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Abstract. This paper presents the fabrication procedure of TiO2 passivated field plate
Schottky diode and gives a comparison of Ni/Au/n-GaN Schottky barrier diodes without
field plate and with field plate of varying diameters from 50 to 300 µm. The influence of
field oxide (TiO2) on the leakage current of Ni/Au/n-GaN Schottky diode was investigated.
This suggests that the TiO2 passivated structure reduces the reverse leakage current of
Ni/Au/n-GaN Schottky diode. Also, the reverse leakage current of Ni/Au/n-GaN Schottky
diodes decreases as the field plate length increases. The temperature-dependent electrical
characteristics of TiO2 passivated field plate Ni/Au/n-GaN Schottky diodes have shown an
increase of barrier height within the temperature range 300…475 K.
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edge termination structures, field plate termination offers
an attractive advantage of simple processing
steps when compared with other edge termination
techniques.
An interesting attribute of field plate dielectric is the
dielectric constant which tune the potential spread in a
field plate terminated structures similar to overlap length.
High-K dielectric TiO2 generates a greater expanded
depletion region than that generated using SiO2 or SiNx
film of the same thickness. The overlap required for
maximizing the potential spread reduces with the
increase in dielectric constant.
For practical applications, the precise control of the
crystal phase of TiO2 by sputtering at different
temperatures is important for passivation of devices [17].
The preferred orientation and phase composition could
be controlled by adjusting the bias voltage at different
temperatures.
In this paper, the details of experimental work of
Ni/Au/n-GaN Schottky diode and TiO2 passivated field
plate structures are present in Section 2. The
characterization study includes measurement of currentvoltage (I–V) characteristics of Ni/Au/n-type GaN
Schottky barrier diode and TiO2 passivated field plate
Ni/Au/n-GaN Schottky diode are discussed in Section 3.
Also, the influence of the field plate length on the
leakage current is discussed.

1. Introduction
GaN as a base material for high power, high temperature,
and high-frequency devices has demonstrated its great
potential over the past recent years. The physical
background of this potential is given by its superior
material properties such as wide bandgap, high
breakdown electric field, and high-saturation electron
drift velocity [1–4]. Important for power devices, the
10-fold increase in the critical field of GaN allows highvoltage blocking layers to be approximately 10-fold
thinner than those of Si-based devices, thus reducing the
device on-resistance and power losses when maintaining
the same high blocking capability. Unfortunately,
breakdown voltages for planar junctions suffer from an
acute reduction due to well-known device edge field
crowding effect [5], limiting the potential performance of
GaN power devices. Development of proper edge
termination to relieve this effect and reaching a
breakdown voltage close to the ideal one is one of the
most important aspects of device design and processing.
It represents a current research field. Several edge
termination structures for GaN devices have been
investigated, involving field plates (FPs), guard rings,
finite termination by argon implantation, implanting a
neutral species on the edges of devices, and junction
termination extensions (JTE) [6–16]. Among all of these
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2. Fabrication procedure
2.1. GaN Schottky diode
A doped n-type (ND+ approximately 1·1018 cm–3 by Hall
measurement) GaN layer of 5 µm grown by MOCVD on
c-plane sapphire substrate was used for the experiment.
Prior to metal deposition, a sample was cleaned in
trichloroethylene (TCE) to degrease and then treated
using acetone for further cleaning. The sample was then
immersed in isopropyl alcohol (IPA) for complete
removal of organic solvents. It was then well rinsed in
deionized water (DI) and ready for removal of ionic
contaminants and native oxide. It was then immersed in
an equally proportioned solution of dilute HCl in DI
water. After this treatment for 5 min, the sample was
rinsed again in DI water and blow dried using N2 gas.
Fig. 1 shows the structure of the sample and the metal
contact. All the metal contacts were fabricated with the
standard photolithographic lift-off technique with a
positive photoresist. For the Ohmic contact, Ti/Al/Ni/Au
(20 nm/60 nm/20 nm/50 nm, with the Ti layer at the
bottom) films were deposited on the wafer by electronbeam (e-beam) evaporator and annealed using rapid
thermal annealing (RTA) technique at the temperature
close to 850 C for 30 s. Ni/Au (50 nm/50 nm) was
deposited on the wafer by e-beam evaporator, to form the
Schottky contact. The Ohmic contacts were circles
having an inner radius of r2 (180 µm) and external radius
of r3 (255 µm), and the Schottky contact was dot with the
radius r1 (150 µm) at the center. Schottky contacts of
different sizes (diameter ranging from 50 to 300 µm)
were deposited on the samples. The electrical
characteristics of the fabricated Schottky diodes were
investigated using I–V measurements with Keithley
4200.

