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Pt/GaN Schottky Barrier Height Lowering by Incorporated
Hydrogen
Yoshihiro Irokawa,z Akihiko Ohi, Toshihide Nabatame, and Yasuo Koide

National Institute for Materials Science, Tsukuba, Ibaraki 305-0044, Japan

Changes in the hydrogen-induced Schottky barrier height (ΦB) of Pt/GaN rectifiers fabricated on free-standing GaN substrates were
investigated using current–voltage, capacitance–voltage, impedance spectroscopy, and current–time measurements. Ambient
hydrogen lowered the ΦB and reduced the resistance of the semiconductor space–charge region while only weakly affecting the
ideality factor, carrier concentration, and capacitance of the semiconductor space–charge region. The changes in the ΦB were
reversible; specifically, the decrease in ΦB upon hydrogen exposure occurred quickly, but the recovery was slow. The results also
showed that exposure to dry air and/or the application of a reverse bias to the Schottky electrodes accelerated the reversion
compared with the case without the applied bias. The former case resulted in fast reversion because of the catalytic effect of Pt. The
latter case, by contrast, suggested that hydrogen was incorporated into the Pt/GaN interface oxides as positive mobile charges.
Moreover, both exposure to dry air and the application of a reverse bias increased the ΦB of an as-loaded sample from 0.91 to
1.07 eV, revealing that the ΦB of Pt/GaN rectifiers was kept lower as a result of hydrogen incorporation that likely occurred during
device processing and/or storage.
© 2024 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
2162-8777/ad3959]
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Gallium nitride (GaN) has been extensively used in optical and
electronic devices because of its advantages,1 which include a wide
(3.4 eV) direct bandgap, easy fabrication of heterostructures using
nitride-based materials such as AlGaN and InGaN, and a high
saturation velocity (e.g., 1.9 × 107 cm s−1 at a sheet charge density
of 7.8 × 1011 cm−2 at room temperature).2 As the commercialization
of high-quality free-standing bulk GaN substrates proceeds, re-
searchers are dramatically improving the performance of GaN
electronic devices by exploiting the advantages of substrates with
a low dislocation density; consequently, a wide variety of GaN-
based devices, including Schottky barrier diodes (SBDs),3 p–n
junction diodes,4 junction-barrier Schottky diodes,4,5 and metal-
oxide-semiconductor field-effect transistors (MOSFETs),3,6,7 have
recently attracted much attention. Nonetheless, knowledge of the
reliability of these devices remains limited and little is known about
the suitability of these devices for use in real electronic structures
such as power conversion systems. Among factors affecting the
device reliability, hydrogen incorporation into devices can cause
serious complications in device characteristics because hydrogen
ubiquitously exists in semiconductor processing and in the storage
environment and easily penetrates into the device materials, chan-
ging the device characteristics unintentionally.8–11 In the case of
MOSFETs, the effects of ambient hydrogen on Si and SiC devices
have long been studied; hydrogen-induced dipole layers have been
proposed to be the primary factor leading to changes in the threshold
voltages of these devices.12 With respect to GaN metal-oxide-
semiconductor (MOS) capacitors, by contrast, we recently reported
that ambient hydrogen was incorporated into dielectric layers as
positively charged mobile ions, leading to flatband voltage shifts of
the devices.13 In that report, we revealed that oxide layers in MOS
devices played a critical role in the flatband voltage shifts; that is, we
speculated that the flatband voltage shifts originated from trapped
hydrogen at oxygen vacancies (VOs) in the oxide layers.13 In
addition, even for GaN SBDs, we found that the formation of
oxides at the Pt/GaN interface might be responsible for the reduction
of the Schottky barrier height (ΦB) as a result of hydrogen
exposure.14,15 That is, we hypothesized that hydrogen trapped at
VOs in the Pt/GaN interface oxide changed the resistivity of the
oxide layers, resulting in the ΦB reductions.

In our previous study involving GaN MOS capacitors, the
application of a reverse gate bias during the reversion revealed the

charging state of hydrogen in the oxide layers.13 For GaN SBDs,
however, the charging state of hydrogen is unknown. In the present
study, we used current–voltage (I–V), capacitance–voltage (C–V),
impedance spectroscopy, and current–time (I–t) measurements to
investigate the charging state, along with the hydrogen response and
reversion characteristics, of Pt/GaN SBDs. As a result, we found that
hydrogen can be incorporated into the native oxide at the Pt/GaN
interfaces as positive mobile charges, as previously observed in GaN
MOS capacitors. In addition, we found that the ΦB of Pt/GaN
rectifiers is kept lower because of the hydrogen incorporation at the
Pt/GaN interface oxides, which likely occurs during device proces-
sing and/or storage, where the incorporated hydrogen does not
desorb under conventional conditions such as room temperature and
humid ambient air.

