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The temperature-dependent electrical properties and carrier transport
mechanisms of tetramethylammonium hydroxide (TMAH)-treated Ni/Au/
Al2O3/GaN metal–insulator–semiconductor (MIS) diodes have been investi-
gated by current–voltage (I–V) and capacitance–voltage (C–V) measurements.
The experimental results reveal that the barrier height (I–V) increases
whereas the ideality factor decreases with increasing temperature. The
TMAH-treated Ni/Au/Al2O3/GaN MIS diode showed nonideal behaviors which
indicate the presence of a nonuniform distribution of interface states (NSS) and
effect of series resistance (RS). The obtained RS and NSS were found to de-
crease with increasing temperature. Furthermore, it was found that different
transport mechanisms dominated in the TMAH-treated Ni/Au/Al2O3/GaN
MIS diode. At 150 K to 250 K, Poole–Frenkel emission (PFE) was found to be
responsible for the reverse leakage, while Schottky emission (SE) was the
dominant mechanism at high electric fields in the temperature range from
300 K to 400 K. Feasible energy band diagrams and possible carrier transport
mechanisms for the TMAH-treated Ni/Au/Al2O3/GaN MIS diode are discussed
based on PFE and SE.
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INTRODUCTION

GaN-based optoelectronic and microelectronic
devices have been rapidly developed due to their
potential applications in the next-generation.1–5

Remarkably, the GaN metal–insulator–semiconduc-
tor (MIS) diode is a workhorse of power electronics
technology and a cornerstone for high-power, high-
frequency, and high-temperature applications.6–8

Fabrication of high-quality MIS diodes with low
surface morphology and physical damage (caused by
plasma etching) has considerable technological
importance. Owing to the technological importance
of MIS diodes, their electrical properties at room as
well as cryogenic temperatures are significant.9

Study of the I–V characteristics of such diodes at
room temperature alone does not provide complete
information about their carrier conduction pro-
cess.10,11 However, it is important to understand
the carrier conduction process or nature of barrier(Received January 16, 2016; accepted July 13, 2016;
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formation at the semiconductor interface.10,11 In
particular, applications such as infrared detectors,
sensors for thermal imaging, microwave diodes, and
nuclear particle analysis detectors require knowl-
edge about MIS diode characteristics based on
temperature. The temperature-dependent charac-
teristics allow identification of distinct conduction
mechanism modes across MIS interfaces as well as
study of the effects of parameters such as series
resistance and interface state density on carrier
transport at MIS interfaces.

Several researchers have explored the signifi-
cance of the temperature-dependent characteristics
of different insulator materials for GaN-based
devices and explained the physical phenomenon of
carrier transport mechanisms based on current–
voltage (I–V) and capacitance–voltage (C–V) mea-
surements.11–15 Tekeli et al.11 fabricated (Ni/Au)-
Al0.3Ga0.7N/AlN/GaN heterostructures and studied
their temperature-dependent inhomogeneous char-
acteristics in the temperature range from 295 K to
415 K. The results revealed that the series resis-
tance (RS) exhibits unusual behavior, increasing
with temperature. Lee et al.12 studied a hydrogen
sensor diode based on a b-Ga2O3 oxide layer
obtained by the reactive oxidation method. They
showed that the hydrogen sensing response of the
Pt/b-Ga2O3/GaN diode decreased when operated at
higher temperature. Lakshmi et al.13 reported the
temperature-dependent I–V and C–V characteris-
tics of Au/SiO2/n-GaN Schottky barrier diodes
(SBDs) in the wide temperature range from 120 K
to 390 K, and explained the results with the help of
a double Gaussian distribution of barrier heights.
Also, they showed that the interface state density
decreased with an increase in temperature. Yang
et al.14 carried out frequency-dependent conduc-
tance measurements on AlGaN/GaN metal–oxide–
semiconductor (MOS) structures with and without
oxide (Al2O3) layer at room temperature. They
demonstrated reduced trap density by eliminating
the damage on the AlGaN/GaN surface by gate
recession before Al2O3 deposition. Shetty et al.15

fabricated a Pt/insulator layer (HfO2)/n-GaN diode,
reporting improved electrical characteristics com-
pared with the Pt/n-GaN diode. They found that the
barrier height (uIV

bo ) increases while the ideality
factor (n) decreases with increase in temperature.

