing to the strong absorption
by the ozone layer, the radiation in the range 200 nm—280 nm
emitted by the sun cannot reach the Earth’s surface.!!?] There-
fore, ‘zero-background noise’ is a prominent advantage for the
application of solar-blind wavelength in many communication
fields. The solar-blind photodetector is now widely applied
in missile warning, corona electrical discharge, fire alarms,
ozone monitoring, under water and space communication, and
so on, 13-

Various wide band gap semiconductors have been in-
vestigated to fabricate solar-blind photodetectors, such as f3-
Gay03, Al,Ga;_,N, Mg,Zn;_,O. High Al and Mg compo-
sition is, respectively, necessary to modulate the band gap
of AlGaN and MgZnO and keeps the photodetector response
range in solar-blind wavelength. However, the crystal qual-
ity of AlGaN films deteriorates rapidly!"’~°! and the MgZnO
appears phase segregation!!%!1] as the Al or Mg composition
increases. B -GapOs is one of the most suitable materials
for solar-blind photodetection because its band gap (Ey) is
about 4.9 eV and locates at the center position of the solar-
blind wavelength without the need of composition modula-

tion. Gay O3 solar-blind photodetectors are mainly fabricated
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on nanostructure, thin films, and single crystal. Solar-blind
photodetectors based on Ga;O3 nanostructure are character-
ized by simple growth and high internal gains.!'>!3] Never-
theless, the solar-blind Ga; O3 photodetector with large size of
detect area or even capability of imaging is desired in many

614151 Large size and high quality Ga,;O;3

application fields.!
single crystals can be achieved through conventional methods
such as floating zone (FZ),['®! edge-defined film-fed growth
(EFG),!"") and Czochralski (CZ)!'® methods. Moreover, high
quality Ga, O3 single crystals can reduce the defects density to
a very low level and lower the effect of persistent photocon-
ductivity, and thus increase the device response speed.

A junction-type Ga,Os photodetector, compared with
photoconductive type, presents a higher response speed at
room temperature (RT). The photoresponse properties of pho-
todetector at higher temperature are even more important in
applications such as flame detection. However, few studies of
the properties of junction-type Ga,Os photodetector at high
temperature have been published. Among the various kinds of
junction-type Ga; O3 photodetector, a relatively simple prepa-
ration process is required for Schottky barrier diode (SBD)
photodetector. In this work, the current—voltage (I-V) charac-
teristics, response speed, and solar-blind selectivity of Ga,O3
SBD solar-blind photodetector are investigated. Meanwhile,
a Cu Schottky electrode with honeycomb porous structure is
adopted to the fabrication of solar-blind photodetector. The
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photodetector presents good rectifying properties at RT and
clear photoresponse to the ultraviolet shorter than 259 nm
and maintains a high reversibility and response speed, even
at 85.8 °C.

2. Experimental details

The commercial (201)-orient $-Ga,O3 substrate with
600-pm thickness is used to fabricate the SBD photodetec-
tor by cutting along the [010] and [102] orientation into
5 mm x5 mm pieces. The unintentional doped Ga,O3 crys-
tal is n-type with a carrier concentration of about 10'7 cm—3.
The sample is degreased using methanol (5 min)/acetone
(5 min)/methanol (5 min)/deionized water (5 min), succes-
sively. Then, the samples are etched in the solution with
H,S04:H;0,:H,O0=4:1:1 for 5 min. Finally, the samples are
dipped in 90-°C deionized water.

The metal deposition is performed by vacuum thermal
evaporation method. A Ti/Au (20 nm/200 nm) Ohmic con-
tact with 4 mm x4 mm is first deposited on the back side
of the substrate and is subsequently thermally annealed at
450 °C in nitrogen for 3 min. Cu is used to prepare Schot-
tky contact because it can form similar effective barrier height

(19201 which is also proven in this

to that prepared with Au,
work. Moreover, the adhesion property of Cu electrode is
much better than Ni and Au in our experiments. The 200-
nm Cu electrode is deposited on the top surface of the Ga,O3
substrate. Cu Schottky electrodes with a diameter of 0.6-mm
are formed to investigate the effect of annealing temperature
on the electrical properties of Cu/Ga;O3 SBD. Samples are
annealed at 100 °C/200 °C/300 °C in nitrogen for 5 min. The
I-V characteristics of Cu/Ga;O3 SBD obtained from the sam-
ples annealed at different temperature show that relatively bet-
ter rectifying properties can be achieved after being annealed
at 200 °C. Consequently, the Cu Schottky electrode of Ga;03
solar-blind photodetector is annealed at 200 °C in nitrogen for
5 min. The Schottky electrode of the photodetector is prepared
using standard photolithography and lift-off techniques. The
electrode is designed in honeycomb porous structure with di-
ameter of 2.8 mm. Any three adjacent holes can be grouped
into an equilateral triangle. The diameter of the holes and
spacing between them are 40 pum in this experiment and the
effect of the size on the photoresponse properties will be in-
vestigated in future experiments. The schematic structure of
the photodetector is shown in the inset of Fig. 1(a).

