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Abstract
Schottky and Ohmic contacts are key matters affecting carrier transport in oxide
semiconductor-based electrical and optical devices. For Ga,0s, the comparison of
optoelectrical behaviors and the fundamental physical mechanism between these two contacts
are not well known yet. In this work, 3-Ga,Oj thin films were grown via metal-organic
chemical vapor deposition then deposited with symmetrical Ni/Au (Schottky) or Ti/Au
(Ohmic) contacts. Optoelectrical measurements show that the Ohmic contacted device exhibits
superior responsivities thanks to its higher photocurrents. Meanwhile, for the Schottky
contacted device, firstly, it has a faster response speed, and secondly it exhibits larger photo-
to-dark current ratios owing to their low dark current. Specifically, the voltage- and light
intensity-dependent responsivity and detectivities of the Schottky and Ohmic contacted
devices were measured and discussed under the consideration of different voltages and UV
light intensities.

Keywords: 3-Ga,03, Schottky and Ohmic contacts, optoelectrical characteristics,
metal-organic chemical vapor deposition (MOCVD)

(Some figures may appear in colour only in the online journal)

1. Introduction wavelength range from 200nm to 280nm are a solid choice

for ozone sensing with a low false alarming rate [1-3]. The
Due to the promising applications in information communi- performances of photodetectors, to a large degree, depend
cations, chemical/biological analysis, flame detection, and on the nature and modified properties of the selected mate-
environmental protection, ultraviolet (UV) photodetectors rials [4]. Specifically, as one of the typical wide bandgap
have drawn extensive research interest in the past few years. semiconductors, 3-Ga,O5 not only has a ultra-wide bandgap
Among them, the UV solar-blind detectors operating in a of 4.5-4.9eV (responding in the UV solid-blind regime),
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but also a high thermal and chemical stability, high critical
breakdown field of 6-8 MV/cm (allowing high voltage and
strong radiation operations) [5, 6], therefore allowing them
to be extensively employed to fabricate UV solar-blind pho-
todetectors [7] in the form of thin films [8—12], bulk single
crystals [13—16], nanostructures [17-20] and heterogeneous
structures [20-26].

A metal-semiconductor-metal (MSM) structure is a typi-
cally and widely used electrode pattern in photodetectors
[27], in which either Ohmic or Schottky metal-semicon-
ductor (M-S) contacts are employed in line with the require-
ments of the applications. The Ohmic contacted detectors
(regarded as radiation-sensitive resistors), referenced as pho-
toconductive, are presented by the change of resistance of the
materials due to the external light stimulation, showing the
intrinsic feature of materials [1, 8, 28, 29]. Meanwhile, the
Schottky contacted detectors could show some modified per-
formances owing to the efficient control of carrier transport
via tuning the M-S interface barrier and the thickness of the
depletion layer at the M-S interface [29-31]. For instance,
Guo et al grew a (3-Ga,03 thin film by laser molecular beam
epitaxy and displayed a good Ohmic electrical behavior
with dark current of 45 nA and a rise time of 1.91s, while
the Schottky M-S behavior was illustrated after annealing,
and the dark current and rise time were changed to be 0.3
nA and 0.62s, respectively [8]. Other than the semicon-
ductor and/or device processing, the contacting types depend
on the choice of contacted metals [32], i.e. the difference
between the work function of metal and the electron affinity
of Gay0O3. An et al achieved good Ohmic contact in their
photodetector; this device showed decent photoresponsivity
and wavelength selectivity, while a long response time of
195 [33]. As opposed to this, Chen et al demonstrated a fast
responding Au/(3-Ga,O3 nanowires array photodetector with
a faster decay time of 64 pus [34]. Such a UV detector may
have contributed to the development of a depletion layer at
the Au/3-Ga,0j interface, which could restrain the separation
of electron-hole pairs and conduce to the practicability more
easily. In all, the M-S contact is a vital matter to determine
the carrier transport and then affect the detector performances
[35-39], due to the differences between the work function of
metals and electron affinity of Ga,Os3. However, to the best of
our current knowledge, a systematic comparison of Schottky
and Ohmic contacts to Ga,O3 and the influences on photode-
tector performances are less reported.

