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This study investigates the effects of annealing on the electrical properties and
current transport mechanism of Y/p-GaN Schottky barrier diodes (SBDs). We
found no significant change in the surface morphology of the Y Schottky
contacts during the annealing process. The Schottky barrier height (SBH) of
the as-deposited Y/p-GaN SBD was estimated to be 0.95 eV (I–V)/1.19 eV
(C–V). The SBH increased upon annealing at 400�C and 500�C, and then
decreased slightly with annealing at 600�C. Thus the maximum SBH of the
Y/p-GaN SBD was achieved at 500�C, with values of 1.01 eV (I–V)/1.29 eV
(C–V). In addition, the SBH values were estimated by Cheung’s, Norde, and
Ws-V plots and were found to be in good agreement with one another. Series
resistance (RS) values were also calculated by I–V, Cheung’s, and Norde
functions at different annealing temperatures. Results showing a decrease in
the interface state density of the SBD with annealing at 500�C, followed by a
slight increase upon annealing at 600�C. The forward-bias current transport
mechanism of SBD was investigated by the logI–logV plot at different
annealing temperatures. Our investigations revealed that the Poole–Frenkel
emission mechanism dominated the reverse leakage current in Y/p-GaN SBD
at all annealing temperatures.
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INTRODUCTION

Group III–V nitride semiconductor materials
have garnered significant interest among research-
ers for the development of various high-performance
devices. Gallium nitride (GaN), in particular, has
shown considerable potential for optoelectronic and
high-power electronic device applications including
blue light-emitting diodes, blue lasers, ultraviolet
Schottky barrier photodetectors, solar-blend Schot-
tky photodiodes, metal–semiconductor field-effect
transistors (MSFETs), heterostructure field-effect
transistors (HFETs), and high-electron-mobility
transistors (HEMTs).1–9 For the fabrication of such

devices, reliable and well-controlled contacts are
essential. Metal–semiconductor (MS) rectifying con-
tacts, which are used extensively in electronic
devices, thus require low leakage current and high
barrier height for the successful production of GaN-
based devices. Considerable effort has been focused
on the analysis of the electrical properties of
different metals/p-GaN Schottky diodes10,11 to
improve device performance. Studies have shown
that Mg-doped GaN layers grown on a sapphire
substrate contain high densities of deep-level
defects, originating from the low activation effi-
ciency of Mg–H complexes.12 Thus the development
of stable Schottky contacts on p-GaN with low
leakage current and high barrier height is essential
for achieving high-performance p-GaN-based
devices.
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A few studies have explored different metal
schemes for the fabrication of Schottky contacts on
p-type GaN.13–22 Kim et al.18, for example, investi-
gated the electrical properties of a Ti/Al/p-GaN
Schottky barrier diode (SBD), and reported barrier
heights of 1.43 eV at 300 K and 1.41 eV at 500 K
using capacitance–voltage (C–V) measurements at
1.5 kHz. Fukushima et al.19 constructed rare-earth
metal (Dy, Er, Gd) Schottky contacts to p-GaN and
studied their electrical properties with the use of
current–voltage (I–V) and C–V measurement tech-
niques. They reported SBH of 1.91 eV, 2.38 eV, and
2.16 eV from I–V and 1.79 eV, 1.78 eV, and 2.16 eV
from C–V for Dy, Er, and Gd contacts, respectively.
Greco et al.20 studied the electrical and structural
properties of the Au/Ni/p-GaN SBD upon thermal
treatment, and electrical results were correlated
with the interfacial microstructure of the annealed
contacts for different models. Jang et al.21 con-
structed a non-alloyed Ti/p-GaN SBD and studied
its electrical properties over a temperature range of
293–443 K. They analyzed the I–V characteristics of
the Ti/p-GaN SBD in terms of thermionic field
emission (TFE) theory, which were confirmed by
the thermally increased ideality factor and high
tunneling parameter. Choi et al.22 recently fabricated
Ti, Cu, Ni, and Pt Schottky diodes on surface states at
semipolar p-GaN, and reported an S-parameter of
semipolar p-GaN of close to zero, indicating that the
surface Fermi level was almost perfectly pinned due
to the presence of a high density of deep-level defects.