For the present work, Al2O3 was selected as an
insulator layer, because atomic layer deposited
(ALD) Al2O3 has been explored as an insulator for
GaN metal–oxide–semiconductor field-effect tran-
sistors (MOSFETs) and metal–oxide–semiconductor
high-electron-mobility transistors (MOS-HEMTs),
mainly due to its ability to form normally-off high-
voltage power switching devices.16–18 Generally, in
MIS device fabrication, damage to the Schottky
region due to plasma etching before Al2O3 deposi-
tion represents an obstacle to obtaining a high-
quality insulating layer on a GaN surface. To

address this issue, use of a chemical wet etching
method could be a good solution. Indeed, anisotropic
etching is a key technology for fabrication of various
micromechanical devices. In particular, tetramethy-
lammonium hydroxide (TMAH)-based wet etchant
is believed to be an effective chemical solution in an
anisotropic etching field.19 Use of this type of wet
etchant smoothens the roughened surface and also
removes surface damage caused by plasma etching,
being crucial for development of metal–semiconduc-
tor contacts. Our previous studies20,21 firstly
reported the effect of TMAH treatment as a post-
gate-recess etching process for normally-off Al2O3/
GaN MOSFETs, also revealing improved character-
istics. They secondly reported improvement in the
electrical characteristics of the Ni/Au/Al2O3/GaN
MIS diode with application of simple TMAH treat-
ment. Improved device performance was achieved
when using TMAH treatment compared with diodes
not treated using TMAH, indicating that TMAH
treatment plays a positive role for effective removal
of damage to the GaN surface due to plasma etching
in the Schottky region. These features are quite
interesting for fabrication of metal–insulator–GaN
contacts based on TMAH wet etching. From the
standpoint of TMAH treatment of devices, it is
important to understand the effect of TMAH treat-
ment on the temperature-dependent characteristics
of MIS diodes. To the best of our knowledge, there
are no reports on the temperature-dependent char-
acteristics of MIS diodes after TMAH treatment.

Therefore, in this work, an attempt was made to
investigate the electrical properties and carrier
transport mechanisms of the TMAH-treated Ni/
Au/Al2O3/GaN MIS diode in the temperature range
from 150 K to 400 K in steps of 50 K based on
current–voltage (I–V) and capacitance–voltage (C–
V) measurements. The barrier height (/bo), ideality
factor (n), series resistance (RS), and interface state
density (NSS) of the TMAH-treated Ni/Au/Al2O3/
GaN MIS diode were estimated as functions of
temperature and discussed. In addition, the carrier
transport mechanisms in Ni/Au/Al2O3/GaN MIS
diodes as well as the dependence of the leakage
current on the electric field at different tempera-
tures are presented. The energy band diagrams and
possible carrier transport mechanisms in the
TMAH-treated Ni/Au/Al2O3/GaN MIS diode are also
discussed based on the Poole–Frenkel and Schottky
emission theories.

