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ABSTRACT
Pt/n-GaN Schottky diodes were fabricated on metal organic chemical vapor 
deposition grown epitaxial GaN thin films. Temperature-dependent electrical 
characterizations current–voltage and capacitance–voltage were performed in the 
temperature range of 80–500 K. Barrier inhomogeneity calculations of the pristine 
Schottky barrier diodes were performed. Furthermore, these devices were irradi-
ated with 100 MeV oxygen ions in fluencies ranging from  1010 to  1014 ions/cm2. 
In situ current–voltage and capacitance–voltage measurements were performed 
after each fluence. The Schottky barrier height and ideality factor increased, 
whereas the carrier concentrations decreased with an increase in the ion fluence. 
The results were interpreted based on the thermionic emission model and energy 
loss mechanism of the ion beam in GaN.

1 Introduction

GaN-based Schottky barrier diodes (SBDs) have vari-
ous technological applications in power electronics, 
optoelectronic devices, and space because of their 
unique properties such as wide bandgap, radiation 
hardness, high saturation velocity, and high break-
down voltage [1, 2]. It is essential to analyze the vari-
ation in the device parameters of the SBD, such as the 
ideality factor, Schottky barrier height (SBH), carrier 
concentration, and series resistance with temperature 

and ion irradiation for the sustainability of these 
devices working under variable temperatures and 
radiation harsh space applications. Metal–semicon-
ductor (MS) contacts with large SBHs, high rectifica-
tion efficiencies, and low reverse leakage currents are 
required in applications such as power rectifiers and 
HEMTs [3]. As specified by the Schottky–Mott model, 
the SBH depends on the metal work function and sem-
iconductor electron affinity (4.1 eV for GaN) [3–5]. Plat-
inum (Pt) metal is suitable for use as a Schottky con-
tact on n-type GaN because of its high work function 

Received: 27 April 2023 
Accepted: 28 August 2023 
Published online: 
20 September 2023 

© The Author(s), under 
exclusive licence to Springer 
Science+Business Media, LLC, 
part of Springer Nature, 2023

Navneet Kumar and Ashish Kumar have contributed equally to this work.

Address correspondence to E-mail: ashish.kumar@ddn.upes.ac.in; dr.akmr@gmail.com

http://orcid.org/0000-0002-5240-3472
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-023-11227-7&domain=pdf


 J Mater Sci: Mater Electron (2023) 34:18271827 Page 2 of 8

(5.65 eV) and corrosion and oxidation resistance [3]. 
There is not much literature on in situ experimental 
investigations of swift heavy ion (SHI) irradiation, 
especially for the MS interface, which is the subject of 
the current work. Radiation affects the properties of 
GaN depending on the type of radiation energy and 
doping [6, 7]. According to previous reports, the pro-
duction of point defects, their migration, and annihila-
tion, as well as a few other parameters, influence the 
damage mechanism in GaN at keV energies [7, 8]. In 
the keV regime, ions are implanted in the near-surface 
region, whereas in the SHI regime (energy ≥ of 1 MeV/
amu), ions reach the substrate in the epitaxial films 
[9]. As a result, controlled changes at the MS interface 
can be accomplished either by creating new defects or 
by annealing existing defects [8, 10]. Several reports 
have been published on temperature-dependent cur-
rent transport in Silicon and GaAs-based Schottky 
diodes [11–13]. Variations in the ideality factor and 
SBH with the fluence in metal/n-GaN Schottky diodes 
have been reported [14–17]. These results are linked 
to the modification in the interface state density at the 
MS contact affected by heating and defect formation 
caused by irradiation. Recently, temperature-depend-
ent current–voltage (I–V) and capacitance–voltage 
(C–V) characteristics of Ni/n-GaN SBDs were studied 
by Yildirim [18]. However, few reports on the effects 
of temperature and ion irradiation on Pt/GaN Schottky 
diodes, are available in the literature. One such report 
by Kumar et al. highlighted I–V characteristics and 
Hall effect measurements of a Pt/GaN Schottky diode 
at temperatures in the range of 200–380 K [16].

In this study, SBDs were fabricated using Pt metal 
and GaN epitaxial layer on a sapphire substrate. 
In situ I–V and C–V characterizations of Pt/n-GaN 
SBDs were performed to observe the variation in elec-
tronic parameters under the influence of varying tem-
peratures in the range of 80–500 K and ion fluences of 
100 MeV oxygen ion irradiation from 1 ×  1010 to 1 ×  1014 
ions/cm2.