In this work, our primary objective was to fabri-
cate and investigate the electrical properties and
current transport mechanism of yttrium Schottky
contacts on p-type GaN as a function of annealing
temperature. Previous studies of such characteris-
tics in p-GaN Schottky diodes are limited. Yttrium
(Y) was selected because of its low work function
(3.1 eV) and unlikeliness of band lineup, i.e., a
negative barrier for n-type or a barrier over Eg for
p-type contacts. To the best of our knowledge, no
studies to date have explored a Y metal scheme for
Schottky contacts on p-GaN, and there are no
reports on the electrical properties and current
transport mechanism of Y/p-GaN SBDs at different
annealing temperatures. In this work, therefore,
using current–voltage (I–V), capacitance–voltage
(C–V), and Cheung’s and Norde functions, we
calculate the barrier height (Ab), ideality factor
(n), interface state density (NSS), and series resis-
tance (RS) at different annealing temperatures, and
compare these values with one another. We also
describe and discuss the feasible forward and
reverse current transport mechanisms of the Y/p-
GaN SBD at the various annealing temperatures.

EXPERIMENTAL DETAILS

Mg-doped 1.5-lm-thick p-GaN films were grown
on c-plane sapphire substrate (0001) by metal-
organic chemical vapor deposition (MOCVD). The

carrier concentration was estimated at 1.13 9 1017

cm�3 by means of Hall measurements. First, the
p-GaN films were ultrasonically degreased with
warm organic solvents including acetone, methanol,
and ethanol for 5 min in each step. The GaN films
were then dipped in a buffered oxide etch (BOE)
solution for 10 min to remove the surface oxide, and
were rinsed in deionized (DI) water. Standard
photolithography and lift-off techniques were used
to define contact electrodes. For ohmic contact, Ni
(50 nm)/Au (100 nm) metal films were deposited on
the cleaned GaN surface, followed by annealing at
750�C in a nitrogen atmosphere for 1 min. To form a
Schottky contact, 50-nm-thick Y film was deposited
by electron beam evaporation under a vacuum of
7 9 106 Torr. The area of the Y/p-GaN Schottky
diode was 3.14 9 10�4 cm�2. To study thermal
stability, the diodes were sequentially annealed at
400�C, 500�C, and 600�C for 1 min in a nitrogen
atmosphere. Current–voltage (I–V) and capaci-
tance–voltage (C–V) characteristics of the Y/p-GaN
Schottky diodes were measured using a precision
semiconductor parameter analyzer and a precision
inductance (L), capacitance (C), and resistance (R)
(LCR) meter (model nos. 4156C and 4284A; Agilent
Technologies, Santa Clara, CA, USA), respectively,
at room temperature. In addition, atomic force
microscopy (AFM) (model no: MOD-1M plus, make:
Nano focus; operating mode: non-contact, tip size
<10 nm) was performed to characterize the surface
morphology of the Y/p-GaN SBD at different
annealing temperatures.

RESULTS AND DISCUSSION

The surface condition of the metal films on the
semiconductor plays a significant role in determin-
ing the electrical properties of the device. The
surface roughness of the Y Schottky contacts was
measured by AFM, and the AFM images at different
annealing temperatures are shown in Fig. 1. For
the as-deposited Y Schottky contact, the surface
morphology was fairly smooth, with root-mean-
square (RMS) roughness of 2.030 nm, as shown
Fig. 1a. However, with annealing at 400�C, RMS
roughness increased to 4.112 nm (Fig. 1b). For the
contacts annealed at 500�C and 600�C (Fig. 1c and
d), the surface morphology was further degraded,
with RMS roughness of 4.923 nm and 5.565 nm,
respectively. Results indicated no significant change
in surface morphology of the Y Schottky contacts
during the thermal annealing process.

The semi-logarithmic forward and reverse cur-
rent–voltage (I–V) characteristics of the Y/p-GaN
SBDs at different annealing temperatures are
shown in Fig. 2 (the schematic diagram of the
Schottky diode including Schottky and ohmic pat-
terns is shown in the inset). The leakage current of
the as-deposited Y/p-GaN SBD was 2.4528 9 10�12 A
at 1 V. For the contacts annealed at 400�C, the
leakage current decreased slightly, to 1.7548 9 10�12
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A. The measured leakage current was further
decreased to 1.1245 9 10�12 A at 1 V after annealing
at 500�C. However, increasing the annealing tem-
perature to 600�C resulted in a slight increase in
leakage current, to 4.1410 9 10�12 A, at 1 V. The
electrical properties of the Y/p-GaN SBD were
improved with annealing at 500�C. The current
through an SBD with series resistance (RS) at a
forward bias (V ‡ 3kT/q) based on the thermionic
emission (TE) theory can be expressed as23