EXPERIMENTAL PROCEDURES

AlGaN/GaN epitaxial heterostructure was grown
on sapphire substrates using a vertical-type met-
alorganic chemical vapor deposition (MOCVD) sys-
tem with trimethylaluminum (TMAl),
triethylgallium (TEGa), and ammonia (NH3) as
precursors and hydrogen as carrier gas. Prior to
epitaxial heterostructure growth, the sapphire sub-
strates were annealed at 1050�C for 10 min to
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remove surface contamination. A 30-nm low-tem-
perature GaN nucleation layer was grown at 500�C
with chamber pressure of 5.3 kPa and V/III ratio of
2000. The low-temperature growth rate was con-
trolled by flow of 27 lM/min TEGa and 0.09 M/min
NH3 precursors. Then, the susceptor temperature
was ramped to 1020�C, and a 2-lm-thick undoped
GaN semi-insulating layer was grown, followed by
an AlGaN barrier layer (25 nm thick). The active
region of the device was isolated by transformer-
coupled plasma reactive-ion etching using BCl3/Cl2
gas mixture to fabricate the metal–insulator–semi-
conductor (MIS) device. The AlGaN layer in the
Schottky region was fully recessed using the same
gas mixture. To fabricate the TMAH-based MIS
diode, the exposed GaN surface was treated with
TMAH:H2O (1:3) solution at 85�C for 10 min to
smooth the surface and remove plasma damage.
After TMAH treatment, a thin (3 nm) Al2O3 insu-
lator layer was then deposited on the GaN surface
by atomic layer deposition (ALD) at 450�C. Ohmic
contacts were formed by a Ti/Al/Ni/Au (12 nm/
200 nm/40 nm/100 nm) metal stack, annealed at
850�C using a rapid thermal annealing (RTA)
system in N2 ambient for 30 s. To complete device
fabrication, Schottky contacts were formed on the
TMAH-treated GaN surface by evaporating a Ni/Au
(100 nm/120 nm) metal scheme at vacuum pressure
of 6 9 10�4 Pa. The diameter of the Schottky diode
was 500 lm. Current–voltage (I–V) and capaci-
tance–voltage (C–V) characteristics were obtained
using a precision semiconductor parameter ana-
lyzer (Agilent 4155C) and inductance (L), capaci-
tance (C), and resistance (R) meter (Agilent 4248A).

RESULTS AND DISCUSSION

Figure 1 shows the forward and reverse current–
voltage (I–V) characteristics of the TMAH-treated
Ni/Au/Al2O3/GaN MIS diodes over the temperature
range from 150 K to 400 K. A schematic diagram of
the Ni/Au/Al2O3/GaN MIS diode is shown in the
inset of Fig. 1. To obtain the barrier height and
ideality factor (n), the forward-bias characteristics
in terms of thermionic emission (TE) over the
barrier were analyzed using the equation22,23

I ¼ I0 exp
qV

nkBT

� �
1 � exp

�qV

kBT

� �� �
; ð1Þ

with

I0 ¼ AA�
RT

2 exp
�q/IV

bo

kBT

 !
; ð2Þ

where A is the contact area, T is absolute temper-

ature, kB is the Boltzmann constant, /IV
bo is the

Schottky barrier height (SBH), and A�
R is the

modified Richardson constant, assumed to be
26.4 A/(cm K)2 for n-type GaN. The ideality factor
was obtained from the slope of the straight-line
region of the forward-bias I–V characteristics. The

diodes showed concrete manners with ideality factor
of 2.98, 2.11, and 1.45 at 150 K, 200 K, and 250 K,
respectively. However, note that the ideality factor
improved with temperature to 1.12, 1.10, and 1.09
at 300 K, 350 K, and 400 K, respectively. The SBH
for the diodes at 150 K, 200 K, 250 K, 300 K, 350 K,
and 400 K was estimated to be 0.49 eV, 0.64 eV,
0.75 eV, 0.84 eV, 0.91 eV, and 0.96 eV, respectively.
Clearly, as seen from Table I, the barrier height
increases with temperature. As the temperature
increases, more carriers have sufficient energy to
overcome the higher barriers at the MIS interface.
In addition, note that the ideality factor increased
with decrease in temperature. For higher tempera-
tures, the experimental ideality factor was almost
equal to unity and was temperature dependent,
which may be described as the ‘‘T0 effect or
anomaly.’’22,24 These behaviors of the ideality factor
have been attributed to inhomogeneities in the
Schottky interface. As the temperature is decreased,
the function current is dominated by low-Schottky-
barrier regions with lower effective barriers and
higher ideality factor.24,25 Moreover, the ideality
factor is not constant with temperature, showing
linear behavior with inverse temperature. As a
result, the ideality factor decreases with increasing
temperature, whereas the barrier height increases.
The TMAH-treated Ni/Au/Al2O3/GaN MIS diode
showed nearly ideal behavior with ideality factor
of 1.14 at 300 K. This value is comparable to the
value reported by Lakshmi et al.13 for Au/SiO2/n-
GaN diodes at 300 K. In this work, it was observed
that TMAH treatment of the GaN diode decreased
the ideality factor due to the influence of surface
modification of the Al2O3/GaN interface. Note that
the decrease in the ideality factor for the TMAH-
treated Ni/Au/Al2O3/GaN MIS diode was achieved
due to reduction of fabrication-induced defects at
the MIS interface.25 In addition, the applying-bias

