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Abstract

-Ga,0j5 thin films were grown on n-type GaN substrates using the sol-gel method. The forward-biased temperature depend-
ent current—voltage (I-V-T) characteristics of Ni/p-Ga,05/GaN structure have been investigated in the temperature range of
298-473 K. The apparent barrier height (¢,,) increased while the ideality factor (n) decreased with the increase in tempera-
ture. Such a temperature dependent behavior of ¢, and n was explained by the inhomogeneity of ¢,,, which obeyed Gauss-
ian distribution with zero-bias mean barrier height (¢p,) of 1.02+0.02 eV and standard deviation (o) of 153 +0.04 mV.
Subsequently, ¢4, and Richardson constant A" were obtained from the slope and intercept of the modified Richardson plot
as 0.99+0.01 e V and 67.2 A cm™2 K2, respectively. The ¢ obtained from the modified Richardson plot was in good
agreement with the theoretical value calculated from the work function of Ni and electron affinity of -Ga,0;. The I-V-T
characteristics of Ni/f-Ga,05;/GaN MOS structures can be successfully explained by the thermionic emission theory with a

single Gaussian distribution of the barrier height.

1 Introduction

Gallium nitride (GaN) has been extensively investigated
in optoelectronics as it can realize high performance LED
combing with other materials such as ZnO [1] and CsPbBr;
[2]. Recently, GaN high-electron-mobility-transistors
(HEMTs) have gained considerable attention for power
switching applications due to its high-speed switching per-
formance as well as high breakdown voltage [3]. Metal-
oxide-semiconductor (MOS) structures are commonly
adopted as gate control terminal in GaN HEMTs. In recent
years, gallium oxide (Ga,0;) has drawn increasing attention
as a dielectric material owing to its superior dielectric prop-
erties such as high dielectric constant (9.9-10.2) [4], high
breakdown strength (>7 MV cm™ Y [5], and high chemical
and thermal stability. Ga,0; thin-films were successfully
obtained on various foreign substrates using various tech-
niques such as sputtering [6], atomic layer deposition [7,
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8], and oxidation [9, 10]. Ga,05/GaN MOS structures are
of particular interest due to the fact that a few monolayers
of native Ga,05 decorate the GaN surface because of the
spontaneous termination of the Ga-atoms with oxygen [11,
12], affecting the interface property between the oxide and
underlying GaN. The effect of the presence of Ga,0; layer
on the MOS structures has been studied by intentionally
growing Ga,0; layer on GaN. For example, Lee et al. grew
a Ga, 04 layer on n-type GaN using a photoelectrochemical
method involving a He—Cd laser and estimated interface-
state density (D;,) of 2.53 X 10" ¢cm™2 eV~! [13]. Yamada
et al. characterized D,, of thermal oxidized GaO, on GaN
to be 1.7x 10" cm™2 eV~! [6]. These studies indicated the
intrinsically superior nature of the Ga,05/GaN interfaces,
inspired by thermal oxidized SiO, with Si that is commonly
adopted in silicon CMOS technology.

Recent studies have pointed out insufficient conduction
band offset (AE) at the Ga,05;/GaN interfaces. Grodzicki
et al. used oxygen bombardment to oxidize GaN and meas-
ured AE of Ga,0O; and GaN to be 0.35 eV using X-ray
photoelectron spectroscopy [14]. Wei et al. measured AE - of
thermal oxidation grown Ga,0O; and GaN to be 0.1 +0.08 eV
[15]. Conduction mechanism of n-type MOS structures with
low AE - is more likely to be dominated by thermionic emis-
sion (TE), as electrons easily overcome the potential barrier
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at oxide/semiconductor interfaces and reach the metal side.
The current—voltage characteristics of such MOS structures
become similar to those of metal-semiconductor (MS) type
diodes. In addition, Fowler—Nordheim tunneling current is
more pronounced at high electric field when AE - is suffi-
ciently low. These facts can result in large gate leakage cur-
rent when MOS structures are forward-biased, suggesting
that Ga,O; standalone may not be an appropriate gate oxide
for GaN-based MOS structure.