I ¼ I0 exp
qðV � IRSÞ

nkT

� �
1 � exp

�qðV � IRSÞ
kT

� �� �

ð1Þ
Here,

I0 ¼ AA�T2 exp
�qUb

kT

� �
ð2Þ

where I is the current, V is the biased voltage, q is
the elementary charge, n is the ideality factor, k is
the Boltzmann constant, RS is the series resistance
of the diode, T is the absolute temperature of the
diode, Ub is the zero-bias barrier height, A* is the
effective Richardson constant (�96 A cm�2 K�2 for
me

* = 0.8 m0), and A is the diode area. The saturation
current I0 values were obtained by extrapolation of

the linear region of the semi-logarithmic forward I–V
curves to zero applied voltage, and were used to
calculate the Schottky barrier height (SBH). The
ideality factor n was estimated from the slope of the
linear region of the forward-bias lnI–V curve, where

Fig. 1. AFM images of the Y/p-GaN SBD at various annealing temperatures.

Fig. 2. Current–voltage (I–V) characteristics of the Y/p-GaN SBD at
various annealing temperatures. The inset shows a cross-sectional
view of the V/p-GaN SBD.
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the series resistance is small. The SBH values of the
SBDs as-deposited and annealed at 400�C were
0.95 eV and 0.98 eV, respectively. With annealing
at 500�C, the estimated SBH of the Y/p-GaN SBD
was 1.01 eV, and this value decreased slightly, to
0.96 eV, after annealing at 600�C. These experi-
mental results show that maximum SBH was
achieved with annealing at 500�C, with a slight
decrease after annealing at 600�C. Thus the opti-
mal annealing temperature for the Y/p-GaN SBD
was 500�C. The ideality factors of the as-deposited
Y/p-GaN SBD and with annealing at 400�C were
1.64 and 1.33, respectively. However, the ideality
factor improved to 1.21 when the Y/p-GaN SBD
was annealed at 500�C. Annealing at 600�C led to a
slight increase in the ideality factor, to 1.53. The
experimental results thus showed an ideality factor
of greater than 1.0 for the Y/p-GaN SBD for all
contacts. This may be largely ascribed to the
particular distribution of interface states.24 Other
possible mechanisms include image force effect,
recombination generation, and tunneling. The
presence of a wide distribution of low SBH patches
caused by laterally inhomogeneous BH at the
interface may also explain this phenomenon.25

Another possibility may be secondary mechanisms
such as interface dipoles caused by the formation of
an interface state as well as fabrication-induced
defects at the interface. Higher ideality factor
values (n> 1) may also be due to the presence of
a thick interfacial insulator layer between the
metal and semiconductor.26

The values of the series resistance (RS) and shunt
resistance (RSh) of the Y/p-GaN SBD were estimated
from the junction resistance obtained by Rj = ¶V/¶I
from the I–V characteristics. Figure 3 presents a
plot of the junction resistance Rj versus the bias
voltage of the Y/p-GaN SBD at various annealing
temperatures, from which the RS and RSh values of
the as-deposited and annealed Y/p-GaN SBDs are
estimated. The values of the RS and RSh were
95 MX and 2.5 9 1012 X for as-deposited, 285 MX
and 3.9 9 1012 X for 400�C, 1321 MX and 4.3 9 1012

X for 500�C, and 139 MX and 3.3 9 1012 X for
600�C, respectively. These results reveal that the RS

and RSh increased with annealing at 500�C, and
then decreased slightly after annealing at 600�C.

The Cheung and Cheung27 technique was used to
determine the series resistance (RS), barrier height
(Ub), and ideality factor (n) of the Y/p-GaN SBD in
the non-linear forward-bias region of the lnI–V
curve. According to Cheung’s functions, the values
of the RS can be estimated from the following
equations.27

