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Characterization of vertical Au/β -Ga2O3 single-crystal Schottky
photodiodes with MBE-grown high-resistivity epitaxial layer∗
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High-resistivity β -Ga2O3 thin films were grown on Si-doped n-type conductive β -Ga2O3 single crystals by molecular
beam epitaxy (MBE). Vertical-type Schottky diodes were fabricated, and the electrical properties of the Schottky diodes
were studied in this letter. The ideality factor and the series resistance of the Schottky diodes were estimated to be about
1.4 and 4.6× 106 Ω. The ionized donor concentration and the spreading voltage in the Schottky diodes region are about
4× 1018 cm−3 and 7.6 V, respectively. The ultra-violet (UV) photo-sensitivity of the Schottky diodes was demonstrated
by a low-pressure mercury lamp illumination. A photoresponsivity of 1.8 A/W and an external quantum efficiency of
8.7×102% were observed at forward bias voltage of 3.8 V, the proper driving voltage of read-out integrated circuit for UV
camera. The gain of the Schottky diode was attributed to the existence of a potential barrier in the i–n junction between the
MBE-grown highly resistive β -Ga2O3 thin films and the n-type conductive β -Ga2O3 single-crystal substrate.

Keywords: gallium oxides thin films Schottky diode, ultraviolet photodetector

PACS: 72.20.–i, 73.30.+y, 73.40.Ei, 07.07.Df DOI: 10.1088/1674-1056/25/1/017201

1. Introduction
The unique properties of gallium oxide with β -type crys-

tal structure (β -Ga2O3) stimulated the study of growth and
characteristics of that material in view of new applications.
After large-size high-quality melt-grown gallium oxide single-
crystal wafers were successfully manufactured, β -Ga2O3 has
attracted increasing interest as a promising wide band gap
semiconductor.[1] β -Ga2O3 has a wide band gap of about
4.8 eV, the widest among other oxide semiconductors, such
as ZnO (3.4 eV) and SnO2 (3.6 eV),[2,3] paves the way to deep
ultraviolet (DUV) optical applications.[4] In particular, pho-
todetectors with solar-blind sensitivity have attracted signifi-
cant attention, because they respond only to DUV light, even
under sun and room illuminations, which is very suitable for
monitoring ozone holes and detecting flames.

In order to develop solar-blind photodetectors, a lot
of research work based on β -Ga2O3 thin films has been
demonstrated.[5,6] However, all the films were polycrystalline
because of the unique crystal structure of β -Ga2O3, which
lacks a suitable heteroepitaxial substrate. The crystalline
quality of β -Ga2O3 thin films is assumed for direct rela-
tionships with photoresponsivity of the photodetectors. The
grain boundaries of the polycrystalline thin films act as traps
for photogenerated carriers, which results in a long response
time. Other than thin-film photodetectors, in order to get a

short response time, β -Ga2O3 nanostructure photodetectors
were reported.[7,8] Better crystalline quality of the β -Ga2O3

nanowires and nanobelts resulted in a fast photo-response.
However, the fabrication process of nanowire-based device ar-
ray is still an area in progress. Therefore, to fully develop
the potential application of β -Ga2O3, photodetectors based on
single crystals are needed.

Recently, β -Ga2O3 single crystals have become
available.[9,10] For vertical-type photodetectors, Schottky con-
tacts and ohmic contacts were formed on the surface and on
the back side of the single crystal substrate, respectively. In
order to reduce the dark current of the photo-diode, a high re-
sistive layer was usually introduced to form a metal–insulator–
semiconductor (MIS) configuration instead of the metal–
semiconductor (MS) configuration. Oshima et al. fabricated
a vertical-type Schottky photo-detector based on undoped n-
type β -Ga2O3 single crystal.[11] In order to introduce a high
resistive layer, the β -Ga2O3 single crystal was thermally an-
nealed at 1100 ◦C for 6 h in ambient oxygen to reduce the
oxygen vacancies and decrease the carrier concentration near
the surface. Suzuki et al. demonstrated an MIS photodiode by
sol–gel depositing a high-resistivity β -Ga2O3 epitaxial layers
on undoped n-type β -Ga2O3 single crystal substrates.[12]