Previously, we have successfully deposited p-Ga,O; on
GaN using a sol—gel process [16]. Sol-gel method has dem-
onstrated to be a simple and inexpensive way of growing
thin-film dielectrics on semiconductors [17, 18]. D;, and AE
between sol—gel p-Ga,0; and GaN were characterized to be
1.75%10'? cm™2 and 0.35 eV, respectively. Owing to insuf-
ficient AE, there was relatively high gate leakage current
in the forward-bias. In an attempt to systematically inves-
tigate the electrical characteristics of f-Ga,0;/GaN MOS
structures, temperature dependent current—voltage (I-V-T)
measurement was performed in this study. Analysis of the
I-V-T characteristics of the Ni/p-Ga,0,/GaN MOS struc-
tures not only gave detailed information about their con-
duction mechanism but also the effect of $-Ga,O; on the
device performance. The I-V-T characteristics revealed an
increase in apparent barrier height (¢,,) and a decrease in
ideality factor (n) with an increase in temperature. There
have been extensive studies about the temperature depend-
ent behavior of d)ap and n [19, 20]. Such behavior of d)ap and
n resulted from the inhomogeneity of ¢,, due to the pres-
ence of B-Ga,O; interfacial layer and it was manifest as a
deviation from linearity in the conventional Richardson plot.
Zero-bias mean barrier height (¢p,) and Richardson constant
were extracted from the modified Richardson plot. The value
of ¢, Was in good agreement with its theoretical value. The
I-V-T characteristics of Ni/f-Ga,0;/GaN MOS structures
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can be successfully explained by the TE theory with a single
Gaussian distribution of the barrier height.

2 Sample preparation and structural
properties

Sol—-gel $-Ga,0; was coated on a MOCVD-grown GaN-on-
sapphire wafer consisting of 1 um n-GaN layer with dop-
ing of ~1x10'7 cm™ on the top and 1 um n* GaN layer
with doping of ~3x 10'® cm™ on the bottom (see Fig. 2).
Detailed description on the sol-gel f-Ga,O; process can be
found in our report [5, 16]. Structural characterization of the
films was performed after the annealing step with a Bruker
D8 Discover high-resolution X-ray diffraction (XRD) system
equipped with a Cu K-alpha X-ray source. Measurements
were performed in a grazing incidence angle of 0.8° to maxi-
mize diffracted intensity from the Ga,O; film and minimize
intensity from the GaN/sapphire substrate. Figure 1a shows
a typical XRD pattern of the annealed Ga,O; film with peaks
indexed to monoclinic f-Ga,05 (ICDD powder diffraction
file 41-1103). The surface morphology of the p-Ga,O; film
was examined by atomic force microscopy (AFM) using an
Asylum Research MFP-3D AFM tool as shown in Fig. 1b.
The root-mean-square (RMS) roughness of 5 X5 pm scan
area of f-Ga,0; surface is ~0.55 nm, which is closed to
the RMS of GaN substrate surface, 0.57 nm. It implies that
smooth p-Ga,O; film was coated on GaN.

After the structural characterization of the films, MOS
structures in Fig. 2 were fabricated with the following steps.
First, mesa isolation was performed using buffered oxide etch
(BOE) wet etching for -Ga,0;, and subsequent Cl,-based
reactive-ion etching for GaN. Then, ohmic contacts consist-
ing of Ti/Au (20/200 nm) was formed by e-beam evaporation
and lift-off process on the etch-exposed n* GaN layer. Finally,

10.0 nm

0.0 nm

Fig. 1 a XRD pattern with peaks indexed to the f-Ga,O; phase and b 5x5 um AFM image of the sol-gel p-Ga,O; film (RMS surface rough-

ness=0.55 nm)
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Fig.2 Schematics of MOS
diode and cross-sectional SEM
image
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Fig.3 Forward and reverse bias I-V-T characteristics of the Ni/p-
Ga,05/GaN MOS structure. The inset plots linear relationship of in/
versus V at low voltage

a gate contact consisting of Ni/Au (20/200 nm) was made on
the -Ga,O; film. The p-Ga,O; film thickness was determined
to be 48.2 +2.3 nm from the cross-sectional scanning electron
microscope (SEM) image on multiple locations. A Keithley
4200-SCS parameter analyzer was used to measure the [-V-T
characteristics.