2  Experimental

GaN epitaxial layer (∼ 4 μm) used in the fabrication of 
the Schottky contacts were obtained by MOCVD tech-
nique µ grown on a c-plane sapphire substrate. Before 
fabrication, the GaN epitaxial layers were chemically 
cleaned sequentially using trichloroethylene, acetone, 
and isopropyl alcohol solutions in an ultrasonic bath 

for 10 min each followed by rinsing with deionized 
(DI) water for 5 min. Immediately before metalliza-
tion, the oxide contaminant was removed by dipping 
the samples in a HCl:H2O (1:1) solution for 1 min and 
then in DI water. Deposition of Pt films of 100 nm 
on the n-GaN epitaxial layer was carried out using 
an electron beam deposition system. The base pres-
sure of deposition was  10−8 mbar. For the characteri-
zation, small indium ohmic contacts were planted on 
the diode samples at two opposite edges via solder-
ing. The diodes were irradiated with 100 MeV oxygen 
ions using the Pelletron accelerator facility available 
at IUAC, New Delhi. The fluences of the ion beams 
varied from 1 ×  1010 to 1 ×  1014 ions/cm2. The ion beam 
was focused at an angle of 7° to avoid channeling. 
In situ I–V and C–V characterization of the diodes 
were performed using an Agilent Semiconductor Ana-
lyzer. Before the irradiation experiments, temperature-
dependent electrical characterizations were performed 
at various temperatures in the range of 80–500 K by 
increasing the temperature by 30 K in each step using 
an LN2 Optistat DNV cryostat and a temperature con-
troller (Oxford Instruments ITC503).

3  Results and discussion

3.1  I–V characterization of Pt/GaN SBD

The I–V characteristics were determined by varying 
the temperature to analyze the variations in the SBD 
parameters. The reverse and forward bias characteris-
tics of the Pt/n-GaN SBD at various temperatures rang-
ing from 80 to 500 K are shown in Fig. 1a. A thermionic 
emission model was used to fit the experimental data 
[4, 5].

 where IS, V, RS, and η are the saturation current, bias 
voltage applied across the barrier, series resistance, 
and the ideality factor, respectively. The SBH expres-
sion is given by

 where T, A,ϕ B, and A* represent the tempera-
ture of the diode, effective area of the MS contact, 
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barrier height, and the effective Richardson constant, 
respectively.

Using the above thermionic emission equation, the 
ideality factor η was calculated using the slope of the 
linear fit to the I–V characteristics between log(I) and 
V in the forward bias region. The intercept of the linear 
fit on the y-axis was expressed as the saturation cur-
rent [19]. The SBH was calculated using Eq. (2). The 
series resistance was calculated from the forward I–V 
characteristics using the Cheung and Cheung method 
[20]. The diode parameters are listed in Table 1 and 
the changes in the SBH and η with temperature are 
shown in Fig. 1b. Ideality factor decreased from 5.5 
to 1.24, while SBH increased from 0.17 to 0.81 eV, 
when temperature increased from 80 to 350 K. The 
increased value of η at lower temperatures indicates 
a deviation in the current transport from thermionic 
emission in the SBD [21]. This deviation might have 
occurred because of the presence of other current 
transport phenomena, such as tunneling and field 
emission [16]. At elevated temperatures, η improved 
and found to be 1.16 at 410 K. This means that the fac-
tor responsible for current transport, that is tunneling/
field emission, decreased with increasing temperature. 
Another important parameter is SBH, which is related 
to the electric field developed at the MS junction. It 

also increased with increasing temperature. The cal-
culated experimental data for the series resistance dis-
played in Table 1 show that it decreases with increas-
ing temperature.