Besides the crystalline quality of β -Ga2O3 epitaxial lay-
ers, presence of donor and acceptor defects, providing suc-
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cessively free electrons and holes, are believed for their di-
rect relationships with photoresponsivity of β -Ga2O3 ultra-
violet (UV) detectors.[13,14] Molecular beam epitaxy (MBE)
is well known to reduce the film impurity levels due to an
ultrahigh vacuum environment and high purity source mate-
rials. Reproducible doping control and lower unintentional
impurity levels in the epitaxial films are achievable by us-
ing plasma-assisted molecular-beam-epitaxy (PAMBE).[15,16]

In this paper, vertical-type Schottky photodiodes were fabri-
cated by PAMBE growing high resistivity β -Ga2O3 thin films
on the highly conductive Si-doped β -Ga2O3 single crystals.
The electrical properties of the photodiodes are analyzed.

2. Experiment
Double-side polished (100) β -Ga2O3 single crystal sub-

strates used in this study were fabricated from an Si-doped
single crystal ingot grown by the floating zone method.[10]

The Si-doped single crystal ingot was an n-type semiconduc-
tor with a resistivity of about 9×103 Ω·cm at room tempera-
ture. The (100) β -Ga2O3 single-crystal substrates were about
0.5 mm in thickness. Before high-resistivity homo-epitaxial
layer growth, the substrates were cleaned with acetone and
methanol.

The β -Ga2O3 epitaxial layers were grown in an SVT
PAMBE system. A standard shuttered Knudsen cell was used
to evaporate gallium (99.9999%) and a mono-atomic oxygen
from research-grade oxygen gas (99.998%) was supplied from
a radio-frequency (RF) radical cell. The substrates were baked
in the growth chamber at 650 ◦C for 30 min. Oxygen plasma
treatment using a pressure of 1 × 10−5 Torr at 650 ◦C for
30 min was conducted to remove the adsorbates from the sub-
strate surface. On the basis of previous experiments of growth
parameters optimization, the oxygen gas flow rate, the input
RF power of radical cell, and the temperature of K-cell were
maintained at 1 sccm, 300 W, and 940 ◦C, respectively. An op-
timized substrate temperature of 760 ◦C was chosen, and the
growth rate was about 50 nm/h. The growth time was fixed
at 2 h for all samples, resulting in the gallium oxide layers
with thicknesses of about 100 nm as characterized by surface
profiler and cross-sectional scanning electron microscopy.

To fabricate a photodiode, a large area of square Ti/Au
(∼ 40 nm/240 nm) Ohmic contact (5 mm×5 mm) was first de-
posited on the back side of the n-type conductive substrate by
electron-beam evaporation, and thermally annealed at 850 ◦C
for 30 seconds in ambient nitrogen. The specific contact resis-
tivity is about 3×10−2 Ω·cm2. The contact resistance is about
0.12 Ω, which means good Ohmic characteristics of the Ti/Au
electrode after annealing. Then 0.5 mm×0.5 mm square Au
(5–10 nm) Schottky contacts were deposited on the surface of
the MBE grown β -Ga2O3 epitaxial layers through metal mask.
The device configuration is illustrated in the insertion of Fig. 1.

The current–voltage (I–V ) characteristics of the photodi-
odes were measured with an HP-4155B semiconductor pa-
rameter analyzer. The capacitance of the photodiodes was
characterized by a HP-4294A impedance analyzer. A low-
pressure mercury lamp with a 254-nm line filters was used as
UV light source to evaluate photo-responsivity. The incident
light power was calibrated by using a calibrated UV-enhanced
Si photodiode.

3. Results and discussion
Figure 1 shows the current–voltage (I–V ) curves of the

fabricated Schottky diodes at room temperature. Usually,
the forward bias I–V characteristics are linear in the semi-
logarithmic scale at low forward bias voltages as shown in the
insertion of Fig. 1, but deviates considerably from linearity
due to the effect of series resistance Rs, the interfacial layer,
and the interface states when the applied voltage is sufficiently
large. Hence the Rs is a significant parameter in the electri-
cal characteristics of Schottky Barrier diodes, especially in the
downward curvature (non-linear region) of the forward bias
I–V plots. Except for the Rs, the ideality factor is another sig-
nificant parameter in both the linear and non-linear region of
the I–V plots.
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Fig. 1. I–V characteristics of the Schottoky diode. The insertion shows
the cross-sectional schematic illustration of the Schottky diode and the
I–V characteristics at low forward bias voltages.