3 Results and discussion

Figure 3 shows the forward and reverse bias [-V-T charac-
teristics of Ni/p-Ga,05/GaN MOS structures in the tempera-
ture range of 298473 K. For MOS structures with low AE-
between oxide and semiconductor, the conduction mechanism
is governed by TE and I-V characteristics can be expressed
by [21].

q\V — IR
1=1, lexp(%) - 1] Y]

where 7 is the ideality factor IR, is the voltage drop across R,
of structure, / is the saturation current and can be extracted

3 B-Ga,04 A].J
T1

/ 1nGaN (1 um)
n" GaN (1 pm)

Table1 The values of various electrical parameters in the tempera-
ture range of 298-473 K

T (K) Ih(A) n b,y V)
298 2.89%x 1077 5.5 0.55
323 4.17%x1077 5.13 0.60
348 6.21x1077 4.84 0.63
373 1.10x107°° 455 0.67
398 3.29%107° 429 0.68
423 9.29%x107° 4.03 0.69
448 1.81x107° 3.84 0.71
473 2.56%x107° 3.51 0.74

from the straight line intercept of In/-V plot (Fig. 3 inset) at
zero bias. I is expressed by:

Py
I, = AA*T? exp <—qk—T”> )
where A is the diode area, ¢, is the apparent or measured
barrier height, A" is the Richardson constant and equal to
26.4 A cm~2 K2 for n-type GaN [22], respectively. The
value of /, was obtained from the intercept of [n/-V plot for
each temperature. Subsequently, using the , and the value
of A, the value of ¢,, was obtained from Eq. (2) for each
temperature as:

—k—Tln AATT 3
(pap - q IO ( )

The other important diode parameter, ideality factor n
was obtained from the slope of InI-V plot for each tempera-
ture as

_ 4 _av
= kT d(nl) “)

The temperature dependent values of [, n and ¢,, were
summarized in Table 1. The experimental values of 1,, n and
d)up range from 2.89 X 1077 A, 5.5 and 0.55 eV (at 298 K),
and 2.56x 107 A, 3.5 and 0.74 eV (at 473 K). Ideality factor
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n decreased while ¢, increased with an increase in tem-
perature as shown in Fig. 4. Such a temperature dependent
behavior of ¢,, and n is attributed to the inhomogeneity
of the barrier height due to the presence of p-Ga,0O; thin
film between the metal and GaN. At low temperature, elec-
trons without sufficient energy can only surmount patches
with lower Schottky barrier [23-25]. As the temperature
increases, more and more electrons gain sufficient energy
to overcome higher barrier, leading to the measurement of
higher apparent Schottky barrier height. Tung pointed out a
negative correlation between the apparent Schottky barrier
and the ideality factor [26]. Therefore, the ideality factor
decreases with the increase in temperature. Moreover, inter-
face states can also cause such behavior of qﬁa[, and n [27].
The reverse bias current increases with the increase of tem-
perature, which can be attributed to the tunneling through
the surface and bulk traps [28-30]. This mechanism was
proved based on greater-than-unity ideality factors extracted
from the forward I-V-T plots.

Conventional Richardson plot or activation energy plot
(In (IO / T2) vs. 1/T) has usually been adopted to evaluate the
&, Figure 5 shows the conventional Richardson plot for
Ni/p-Ga,05/GaN structure. Richardson plot shows a poor
linear fitting in the temperature range of 298473 K, with
the slope of — 2.93 and intercept of — 15.31. The activation
energy (E,) and A" were extracted from the slope and inter-
cept as 0.254 eV and 7.145x 10~ A cm™2 K2, respectively.
This experimental value of A” is significantly lower than the
theoretical value of n-GaN (26.4 A cm~2 K~2). Horvath et al.
[31] explained the low value A" may be due to the lateral
inhomogeneity of the barrier height at M/S interface.

As discussed above, the increase in d)up and decrease in n
with increasing temperature and low value A” extracted from
conventional Richardson plot in Fig. 5 were due to the lat-
eral inhomogeneity of barrier height. The inhomogeneity can
be described by a Gaussian distribution with a mean barrier

0.80 : ; : . 6.0
[ ¢ap
075F v _ 155
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[} | |
~ 0.65F v 14.5¢c
5 -— W v —
< 060} 140
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Fig.4 Apparent barrier height (d)ap) and ideality factor (n) as a func-

tion of temperature
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Fig.5 Conventional Richardson plot for Ni/ B-Ga,05/GaN MOS
structure

height and a standard deviation. According to single Gauss-
ian distribution theory, the ¢, and the ideality factor can be
expressed by the following relations: [32]