In this work, ($-Ga,Oj3 thin films were grown via metal—
organic chemical vapor deposition (MOCVD) then deposited
with Ni/Au (Schottky) or Ti/Au (Ohmic) contacts. The opto-
electrical behaviors, photogenerated currents, time-dependent
photoresponse, photoreponsivities, detectivities and response
time were systematically measured on the as-prepared devices.
These aforementioned performances of the Ni/Au (Schottky)
and Ti/Au (Ohmic) contacted devices were systematically
compared and discussed. In addition, the inherent physical
mechanism of this practical phenomenon was elucidated for
further optoelectronic applications.

2. Experimental

The deposition of 3-Ga,O3 thin film on a c-plane sapphire
substrate was performed via a customized MOCVD thin film
growth system with a close-coupled showerhead reactor.
Triethylgallium (TEGa) and high-purity (5N) oxygen gas
were used as gallium and oxygen sources, respectively. TEGa
was stored in a stainless steel bubbler, which was kept at
temperature of 35 °C and pressure of 760 Torr. Oxygen gas
was delivered into the growth chamber, and a gas ratio of
6000 SCCM was set. On the basis of the set oxygen flow, the
[O/Ga] molar ratio was regulated to be ~1657. Specifically,
according to the Antoine’s equation log (Pmo) =a —b/T
[40, 41], where Pyo is the vapor pressure of TMGa, a and

b are the Antoine constants, and T is the thermodynamic

temperature of TMGa. 1y, = %, where 7y, is the
m U

molar flow rate of TMGa, F is the flow rate of carrier gas,
Vi = 22414cm’ mol ™! (ideal gas molar volume), Py, is the
pressure inside the bubbler. ng; = ‘%, where ng, is the molar
flow rate of O,, and Fq is the flow rate of O,. Therefore, the
[O/Ga] molar ratios in the experiment could be expressed as:

[O/Ga] = 52 = % ~ 1657. The growth process was

maintained for 15min under a fixed growth chamber condi-
tion with a temperature of 735 °C and pressure of 25 Torr.
The symmetrical Ni/Au and/or Ti/Au metal electrodes
were patterned on the surface of ($-Ga,O; thin film by
means of electron beam evaporation, conventional photoli-
thography and lift-off techniques. The same photomask was
employed to pattern the Ni/Au (120nm/180nm) and Ti/Au
(120nm/180nm) metal electrodes. The quadrate electrodes
are 400 pym wide and 400 pm long, and 200 pm spacing gap.
Calculated from the scale of electrode patterns, the efficient
irradiant area could be about 8 x 10 um? for both electrode
types. In detail, after patterning the Ti/Au electrodes, the fab-
ricated devices were annealed in N, at 200 °C for 60, in order
to achieve better Ohmic contacts [42]. Before the Ni/Au elec-
trodes deposition, the ($-Ga,Oj3 thin film was surface treated
by O, plasmas for 30s [43-45]. This is because the Schottky
contacts on oxide semiconductors are often challenged by the
distinct surface charge accumulation layer [42, 44-48]. The
metal-semiconductor contact region is a key issue for the suc-
cessful fabrication of Schottky contacts on various oxide sem-
iconductors, including (3-Ga,0Oj3 studied in this work. The O,
plasmas treatments allow us to increase the oxygen content at
the Ni/[3-Ga,03 interface, inducing interface charge reduction
for Ni contacts on the surface of 3-Ga,O3 and the improve-
ment of Schottky characteristics [43, 46, 49, 50]. The current—
voltage (/-V) characteristics are performed with a Keithley
4200 semiconductor parameter analyzer. The measurement
of time-dependent photoresponse is finished by using an UV
lamp with various intensities through tuning the distance
between measuring sample and the UV light source, and the
UV light intensities could be read by a light receptor and a dis-
play instrument. The crystal structure of the 3-Ga;Oj3 thin film
was analyzed by a Bruker D8 Advance x-ray diffractometer
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Figure 1. (a) The XRD pattern of the MOCVD-grown [3-Ga,0j3 thin film, (b) the schematic diagram of the fabricated 3-Ga,0Oj3 thin film
based MSM structured UV solar-blind photodetector. (c) The SEM image of the surface of the 3-Ga,Oj3 thin film. (d) Plane AFM surface
morphology image of the 3-Ga,Oj5 thin films with 5 x 5 um? scanning area, and the tridimensional AFM image is displayed in (e).
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Figure 2. (a) The linear-scale I-V characteristics of the MOCVD-grown 3-Ga,O3 thin film-based photodetector in the dark for Schottky Ni/
Au (red dot line) and Ohmic Ti/Au contacts (black full line). (b) The semi log-scale I-V characteristics of both the Schottky (Ni/3-Ga,03/
Ni) and Ohmic (Ti/3-Ga,03/Ti) devices in the dark, under the 254nm and 365nm UV light illuminations with intensities of 500 £W cm 2.
The linear-scale I-V curves of (c) Ohmic devices and (d) Schottky devices in the dark and under the 254 nm UV light illuminations with
intensities from 100 W cm™2 to 500 W cm ™2, step is 100 xW cm ™2,
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Figure 3. The continuous time-dependent photoresponse of the 3-Ga,O5 thin film grown by MOCVD at voltages from 1 V to 5 V under
the 254nm UV light illumination with a light intensity of 500 W cm™2 for (a) Ohmic devices and (b) Schottky devices. (c) The voltage-