Experimental

Figure 1 shows a schematic cross-section of the Pt/GaN SBD
structure investigated in the present study. The devices were
prepared as follows: 5 μm-thick GaN layers were epitaxially grown
on free-standing bulk n+-GaN(0001) substrates via metal-organic
vapor-phase epitaxy. The grown GaN layers were doped with Si at a
concentration of 2 × 1016 cm−3, and the substrates had a dislocation
density on the order of approximately 106 cm−2 and a carrier
concentration of 1 × 1018 cm−3. After the surface was cleaned
with a mixture of sulfuric acid and hydrogen peroxide (H2SO4:H2O2

= 1:1) to remove organic residues, Ti (20 nm)/Al (100 nm)/Pt
(40 nm)/Au (100 nm) back Ohmic contacts were patterned via
electron-beam deposition. The patterned substrates were then
annealed at 750 °C for 30 s under a flowing N2 atmosphere in a
rapid thermal annealing system. After formation of the Ohmic
contacts, circular Pt (25 nm) Schottky contacts with a diameter of
100 μm were formed through a lift-off process. Notably, we
confirmed that this surface cleaning method led to the generation
of crystalline native gallium oxide layers with a thickness of ∼1 nm
on their surfaces; the in-plane lattice constant of the oxide matched
that of GaN.16,17

The reaction of the fabricated devices to ambient hydrogen gas
was studied at room temperature in a stainless-steel chamber equipped
with tungsten probes. After the chamber was evacuated by a dry scroll
vacuum pump, flowing pure N2 gas was introduced at a rate of
100 mLmin−1 and a total pressure of 10.0 kPa; I–V, C–V, and
impedance spectroscopy measurements were then conducted under
pure N2 gas. Next, in place of pure N2 gas, flowing 1% H2 + N2
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mixture gas was introduced at the same flow rate and same total
pressure and the devices in pure N2 gas were measured using the same
methods after saturation of the device characteristics. For some
devices, the hydrogen reaction transient was also recorded using the
I–t method. Finally, the flowing gas was changed from 1% H2 + N2

mixture gas to either pure N2 gas or dry air gas at the same flow rate
and same total pressure; the recovery transients for some of the
devices were then measured using the I–t technique. All the I–V and
C–V measurements were performed with a delay time of 1 s, and the
frequency of the C–V measurements was 100 kHz.

Results and Discussion

Figure 2 shows the I–V characteristics for a Pt/GaN SBD in pure
N2 gas and their changes when the device was exposed to the 1% H2

+ N2 mixture gas. The SBD displayed an excellent on/off ratio
under both environments; the current in the device under the 1% H2

+ N2 mixture gas was enhanced compared with that in the device
under pure N2 gas, consistent with previous reports.14,15,18 In Fig. 2,
the current in the SBD under ambient H2 gas is approximately 104

times greater than that in the device under pure N2 gas. This current
gain was previously explained by the dipole model in which the
apparent ΦB reduction originated from the hydrogen-induced dipole
layer formed at the metal/semiconductor interfaces;12,19 however,
we have proposed a different model in which hydrogen induces

changes in the Pt/GaN interface oxide properties, resulting in the
observed increases in current in the devices under an ambient
hydrogen atmosphere.14,15 The ideality factor (n) and Schottky
barrier height determined from I–V characteristics (ΦB′) were
calculated from the forward I–V curves on the basis of the
thermionic emission theory (Table I).20 We then conducted C–V
measurements to compare the net donor concentration ND − NA of
GaN under pure N2 gas with that of GaN under 1% H2 + N2 mixture
gas, where ND and NA are the donor and acceptor densities,
respectively.

Figure 3 shows the 1/C2 versus V data obtained from the C–V
characteristics for a Pt/GaN SBD under pure N2 gas and their
changes when the device was exposed to 1% H2 + N2 mixture gas.
As shown in Fig. 3, all the data are plotted on two parallel straight
lines with different intercepts; that is, the line corresponding to the
data for the device under the 1% H2 + N2 mixture gas has a smaller
intercept than the line corresponding to the data for the device under
pure N2 gas, as we previously reported.14,15 The results in Fig. 3
suggest the following two points: First, the ND − NA of the Pt/GaN
SBD under 1% H2 + N2 mixture gas is the same as that under pure
N2 gas because the two lines have the same slope.20 Second, the
Schottky barrier height determined from the C–V characteristics
(ΦB″) of the Pt/GaN SBD under 1% H2 + N2 mixture gas is smaller
than that of the device under pure N2 gas.

