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The thermal stability of n/n+ β-Ga2O3 epitaxial layer/substrate structures with sputtered ITO on both sides to act as rectifying
contacts on the lightly doped layer and Ohmic on the heavily doped substrate is reported. The resistivity of the ITO deposited
separately on Si decreased from 1.83 × 10−3

Ω.cm as-deposited to 3.6 × 10−4
Ω.cm after 300 °C anneal, with only minor

reductions at higher temperatures (2.8 × 10−4
Ω.cm after 600 °C anneals). The Schottky barrier height also decreased with

annealing, from 0.98 eV in the as-deposited samples to 0.85 eV after 500 °C annealing. The reverse breakdown voltage exhibited a
negative temperature coefficient of −0.46 V.C−1 up to an annealing temperature of 400 °C and degraded faster at higher
temperatures. Transmission Electron Microscopy showed significant reaction at the ITO and Ga2O3 interface above 300 °C, with a
very degraded contact stack after annealing at 500 °C.
© 2021 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/2162-8777/
ac3ace]
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Ga2O3 is attracting interest for high power rectifiers in inverter
systems for renewable energy sources and rapid chargers for electric
vehicles.1–13 There are also applications where transparent contacts
on Ga2O3 electronic devices would be advantageous, including
optical triggering of power switches and having the ability to probe
single event radiation upsets using laser pulses to simulate heavy ion
single events effects (SEE).4–21 Ga2O3 based devices have the
potential to achieve better efficiencies than SiC or GaN devices
due to the higher breakdown field.1–5,8–10 However, while Ga2O3 can
operate to at least 350 °C,9,11 many of the gate dielectrics employed
react at ∼200 °C,10 and packaging has also yet to match the high
operating temperatures achieved in the more mature wide bandgap
semiconductors.10 The integrated gate in common thyristor designs
creates a channel for power loss directly into the control electronics.
An optically-controlled gate would add flexibility to these devices
allowing them to be used to their full potential.14 A key component
of high efficiency power devices could be realized by the integration
of SiC base structures with epitaxially grown Ga2O3 gates for high
power optically controlled devices.

Similarly, it is typical in SEE testing to irradiate the device under
test with different ions (e.g., H, C through Ni) to produce different
linear energy transfer (LET) heavy ions at energies up to 25 MeV
(LET ∼ 30 MeV/(mg cm−2) to simulate the response to cosmic/solar
radiation.14–21 Since this is expensive and time-consuming,
pulsed X-ray or laser approaches have been developed to separate
the combined effects of ionization and displacement damage
processes.14–21 Both single-photon absorption (SPA) and two-
photon absorption (TPA) pulsed-laser systems allow for rapid-
feedback of radiation studies at lower costs than conventional
heavy-ion broad beam testing. These alternative SEE testing
methods show promise for basic research and would benefit from
simple transparent Schottky contacts to allow for the injection of
charge from laser pulses into the Ga2O3.

ITO is a promising transparent contact for Ga2O3,
22–29 especially

since it behaves as a rectifying contact on lightly n-type material and
as an Ohmic contact on heavily n+ Ga2O3.

30,31 Even though the
bandgap (∼4 eV) is lower than that of Ga2O3 there are generally
enough below gap states to allow changes in conductivity through
excitation of these gap states and a thin ITO Schottky contact would

still be much more transparent than a conventional metal contact.
We have previously found that sputtered ITO Schottky contacts are
thermally stable up to 500 K and suffer irreversible thermal damage
at 600 K.30 The effect of temperature on conventional Ti/Au Ohmic
contacts has been reported, showing they are unstable at 350 °C.32–34

Other reports have shown that part of this degradation is due to
migration and oxidation of Ti at the top surface of the Au contact
pads.35–50 However, there is little known about the stability of ITO
contacts on Ga2O3. In this paper we describe the stability of
transparent ITO/n-Ga2O3/n

+-Ga2O3/ ITO rectifiers to annealing up
to 500 °C.