dependent photocurrents under the 254nm UV light illumination with a light intensity of 500 W cm™~.

(XRD) with Cu K,, (A ~ 1.5405 A) radiation. All the measure-
ments in this work were executed in air at room temperature.

3. Results and discussion

As shown in figure 1(a), the XRD pattern of the 5-Ga,Oj3 thin
film grown by MOCVD on c-plane sapphire substrate indi-
cates a good single crystallinity with highly ordered peaks
along the (201), (402) and (603) directions (JCPDS #43-
1012), except for the sharp (0006) peak from the sapphire
substrate (JCPDS #46-1212). Figure 1(b) shows a schematic
diagram of the fabricated ($-Ga,O;3 thin film-based MSM
structured UV solar-blind photodetector. The side length of
the quadrate electrode pattern is 400 pum, and the spacing
distance between two symmetrical electrodes is 200 um. So,
the efficient UV light radiant area (S) could be calculated to
be 8 x 10* um?. As key influences on devices output perfor-
mances, the morphological information of the used 8-Ga,0;
thin film is provided. The scanning electron microscope
(SEM) image is displayed in figure 1(c), where the uniformly
claviform grains with well-defined boundaries provide good
crystallization of the prepared (3-Ga,Oj3 thin film. The plane
and tridimensional atomic force microscope (AFM) images
are shown in figures 1(d) and (e), respectively, and the root
mean square (RMS) roughness is 1.234nm.

Figure 2(a) shows the dark /-V characteristics of the typ-
ical back-to-back MSM structured Schottky and Ohmic -
Ga;,03 thin film-based UV solar-blind photodetectors, in the
voltage range from —5 V to 5 V. The good symmetrical I-V
curves suggest a good quality and uniform (3-Ga,Oj3 thin film,
and consistent electrode patterns. At an applied voltage of 5
V, the dark current (/4,k) of the Schottky and Ohmic devices
are 2.65 x 10713 A and 9.77 x 10713 A, respectively. The Iy
obtained from Schottky devices is more than four times lower
than that from Ohmic devices, due to the efficient constraint
of carriers (electrons) transport by the interface barrier of
Ni/(3-Ga,03, instead of the light sensitive /-V behaviors like
a resistor [1, 29]. As seen from figure 2(b), the photocurrent
(Iphoto) at5Vis 5.58 x 1078 A and 9.76 x 1078 A for Schottky
and Ohmic devices, respectively, and accordingly the photo-
to-dark current ratio [(Iphoto — Ldark)/gark] at SV is ~2.1 x 10°
and ~1.0 x 10°. The photoresponse, (Iphoto — Zdark)/Idark» in the
Schottky device is superior to that in Ohmic devices, which