20 We calculated the ND −
NA and ΦB″ values on the basis of the data in Fig. 3; the results are
reported in Table I, together with the n and ΦB′ values acquired from
Fig. 2.

The values in Table I are similar to those reported in our previous
paper except for the ΦB′ and ΦB″ values for the Pt/GaN SBD under
pure N2;

15 the reason for this discrepancy is discussed later. As noted
in our previous paper,15 the data in Table I suggest the following
three issues: First, both the ΦB′ and ΦB″ values for the Pt/GaN SBD
under 1% H2 + N2 mixture gas are lower than those for the device
under pure N2 gas; we assume that changes in the Pt/GaN interface
oxide properties brought about by hydrogen reduce the ΦB′ and ΦB″
values. Second, the ND − NA value for the Pt/GaN SBD under 1%
H2 + N2 mixture gas is the same as that for the device under pure N2

gas, as evidenced by the two parallel 1/C2 vs V curves in Fig. 3; this
value is roughly consistent with the doping concentration of Si into
GaN. Thus, hydrogen does not alter the electrical properties of the
GaN layers, implying that hydrogen instead changes the Pt/GaN
interface oxide properties. Third, the n does not change after the
device is exposed to 1% H2 + N2 mixture gas, meaning that the
current transport mechanism is the same under both of the
investigated ambient environments. Next, we used impedance
spectroscopy to investigate whether the previously proposed hy-
drogen-induced dipole layer exists.

Figure 4 shows Nyquist plots for a Pt/GaN SBD at 0 V in pure N2

gas and in 1% H2 + N2 mixture gas. The result is consistent with our
previous report in which hydrogen exposure was found to result in a

Figure 1. Schematic of Pt/GaN SBD structure investigated in the present
study.

Figure 2. I–V characteristics for a Pt/GaN SBD in pure N2 and the changes of the characteristics when the devices were exposed to 1% H2 + N2. Here, blue
circles represent data corresponding to pure N2 gas and red inverted triangles represent data corresponding to 1% H2 + N2 mixture gas.
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striking reduction of the radius of the semicircle in the Nyquist
plot;14,15 these semicircle shapes can be explained according to
equivalent RC parallel circuits representing the semiconductor
space–charge region, where R and C are the resistance and
capacitance of the semiconductor space–charge region, respectively.

Table II shows the R and C values calculated from the Nyquist
plots in Fig. 4. As reported previously,14,15 exposure to hydrogen
drastically reduced the R value: the R value for a Pt/GaN SBD in 1%
H2 + N2 mixture gas was approximately 104 times smaller than that
of the device under pure N2 gas, whereas the C value remained
almost constant. We assume that this result is attributable to
hydrogen-induced reduction of the Pt/GaN interface oxide resistance
for the following three reasons: First, as shown in Fig. 4b, a new

semicircle attributable to the hydrogen-induced dipole layer is not
observed after the Pt/GaN SBD was exposed to hydrogen; therefore,
the previously proposed model does not appear to justify the data.
Second, as discussed previously (Fig. 3 and Table I), the ND − NA

value for the Pt/GaN SBD in 1% H2 + N2 mixture gas is the same as
that for the device in pure N2 gas; therefore, hydrogen exposure does
not change the electrical properties of the GaN layers. According to
our previous study involving GaN MOS capacitors,13 oxide layers
between Pt and GaN are the most likely origin of the change in the
Pt/GaN interface oxide resistance because hydrogen was found to be
absorbed into the oxide layers as positive mobile charges. Third,
hydrogen-induced property changes in oxides have been reported for
various oxides, including TiO2,

21 Ta2O5,
22 HfO2,

23 Pb(Zr,Ti)O3,
24

SrBi2Ta2O9,
25 SrTiO3,

26 and BaTiO3;
27 hydrogen is known to

reduce the resistance of these oxides. Hydrogen is ionized in the
oxides, and electrons emitted from hydrogen contribute to the
lowering of the resistance.24,26,28 We assume that the same phenom-
enon occurs in the Pt/GaN interface oxide. We subsequently
investigated the reaction timeframe of a Pt/GaN SBD under a
hydrogen ambient atmosphere.