Fig. 1. Current–voltage curves of TMAH-treated Ni/Au/Al2O3/GaN
MIS diode as function of temperature. Inset shows schematic con-
figuration of TMAH-treated Ni/Au/Al2O3/GaN MIS diode.
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dependence on the barrier height at the real MIS
interfaces.26

The forward-bias I–V characteristics of the
TMAH-treated Ni/Au/Al2O3/GaN MIS diode may
deviate considerably from linearity due to the
influence of the series resistance (RS) and interface
state density (NSS) at sufficiently high voltages.
Thus, it is important to understand the effect of RS

in the TMAH-treated Ni/Au/Al2O3/GaN MIS diode.
To determine the RS, ideality factor, and barrier
height of the TMAH-treated Ni/Au/Al2O3/GaN MIS
diode, Cheung’s functions were applied. Cheung’s
functions can be expressed as27

dV

d ln I
¼ IRS þ n

kT

q
; ð3Þ

HðIÞ ¼ V � n
kT

q
ln

I

AA�T2

� �
; ð4aÞ

and

HðIÞ ¼ n/bo þ IRS: ð4bÞ

Figure 2 shows plots of dV/d(ln I) versus I and of
H(I) versus I for the Ni/Au/Al2O3/GaN MIS diode as
a function of temperature. From Eq. 3, on a plot of
dV/d(ln I) versus I (Fig. 2a), the y-axis intercept is
nkT/q whereas the slope is RS. Meanwhile, it is
predicated that a linear curve fit to a plot of H(I)
versus I (Fig. 2b) will yield RS from the slope and
the barrier height from the ordinate, using the
ideality factor obtained from Eq. 3 in Eq. 4a and b.
Such calculations for Fig. 2a yielded RS and n
values of 1887.95 X and 3.01 at 150 K and
475.03 X and 1.10 at 400 K, respectively. Mean-
while, the values of RS and barrier height obtained
from Fig. 2b were 1854.92 X and 0.47 eV at 150 K
and 470.64 X and 0.94 eV at 400 K, respectively, for
the TMAH-treated Ni/Au/Al2O3/GaN MIS diode. It
is clearly observed that the barrier heights obtained
from Cheung’s method are consistent with the
values obtained by the I–V method. Also, the values
of RS obtained from the dV/d(ln I) versus I and H(I)
versus I plots are in good agreement at each
temperature, as shown in Table I.

To characterize the interface quality of the MIS
diode, C–V characteristics were determined.

Figure 3 shows the forward- and reverse-bias C–V
characteristics of the TMAH-treated Ni/Au/Al2O3/
GaN MIS diode at different frequencies at room
temperature (T = 300 K). It is clearly observed from
Fig. 3 that the capacitance is high at low frequency
(f = 10 kHz) but low at high frequencies
(f = 100 kHz and 1 MHz). The capacitance is high
at low frequencies because all the interface states
are affected by the applied alternating-current (ac)
signal and are able to give up and accept charges in

Table I. Temperature-dependent parameters /bo, n, and RS determined from I–V measurements in the
temperature range from 150 K to 400 K for TMAH-treated Ni/Au/Al2O3/GaN MIS diode

Temperature
(K)

/bo from
I–V (eV)

n from
I–V

n from
dV/d(ln I)

/bo from
H(I) (eV)

RS from
dV/d(ln I) (X)

RS from H(I) (X)

150 0.49 2.98 3.01 0.47 1887.95 1854.92
200 0.64 2.11 2.14 0.62 1197.86 1180.77
250 0.75 1.45 1.48 0.73 954.38 948.25
300 0.84 1.12 1.14 0.82 693.04 688.57
350 0.91 1.10 1.12 0.89 571.24 568.41
400 0.96 1.09 1.10 0.94 475.03 470.64