2

is consistent with the description in [8]. Meanwhile, the I-V
curves of both the Ohmic and Schottky contacted photodetec-
tors are shown in figures 2(c) and (d), respectively. Larger UV
light intensities contribute to larger Iono for both two-typed
devices. The ‘shoulders’ in the semi-log scale I-V curves of
Schottky devices in figure 2(b) may be due to the non-uni-
formity Schottky barriers [51]. As indicated in figure 2(c), the
Iphoto Of the Ohmic device exhibits a good linear characteristic,
suggesting a great stability of UV light response. The incident
photons are absorbed in the 3-Ga,Oj3 thin film and change the
electronic energy distribution, leading to a disciplinary and
linear increase of Iphoo [1]. The high (Zphoto — Zdark)/Idark Of
~10° and the excellent linearity of I verify that the pho-
todetectors presented in this work are sensitive and stable. In
addition to the results in figure 2(b), the photocurrent under
the 365nm UV light illumination shows a small increase.
Compared to that in the dark, the small increase may be due to
the defects in 3-Ga,Oj3 thin film and/or the unpurified UV light
source [14]. This little variation between 365 nm light illumi-
nation and dark condition suggests an outstanding wavelength
selectivity, in comparison to the sharp increasing Iyporo under
254nm UV light illumination.

Figure 3 shows the time-dependent photoresponse and
the voltage-dependent I, of the 3-Ga,Oj3 thin film grown
by MOCVD at voltages from 1 V to 5 V under the 254 nm
UV light illumination with a light intensity of 500 W cm 2.
The Ipnoto increase with the applied voltage increase for both
Schottky and Ohmic contacted photodetectors, which can be
clearly seen in figures 3(a) and (b). As indicated by figure 3(c),
the Iphoto in Ohmic devices are higher than that in Schottky
devices. Taking the time-dependent Iphoro (5 V and 500 W
cm~2) as an example, the rise and decay time (7; and 74) of the
devices are exhibited and discussed, as displayed in figure 4.
In figures 4(a) and (b), the fitting of the time-dependent photo
responding curves are according to an exponential relaxation
equation [52]:

I=1y+Ae” /" (1)

where I, is the stable state photocurrent, A is a constant, ¢
is the time, and 7 is a relaxation time constant. 7, and 74 are
the rise and decay edge of the time constants, respectively. In
addition, the I at different voltages ranging from 1 V to
5V are shown in figure 3(c). The 7, and 74 of Ohmic devices
are larger than that of Schottky devices, suggesting a faster
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Figure 4. The rise and decay time of the 3-Ga,O; thin film based photodetector of (a) Ohmic devices and (b) Schottky devices responding
to the 254nm UV light with a light intensity of 500 ©W cm~2 at 5V, with Ti/Au and Ni/Au electrodes, respectively. The voltage-dependent

(c) rise time and (d) decay time for Schottky and Ohmic devices.

photoresponse of Schottky devices compared to that of the
Ohmic devices. The faster photoresponse in Schottky devices
verifies a rapid change of electron concentration as soon as
the UV light is radiated on the surface of the 5-Ga,O; thin
film, while the slower photoresponse of Ohmic devices may
be due to the electron traps at the M-S interface, caused by
some defects at the M-S interface and/or in the 3-Ga,Oj3 thin
film. What could be clearly seen in figures 4(a) and (b) is that
the rise edge and decay edge for Schottky and Ohmic devices
are obviously different. Using equation (1), the 7, and 74 of
Ohmic devices are 0.706s and 0.29 s, respectively, which are
larger than those of 0.31s and 0.156s of Schottky devices.
In detail, the voltage-dependent response time is given in fig-
ures 4(c) and (d), while the 7. and 74 presented here indicate
that the Schottky device has a faster photoresponse than the
Ohmic devices at the applied voltage range from 1 Vto 5 V.
Moreover, for these two typed devices, the larger applied volt-
ages could achieve a faster photoresponse, i.e. smaller 7, and
T4, owing to the larger kinetic energy that electron acquired
from higher voltages [12]. In general, the fast light response
could be attributed to the rapid change of the electron concen-
tration of the 3-Ga,Oj3 thin film as soon as the UV light was
turned on and/or off. For Ohmic (Ti/Au) devices, the response
process was deeply affected by the interface trapping and
oxygen vacancies defects, therefore, the rise and decay time
of the Ohmic devices are long. However, for the Schottky (Ni/
Au) devices after O, plasmas treatment at the Ni/3-Ga,O3
interface, decent Schottky electrical behaviors were obtained,
and the electrons can also be photogenerated and recombined
faster than that of the Ohmic devices, due to the weaker influ-
ences of traps and defects on the light responses [8, 53-55].
As reported, the band structure of (3-Ga,O3 along a con-
tinuous path in the Brillouin zone has been studied [56-59].