dV

dðln IÞ ¼
nkT

q
þ IRS ð3Þ

H Ið Þ ¼ V � nkT

q

� �
ln

I

AA�T2

� �
ð4Þ

where H(I) can be written as

H Ið Þ ¼ IRS þ nUb ð5Þ

According to Eqs. 3 and 5, the forward-bias dV/
d(lnI) versus I and H(I) versus I gives linear behavior
for the as-deposited and annealed Y/p-GaN SBD, as
presented in Fig. 4. The slope and y-axis intercept of
dV/d(lnI) versus I plots (Fig. 4a) will give RS and
nkT/q, respectively. Conversely, the second estima-
tion of RS is calculated from the slope of H(I) versus I
plots. Using the ideality factor value calculated from
Eq. 3, the values of SBH are obtained from the y-axis
intercept of H(I) versus I plots (Fig. 4b). The values of
RS, n, and Ub calculated from the analysis of dV/
d(lnI) versus I and H(I) versus I plots for the Y/p-GaN
SBD at different annealing temperatures are given in
Table I. Here we can see that the values of RS are
closely matched between the two plots, implying their
consistency and validity. However, the ideality fac-
tors estimated from the dV/d(lnI)–I plot and the
forward-bias ln(I)–V plot are different, possibly due
to the existence of series resistance and interface
states and to the voltage drop across the interface
layer. The RS values obtained from the dV/d(lnI)
versus I and H(I) versus Iplots are in reasonably good
agreement with those obtained from the I–V charac-
teristics for the as-deposited and annealed contacts.

In addition, the modified Norde function28 was
employed to determine the barrier height (Ub) and
series resistance (RS) of the Y/p-GaN SBD. A plot of
the Norde function F(V) versus V for the Y/p-GaN
SBD as a function of annealing temperature is
presented in Fig. 5. The modified Norde function
can be expressed as

F Vð Þ ¼ V

c
� kT

q
ln

I Vð Þ
AA�T2

� �
ð6Þ

where c is a dimensionless integer having a value
greater than the ideality factor, and I(V) is the

Fig. 3. Plot of the junction resistance between Y and p-GaN at
various annealing temperatures.
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current obtained from the I–V curve. The barrier
height is expressed as

Ub ¼ F Vminð Þ þ Vmin

c
� kT

q
ð7Þ

where F(Vmin) is the minimum point of F(V), and
Vmin is the corresponding voltage. The RS is calcu-
lated using the following relation

Rs ¼
kT c� nð Þ

qI
ð8Þ

where I is the current in the device corresponding to
voltage V0 (at which F(V) becomes minimum). The
values of Ub and RS calculated for the Y/p-GaN SBD
at different annealing temperatures are presented
in Table I. Here, the Ub values calculated from the
Cheung and Norde functions are in good agreement
with those calculated from the forward-bias lnI–V
characteristics. However, the values of RS calcu-
lated from Cheung’s function are lower than those
calculated from the modified Norde function, since
Cheung’s function is applied only to the non-linear
(high-voltage) region of the forward-bias I–V char-
acteristics, while the Norde function is applied to
the entire forward-bias I–V characteristics of the
diodes.29,30

There is generally a native insulating oxide layer
in an MS, usually 1–2 nm thick, on the surface of
the semiconductor. The current through such a
diode can be given as23

I ¼ AA�T2 exp � qws

kT

� �
exp � qVp

nkT

� �� �
ð9Þ

Fig. 4. Plots of (a) dV/d (lnI) versus I and (b) H(I) versus I for the Y/p-
GaN SBD at various annealing temperatures.

Table I. Barrier height, ideality factor, series resistance, and interface state density of the Y/p-GaN SBD
calculated by I–V and C–V methods at various annealing temperatures

Parameter As-deposited 400�C 500�C 600�C

I–V characteristics
Barrier height, Ub (eV) 0.95 0.98 1.01 0.96
Ideality factor, n 1.64 1.33 1.21 1.53
Shunt resistance RSh (X) 2.5 9 1012 3.9 9 1012 4.3 9 1012 3.3 9 1012

Series resistance, RS (MX) 95 285 1321 131
Cheung’s method

dV/d(ln I) versus I
Series resistance, RS (MX) 73 338 1001 164
Ideality factor, n 1.81 1.46 1.32 1.63

H(I) versus I
Series resistance, RS (MX) 77 268 781 152
Barrier height, Ub (eV) 1.00 1.21 1.35 1.09

Norde’s method
Barrier height, Ub (eV) 0.98 1.01 1.02 0.97
Series resistance, RS (9109X) 33 45 199 10