Fig. 1. Schematic cross-section of the 300-μm Ni/Au/n-GaN
Schottky barrier diode without the field plate. C – Ti/Al/Ni/Au
(20 nm/60 nm/20 nm/50 nm), a = 30 µm, b = 75 µm.

Fig. 2. Schematic cross-section of the Ni/Au/n-GaN Schottky
diode with the field plate. А – TiO2, C – Ti/Al/Ni/Au
(20 nm/60 nm/20 nm/50 nm), rc = 5, 10, 15, 20 µm.

2.2. Field plate GaN Schottky diode
3. Results and discussion

The doped n-type GaN layer of the 5-µm thickness
grown by MOCVD on c-plane of sapphire substrate was
used for the experiment. Prior to metal deposition, a
sample was cleaned in TCE, acetone, IPA, HCl and then
rinsed in DI water and blow dried using N2 gas. The
15-nm thick TiO2 dielectric was deposited by sputter.
Windows were opened in the TiO2 dielectric by etching
using HF:H2O2 (5:1). All the metal contacts were
fabricated with the standard photolithographic and lift-off
technique with a positive photoresist. For the Ohmic
contact, Ti/Al/Ni/Au (20 nm/60 nm/20 nm/50 nm, with
the Ti layer at the bottom) films were deposited on the
wafer by e-beam evaporator and annealed using RTA
technique at the temperature 850 C for 30 s. Ni/Au
(50 nm/50 nm) was deposited on the wafer by e-beam
evaporator, to form the Schottky contact. Fig. 2 shows
the schematic of the Ni/Au/n-GaN Schottky diode with
field plate. The electrical characteristics of the fabricated
field plate Schottky diode were investigated also using
I–V measurements with Keithley 4200.

3.1. Analysis of current–voltage–temperature (I–V–T)
characteristics in the forward bias
Fig. 3 shows the forward and reverse bias current-voltage
characteristics of the 300 μm Ni/Au/n-GaN Schottky
barrier diodes without field plate and TiO2 field plate.
Direct current I–V measurements indicate that the
forward current is lower for TiO2 (15 nm) passivated
Schottky diode with metal overlap edge termination than
those of unterminated Schottky diode. The forward
current at 1 V for the unterminated diode is close to
30·10–6 A while that for TiO2 passivated Schottky diode
is 2.83·10–6 A. This decrease in the current is attributed to
the reduction in surface leakage between the Schottky
and Ohmic contacts. When the main Schottky contact is
in reverse bias, the depletion region of the main Schottky
junction is increased. The leakage current of SBDs
without any edge termination is high due to the electric
field crowding under the edge of the Schottky junction.
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 qV  
(1)
I  I 0 exp 
  1 ,
 nkT  

where V is the applied voltage drop across the junction
barrier in Volts, q – electronic charge, k – Boltzmann
constant, T – absolute temperature in Kelvin, n – diode
ideality factor, and I0 – saturation current that is
expressed as

  qbo 
I 0  AAT 2 exp 
,
 kT 

(2)

where A is the diode area, bo – barrier height, and A* –
effective Richardson constant (26.4 A·cm–2K–2) based on
effective mass (m* = 0.22m0) of n-GaN [19]. The values
of the barrier height and ideality factor (n) for the device
are determined from the y intercepts and slopes of the
forward bias ln(J) vs V plot at each temperature,
respectively. The barrier height can be obtained by
rewriting (2) as

Fig. 3. Forward and reverse I–V characteristics of the 300-μm
Ni/Au/n-GaN Schottky barrier diodes without the field plate (1)
and with the TiO2 passivated field plate (2).

The electric field under the main Schottky junction is
distributed and reduced due to the field plate. The
leakage current of the field-plate terminated SBDs is
decreased due to the reduction of electric field crowding
of Schottky junction. It is noted that the leakage current
without field plate (13.2·10–6 A) decreases with the TiO2
passivated Schottky diode (1.34·10–6 A) at –4 V as shown
in Fig. 3.

bo 

kT  AAT 2 
ln
.
q  I 0 

(3)

The ideality factor n is a measure of conformity of
the diode to pure thermionic emission and the thermionic
emission is inferred to be of the purest order, if n is equal
to one. However, n has usually a value greater than unity.
The value of ideality factor n is given by