Fig. 2. Cheung plots of (a) dV/d(ln I) versus I and (b) H(I) versus I for
TMAH-treated Ni/Au/Al2O3/GaN MIS diode as function of tempera-
ture.
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response to this signal. The interface state capaci-
tance appears directly in parallel with the depletion
capacitance, resulting in higher total capacitance at
low frequencies. The capacitance is low at high
frequencies since the interface state charges do not
contribute to the diode capacitance. To confirm the
Ni/Au/Al2O3/GaN MIS structure, it was investi-
gated using MOS C–V measurements (at 1 MHz),
as shown in the inset of Fig. 3. A small, injection-
type hysteresis loop is seen for the Ni/Au/GaN and
Ni/Au/Al2O3/GaN MIS diodes. However, it is
observed that the hysteresis loop is wider for the
Ni/Au/Al2O3/GaN MIS diode after insertion of the
insulating layer (Al2O3), confirming the MIS struc-
ture behavior, as well as the reduction in the
interface state density at the oxide–semiconductor
junction. Similar results were observed for Au/SiO2/
GaN MIS structures.28 The capacitance of a Schot-
tky diode per unit area under reverse bias (VR) is
given by the depletion capacitance22,23

C ¼ qeSNDA
2

2

� �
Vbi �

kBT

q
� VR

� �� �1=2

; ð5Þ

where eS is the permittivity of the semiconductor
(eS = 9.5e0) and ND is the doping density. Figure 4
shows a plot of 1/C2 as a function of bias voltage V at
different frequencies at 300 K for the TMAH-
treated Ni/Au/Al2O3/GaN MIS diode. The x-inter-
cept of the plot of 1/C2 versus VR is V0, being related
to the built-in potential Vbi by the equation
Vbi = V0 + kT/q, where T is absolute temperature.
The barrier height is given by uCV

bo ¼ Vbi þ Vn,
where Vn = (kT/q)ln (NC/ND). The SBH was esti-
mated from the C–V results at room temperature,
yielding values of 1.04 eV, 1.1 eV, and 1.16 eV at
frequency of 10 kHz, 100 kHz, and 1 MHz, respec-
tively. The SBH obtained from the C–V

characteristics (f = 1 MHz) at 300 K is higher than
that obtained from the I–V characteristics at 300 K.
The C–V method averages over the entire area and
measures the Schottky barrier diode, whereas the
barrier height obtained by the I–V method includes
any barrier-lowering effect due to the interfacial
oxide layer or the interface states, yielding an
effective barrier height. However, the difference
between the barrier heights obtained from the C–V
characteristics (f = 1 MHz) or I–V characteristics at
300 K is small. This shows that the Schottky
contacts are expected to be homogeneous, as also
confirmed by the near-unity ideality factor of the
TMAH-treated Ni/Au/Al2O3/GaN MIS diode
obtained from I–V characteristics at 300 K.

To determine the origin of interface states in
equilibrium with the semiconductor, an ideality
factor greater than one was proposed by Card and
Rhoderick29 in the form n(V) = 1 + d/ei[eS/
Wd + NSS]. The energy density distribution of inter-
face states (NSS) in equilibrium with the semicon-
ductor can be evaluated from measured C–V and I–
V data using

NSS ¼ 1

q

ei

d
nðVÞ � 1ð Þ � eS

Wd

� �� �
; ð6Þ

where Wd is the depletion layer width and d is the
thickness of the insulator (Al2O3). The value of ei for
the Al2O3 layer is 9.8e0. The voltage dependence of
the effective barrier height /e is given by the
relations

ue ¼ ub þ bV ð7Þ
and

due

dV
¼ b ¼ 1 � 1

nðVÞ : ð8Þ

The energy distribution of interface states (ESS)
with respect to the bottom of the conduction band is
given by

Fig. 3. C–V characteristics of TMAH-treated Ni/Au/Al2O3/GaN MIS
diode at different frequencies at room temperature. Inset shows
MOS C–V measurements of TMAH-treated Ni/Au/GaN and Ni/Au/
Al2O3/GaN MIS diodes at 1 MHz.