C–V characteristics
Barrier height, Ub (eV) 1.19 1.26 1.29 1.22
Built-in potential (V) 0.92 1.00 1.02 0.96
Interface state density (NSS) (91013 cm�2 eV�1) 4.71 2.41 1.52 3.90
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The effective barrier heights are also estimated
based on the method proposed by Chattopadhyay31

if the values of the critical surface potential,
Ws(Ic,Vc), the critical voltage, Vc, and n = 1/a are
known experimentally. The surface potential, Ws, is
expressed as

ws ¼
kT

q
ln

AA�T2

I

� �
� Vp ð10Þ

where Vp is the potential difference between the
Fermi level and the top of the valance band in the
neutral region of p-GaN, and Vp = (kT/q) ln (NV/
Na), where NV is the effective density of the valance
band. The potential difference, Ws, is estimated
using the value of Vp for the as-deposited and
annealed Y/p-GaN SBD. The estimated Ws values
against the forward-bias voltage at different anneal-
ing temperatures are shown in Fig. 6. From this
plot, the barrier height and ideality factor can be
estimated. Also, the barrier height, Ub, can be
described as

Ub ¼ ws Ic;Vcð Þ þ aVc þ Vp ð11Þ

In addition, the inverse of ideality factor a is given
by

a ¼ 1=n ¼ � dws

dV

� �
Ic;Vc

ð12Þ

As can be observed in the Ws-V plot (Fig. 6), the
value of Ws decreases linearly until V reaches the
critical value Vc. The values of the critical Vc and
Ws(Ic,Vc) of the Y/p-GaN SBD are estimated from
Fig. 6 at different annealing temperatures. The
barrier heights and ideality factors of Y/p-GaN
SBD are then determined using Eqs. 11 and 12,

which yield values of 0.93 eV and 1.81 for as-
deposited, 0.95 eV and 2.63 for 400�C, 0.98 eV and
3.44 for 500�C, and 0.91 eV and 3.57 for 600�C,
respectively. The barrier heights calculated from
the Ws-V plot are in good agreement with those
calculated from the forward-bias lnI–V characteris-
tics and the Cheung and Norde functions.

The capacitance–voltage characteristics (C–V) of
the Y/p-GaN SBD are measured at a frequency of
1 MHz. A plot of 1/C2 versus voltage for the as-
deposited and annealed Y/p-GaN SBDs is shown in
Fig. 7, from which the built-in potential and barrier
heights are estimated. In Schottky diodes, the
depletion layer capacitance C can be given by25

1

C2
¼

2 Vbi � kT
q � V

� 	
A2qNaes

ð13Þ

where A is the diode area, Na is the carrier
concentration of the GaN substrate, Vbi is the
built-in potential, es is the dielectric constant of
the semiconductor, and k, T, and q have their usual
definitions. The x-intercept (V0) of the 1/C2 versus
V plot is related to the built-in potential (Vbi), and
the relation is Vbi = V0 + kT/q. The barrier height
Ab is given by the equation Ab = Vbi + Vp, where Vp

is the potential difference between the Fermi level
and the top of the valance band in the neutral region
of p-GaN, and Vp = (kT/q) ln (NV/Na), where NV is
the effective density of the valance band, and its
value is 1.79 9 1019 cm�3. The barrier heights of the
as-deposited Y/p-GaN SBD and with annealing at
400�C are 1.19 eV and 1.26 eV, respectively. The
SBH values for the diodes annealed at 500�C and
600�C are 1.29 eV and 1.22 eV, respectively. The
built-in potential of the as-deposited Y/p-GaN SBD
is 0.92 V. The estimated values of the built-in
potential are 1.00 V, 1.02 V, and 0.96 V for Y/p-
GaN SBDs annealed at 400�C, 500�C, and 600�C,

Fig. 5. Modified Norde plot of the Y/p-GaN SBD at various annealing
temperatures.

Fig. 6. Surface potential versus forward voltage curves of the Y/p-
GaN SBD at various annealing temperatures.
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respectively. The calculated values of the built-in
potential and SBH of the Y/p-GaN SBD at different
annealing temperatures are given in Table I, which
shows that the barrier height values achieved using
the I–V technique are smaller than those deter-
mined using the C–V technique, possibly due to the
existence of lateral inhomogeneity in the SBH at the
MS interface.32–36 The I–V analysis may include
image-force and dipole lowering effects and may be
reduced by the tunneling and leakage currents,25,33

which would cause the I–V and C–V methods to
yield different SBH values. Differences in structural
defects, grain boundaries, dislocations, and stacking
faults at the GaN layer37 may also contribute to
SBH inhomogeneity. Geng et al.38 demonstrated
that pinholes arise from the extended core-less
dislocations, which originate in the GaN buffer
layer, resulting in a high leakage current and low
SBH. Conversely, much fewer dislocations or pin-
holes appear on the surface of the sample, resulting
in low leakage current and high effective SBH. The
dislocations or pinholes are normally less affected
by C–V measurements, and hence the determined
SBH is considered more reliable, though the deple-
tion width can be altered by the interface defects if
they are deeper into the space charge region.