Figure 5 shows the current for a Pt/GaN SBD at 0.15 V as a
function of time after the sample was exposed to 1% H2 + N2

mixture gas. As shown in Fig. 5, the current drastically increases
after hydrogen exposure and saturates at ∼10−8 A within a few
minutes; therefore, we recorded all of the data for the devices under
1% H2 + N2 mixture gas (Figs. 2–4, and 8) after 30 min of exposure
so that the hydrogen reaction had completed. Note that the saturation
time for the Pt/GaN SBD is within the same timeframe as that for
previously reported GaN MOS capacitors.13 Next, we investigated
the recovery characteristics of a Pt/GaN SBD after hydrogen
reaction.

Figure 6 shows the recovery characteristics for a Pt/GaN SBD.
Note that the current at 0 min is the value in 1% H2 + N2 mixture
gas after saturation (Fig. 5). When the ambient atmosphere was
changed from hydrogen to either pure N2 gas or dry air gas, the
current gradually reverted to its initial value observed under pure N2

gas. Figure 6 shows that the nature of the ambient gas plays a critical
role in the recovery velocity; that is, dry air gas leads to a much
faster recovery than pure N2 gas, consistent with our previously
reported results.14,15 This fast recovery under ambient dry air gas is
attributable to the catalytic function of Pt in which hydrogen and
oxygen chemically react on Pt surfaces, resulting in rapid desorption
of hydrogen from the Pt/GaN interface oxides, as previously
reported.29,30 Next, we investigated the effect of applying a reverse
bias during the reversion in order to reveal the charging state of
hydrogen in oxide layers and to compare the effect of the ambient
atmosphere and the bias application on the recovery rate.

Figure 7 shows the recovery characteristics for a Pt/GaN SBD,
where the reversion after hydrogen exposure was compared between
an SBD under pure N2 gas and an SBD under pure N2 gas with a
reverse bias of −2 V applied. Note that the measurements were

Table I. Summary of n and ΦB′ values obtained from the data in
Fig. 2 and the ND − NA and ΦB″ values based on the data in Fig. 3.

Property Value under pure N2 Value under 1% H2 + N2

n 1.02 1.02
ΦB′ 1.01 0.76
ND − NA 2.3 × 1016 2.3 × 1016

ΦB″ 1.22 0.86

Figure 3. 1/C2 vs V curves for a Pt/GaN SBD under pure N2 and their
changes when the device was exposed to 1% H2 + N2. Here, blue circles
represent data corresponding to pure N2 gas and red inverted triangles
represent data corresponding to 1% H2 + N2 mixture gas.

Figure 4. Nyquist plots for a Pt/GaN SBD at 0 V (a) under pure N2 gas and (b) under 1% H2 + N2 mixture gas.
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performed six times in total for three different devices; the standard
errors are shown as the error bars with the mean values.31 We
previously reported that applying a reverse gate bias accelerated the
reversion of GaN MOS capacitors with Al2O3 and Hf0.57Si0.43Ox

gate dielectrics after hydrogen exposure.13,29 We explained this
acceleration as follows:13,29 Hydrogen absorbed into the dielectrics
as positive mobile charges, and these mobile charges were driven
toward the gate electrodes by the applied electric field, leading to
faster hydrogen desorption. In the case of a Pt/GaN SBD, ∼1 nm-
thick crystalline native gallium oxide layers exist at the Pt/GaN
interfaces, as described earlier, instead of gate dielectrics; we assume

that hydrogen absorbed into the native gallium oxide layers induced
the property changes in the Pt/GaN interface oxides. As shown in
Fig. 7, the application of a −2 V bias slightly enhanced the
restoration of the device, suggesting that hydrogen can be absorbed
into the interface oxide layers as positive mobile charges, as in the
oxides of MOS devices.13,29 However, the effect of the bias
application is less prominent than in the case of the MOS devices.
A possible reason for this difference might be that an electric field
sufficiently strong to desorb hydrogen was not applied to the oxide,
likely because of the poor quality of the oxide at the Pt/GaN
interfaces.17 As a result, changing the ambient atmosphere is found
to be much more effective for faster restoration. Next, we studied the
changes in the ΦB′ values of as-loaded samples using the hydrogen
desorption method developed here.