3.2  C–V characterization of Pt/GaN SBD

The C–V measurement of a SBD is dependent on tem-
perature and is an important aspect of interest that can 
clarify the Fermi energy, built-in voltage, carrier con-
centration, and SBH. The variation in the capacitance 
of SBD can be expressed as follows [4, 5],

 where q is the electronic charge, ε0 is the permittiv-
ity of free space, εs is the dielectric constant, A is the 
cross-sectional area of the contact, Vbi is the built-in 
voltage, and ND is the carrier concentration. The capac-
itance of the diode was measured at 1 MHz. The C–V 
characteristic curves of the Pt/n-GaN SBD at various 
temperatures in the range of 80–500 K are shown in 
Fig. 1c. The carrier concentration was calculated using 
the slope obtained from the graph between 1/C2 and V 
according to the following equation as

(3)C =
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2
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,

Fig. 1  a I–V characteris-
tics of Pt/n-GaN SBD with 
varying temperature from 
80 to 500 K, b variation of 
measured SBH and ideality 
factor with the temperature 
(based on I–V), c C–V curves 
of Pt/n-GaN SBD and inset 
shows 1/C2 vs. V curves for 
reverse bias voltage at a vary-
ing temperature in the range 
80–500 K, and d variation of 
SBH and carrier concentra-
tion vs. temperature of Pt/n-
GaN SBD (based on C–V)
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and SBH related to built-in potential can be deter-
mined from the following equation 

 here Intercept is the intercept on the y-axis in the 
curve plotted between 1/C2 and V, and NC is the effec-
tive charge state concentration in the conduction band. 
The parameters determined from the C–V analysis are 
listed in Table 1 and shown in Fig. 1d. It can be seen 
from the data that there is an increment in carrier con-
centration from 1.05 ×  1017 to 8.67 ×  1017  cm−3 and in 
SBH from 0.22 eV to 1.06 eV as temperature increases 
from 80 to 500 K.

This type of dependence of the SBH on temperature 
is generally described in terms of the energy band gap 
of semiconductors, which can fluctuate with tempera-
ture. Nevertheless, in an actual Schottky diode, the tem-
perature coefficient of the energy bandgap is often con-
siderably different from that of the SBH. Many reports 
have specified various distinct causes for such non-ideal 
behaviors. Werner and Güttler reported that this type 
of behavior arises from Schottky barrier inhomogeneity 
[18, 22–24] present at the interface [25]. This inhomoge-
neity arises because of many factors, such as the diode 
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fabrication process, material preparation, surface defect 
density, and local increase in the electric field, which can 
also cause a local reduction in the SBH. Consequently, 
the transport current became inhomogeneous. The ide-
ality factor η greater than one in the I–V curves results 
from the shape and location of the peaks in the potential 
barriers which are dependent on the bias voltage. Using 
the weighted data of the Gaussian distribution across all 
patches and the thermionic emission current expression 
with each value of SBH, the total current can be obtained 
in SBDs. The model indicates that the perceived SBH 
is consistently less than the barrier distribution’ mean 
value and is given by the following equations [22, 26].

 here ϕap is the apparent SBH calculated in the forward 
region of the diode, and σso is the standard deviation 
of the SBH distribution at zero bias and the barrier 
homogeneity measure with negligible temperature 
dependence. ϕbo is the mean SBH at zero bias. By plot-
ting the graph between ϕap and 1/2kT, we obtained the 
value of�2

so
 from the slope and ϕbo from the intercept. 

The variation in η is given as

The non-dependence of η on the bias requires a lin-
ear dependence of SBH and the square of the standard 
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Table 1  Calculated Schottky 
parameters with varying 
temperatures in the range of 
80–500 K of Pt/n-GaN SBD 
from temperature dependent 
I–V and C–V analysis

I–V analysis C–V analysis

Temp. (K) SBH (eV) Ideality factor Rev. sat. cur. 
at – 1 V (µA)

RS(Ω) SBH (eV) Carrier conc. (N 
d ) ×1017  (cm−3)

80 0.17 5.50 7.77 647.9 0.22 1.05
110 0.24 3.84 7.67 647.2 0.28 1.07
140 0.31 3.06 8.12 601.2 0.36 1.08
170 0.38 2.41 8.27 600.7 0.43 1.10
200 0.46 2.05 8.69 577.8 0.50 1.12
230 0.53 1.93 9.10 566.7 0.56 1.18
260 0.60 1.66 9.73 551.6 0.63 1.65
290 0.67 1.50 10.8 540.4 0.68 2.77
320 0.74 1.32 11.8 533.1 0.75 2.85
350 0.81 1.24 13.2 530.6 0.83 2.89
380 0.87 1.22 14.9 530.0 0.90 4.68
410 0.93 1.16 19.0 534.4 0.94 5.95
440 0.97 1.26 31.7 533.9 0.99 8.53
470 1.02 1.23 52.5 528.6 1.03 8.60
500 1.04 1.26 166.0 520.7 1.06 8.67
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deviation on the bias voltage. Parameters ρ2 and ρ3 
are the voltage coefficients of the mean SBH and the 
standard deviation square, respectively. Details of 
the calculations can be found elsewhere [17]. Three 
sets of �2

so
 , ϕbo, ρ2, and ρ3 in the temperature ranges 

of 80–140 K, 170–260 K, and 290–500 K are shown in 
Fig. 2a. The linearity of the graph depicts adherence 
to the barrier inhomogeneity model.