3.2. Analysis of I–V–T characteristics in the forward
bias

n

Fig. 4 shows the forward and the reverse bias currentvoltage characteristics of 300-μm Ni/Au/n-GaN Schottky
barrier diode with field plate within the temperature
range 300…475 K. The current-voltage-temperature
characteristics are widely used to study the performance
of the Schottky contacts since many important device
parameters may be extracted. The I–V characteristics
based on the thermionic emission (TE) theory are given
by the relation [18]

q  dV 

.
kT  d ln I  

(4)

It is observed that the leakage current increases with
the increase in temperature within the range 2.95·10 –6 A
(at 300 K) to 2.36·10–5 A (at 475 K) at –1V. It is noted
that the extracted barrier height increased from 0.79 to
1.21 eV with the increase in temperature from 300 to
475 K, accompanied by a significant improvement of the
ideality factor n from 2.18 to 1.6. As shown in Fig. 5,
both increase in bo and decrease in n are expected with
increase in temperature as contribution from TE
component to the total current increases. The interface
quality depends on several factors, namely: surface
treatment (cleaning, etching, etc.), deposition processes
(evaporation, sputtering, etc.), surface defect density, and
local enhancement of electric field, which can also yield
a local reduction of SBH. This leads to inhomogeneity in
the transport current. The existence of Schottky barrier
height inhomogeneity was used to explain this
temperature dependence of bo and n [20]. A diode is
assumed to consist of parallel segments of different
barrier heights and each contributes to the current
independently, the current of the diode will preferentially
flow through the lower barriers. As a result, the current
conduction is dominated by patches of lower barrier
height with a larger ideality factor at lower temperatures.
However, as the temperature increases, patches with
higher barrier heights influence due to the fact that
electrons gain sufficient thermal energy to surmount
them [21]. The ideality factor greater than unity indicate
that Schottky diode exhibits non-ideal current behavior.

Fig. 4. Forward and reverse I–V characteristics of the 300-μm
Ni/Au/n-GaN Schottky barrier diodes with the field plate as a
function of temperature.
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deviation. The value of A* obtained from the intercept of
this straight line portion at the ordinate of the

 





experimental ln I 0 T 2  1 2 q s kT 2 vs q/(kT) plot in
Fig. 6 is equal to 32 A·cm–2K–2, which is closer to
26 A·cm–2K–2. The deviation in the Richardson constant
may be due to the influences of the image force,
tunneling current through the potential barrier,
recombination in the space charge region appearing at
low voltage and variation of the charge distribution near
the interface [23]. According to Horvath [24], the value
of A* obtained from the temperature dependence of the
I–V characteristics may be affected by the lateral
inhomogeneity of the barrier, too.
3.3. Analysis of I–V–T characteristics in the reverse
bias

Fig. 5. Temperature dependence of the barrier height (1) and
ideality factor (2) for Ni/Au/n-GaN SBD extracted from I–V
characteristics.

The reverse current (I0) is much higher than that
predicted by TE. Hence, other mechanisms may be
present. As reported in the literature, Frenkel–Poole
emission (FPE) is considered. The high leakage currents
in reverse-biased Schottky contacts to n-type GaN are
related to threading screw dislocations [25]. The main
mechanism for high leakage current occurs through FPE.
This leakage current is governed by the emission of
electrons via trap state into a continuum of states
associated with the presence of conductive dislocations.
In FPE model, emission of electron refers to the
electrical-field-enhanced thermal emission from a trap
state into a continuum of electronic states. The current
density associated with FPE [26] is given by

The Richardson constant is usually determined from
the ln(I0/T2) vs 1/T plot, where I0 is the saturation current.
Eq. (2) can be written as

 

q
I 
ln  02   ln AA  bo .
kT
T



(5)

The plot of ln(I0/T2) vs q/(kT) should be linear for
TE, as well as A* and bo are the intercept and slope,
respectively. This is not true for inhomogeneous diodes.
A modified activation energy expression according to the
Gaussian distribution of SBHs can be written as [22]
2 2
q
I  q
ln  02   2 s 2  ln AA  bo ,
kT
 T  2k T

 




J  KEr exp 
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where extracted standard deviation σs is 0.2 V. The slope
of the plot of bo vs q/2kT gives the square of standard

Er 


q  t 



qEr
 s  0
kT




 ,





(7a)

 i  V  kT  2qN D [23],
0  s

i  m  s ,

(7b)
(7c)

where K is a constant, Er – electric field in the
semiconductor barrier at the metal/semiconductor
interface, t – barrier height for electron emission from
the trap state, ɛs – relative permittivity at high frequency,
ɛ0 – permittivity of free space, i – built-in voltage, m –
metal work function voltage, s – semiconductor work
function voltage. From Eq. (7a), ln(J/Er) should be a
linear function of

 

Fig. 6. Modified Richardson plot of ln I 0 T
vs q/kT for Ni/Au/n-GaN SBD.