The I-V characteristics for the SBD are measured us-
ing Keithley 4200-SCS semiconductor characterization sys-
tem. Time-resolved photocurrent response spectra are con-
ducted under 253-nm light with Keithley 4200-SCS semi-
conductor characterization system. The photoresponse spec-

tra of the photodetectors are measured in an SPEX scanning
monochromator employing a 150-W Xe lamp as the illumina-
tion source. The responsivity spectrum is obtained by measur-
ing the photocurrent (calibrated with a standard Si photodiode)
under the illumination of an Xe lamp spectrum from 200 nm

to 500 nm using a scanning monochromator.

3. Results and discussion

The forward and reverse I-V characteristics of the
Cu/Ga,03 SBD annealed at different temperatures are shown
in Fig. 1. The forward current is linear in the semilog-
arithmic scale at low forward bias voltages as shown in
Fig. 1(a). The dominant current transport mechanism can be
determined by comparing the thermal energy K7 with Egyg
(= (¢h/2)\/N/m*€s). When KT > Eqo, thermionic emission
is the dominant transport mechanism.?!! Considering the ef-
fect of series resistance R, the diode equations can be written

as Eq. (1): (22,23]

ey (TR (g (- ZIRIY)

where Iy = A*T?exp (—qy /kT) .1, I, V, K, q, n, A**, ¢y,
and T is current, saturation current density, applied forward
bias voltage, Boltzmann constant, elementary charge, ideality
factor, effective Richardson constant, barrier height, and tem-
perature, respectively. The effective Richardson constant A**
is calculated to be 41.04 A-cm~2-K 2124 at RT, using electron
effective mass m* = 0.342 mg,?] and free electron Richard-
son constant A* = 120 A-cm~2-K~2. Fitting this model to the
linear range of the semi-log plot of I versus V, the change trend
of ¢y and n of all the samples annealed at different tempera-
tures is shown in Fig. 1(c). The sample without annealing (w/o
ann.) shows a relatively lower Schottky barrier height. As the
annealing temperature increases, the barrier height increases
while the ideality factor decreases first and then reaches a min-
imum (1.145) at 200 °C. When the annealing temperature in-
creases further, the ideality factor increases slightly. The ide-
ality factor results indicate the Cu/Ga; O3 Schottky contact is
closest to thermionic emission model after annealed at 200 °C.
Reverse I-V characteristics are shown in Fig. 1(b). The re-
verse current of the sample without annealing increases dra-
matically at low bias and shows poor rectifying properties.
The current reduces by over two orders of magnitude after
being annealed at 100 °C and reaches 10 nA at —48 V. The
rectifying properties are improved and a current of 10 nA is
obtained at a higher voltage (69 V) after being annealed at
200 °C. The reverse current increases slightly after annealed
at 300 °C.

048502-2



Chin. Phys. B Vol. 28, No. 4 (2019) 048502

— W/O anu
—2
107 100 ¢
— 200 °C
— 300 °C
§ 1074 r
=]
[0}
£
5 106
10-8

0 0.4 0.8 1.2 1.6

Voltage/V
ol ™
<
~
=
3 10-9¢
= — W/O anu.
O — 100 °C
— 200 °C
| —300C
10 ' reverse current
—60 —40 —20 0
Voltage/V
1.6} 11.35
A (C) ]
41.
. 1] //////// 30 >
2 1.25 =
{1.25 =
& 1.4f 0
,*? 41.20 g
S o1sp {115 8
e g
1.2} {110 &
E— 1.05
1.1} ™ I
W/O ann. 100 200 300

Annealing temperature/°C

Fig. 1. The I-V characteristics of the Cu/Ga;O3 SBD annealed at dif-
ferent temperatures: (a) forward /-V curves (the inset is the top view
and schematic structure of the photodetector), (b) reverse -V curves,
and (c) the ideality factor and barrier height.