Similarly, for the Richardson plot, the modified 
saturation current equation is given as

Using the above expression, a modified Richardson 
plot was obtained by plotting the LHS of the equation 
as a function of 1/kT. Using linear fitting, the modi-
fied Richardson constant was determined from the 
intercept and �bofrom the slope [27]. Theoretically, 
for n-GaN, A** is 26.4 A/(cm2K2). Three plots were 
obtained for three values ofσ 2

so
 , and thus three dif-

ferent Richardson constants and SBH were obtained 
for three temperature ranges (80–140 K, 170–260 K, 
and 290–500 K), as listed in Table 2 and are shown in 
Fig. 2b [16]. When moving from the low-temperature 
range to the high-temperature range, the value of the 
Richardson constant also approached the theoretical 
value. These types of SBDs with large barrier heights 
are suitable for many power electronic applications.

3.3  Ion irradiation effect on Pt/GaN SBD

The samples were then irradiated at 300 K with 
100 MeV oxygen ions using a Pelletron accelerator 
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at IUAC, New Delhi. The I–V and C–V data were 
obtained at 300 K for ion fluencies ranging from 
1 ×  1010 to 1 ×  1014 ions/cm2. The analysis of the SBH 
and ideality factor was repeated using Eqs. (1–5), 
as explained above. An increase in the SBH and 
a decrease in η with increasing ion fluence were 
observed as shown in Fig. 3a. The parameters deter-
mined from the I–V analysis of the irradiated samples 
are listed in Table 3. 

C–V data were obtained for the irradiated sam-
ple, and the carrier concentration was determined 
from the slope, whereas the SBH was obtained from 
the intercept of the 1/C2 vs. voltage (V) curves at 
different fluences. The changes in the carrier con-
centration and SBH with the fluence are shown in 
Fig. 3b. It was observed that SBH increased while 
the carrier concentration decreased with an increase 
in the ion fluence. The increase in the ideality fac-
tor and decrease in the carrier concentration with an 
increase in fluence can be easily understood because 
the ion beam is expected to cause damage at the MS 
interface as well as the bulk of GaN. However, most 
reported irradiation investigations with heavier 

Fig. 2  a Variation of SBH 
(square symbol) and η−1 − 1 
(triangle symbol) vs. 1/2kT 
curve (triangle symbol) of 
Pt/n-GaN SBD, b modified 
Richardson plot of 
[

ln

(

I0

T2

)

−
q2�2so

2k2T2

]

vs
1

kT
 . Three 

plots were obtained for three 
values �2

so
 as represented by 

the symbols triangle, circle, 
and square for given 
temperature ranges (80–
140 K, 170–260 K, and 
290–500 K), respectively

Table 2  Calculated mean SBH, Richardson’s constant from the 
barrier inhomogeneity model

Temperature range 
(K)

Mean SBH (eV) Richardson’s 
constant (A/
cm2K2)

80–140 0.496 47.97
170–260 0.99 39.49
290–500 1.584 30.12
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ions (200 MeV Ag and 150 MeV Au) in GaN devices 
showed a decrease in the SBH values after irradiation 
[28–31]. The present SBH trend can only be under-
stood by considering the oxygen ion-GaN interac-
tion mechanism in detail. When an ion enters a mate-
rial, it loses energy via two mechanisms electronic 
energy loss (SE) and nuclear energy loss (SN). For 
oxygen ions (100 MeV), the former loss mechanism is 
dominant in epitaxial GaN thin films (< 5 μm thick). 
The nuclear energy loss process dominates only at 
the end of the ion range, which is in the sapphire 
region in the present samples. Because of this energy 
transfer, the GaN lattice temperature spikes for a 
very short duration. However, the maximum lattice 
temperature reached for the 100 MeV oxygen ion is 
∼ 530 K, which is significantly lower than the melt-
ing point of GaN (2773 K) [32]. Thus, no local melt-
ing or permanent cluster/track formation occurred 