Experimental

The drift region of the structure consisted of a 10 μm thick,
lightly Si doped epitaxial layer grown by halide vapor phase epitaxy
(HVPE) with carrier concentration of 3 × 1016 cm−3, and this
epitaxial layer was grown on a (001) orientation, 2-inch diameter Sn-
doped (n= 1019 cm−3) β-Ga2O3 single crystal (Novel Crystal
Technology, Japan). The wafer surfaces were ultrasonically cleaned
in acetone, methanol, and isopropyl alcohol.

A full area, 75 nm thick ITO backside Ohmic contact was formed
by dc sputtering at room temperature using a 3-in. target of ITO. The
dc power was 125 W and the process pressure was 5 mTorr in pure
Argon ambient. We also deposited 200 nm ITO under the same
conditions on sentinel Si wafers to allow us to measure the resistivity
as a function of anneal temperature up to 600 °C under either O2 or
N2 ambients. After backside Ohmic formation, the front of the
sample was cleaned using HCl and then treated with ozone for
20 minutes to remove residual hydrocarbons. Next, the sample was
patterned for Schottky contact formation. A 75 nm ITO layer was
similarly deposited by dc sputtering. Edge termination was not used,
in order to focus on the ITO contact characteristics free of edge
effects. Figure 1a shows a plan view optical microscope image
schematic of the competed devices, with circular contact diameters
of 50–200 μm and square contacts of length 400 μm. We included
different contact sizes and shapes so we could examine the effect of
current density and geometry on the breakdown characteristics of the
ITO contacts, since this has been an issue with conventional
contacts.51 There was no clear dependence of forward and reverse
current densities over the range of contact sizes investigated and nor
was there a difference between circular and square geometries.
Figure 1c shows an optical microscope image of the fabricated
diodes with ITO on both sides to provide contacts to thezE-mail: spear@mse.ufl.edu
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n-Ga2O3/n
+-Ga2O3 rectifier structure. These were annealed under N2

at temperatures up to 500 °C.
The current-voltage (I-V) characteristics were recorded were

recorded with a HP 4156 parameter analyzer for forward bias and
with a Tektronix 370-A curve tracer for reverse bias. We measured

4–5 different diodes for each condition, with the results being within
5% within this distribution. The forward current characteristic was
used to extract the zero-bias equivalent barrier height (Φb) and
ideality factor (n) from the relationship for current density in TE
theory, given by32,42,45

Figure 1. (a) Plan view optical image of front-side ITO Schottky contacts (b) schematic of entire structure and (c) photograph of transparent
ITO/n-Ga2O3/n

+-Ga2O3/ ITO rectifier.

Table I. Four-point measurement data, 200 nm ITO on silicon wafer.

Spot 1 Spot 2 Spot 3 Average Ω/□ Resistivity Ω.cm

Reference 93.7 90 90.2 91.3 1.83 × 10−3

300 °C, N2 18.01 17.85 18.3 18.1 3.6 × 10−4

400 °C, N2 16.7 17.5 17.5 17.2 3.4 × 10−4

500 °C, N2 14 13.5 13.5 13.7 2.7 × 10−4

600 °C, N2 14.78 13.9 13.5 14.0 2.8 × 10−4

600 °C, O2 424.8 423.2 424.0 424.0 8.5 × 10−3
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= ( / ) [ − (− / )J J exp eV nkT 1 exp eV kT0 A A

where J0 = A* meff/m0T
2 exp(ΦB/kT), e is electronic charge and A*

is the Richardson constant (33.7 A.cm−2K−2) and VA is the bias
voltage applied. The values of barrier height were corrected for the
image force (IF) lowering, as described elsewhere and also represent
the average of 4–5 different diodes at each condition.32 The ideality
factors, n, of the diodes were extracted from the slope of the linear
part of the subthreshold region for each temperature assuming
thermionic emission dominates, i.e. n = (e/kT) (dVD/dln(JD/J0).