Fig. 4. Reverse-bias C�2 versus V plots of typical TMAH-treated Ni/
Au/Al2O3/GaN MIS diode at different frequencies at room tempera-
ture.
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EC � ESS ¼ qðue � VÞ: ð9Þ

Substituting the voltage dependence n(V), d, and Wd

into Eq. 6 yields NSS as a function of (EC – ESS), as
shown in Fig. 5. The NSS value for the TMAH-
treated Ni/Au/Al2O3/GaN MIS diode decreases with
increasing EC – ESS as a function of temperature.
Moreover, the exponential growth of NSS toward the
top of the valence band is noticeable. The magnitude
of NSS, as determined by Terman’s method30 at
150 K, varied from 1.52 9 1012 eV�1 cm�2

(EC � 0.042 eV) to 3.29 9 1011 eV�1 cm�2

(EC � 0.43 eV), whereas the magnitude of the inter-
face state density at 400 K varied from
9.42 9 1011 eV�1 cm�2 (EC � 0.47 eV) to
1.07 9 1011 eV�1 cm�2 (EC � 0.86 eV). The inter-
face state density in equilibrium with the semicon-
ductor increases with the ideality factor over the
range from 1 to 2, indicating that larger ideality
factors correspond to higher interface state densi-
ties.29 Generally, interface trap charges are located
at the insulator–semiconductor interface, with
energy states in the semiconductor forbidden band-
gap. Consequently, the behavior of the forward-bias
I–V characteristics deviates from ideal, being pre-
cisely controlled by the interface states. The
decrease in the interface state density at TMAH-
treated GaN surfaces is mainly due to the decrease
in deep electronic states and removal of recess-
induced protrusions on the GaN surface.20,21 As a
result, the deep electronic states nonuniformly
distributed in the GaN bandgap are directly pro-
portional to temperature. In addition, NSS decreases
with increasing temperature, maybe due to molec-
ular restructuring and reordering of the metal–
semiconductor interface under the effect of
temperature.31

The characteristic energy E00, which is related to
the carrier transmission probability through the

barrier, is given by E00 ¼ h=4p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ND=m�eS

p
,22,23,32

where h is Planck’s constant and ND is the doping
concentration. Its value is 4.03 9 1016 cm�3 as
estimated using the C–V technique. It is worth
noting that tunneling becomes important when
E00iikT while thermionic field emission (TFE)
becomes important if E00 � kT. The value of E00 is
found to be 1.26 meV at 300 K. According to the
transport mechanism, E00hhkT (where kT is the
thermal energy, being 25.8 meV at 300 K), so TE is
the dominant current theory at 300 K.

Figure 1 reveals that the reverse-bias current is
not saturated, but increases with increasing bias.
Usually, carrier recombination in the depletion
layer and image-force lowering of the barrier height
tend to increase the ideality factor and often
dominate the reverse characteristics of Schottky
diodes because the reverse bias increases the elec-
tric field in the junction. As the current transport
mechanism dominating the reverse leakage current
(IR) of the TMAH-treated Ni/Au/Al2O3/GaN MIS
diodes, the Poole–Frenkel emission (PFE) and
Schottky emission (SE) models are considered.32–34

The plots of ln(IR/E) and ln(IR/T2) versus (E)1/2 are
shown in Fig. 6a and b, while the PFE and SE

Fig. 5. Interface state density, NSS, as function of EC – ESS for
TMAH-treated Ni/Au/Al2O3/GaN MIS diode at different temperatures.