Based on these results, the Schottky contact electrode of
the photodetector is annealed in nitrogen at 200 °C for 5 min.
The photoresponse spectra of the photodetector are measured
at various reverse bias range from 0 V to 42 V. The responsiv-

ity of the photodetector can be calculated by Eq. (2):?°]

I, photo — I dark

R =
A SxpP '

2
where R} is the responsivity of the photodetector, Iyhoro is the
photo current, I, is the dark current, S is the effective illu-
minated area, and P is the light intensity. The photoresponse
spectra measured at 0 V and 42 V are shown in Fig. 2(a). An
obvious response can be detected at solar-blind wavelength
when zero bias voltage is applied, which proves that the de-
vice can be used as a self-powered solar-blind photodetector.
The photocurrent at a 0 V bias is the result of the photovoltaic

effect. When the reverse bias is elevated to 42 V, the maxi-
mum responsivity is about 0.8 A/W. Quantum efficiency 7 is
a function of R, as Eq. (3):121:%7]

_hCRl
el

where & is Planck’s constant, c is the velocity of light, e is

3

the basic electron charge, and A is the incident light wave-
length. The quantum efficiency exceeds 100% when the bias
is larger than 36 V and reaches 400% at 42 V, which benefits
from the honeycomb porous structural Schottky electrode. Al-
though the UV photons are blocked by the region covered with
Cu, the area of enhanced electric field in the depletion layer
is beyond the edge of the Schottky electrode and forms ring
area in the exposed holes to collect the photogenerated carri-
ers. Highly symmetric electrode structure can reduce the con-
centration of electric field in some large curvature area. The
maximum of responsivity and quantum efficiency of the pho-
todetector at each bias are extracted out and the relation be-
tween the maximum value and reverse bias voltage is shown
in Fig. 2(b). As the reverse bias increases, the responsivity in-
creases gradually in the low bias range and then increases dra-
matically when the bias exceeds 35 V. The increased respon-
sivity in low bias range can be attribute to the widening ring
area with enhanced electric field as the reverse bias increases
according to the simulation results (not shown here). The dra-
matically increased responsivity in high bias range is also an-

[27] which is attributed to avalanche

alyzed in another report,
multiplication mechanism. The positive temperature coeffi-
cient of the breakdown voltage is recognized as the criterion to
determinate avalanche mechanism.[1321:28291 However, no ob-
viously positive shift of breakdown voltage is observed in the
reverse dark current as the temperature increases as shown in
Fig. 3(b), which indicates the response process involved other
unknown gain mechanism. A further investigation will be re-
quired to obtain a better understanding of this mechanism. The
cutoff wavelength and the rejection ratio are two important pa-
rameters to characterize the selectivity of solar-blind photode-
tector. The cutoff wavelength is defined as the ratio between
the position of maximum responsivity and the natural constant
(e ~=2.718). The cutoff wavelength of the photodetector is lim-
ited to 259 nm which demonstrates an excellent solar-blind se-
lectivity. The solar-blind/visible (= 3213) and solar-blind/UV
(= 834) rejection ratios are calculated from the ratio of respon-
sivity at peak to 400 nm and peak to 280 nm, both of which
indicate the photodetector scarcely responds to the light out
of solar-blind range. A comparison among the reported solar-
blind photodetectors**32 based on single crystal Ga;O3 is
summarized in Table 1 to analyze the effect of electrode on the
photoresponse properties. A uniform semi-transparent elec-
trode with a large area is adopted in the first two reports, both
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of which show clear response to the light close to and even
above 280 nm. This phenomenon can be attributed to the in-
ternal photoemission.?!! In this process, electrons in the thin
electrode can surmount the Schottky barrier and be collected
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by the semiconductor due to the excitation of smaller energy
photon (¢¢, < hc/A < Eg). While the response range of pho-
todetector can be limited to solar-blind wavelength by a thicker
electrode with interdigitated or honeycomb porous structure.
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Fig. 2. Photoresponse characteristics for the photodetector: (a) responsivity of the detector measured under 0-V and 42-V biases, and (b) the
relation between the reverse bias and the maximum of responsivity and quantum efficiency.

Table 1. Comparison of the photoresponse parameters among the single crystal Ga,O3-based photodetectors.

Structure of device Electrode materials Cutoff wavelength/nm Ref.
Vertical Schottky PEDOT-PSS 300 [30]
Vertical Schottky Au - [31]

Interdigitated electrodes Ti/Au 260 [32]
Vertical Schottky Cu 259 this work

The I-V characteristics of the photodetector is measured
from RT to 85.8 °C, as shown in Fig. 3. Figure 3(a) shows
the forward temperature-dependent /-V characteristics of the
photodetector. The ideality factor and barrier height are fit-
ted based on the linear parts in the semilogarithmic scale, and
are shown in Fig. 3(c). Both the ideality factor and the barrier
height are almost a constant (1.05 and 1.20) at RT and higher
temperatures, which is also mentioned in other reports.33-34]
An increase of the reverse dark current and a lowering of the
reverse photo current with elevated temperature are observed
in Fig. 3(b). The reason for the increase of dark current can
be explained with Eq. (1), which can be written as a form of
Eq. (4) under higher reverse bias:

)Cool-85)