The diode on/off ratio was measured when switching from 3 V
forward to reverse biases up to 100 V. The reverse breakdown
voltage was defined as the bias for a reverse current reached before
3 mA.

The structural stability of the ITO/Ga2O3 structures was exam-
ined by cross-sectional Transmission Electron Microscopy (TEM)
and Energy Dispersive X-ray Spectroscopy (EDS) to measure
interfacial stability and map the elemental composition near the
interface.

Results and Discussion

Figure 2 and Table I show the evolution of ITO resistivity with
annealing temperature. The trends are typical of what has been
reported previously by a number of groups,23–29 with a sharp
decrease up to 300 °C and a saturation at higher temperatures. For
annealing in O2, the reaction will decrease the oxygen vacancies and
the carrier concentration, which results in the increase of the
resistivity of the films relative to annealing in N2 ambients.23–29

Figure 3 shows the forward I-V characteristics before and after
annealing. The shape of the curves and magnitude of the forward
current is degraded after annealing above 300 °C, suggesting the

Figure 2. Resistivity of 200 nm thick ITO deposited on Si, as a function of
subsequent annealing temperature in N2 ambient.

Figure 3. Forward I-V characteristics of ITO/n-Ga2O3/n
+-Ga2O3/ ITO

rectifier as a function of annealing temperature in N2 ambient.

Figure 4. TEM cross-sectional images of the ITO/Ga2O3 interfaces after
annealing at different temperatures.

Table II. Barrier height, ideality factor, reverse breakdown voltage and currents at breakdown, as a function of annealing temperature.

Schottky barrier height Ideality factor Breakdown voltage (V) Current (A) Current density (A cm−2)

w/o annealing 0.98 1.06 416 1.52 × 10−7 1.94 × 10−3

200 °C 0.99 1.03 320 6.26 × 10−7 7.97 × 10−3

300 °C 0.93 1.04 282 8.48 × 10−7 1.08 × 10−2

400 °C 0.93 1.07 244 7.67 × 10−7 9.77 × 10−3

500 °C 0.85 1.12 122 7.95 × 10−7 1.01 × 10−2

ECS Journal of Solid State Science and Technology, 2021 10 115005



ITO reacts with the Ga2O3 at those temperatures. Figure 4 shows
cross-sectional TEM images of the as-deposited structure, with an
abrupt interface between the ITO and the Ga2O3. This is confirmed
by the EDS maps of the interfacial regions, shown in Fig. 5, where
there is an abrupt transition between the Sn and In concentration
profiles on either side of the interface.

Figure 6 and Table II show the Schottky barrier height and diode
ideality factor of the rectifying ITO contacts as a function of
annealing temperature in N2 ambient. The ideality factor increases
and the barrier height decreases with annealing temperature, con-
sistent with the degraded interfaces seen in the TEM. As seen earlier,
the ITO resistivity on Si decreases with annealing temperature,
suggesting that the ITO itself is still thermally stable at these
temperatures in the absence of reaction with the underlying Ga2O3.

TEM and EDX were again used to examine the changes in
interfacial quality and composition due to the annealing. Figure 7
shows the TEM cross section after 200 °C annealing. There is no
major structural changes under these conditions, consistent with the
electrical measurements. After 300 °C annealing, the TEM cross
section in Fig. 8 (top) shows the interface roughening, and the High
Angle Annular Dark Field Imaging (HAADF), which is more
sensitive to variations in the atomic number of atoms in the sample
shows a reaction zone below the ITO (center). This is also clear from
the EDX map (bottom), which shows reaction at the interface. This
also correlates with the changes in electrical properties of both the
ITO and the Schottky barrier.