Fig. 6. (a) IR/E versus E1/2 for PFE mechanism and (b) IR/T2 versus
E1/2 for SE mechanism of TMAH-treated Ni/Au/Al2O3/GaN MIS
diodes in reverse-bias region.
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transport mechanisms are illustrated schematically
in Fig. 7. The PFE current is generally described as

IR / E exp 1=kBT
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qE=pe

p� �
and the contribution to

IR by Schottky lowering is given as

IR / T2 exp 1=2kBT
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qE=pe

p� �
, where E is the maxi-

mum electric field in the junction.32,33,35 The slope
of linear curves on PFE and SE plots can be found
as32–34

S ¼ q

nkT

q

pe

	 
1=2
; ð10Þ

where n = 1 for PFE and n = 2 for SE. Based on the
values in Table II, the slope determined by fitting to
the I–V curves at 150 K, 200 K, and 250 K is almost
equal to the theoretical PFE value. The results of
this analysis are therefore consistent with the PFE
mechanism, and the primary field-enhanced carrier
transport for the reverse junction at 150 K, 200 K,
and 250 K is dominated by PFE with a donor-like
trap and thermal carrier detrapping from the bulk
oxide into the conduction band (Fig. 7a). Therefore,
this is a bulk-limited conduction process.22,23 In this
mechanism, conduction occurs due to defect states
and a very small amount of carriers follow the over
barrier. Moreover, experimental data in the high-
temperature (300 K to 400 K) region are consistent
with SE (Fig. 7b), where carriers absorb thermal
energy and are then emitted over the potential
barrier at the interface,36 while a few carriers follow

through the interface barrier. Both PFE and SE are
associated with barrier lowering in the presence of
an external electric field; in both cases, electron
emission requires thermal excitation. SE takes
place at the dielectric interface, whereas PFE takes
place through traps in the bulk of the dielectric. The
origin of these traps in this case has been widely
reported by several authors to be donor-like traps
within the ALD Al2O3 layer, most likely oxygen
vacancies.37,38 In fact, energy levels of oxygen
vacancies lie approximately 3.12 eV to 3.98 eV
above the valance-band edge of Al2O3, in approxi-
mate alignment with the valance-band maximum of
GaN at the interface, considering the �2.2 eV
conduction-band offset between Al2O3 and GaN.37

Previous studies predicted PFE trap-assisted tun-
neling, with Fowler–Nordheim direct tunneling at
higher voltages in the forward-bias direction.20 The
present results for the temperature and field depen-
dence of the current demonstrate a transition in the
dependence of the reverse junction current from
PFE to SE at temperature of 150 K to 400 K.

CONCLUSIONS

The temperature-dependent electrical properties
and carrier transport mechanisms of TMAH-treated
Al2O3/GaN MIS diodes were investigated. The
results reveal that the barrier height (I–V)
increased while the ideality factor decreased with
increase in temperature. The series resistance (RS)
and interface state density (NSS) of the TMAH-
treated Al2O3/GaN MIS diode were found to
decrease with temperature from 150 K to 400 K.
Moreover, the carrier transport mechanism was
investigated at various electric fields and tempera-
tures, revealing essentially different mechanisms.
Based on the experimental results, it is suggested
that the mechanism for the TMAH-treated Al2O3/
GaN MIS diode is PFE at 150 K to 250 K, whereas
SE dominates the carrier transport mechanism at
elevated temperatures (‡300 K). These distinct
mechanisms could be due to the effect of different
carrier transport in the TMAH-treated Al2O3/GaN
MIS diode with, e.g., SE taking place at the
dielectric interface whereas PFE occurs through
traps in the bulk of the dielectric.

Fig. 7. Schematic energy band diagrams of TMAH-treated Ni/Au/
Al2O3/GaN MIS diode for (a) <300 K and (b) ‡300 K. Donor-like
traps (red symbol) at the interface dominate below room tempera-
ture, resulting in the PFE mechanism, while traps are decreased by
absorption of thermal energy by carriers at and above room tem-
perature, leading to the SE mechanism.

Table II. Calculated and experimental slopes for PFE and SE mechanisms

Temperature
(K)

PFE [(V/cm)21/2] SE [(V/cm)21/2]

Calculated From fit Calculated From fit

150 0.0191 0.0187 0.0096 0.0151
200 0.0142 0.0139 0.0071 0.0119
250 0.0115 0.0112 0.0058 0.0089
300 0.0095 0.0068 0.0048 0.0047
350 0.0082 0.0042 0.0041 0.0043
400 0.0072 0.0021 0.0036 0.0035
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