According to Cheung’s model,[17] the forward current–
voltage (I–V ) characteristics of a Schottky diode at low for-
ward bias voltages can be expressed by

I =IS

[
exp
(

eV D

nkT

)−1
]
, (1)

where dimensionless parameter n is called the ideality factor,
and e = 1 is the electronic charge of electrons, VD is the volt-
age applied across the diode, k is the Boltzmann constant, and
T is the absolute temperature.
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Because of the high resistivity layer in the fabricated
diodes, the effect of the diode series resistance Rs cannot be ig-
nored. The voltage VD across the diode can then be expressed
in terms of the total voltage drop V across the series resistor.
Thus, VD = V − IRs. At room temperature, VD > 3kBT/q is
usually satisfied. Equation (1) becomes

I =ISexp
[

eV (V − IRs)

nkBT

]
. (2)

Differentiating Eq. (2) with respect to ln(I) and rearranging
terms, we obtain

dV
d ln(I)

= IRs+
n
β
, (3)

where β = 1/kBT .
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Fig. 2. (color online) Plot of dV/d ln(I) versus I of the Schottky diode.
The insertion shows the linearly fitting result.

Thus, a plot of dV/d ln(I) vs. I will give Rs as the slope
and n/β as the y-axis intercept. The Rs parameter and the ide-
ality factor of the fabricated Schottky diodes were estimated
to be about 4.6×106 Ω and 1.4 as shown in Fig. 2. The value
of ideality factor is greater than unity. Such behavior should
be ascribed to the interface states. According to the electric
properties of the single crystal substrate, the resistance of the
substrate is about 2×105 Ω. Hence, the majority of the series
resistance Rs results from the highly resistive homo-epitaxial
layer.

Figure 3 shows the C–V measurement results at a signal
frequency of 1 MHz. A fall in capacitance with the reverse
bias voltage in the C–V curve suggests an n-type Schottky
contact. The saturation in capacitance at forward bias volt-
ages higher than 7 V indicates the existence of highly resis-
tive homo-epitaxial layer. On the basis of the existence of the
highly resistive layer, the capacitance is given by

1
C
=

1
Csc

+
1

Cfilm
+

1
Cin

, (4)

where Csc, Cin, and Cfilm are the capacitance of the Schottky
diode, the capacitance of i–n junction between the n-type sub-
strate and the MBE grown highly resistive thin films, and the

capacitance of the highly resistive layer, respectively,

Csc=ε0εr
S

dsc
, Cfilm=ε0εr

S
dfilm

, Cin=ε0εr
S

din
. (5)

Here, εr, ε0, dsc, dfilm, din, and S are the the relative permittiv-
ity of β -Ga2O3, which is set at 10, the permittivity of vacuum,
which is 8.86×10−12, the thickness of the Schottky diode re-
gion, the thickness of MBE grown films, the thickness of the i–
n junction region, and the area of the Schottky contacts, which
is 2.5×10−7 m2, respectively.
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Fig. 3. C–V characteristics of the Schottoky diode. The insertion shows
the schematic illustration of band diagram and the equivalent circuit
model of the Schottky diode.

The saturation capacitance represents the capacitance of
the highly resistive layer in series with the capacitance of the
i–n junction,

1
Csat

=
1

Cfilm
+

1
Cin

. (6)

The thickness of the MBE-grown β -Ga2O3 thin films is
100 nm. Then the Cfilm is estimated to be about 222 pF. From
Fig. 3, the Csat is estimated to be about 146 pF, which gives
Cin= 426 pF and din= 52 nm.

Considering the continuity of the electric field at the inter-
face between the highly resistive layer and the Schottky diode
region, the following equations can be obtained:[18]

S2

C2−
S2

C2
sat
= 2

(Vd−V )

eεrε0Nsc
, (7)

F =
eNSC

ε0εr
dSC. (8)

Here Nsc and F are the ionized donor concentration and the
electric field in the Schottky diode region, respectively.