The reaction is more enhanced at 400 °C, as shown in the TEM
cross section of Fig. 9 and the EDX maps in Fig. 10. Under these
conditions, it more difficult to delineate the ITO layer and the

Figure 5. EDX images of the interfacial area between the ITO and Ga2O3

for the as-deposited samples.

Figure 6. Schottky barrier height and diode ideality factor of ITO contacts
as a function of annealing temperature in N2 ambient.

Figure 7. TEM cross-sectional images of the ITO/Ga2O3 interfaces after
annealing at 200 °C.
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Figure 8. TEM cross-sectional image (top) HAADF image (center) and EDX map (bottom) of the ITO/Ga2O3 interfaces after annealing at 300 °C.
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compositional data shows extensive diffusion of In and Sn into the
Ga2O3. This clearly indicates that the ITO/Ga2O3 interface begins to
react above 300 °C and is responsible for the degradation in the I-V
characteristics.

Finally, after 500 °C annealing, the TEM cross sections of Fig. 11
and the EDX images in Fig. 12 show extensive interfacial reaction
and loss of integrity of the interface.

The increase in on-state resistance (Ron) with measurement
temperature between 75 °C and 150 °C for Ni/Au contacts on Ga2O3

has been reported previously as 40,42

( ) = ( ) ( / )R T R 300 K T 300on on
0.73

It is also interesting to examine the annealing temperature
dependence of this parameter for our ITO contacts. Figure 13 and
Table III shows that RON decreases above an anneal temperature of
300 °C, which coincides with the drop in resistivity of the ITO. The
specific on-state resistance of a unipolar diode is a sum of the drift
region resistance, the contact resistance and the substrate resistance.
Only the contact resistance will change with annealing and the
reduction in ITO resistivity can account for this change. At high
annealing temperatures, the reaction of the ITO with the Ga2O3 will
lead to an increase in the on-resistance.

Figure 14 shows the reverse I-V characteristics as a function of
annealing temperature, while the breakdown voltages (VB) from
these characteristics are shown in Fig. 15. The variation of VB with
annealing shows a linear dependence up to 500 °C temperature,
which can be represented by a relation of the form:28

β= + ( − )V T416 25B

where β = –0.46 V. C–1, T is the annealing temperature and 416 V is
the breakdown voltage without annealing. This gives some idea of

the thermal stability of the structure, in that it loses roughly 46 V in
breakdown voltage for every hundred degrees increase of annealing
temperature above room temperature. This indicates the breakdown
voltage is one of the more sensitive indicators of contact degrada-
tion.

We also note that the annealing ambient did not affect the
stability of the ITO/Ga2O3 structure over the temperature range up to
600 °C, although clearly it can affect the sheet resistance of the ITO.
The reaction of the ITO with the underlying Ga2O3 at high
temperatures proceed though interfacial reactions, although we
have not yet identified the formation of any new phases in the
interfacial microstructure.

Conclusions

The thermal stability of transparent, vertical Ga2O3 rectifiers with
ITO contacts on both sides has been established. The ITO performs
as a rectifying contact on lightly n-type Ga2O3, while it is an Ohmic
contact on heavily doped n+ Ga2O3. These structures are basically
stable to annealing at 300 °C, beyond which the forward current
density and reverse breakdown voltage suffer significant degrada-
tion. The use of ITO contacted rectifiers may have application to
investigation of single event radiation upsets using laser sources to
inject current and also to optically-triggered switching devices based
on Ga2O3.

Figure 10. EDX images of the interfacial area between the ITO and Ga2O3

after annealing at 400 °C.

Figure 9. TEM cross-sectional images of the ITO/Ga2O3 interfaces after
annealing at 400 °C.
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Figure 12. EDX and HAADF images of the interfacial area between the ITO and Ga2O3 after annealing at 500 °C.

Figure 13. Plot of RON after different annealing temperatures in N2 relative
to the value at 300 K.

Figure 11. TEM cross-sectional images of the ITO/Ga2O3 interfaces after
annealing at 500 °C.
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