Figure 8 shows forward I–V characteristics for a Pt/GaN SBD in
the as-loaded condition, as measured in vacuum, and the changes in
the characteristics when the device was exposed to either 1% H2 +
N2 mixture gas or dry air gas under a reverse bias of −2 V. The ΦB′
values were calculated on the basis of thermionic emission theory for
each case. As shown in Fig. 8, the as-loaded Pt/GaN SBD has a ΦB′
value of 0.91 eV, consistent with our previously reported results.14,15

Note that the ΦB′ value of a Pt/GaN SBD in the as-loaded condition
maintained a similar value when the ambient atmosphere was
changed from vacuum to pure N2 gas. The key issue that emerges
from Fig. 8 is that exposing the device to dry air gas under a reverse
bias of −2 V increased the ΦB′ substantially compared with the ΦB′
under the as-loaded condition. As shown in Fig. 8, the as-loaded Pt/
GaN SBD has a ΦB′ value of 0.91 eV; thereafter, the ΦB′ value
increases to 1.07 eV as incorporated hydrogen desorbs under the dry
air gas ambient atmosphere and applied bias, suggesting that
hydrogen was already absorbed into the Pt/GaN interface oxide
layers to some extent before the experiment, likely during processing
and/or storage. We previously studied the hydrogen interaction of
GaN MOS capacitors with various oxides, revealing that the number
of VOs in oxides might be related to hydrogen absorption.13 In the
case of a Pt/GaN SBD, hydrogen might be trapped at VOs in the
oxide layers because these oxides were found to be defective in our
previous study.17 The data in Fig. 8 show that the ΦB′ varies in the
range 0.76–1.07 eV depending on the amount of absorbed hydrogen
and that this fluctuation range of ΦB′ can depend on the quality of
the Pt/GaN interface oxides. Therefore, this method can be a useful

Table II. Summary of R and C values extracted from the Nyquist
plots in Fig. 4.

Parameter Value under pure N2 Value under 1% H2 + N2

R [Ω] 2.2 × 1011 7.2 × 107

C [pF] 3.2 3.9

Figure 5. Current at 0.15 V for a Pt/GaN SBD, plotted as a function of time
after exposure to hydrogen.

Figure 6. Recovery characteristics for a Pt/GaN SBD. Here, blue circles and
green triangles represent data corresponding to pure N2 and data corre-
sponding to dry air, respectively.

Figure 7. Recovery characteristics for a Pt/GaN SBD. Here, blue circles
represent data corresponding to pure N2 and orange triangles represent data
corresponding to pure N2 under a reverse bias of −2 V. Measurements were
performed six times in total for three different devices; the standard errors
are shown as the error bars with the mean values.
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tool to evaluate Pt/GaN interface oxides. Moreover, as shown in
Table I, the ΦB′ and ΦB″ values of Pt/GaN SBDs in pure N2 gas are
slightly higher than those in our previous reports (typically approxi-
mately 0.93 ⩽ ΦB′ ⩽ 0.95 and 1.17 ⩽ ΦB″ ⩽ 1.19) 14,15 because the
device was exposed to dry air gas before the ΦB′ and ΦB″
measurements in the experiment; thus, the interface oxide lacked
hydrogen compared with that in the device in the as-loaded
condition. That is, the exact determination of ΦB is generally not
easy because of the nature of the incorporated hydrogen. Reported
ΦB′ values of Pt/GaN SBDs, for instance, are largely scattered (0.65
⩽ ΦB′ ⩽ 1.43),32–53 which might be related to the incorporated
hydrogen.

Conclusions

Hydrogen-induced ΦB changes of Pt/GaN SBDs fabricated on
free-standing GaN substrates were investigated using I–V, C–V,
impedance spectroscopy, and I–t measurements. Ambient hydrogen
was found to lower the ΦB and reduce the R while only weakly
affecting the n, ND − NA, and C values; these results might be
attributable to changes in the properties of the Pt/GaN interface
oxides as a result of hydrogen absorption. The changes in the ΦB

values were reversible; specifically, the ΦB values rapidly decreased
upon exposure of the Pt/GaN SBDs to hydrogen; however, the
recovery was slow. The application of a reverse bias to the Schottky
electrodes accelerated the reversion compared with the case without
a reverse bias, suggesting that hydrogen was absorbed into the
oxides as positive mobile charges. In addition, both exposure to dry
air and the application of a reverse bias were found to increase the
ΦB′ value of the as-loaded sample from 0.91 to 1.07 eV, revealing
that the ΦB value of Pt/GaN rectifiers was kept lower as a result of
hydrogen incorporation that likely occurred during processing and/or
storage. The crystal quality of the Pt/GaN interface oxides might be
related to the amount of absorbed hydrogen, and the method
described in this report might be a useful tool for evaluating the
interface oxide quality.
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