A plot of S2/C2−S2/C2
sat versus bias voltage is shown

in Fig. 4. NSC = 4× 1018 cm−3 is deduced from the slope
of the fitting of S2/C2−S2/C2

sat plot. The spreading voltage,
Vd= 7.6 V, was estimated from the x-axis intercept of the fit-
ting of S2/C2−S2/C2

sat plot.
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Fig. 4. (color online) Plot of Y = S2/C2−S2/C2
sat versus V of the Schot-

tky diode. The insertion shows the linearly fitting result.

From Eqs. (5) and (8), at reverse bias voltage of 30 V,
dSC = 28 nm and F = 1.8 MV/cm. The voltage drop across
the Schottky diode is about 5 V. The majority reverse bias
voltage is applied to the highly resistive homo-epitaxial β -
Ga2O3 thin films. The breakdown voltage was about 60 V,
as shown in Fig. 5. The electric field in the highly resistive
homo-epitaxial β -Ga2O3 films is about 6 MV/cm. The intrin-
sic breakdown field is about 8 MV/cm.[1] A little lower break-
down electric field may be attributed to defects in the MBE
grown β -Ga2O3 thin films. The high ionized donor concen-
tration of NSC = 4× 1018 cm−3 in the Schottky diode region
implies high oxygen vacancy in the MBE grown β -Ga2O3 thin
films. Better epitaxial films with lower oxygen vacancy may
result in a higher breakdown voltage.
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Fig. 5. The reverse breakdown characteristics of the Schottky diode.

When the Schottky diode was irradiated by a low-pressure
mercury lamp, a positive direction photo-current under for-
ward bias in addition to a negative direction photo-current un-
der reverse bias was observed. Figure 6 shows the photocur-
rent of the Schottky diode at reverse bias and forward bias
together with its dark current characteristics. The light power
density was 13 µW/cm2. The generation of photocurrent was
clearly observed even under reverse-bias condition, which in-
dicates a Schottky barrier photodiode. However the photocur-
rent under reverse bias is too small (only a few nano-amper) to

be used as a UV detector. A large photocurrent was observed
under forward biases. For example, a photo-current of 620 nA
was detected at 8 V forward bias voltage. Large photocurrent
means higher photoresponsivity, but the ratio of photocurrent
to dark current is another factor to be considered for UV detec-
tors. The ratio of photocurrent to dark current is very small at
8 V forward bias voltage. Considering all the factors, such as
the photoresponsivity, the ratio of photocurrent to dark current,
and the operating voltage of the read-out integrated circuit for
UV camera, the proper forward bias voltage should be set as
about 4 V. The typical measured stable photocurrent and dark
current were 59 nA and 1.6 nA at 3.8 V forward bias voltage.
The ratio of the photocurrent to dark current is about 36.9. At
3.8 V forward bias voltage, the photoresponsivity Rλ = Ip/P
is 1.8 A/W, where Ip represents the difference between pho-
tocurrent and dark current; P represents the illuminated UV
power, which is equal to the UV intensity multiplied by the
area of the Schottky diode. The external quantum efficiency
ηex =

(
Ip/q

)
(P/hγ)−1 was 8.7× 102%, where q and hγ rep-

resent the electronic charge of electrons and the energy of the
illuminated UV photon, respectively, which implies the exis-
tence of internal gain in the Schottky diode. Ideal Schottky
diodes do not exhibit gain in essence. In our case, a potential
barrier exists at i-n junction between the MBE-grown highly
resistive thin film and the n-type conductive β -Ga2O3 single
crystal substrate as shown in the insertion of Fig. 3. Although
the barrier decreases with the applied forward bias, when the
bias voltage is smaller than the spreading voltage, the bar-
rier potential still exist in the i–n junction. Under UV light
illumination, the resistance of the MBE-grown highly resis-
tive layer decreases because of the photo-generated carriers.
Therefore, the barrier height decrease and even diminish at
a forward bias. Numerous electrons injected into the highly
resistive layer from the n-type substrate in addition to the pho-
togenerated carries produce the large forward current.
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Fig. 6. (color online) Dark current and photocurrent of the Schottky
diode. The insertion shows the ratio of photocurrent to dark current of
the Schottky diode.
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4. Summary
Highly-resistive β -Ga2O3 epitaxial layers were grown on

conductive Si-doped β -Ga2O3 single-crystal substrates by the
MBE. Vertical-type Schottky diodes with large photorespon-
sivity and external quantum efficiency were fabricated. A pho-
toconductive device model with a potential barrier at the i–
n junction was proposed to explain the gain of the Schottky
diode.