_ qo,
Pap = Ppo — 2kYT (5)
1 qpr;
Ll =—p, = 23
n 727 o ©)

where ¢p, is the zero-bias mean barrier height, o, is the
zero-bias standard deviation of the barrier height distribution
which is a measure of the barrier height homogeneity, p, and
psare the voltage deformation coefficients. The experimental
$,p versus g/2kT and n~' — 1 versus ¢/2kT plots are shown in
Fig. 6. The values of ¢, and o, obtained from the intercept
and slope of ¢, versus g/2kT plot are 1.02+0.02 eV and
153 +0.04 mV, respectively. The value of o, indicates that

0.80 : . ; -0.60
F 9, =-0.0235:(q/2KT)+1.0201 V]
0.75¢ n'-1 = -0.0135-(q/2kT)-0.5632 ]-0.65

0.70}

0.50 ' : ' -0.85
12 14 16 18 20

q/2KT (eV)

Fig.6 Apparent barrier height and n=! — 1 versus ¢/2kT according
to single Gaussian distribution of barrier height. The goodness of the
linear fit is 0.980 and 0.946, respectively
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“40r ¢ =0.99 eV
A =67.2 Acm32K?

2.0 215 310 35
1000/T (K™)

Fig.7 Modified Richardson plot according to single Gaussian distri-
bution of barrier height. The goodness of linear fit is 0.999

the existence of a distribution of barrier height or patches
at around ¢p,. As can be seen in Table 1, the ¢, calculated
from the forward bias I-V is always smaller than ¢, for
each temperature. The values of p, and p; obtained from the
intercept and slope of n~! — 1 versus ¢/2kT plot were 0.5632
and 0.0135 V, respectively.

The conventional activation energy In(I,/T?) versus 1/T
plot should be linear in the ideal case and gives A” and ¢y,
as intercept and slope calculations based on the TE current
mechanism. For MOS structures with inhomogeneous bar-
rier height, however, the goodness of linear fitting of con-
ventional activation energy plot is poor (as shown in Fig. 5).
When considering Eqgs. (3) and (5), a modified activation
energy expression according to the Gaussian distribution of
the barrier heights can be rewritten as:

Iy q26s2() o 9Ppo
. <ﬁ> - <2k2T2 = @A) =57 7

Using the experimental I, data, the modified
In (]O/TZ) - qzo-fO/Zsz2 versus /T plot can be obtained
according to Eq. (7). This plot should give a straight line
with the slope yielding ¢y, and the intercept at the ordinate
yielding A" for a given diode area A. Figure 7 represents
the plot calculated with o, obtained from Fig. 6 over the
temperature range of 298—-473 K. A good liner fit to the
modified experimental data is depicted which represents
the true activation energy plot. The slope yielded ¢p, of
0.99+0.01 eV, matching the ¢, value obtained from the Dap
versus 1/T plot in Fig. 6. This result also matches the theo-
retical barrier height of 1.01 +£0.05 eV, calculated from the
difference in electron affinity of f-Ga,0; (=4.00+0.05 eV)
[33] and work function of Ni (=5.01 eV). The intercept at
the ordinate gives the Richardson constant A" of 67.2 A

cm~2 K2, A good linear fitting in the modified Richardson
plot indicates that the I-V-T characteristics of Ni/pf-Ga,0,/
GaN MOS structures can be explained by the TE theory with
a single Gaussian distribution of the barrier height.

4 Conclusion

A detailed analysis of the I-V-T characteristics of the
Ni/sol-gel B-Ga,05;/GaN MOS structures has been made
to investigate the electrical characteristics of the MOS
structures. Experimental results showed that the electrical
parameters such as /,, n, and (l)ap were in strong function of
temperature, which was due to the lateral inhomogeneity of
barrier height. In order to interpret such behavior of ¢, and
n, both the ¢,, versus ¢/2kT and (n~' = 1) vs q/2kT plots
were drawn to obtain an evidence of a Gaussian distribu-
tion of the barrier height. The ¢, and o, obtained from the
intercept and slope of ¢, vs g/2kT plot were 1.02+0.02 eV
and 153 +0.04 mV, respectively. Subsequently, the ¢, and
A" were obtained from the slope and intercept of the modi-
fied Richardson plot as 0.99+0.01 e V and 67.2 A cm™?2
K~2. The ¢, obtained from both ®,p versus g/2kT plot and
modified Richardson plot are in good agreement with the
theoretical value calculated from the work function of Ni
and electron affinity of p-Ga,0;. The I-V-T characteristics
of Ni/p-Ga,0;/GaN MOS structures can be successfully
explained by the TE theory with a single Gaussian distribu-
tion of the barrier height.
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