— —1 —
_A**TZ exp ( (I’l )qV

q

Vv
Isexp (
n

1

nKT @)

The reverse dark current monotonically increases with the el-
evated temperature. The reason for this lowering of photo cur-
rent can be attributed to the comprehensive factors of enhanced
carrier recombination,BSJ stronger lattice scattering,l36] and
the narrowing of depletion width Wp at high temperatures. The
depletion width Wp can be written by Eq. (5124

/2

& KT
v
No (Wbl q )

Wp =

®)

where the & is dielectric permittivity, Np is doping concentra-
tion, and y,; is built-in potential. The first!33! and third terms
in the parentheses decreases as the temperature increases,
which weakens the separation of photogenerated electron—
hole pairs.

The time-resolved photoresponse of the photodetector at
different temperatures is carried out under 253-nm illumina-
tion by on/off switching. Ten cycles of on/off state current un-
der —5-V and —10-V biases are shown in Figs. 4(a) and 4(b),
respectively. Although a slight fluctuation of photocurrent is
measured at —5 V, the photodetector shows a high response
speed—especially in the decay edge. When the reverse bias
is set to —10 V, the 10-periods photocurrent is stabilized at
around 500 nA. As the temperature increases, the photocurrent
shows almost no fluctuation. This proves the high reversibil-
ity and high reproducibility of the photodetector. Both the rise
time curve and decay time curve can be fitted with a second-
order exponential formula(37-38]

I=Iy+Ae /T +Be /™, (6)
where [j is the steady state photocurrent, ¢ is the time, A and B
are constants, 71 and T, are two relaxation time constants cor-
responding to a fast-response component and a slow-response
component. The constant 7; is related to the rapid change of

048502-4



Chin. Phys. B

Vol. 28, No. 4 (2019) 048502

— 26.6 °C
—39.2°C
— 54.7°C
— 85.8°C

forward current

Current/A

10-10F

0 0.2 0.4 0.6 0.8 1.0
Voltage/V

= =
T 9
~ =
T T

Current/A
[
IS
&

1079

solid: reverse dark current
dash: reverse photo current |

10-10F
—40 —30 —20
Voltage/V

—10 0

(c) {1.25
—>

= = B— = {1.20

Ideality factor
[
J—
o

——— }
A\A/A

1.05p

Barrier height/eV

41.05

1.00
41.00

20 30 40 50 60 70 80 90
Test temperature/°C

Fig. 3. The [-V characteristics of the photodetector measured at differ-
ent temperatures: (a) forward I-V curves, (b) reverse /-V curves under
dark and illumination, and (c) the ideality factor and barrier height.

the carrier concentration when the UV light is turned on/off,
and 1, is related to carrier trapping and releases due to the
oxygen vacancy defects. 3401 The sharp decay edge results in
two equal relaxation time constants, which means the formula
is simplified to be I = Iy +Ae~"/%. The relaxation time con-
stants are fitted based on time-resolved photocurrent plots at
different temperatures under —10-V bias, as shown in Table 2.
Both the rise time and decay time constant show almost no
change as the temperature increases, which indicates a stable
response speed of the photodetector at elevated temperature.
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Fig. 4. Time-resolved characteristics of the solar-blind Cu/Ga, O3 SBD
photodetector measured at: (a) —5 V and (b) —10 V.

Table 2. The rise time constant 7, and decay time constant 74 at different temperatures at —10-V bias.

Test temperature/°C 26.6 39.2 54.7 85.8
Te1/Tra constant/s 0.407/2.704 0.659/3.630 0.668/3.463 0.683/2.736
T4 constant/s 0.133 0.163 0.097 0.186

4. Conclusion

A vertical structural SBD solar-blind photodetector is fab-
ricated on a single crystal Ga;O3. The effect of annealing tem-
perature on Cu/Ga;0O3 Schottky contact properties is investi-
gated and the Schottky electrode of the photodetector is an-
nealed at 200 °C in nitrogen for 5 min. The quantum efficiency
of the photodetector can reach 400% at 42 V. High solar-blind
selectivity of the photodetector is demonstrated by a sharp
cutoff wavelength at 259 nm with high solar-blind/visible

(= 3213) and solar-blind/UV (= 834) rejection ratio. Both the
quantum efficiency and sharp cutoff wavelength benefit from
the honeycomb porous structure Schottky electrode. The I—
V characteristics and time-resolved photoresponse of the pho-
todetector are investigated at 253-nm illumination from RT to
85.8 °C. Both of the ideality factor and barrier height are al-
most constant (1.05 and 1.20) at RT and higher temperatures.
Although the elevated temperature leads to an increased dark

current and decreased photocurrent, the photodetector main-
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tains a high reversibility and response speed — even at high

temperatures.
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