The value of the ideality factor becomes greater
than unity because of the effects of the interface
states (NSS) in equilibrium with the semiconductor.
The density distribution of the NSS can be estimated
from the forward-bias I–V data by taking into
account the voltage-dependent ideality factor n(V)
and effective barrier height (Ue). Card and Rhoder-
ick39 proposed that the ideality factor n of a diode
becomes greater than unity, and the interface state
density NSS can be expressed as

n Vð Þ ¼ 1 þ d
ei

es

WD
þ qNss

� �
ð14Þ

where WD is the space charge width, NSS is the
density of interface states, and es and ei are the

permittivity of the semiconductor and interfacial
layer and d its thickness, respectively. The value of

WD (WD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2esVbi=qNa

p
) is determined from

reverse-bias 1/C2 versus V plot for each annealing
temperature. The voltage-dependent ideality factor
n(V) can be expressed as n(V) = V/(kT/q)ln(I/Is).

40

The interface state density can be expressed as

Nss Vð Þ ¼ 1

q

ei

d
n Vð Þ � 1ð Þ � es

Wd

� �
ð15Þ

In p-type semiconductors, the energy of the
interface states ESS with respect to the top of the
valance band at the surface of the semiconductor is
given by

ESS � EV ¼ q Ue � Vð Þ ð16Þ

The energy distribution curves of NSS were deter-
mined from the experimental data of forward I–V
characteristics. The NSS versus ESS-EV was
obtained by substituting the n(V) and other param-
eters in Eq. 15, and these were plotted at different
annealing temperatures and are presented in Fig. 8.
Here we can clearly see that the NSS increases with
bias from mid-gap towards the top of the valance
band. The extracted interface state density of the Y/
p-GaN SBD was 4.71 9 1013 cm�2 eV�1 for as-
deposited contacts, and 2.41 9 1013 cm�2 eV�1 with
annealing at 400�C, 1.52 9 1013 cm�2 eV�1 at
500�C, and 3.90 9 1013 cm�2 eV�1 at 500�C. The
interface state density was found to decrease with
an increase in annealing temperature up to 500�C,
and then to increases slightly after annealing at
500�C. These results reveal that the interface states
and series resistance affect the electrical properties
of the Y/p-GaN SBD.

Next, to investigate the dominant current con-
duction mechanism in the entire forward-bias

Fig. 7. Plot of 1/C2–V characteristics of the Y/p-GaN SBD at various
annealing temperatures. Fig. 8. The interface state energy distribution curves of the Y/p-GaN

SBD at various annealing temperatures.
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region for the Y/p-GaN SBD, I–V characteristics
were also drawn in logarithmic scale for as-deposited
contacts and with annealing at 400�C, 500�C, and
600�C, and are presented in Fig. 9. Here we can see
that the logI–logV plots have three distinct linear
regions (region I, region II, and region III) with
different slopes for the as-deposited and annealed
contacts that obey I a Vm change (here, m is the slope
of the logI–logV plot), i.e., the current is directly
proportional to the applied bias voltage.41 These
three linear regions indicate the existence of different
conduction mechanisms. From Fig. 9 we can see that
in region I, the slope values are 1.64 for as-deposited,
1.60 for 400�C, 1.30 for 500�C, and 1.18 for 600�C.
These values are close to unity, which indicates an
ohmic behavior at low voltages. This behavior can be
attributed to the existing background doping or
thermally generated carriers.41,42 In region II, the
slope values for as-deposited contacts and with
annealing at 400�C, 500�C, and 600�C are 4.13,
5.14, 4.13, and 4.97, respectively. These slope values
are greater than 2.0, indicating that the charge
transport is governed by space-charge limited-cur-
rent (SCLC) with discrete trapping levels. At higher
voltages, i.e., in region III, the slopes of the as-
deposited and annealed contacts (1.76 for as-de-
posited, 2.03 for 400�C, 1.63 for 500�C, and 1.92 for
600�C) tend to decrease, since the device approaches
the ‘‘trap-filling’’ limit when injection level is high,
whose dependence is the same as in the trap-free
SCLC.43,44