According to these results, the conduction-band minimum [-
Ga,03 material is located at the I" point, and the corresponding
bandgap is only about 0.04 eV larger than those at other points
in the band structure [57]. In addition, the secondary conduc-
tion bands at Z and Y points just have minimal values, as well
as the minima at N and X points. So, the bandgap of 3-Ga,03
is direct with an acceptable deviation [56-59] at every point
in its energy band structure. For understanding the inherent
physical mechanism of the operating Schottky Ni/Au con-
tacted and Ohmic Ti/Au contacted §-Ga,Os photodetectors,
the systematic band diagrams of 3-Ga,O3 with Ti and Ni in the
dark and under the 254 nm UV light illumination are shown in
figures 5(a)—(d). The work functions of Ti and Ni [®(Ti) and
®(Ni)] are 4.33eV and 5.15eV, respectively, and the electron
affinity of 5-Ga,03 [x(8-Ga,03)] is about 4.00eV as reported
[60-62]. So, the interface barriers of 3-Ga,O3 with Ti and Ni
(AQTi-8-Garo, and Apni—g-ca,0,) could be calculated to be
0.33eV and 1.15eV, on the basis of the Schottky—Mott rule
[29, 30]. The puny interface barrier between Ti and (5-Ga,03
contributes to the Ohmic M-S contact, while the larger inter-
face barrier between Ni and 3-Ga,0O3 leads to the Schottky
M-S contact. The I~V behavior of Ohmic devices could be
expressed by the electron tunneling, while for the Schottky
contact, the /-V characteristic could be described by the ther-
mionic emission (TE) theory [63—65]:

\%
J:Jo(exp(,fk—T) —1) @)
and
Jo = A*T? exp(—gpp /kT), 3)

where Jy is the saturation current density, A is the
area of M-S contact, A* is the efficient Richardson
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Figure 5. Band diagram of the $-Ga;O3 with Ti (a) in the dark and (b) under the 254 nm light illumination. Band diagram of the 3-Ga;O3

with Ni (c) in the dark and (d) under the 254 nm light illumination.

constant (A* = 4”’1;3'*1(2 =41.1 A(cm? - KZ)_I) by taking

m* of 0.342my, my is the free electron mass of 3-Ga,0; [66,
67], k is Boltzmann constant, and g is the barrier height,

expressed as pp = %Tln(‘%oﬂ). As displayed in figure 5,
the built-in electrical field (Viyiin) is developed when the

Ni and 3-Ga,O3 contact each other. In the dark, as shown in
figures 5(a) and (c), the larger interface barrier in Schottky
device could restrict electron transport across the Ni/3-Ga,O3
interface, while the Ohmic device is almost like a radiation
(UV light)-sensitive resistor with a tiny interface barrier.
Therefore, the Iy, in Ohmic device is larger than that in the
Schottky device as displayed in figure 2(a), and the Schottky
device may be more sensitive to the small signal owing to its
smaller Zgy. Under 254nm UV light illuminations, as dis-
played in figure 5(b) and (d), the incident photons with energy
(hv) greater than the energy bandgap of the 3-Ga,Os thin film
could be absorbed by the 3-Ga,O3; material and then produce
the photo-generated electron-hole pairs (electrons at valence
band are motivated to the conduction band by absorbed pho-
tons, and correspondingly holes are produced at the valence
band), thereby changing the electrical conductivity of (-
Ga,0;. Given a voltage, the electrons in 3-Ga,03 are pushed
to the conduction band, while the holes are driven to the
valence band. For Ohmic Ti/Au contacted 3-Ga,O3 photode-
tector studied here, the Iy 18 linearly improved by the inci-
dent 254nm UV light, while for the Schottky Ni/Au contacted
(3-Ga,0O3 photodetector, the I-V characteristics show Schottky
(rectifying) behavior owing to the interface barrier between
Ni metal electrode and (3-Ga,0Os3 thin film. This phenomenon

could be obtained whether the 254nm UV light is turned on
or not [1].