2



 q 2 2s

2 2
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q
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where

3.4. Current density dependence on diode area

q
mT  
kT
bT   

q
,
 s 0

The circular Schottky diodes with diameters varying
from 50 to 300 µm were tested to investigate the effect of
diode area and perimeter on the current density. The
influence of perimeter/area ratio on diode current density
is as shown in Fig. 9. As seen in Fig. 9a, increasing the
perimeter/area ratio increases the current density in the
forward bias at 1 V. In Fig. 9b, the plot of reverse current
density as a function of the perimeter/area ratio shows an
increasing trend at –1 V. From Fig. 9b, it is clear that the
reverse leakage current is dependent on the perimeter of
the device. This perimeter dependence suggests the
considerable contribution of the surface leakage. Since
the dimensions of the device reduce, the surface effects
should dominate over the bulk ones. So for smaller
devices the major component of the current is the current
flowing along the surface. This surface current depends
on the perimeter rather than the area of the device. This
may be due to surface recombination or surface channel
formation.
An estimation of the contribution of surface leakage
to the total leakage current of Schottky diodes is made.
The reverse leakage current of the Schottky diode can be
expressed as [27]

(8b)

qt
 ln K .
kT

(8c)

The measured macroscopic current densities in GaN
Schottky diode are observed to be dependent on both
electric field and temperature. Fig. 7 shows the plot of
ln(J/Er) vs E r as linear within the temperature range
300…475 K for Pd Schottky contact on GaN. This
indicates the presence of Frenkel–Poole emission in Pd
Schottky contacts on GaN. Further, Fig. 8 shows the plot
of b(T) as defined in Eq. (8c), plotted as a function of
(q/kT). The calculated emission barrier height t from the
slope of b(T) vs (q/kT) is 0.16  0.02 eV. The extracted
value of t for GaN is in good agreement with the
previously reported values [26].

a)

Fig. 7. The plot of ln(J/Er) vs

Er .

b)

Fig. 9. Dependences of current density on the diode
perimeter/area ratio at the forward (a) and reverse (b) bias.

Fig. 8. Slopes of b(T) vs q/kT.
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the field plate length. The analysis of the current-voltage
characteristics of the TiO2 passivated field-plate
terminated Ni/Au/n-GaN Schottky diode have shown an
increase of barrier height accompanied by improvement
of the ideality factor. The emission barrier height is
0.16  0.02 eV. The current-voltage characteristics of the
TiO2 passivated field-plate terminated Ni/Au/n-GaN
Schottky diodes from 50 to 300 μm have shown the
major reverse current flows along the surface for smaller
devices.
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Fig. 10. Forward and reverse I–V characteristics of the TiO2
passivated field plate Ni/Au/n-GaN Schottky barrier diode as a
function of field plate length, µm: 1 – 5, 2 – 10, 3 – 15, 4 – 20.
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Зменшення зворотного струму витоку на межі TiO2/GaN у Ni/Au/n-GaN діодах Шоттки з пасивуючим
шаром TiO2
B.N. Shashikala, B.S. Nagabhushana
Анотація. Наведено процедуру виготовлення діода Шотткі з охоронним кільцем з пасивуючим шаром TiO2,
а також порівняно бар’єрні діоди Шотткі Ni/Au/n-GaN без охоронного кільця та з ним різних діаметрів від 50
до 300 мкм. Досліджено вплив пасивуючого оксиду (TiO2) на струм витоку у діоді Шотткі Ni/Аu/n-GaN.
Це свідчить про те, що пасивуюча TiO2 структура зменшує зворотний струм витоку у діоді Шотткі
Ni/Au/n-GaN. Також зворотний струм витоку у діодах Шотткі Ni/Au/n-GaN зменшується із збільшенням
розмірів охоронного кільця. Температурно-залежні електричні характеристики діодів Шотткі Ni/Au/n-GaN
з охоронним кільцем з пасивуючим шаром TiO2 показали збільшення висоти бар’єра в діапазоні температур
300…475 K.
Ключові слова: пасивуючий шар TiO2, GaN, струм витоку, діод Шотткі.
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