for oxygen ions in the present case. Furthermore, a 
simple SRIM/TRIM calculation for 100 MeV oxygen 
ions in GaN showed that each oxygen ion created 
approx. 9.5 vacancies. This shows that small point 
defects were still produced, which might contribute 
to the electrically active defect states (charge trap 
levels and scattering centers) in the bandgap. As a 
result, the carrier concentration and conductivity of 
GaN decreased with increasing fluence, as observed 
in our case. The measured value of SBH (φap) is given 
as the difference between the ideal barrier height 
(φb) and Schottky barrier lowering factor (Δφb), that 
is, φap = φb−Δφb. Factor Δφb depends on the carrier 
(dopant) concentration of the sample (∝ (ND

+)1/4) 
[5, 28, 29]. The decrease in ND

+ with irradiation flu-
ences results in a reduced Δφb factor, and hence, an 
increased value of SBH at higher fluence values. At 
higher fluences, the accumulated defects degrade 

Fig. 3  a Variation in SBH 
and η (from IV) of irradiated 
Pt/n-GaN SBD with ion irra-
diation fluence, b SBH and 
carrier concentration versus 
fluences at temperature 300 
K measured from CV meas-
urement

Table 3  Calculated parameters of irradiated Pt/n-GaN SBD from I–V and C–V characteristics.

The blank spaces in this table indicate the unavailability of results due to the presence of noise in the system

Fluence (ions/cm2) I–V analysis Fluence (ions/cm2) C–V analysis

Ideality factor SBH (eV) Carrier conc.  (cm−3) SBH (eV)

Pristine 1.24 0.79 Pristine 2.77 ×  1017 0.80
1 ×  1010 1.28 0.78 1 ×  1010 1.05 ×  1017 0.95
5 ×  1010 1.29 0.74 2.5 ×  1010 1.04 ×  1017 0.97
5 ×  1011 1.29 0.80 5 ×  1010 8.58 ×  1016 1.02
7.5 ×  1011 1.38 0.92 2.5 ×  1011 5.71 ×  1016 1.05
5 ×  1012 1.39 1.27 5 ×  1011 5.59 ×  1016 1.15
7.5 ×  1012 1.40 1.31 7.5 ×  1011 5.20 ×  1016 1.17
1 ×  1013 1.46 1.36 1 ×  1012 5.17 ×  1016 1.22
5 ×  1013 1.88 1.42 2.5 ×  1012 5.16 ×  1016 1.25
1 ×  1014 2.04 1.45 5 ×  1012 5.13 ×  1016 1.41

7.5 ×  1012 5.02 ×  1016 1.41
1 ×  1013 4.77 ×  1016 1.51
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device properties by providing leakage paths, and 
alternate transport mechanisms. The increased value 
of the ideality factor is a clear indication of the pres-
ence of a non-thermionic emission current transport 
mechanism. For GaN-based SBDs irradiated by heav-
ier ions (Ag and Au), defect accumulation and device 
degradation begin at much lower fluences because 
the energy transferred to the lattice per ion is much 
larger [30–33].

4  Conclusion

Pt/n-GaN Schottky diodes were fabricated and inves-
tigated using temperature-dependent I–V and C–V 
measurements. An increase in the SBH and a reduc-
tion in the ideality factor were observed, whereas the 
series resistance decreased with increasing tempera-
ture. Barrier inhomogeneity was observed in the sam-
ples, as the diode samples exhibited different mean 
barrier heights under different temperature regimes. 
The Richardson’s constant was found to be close to the 
theoretical value of 26.4 A/cm2  K2 in the temperature 
range of 290–500 K. In situ irradiation studies of the 
device with oxygen ions (100 MeV) showed that the 
SBH enhanced in both the C–V and I–V analysis as 
the fluence of irradiation increased. The ideality factor 
and carrier concentration determined from the C–V 
analysis decreased with increasing fluence. A better 
understanding of the defect evolution in GaN-based 
devices in harsh environments with high temperatures 
and radiation is necessary for potential low-earth sat-
ellite applications. Further studies with different ion 
types and energies are required to fully understand 
the mechanism and predict device behavior and life-
time for such applications.
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