Furthermore, we can observe from Fig. 2 that the
as-deposited and annealed Y/p-GaN SBD exhibit
exponential dependence of reverse current (IR) on
applied voltage (VR), which strongly suggests that
Poole–Frenkel or Schottky barrier lowering was
operative in the Schottky junction. Figure 10a and b
shows the plots of IR/E versus E1/2 and IR/T

2 versus
E1/2 for the as-deposited and annealed Y/p-GaN

SBDs. The plots exhibit a linear variation irrespec-
tive of annealing temperatures, indicating possible
dominance of Poole–Frenkel and Schottky emission
on the reverse current. The reverse current through
the Schottky diode when dominated by Poole–
Frenkel emission is described as45,46

IR / E exp
1

kT

ffiffiffiffiffiffiffi
qE

pe

r" #
ð17Þ

and the contribution to reverse current when dom-
inated by Schottky emission mechanism is
described as

IR / T2 exp
1

2kT

ffiffiffiffiffiffiffi
qE

pe

r" #
ð18Þ

where E is the maximum electric field in the
junction. The plots of IR/E versus E1/2 and IR/T

2

versus E1/2 present linear curves for the Poole–
Frenkel and Schottky emissions, and the slope can
be expressed as47

S ¼ q

nkT

ffiffiffiffiffi
q

pe

r
ð19Þ

Here, n = 1 for Poole–Frenkel and n = 2 for Schot-
tky emission. Generally, the Poole–Frenkel and

Fig. 9. Plot of forward-bias log (I) versus log (V) for the Y/p-GaN
SBD at various annealing temperatures.

Fig. 10. Plots of (a) IR/E versus E1/2, and (b) IR/T2 versus E1/2 for the
Y/p-GaN SBD at various annealing temperatures.
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Schottky effects can be distinguished by the esti-
mated values of the field-lowering coefficients.
According to Eq. 19, the Poole–Frenkel field-lower-
ing (bPF) coefficient is twice the Schottky field-
lowering coefficient (bS). The theoretical and exper-
imental slope values obtained from the fit to the
data of bPF and bS for the as-deposited and annealed
Y/p-GaN SBDs are given in Table II. Here we can
see that the experimental slopes determined are
close to the theoretical values of the Poole–Frenkel
field-lowering coefficient. Hence, the reverse cur-
rent of Y/p-GaN SBD is dominated by the Poole–
Frenkel field-lowering mechanism irrespective of
annealing temperature. This suggests that the
conduction mechanism of the Y/p-GaN SBD is
related to the presence of a high density of struc-
tural defects or trap levels in the diode, which may
be responsible for trapping/detrapping of charge
carriers.48,49

CONCLUSIONS

The electrical properties and the forward and
reverse current transport mechanisms of Y/p-GaN
SBD were investigated by I–V and C–V measure-
ments before and after annealing at 600�C. The
SBH of the as-deposited and with annealing at
400�C contacts were 0.95 eV (I–V)/1.19 eV (C–V)
and 0.98 eV (I–V)/1.26 eV (C–V), respectively. How-
ever, the SBH of Y/p-GaN SBD increased to 1.01 eV
(I–V)/1.29 eV (C–V) after annealing at 500�C for
1 min in a nitrogen atmosphere. Upon annealing at
600�C, the SBH decreased slightly, to 0.96 eV (I–V)/
1.12 eV (C–V). Cheung’s, Norde, and Ws-V plots
were employed to determine the SBH at different
annealing temperatures. The values of SBH
obtained from the I–V method were comparable to
those obtained from the Cheung, Norde, and Ws-V
plots. Series resistance values for Y/p-GaN SBD
were also extracted from the I–V, Cheung’s, and
Norde functions at different annealing tempera-
tures, and the values were in good agreement with
one another. Experimental results showed a
decrease in the interface state density of the Y/p-
GaN SBD when the diode was annealed at 500�C,
and then a slight increase after annealing at 600�C.
In addition, the conduction mechanism of the Y/p-
GaN SBD under forward-bias I–V characteristics

was found to be ohmic in low-voltage regions,
whereas a space-charge limited conduction (SCLC)
mechanism was found in higher-voltage regions at
all annealing temperatures. The electric field depen-
dence of the reverse current showed that the Poole–
Frenkel emission dominated the reverse current in
the Y/p-GaN SBD irrespective of annealing
temperature.
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