For photodetectors, responsivity (R) and detectivity (D*) are
two vital parameters to evaluate the detector performances
and can be described as the following relationships [68]:

I photo — I dark

R =
Piigh - S @)

and

Rys4 s
\V4 qudark/s’ ( )

where Pjigpe is the UV light intensity used in the measure-
ments, S is the efficient radiant area in devices, and Rjs4 is the
photo responsivity under 254 nm light illumination. According
to equations (4) and (5), the R and D* by different driven volt-
ages and light intensities are displayed in figures 6(a)—(d) for
Schottky and Ohmic 3-Ga,Os thin film-based UV solar-blind
photodetectors. As can be seen from figure 6(a), with the UV
light intensity of 500 W cm™2, the responsivities increase
with the increasing voltages from 1 V to 5V, for both the
Schottky (from 1.68 mA W~! to 0.14 A W~!) and Ohmic
(from 49 mA W~! to 0.25 A W~!) devices. The responsivi-
ties for Ohmic devices ranging from 1 V to 5 V are all higher
than those of Schottky devices, due to the larger Ippoo Of
Ohmic devices compared to the Schottky devices, as well as
the same Pjigp intensities and S, following the description in
equation (4). In addition to the responsivities with different
UV light intensities, the R of Ohmic devices are also higher
than those of Schottky devices, as shown in figure 6(c). The

D* =
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Figure 6. The voltage-dependent (a) responsivity and (b) detectivity for both Schottky Ni/Au and Ohmic Ti/Au contacted 3-Ga,0O3 thin
film-based UV solar-blind photodetectors with 254nm UV light intensity of 500 W cm™2 from 1V to 5V with a step of 1 V. The UV light
intensity-dependent (c) responsivity and (d) detectivity for both Schottky Ni/Au and Ohmic Ti/Au contacted 3-Ga,Os thin film based UV
solar-blind photodetectors at 5 V with 254nm UV light intensities from 100 W cm™2 to 500 W cm™2 with a step of 100 £W cm 2.

responsivities are increased by the increasing light intensity.
By contrast, the Ohmic device could make more photogen-
erated electron-hole pairs to generate I,no than the Schottky
devices [1, 69-72].

The detectivies are governed by responsivities and the
square root of Ij,k for a photodetector, as given in equa-
tion (5). As shown in figure 6(b), the D* of Schottky devices
are larger than that of Ohmic devices, owing to superlow g,
(3.2 x 10716 A) of Schottky devices at 1 V, which should con-
tribute to the rectifying effect caused by the Ni/(-Ga,Oj inter-
face barrier. In comparison, the D* of the Schottky device at
2V to 5V are obviously smaller than that at 1 V; this trend
is in accordance with the rectifying /-V curves in figure 2(d).
For Ohmic devices, the I, is always kept at ~10713, so the
D" have the same evolutive tendency with R as displayed
in figure 6(a). In figure 6(d), the D* of Schottky devices are
slightly larger than those of Ohmic devices at 5 V with 254 nm
UV light intensity from 100 zW cm~2 to 500 W cm~? with
a step of 100 W cm~2, in accordance with the results in
figure 6(b) at 5V, indicating a better characterizing parameter
for normalizing signal-to-noise ratio [1].

4. Conclusions

In summary, in this study, we grew a (-Ga,Oj thin film by
using the metal—-organic chemical vapor deposition technique,
and made a comparison of optoelectrical properties of the pre-
pared (5-Ga,O; thin films with Schottky Ni/Au and Ohmic Ti/

Au contacted electrodes. The results show that Schottky device
has higher photo-to-dark current ratios and a faster photo
response speed than those of the Ohmic device. Working as a
UV solar-blind photodetector, the responsivities of Schottky
devices are smaller than those of Ohmic devices. Owing the
lower I4yk, the D* of Schottky devices are superior to those
of Ohmic devices at 5 V with light intensity from 100 to
500 ©W cm~2. What is more, with 500 W cm~? light inten-
sity, the different D* from 1 V to 5 V are also discussed on the
basis of the Schottky /-V behaviors. In a word, we discussed
and analyzed the differences between Schottky and Ohmic
contacted J-Ga,Oj; thin film-based UV solar-blind photode-
tectors, and gave out some inherent physical mechanisms, in
order to present the effect of metal-(3-Ga,O3 contacted types
(Schottky or Ohmic) on the devices performances, as well as
their differences, operating as a UV solar-blind photodetector.
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