References
[1] Higashiwaki M, Sasaki K, Kuramata A, Masui T and Yamakoshi S

2012 Appl. Phys. Lett. 100 013504
[2] Ozgur U, Alivov Y I, Liu C, Teke A, Reshchikov M A, Dogan S,

Avrutin V, Cho S J and Morkoc H 2005 J. Appl. Phys. 98 041301
[3] Hsu C L and Lu Y C 2012 Nanoscale 4 5710
[4] Horng R H and Ravadgar P 2013 Proc. SPIE 8626 86260D
[5] Matsuzaki K, Yanagi H and Kamiya T 2006 Appl. Phys. Lett. 88

092106

[6] Weng W Y, Hsueh T J, Chang S J Huang G J and Hsueh H T 2011
IEEE Photon Technol. Lett. 23 444

[7] Li Y B, Tokizono T, Liao M Y, Zhong M, Koide Y, Yamada I and De-
launay J J 2010 Adv. Funct. Mater. 20 3972

[8] Li L, Auer E, Liao M Y, Fang X S, Zhai T Y, Gautam U K, Lugstein A,
Koide Y, Bando Y and Golberg D 2011 Nanoscale 3 1120

[9] Galazka Z, Uecker R, Irmscher K, Albrecht M, Klimm D, Pietsch M,
Brutzam M, Bertram R, Ganschow S and Fornari R 2010 Cryst. Res.
Technol. 45 1229

[10] Zhang J G, Xia C T, Deng Q, Xu W S, Shi H S Wu F and Xu J 2006 J.
Phys. Chem. Solids 67 1656

[11] Oshima T, Okuno T, Arai N, Suzuki N, Ohira S and Fujita S 2008 Appl.
Phys. Exp. 1 011202

[12] Suzuki R, Nakagomi S and Kokubun Y 2011 Appl. Phys. Lett. 98
131114

[13] Hao J and Cocivera M 2002 J. Phys. D: Appl. Phys. 35 433
[14] Ravadgar P, Horng R H and Wang T Y 2012 ECS J. Solid State Sci.

Techn. 1 N58
[15] Oshima T, Okuno T and Fujita S 2007 Jpn. J. Appl. Phys. 46 7217
[16] Tsai M Y, Bierwagen O, White M E and Speck J S 2010 J. Vac. Sci.

Technol. A 28 354
[17] Cheung S K and Cheung N W 1986 Appl. Phys. Lett. 49 85
[18] Lin Y J, Luo J and Hung H C 2013 Appl. Phys. Lett. 102 193511

017201-5

http://dx.doi.org/10.1063/1.3674287
http://dx.doi.org/10.1063/1.1992666
http://dx.doi.org/10.1039/c2nr31428b
http://dx.doi.org/10.1117/12.2002441
http://dx.doi.org/10.1063/1.2179373
http://dx.doi.org/10.1063/1.2179373
http://dx.doi.org/10.1109/LPT.2011.2108276
http://dx.doi.org/10.1109/LPT.2011.2108276
http://dx.doi.org/10.1002/adfm.201001140
http://dx.doi.org/10.1039/c0nr00702a
http://dx.doi.org/10.1002/crat.v45.12
http://dx.doi.org/10.1002/crat.v45.12
http://dx.doi.org/10.1016/j.jpcs.2006.02.018
http://dx.doi.org/10.1016/j.jpcs.2006.02.018
http://dx.doi.org/10.1143/APEX.1.011202
http://dx.doi.org/10.1143/APEX.1.011202
http://dx.doi.org/10.1063/1.3574911
http://dx.doi.org/10.1063/1.3574911
http://dx.doi.org/10.1088/0022-3727/35/5/304
http://dx.doi.org/10.1149/2.012204jss
http://dx.doi.org/10.1149/2.012204jss
http://dx.doi.org/10.1143/JJAP.46.7217
http://dx.doi.org/10.1116/1.3294715
http://dx.doi.org/10.1116/1.3294715
http://dx.doi.org/10.1063/1.97359
http://dx.doi.org/10.1063/1.4806970

	1. Introduction
	2. Experiment
	3. Results and discussion
	4. Summary
	References

