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Ni/Au Schottky contacts on AIN/GaN and AlGaN/GaN heterostructures are fabricated. Based on the measured
current—voltage and capacitance—voltage curves, the electrical characteristics of AIN/GaN Schottky diode, such as Schottky
barrier height, turn-on voltage, reverse breakdown voltage, ideal factor, and the current-transport mechanism, are analyzed
and then compared with those of an AlGaN/GaN diode by self-consistently solving Schrodinger’s and Poisson’s equa-
tions. It is found that the dislocation-governed tunneling is dominant for both AIN/GaN and AlGaN/GaN Schottky diodes.
However, more dislocation defects and a thinner barrier layer for AIN/GaN heterostructure results in a larger tunneling
probability, and causes a larger leakage current and lower reverse breakdown voltage, even though the Schottky barrier
height of AIN/GaN Schottky diode is calculated to be higher that of an AlGaN/GaN diode.
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1. Introduction

For many years, AIGaN/GaN heterostructure field-effect
transistors (HFETSs) have been the subject of intense investi-
gation due to their importance for microwave and high tem-
perature/high power applications.!!=3] Nowadays, up-to-date
materials of AIN/GaN heterostructure are of great advantage
for high frequency operation, since AIN offers the greatest
potential as a scalable barrier material among Al,Ga;_,N al-
loy compositions due to its large bandgap and polarization
effects.[*>! The best frequency (fmax/fr: 342 GHz/518 GHz)
is obtained on the AIN/GaN heterostructure due to the thin bar-
rier layer and polarization effects.®) However, little attention
has been paid to the electrical characteristics of AIN/GaN het-
erostructure Schottky diodes, such as Schottky barrier height
(eB), turn-on voltage (Vo,), ideal factor (n), reverse break-
down voltage (V4,), and the current-transport mechanism, even
though these characteristics are of great importance for device
performance and reliability. The low breakdown voltage se-
riously hinders the application of AIN/GaN HFET in a high-
power field, which is attributed to the large leakage current.
Investigation of the electrical characteristic relation to the cur-
rent transport is essential to improve the breakdown voltage
of an AIN/GaN device. Since AIN/GaN and AIGaN/GaN het-
erostructures are both main-stream materials for microwave
devices and digital circuits, comparing the electrical character-
istics of an AIN/GaN diode with those of AlIGaN/GaN diodes
is of great importance to further improve the performance of
GaN-based frequency devices and digital circuits.
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In this paper, Ni/Au Schottky contacts on AIN/GaN
and AlGaN/GaN heterostructures are prepared. From the
measured current—voltage (/-V) curves and the capacitance—
voltage (C-V) curves, the Schottky barrier height, the turn-
on voltage, the ideal factor, and the reverse breakdown volt-
age of each sample are obtained and compared by self-
consistently solving Schrodinger’s and Poisson’s equations.
Furthermore, the models of thermionic-emission, generation—
recombination, tunneling, surface leakage currents are all
taken into account to investigate the current-transport mech-
anisms for AIN/GaN and AlGaN/GaN diodes. Based on the
obtained Schottky barrier height and current-transport mech-
anism, the defects existing in the barrier layer are calculated
and compared within AIN/GaN and AlGaN/GaN diodes.

2. Experiment

The AIN/GaN and AlGaN/GaN heterostuctures em-
ployed in this work are both epitaxially grown by metal or-
ganic chemical vapor deposition (MOCVD) on (0001) sap-
phire substrates. The AIN/GaN heterostructure is formed of
a low-temperature nucleation layer followed by a 2-pm S. L.
GaN, a 3-nm AIN barrier layer, and a I-nm S. I. GaN cap.
Hall measurements indicate a sheet carrier density of around
1.05x10'3 ¢cm~? and an electron mobility of 1650 cm?/V-s
at room temperature. The AIGaN/GaN heterostructure is of
a low-temperature nucleation layer followed by a 2-um S.
I. GaN, a 1-nm AIN interlayer, and finally a 22.5-nm thick
undoped Alg3Gag 7N barrier layer. Hall measurements indi-

*Project supported by the National Natural Science Foundation of China (Grant Nos. 60890192, 60876009, and 11174182).

fCorresponding author. E-mail: blueledviet@yahoo.com.cn
© 2014 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

027101-1


http://dx.doi.org/10.1088/1674-1056/23/2/027101
mailto:blueledviet@yahoo.com.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 23, No. 2 (2014) 027101

cate a sheet carrier density of around 1.07x10'3 cm~2 and an
electron mobility of 1800 cm?/V-s at room temperature. Uni-
form device processing is performed on the two different het-
erostructures. Ohmic contacts of Ti/Al/Ni/Au are fabricated
by e-beam evaporation and lift-off. The Ohmic contacts are of
a ring shape with an inner diameter of 600 pm and an outer
diameter of 650 um. A rapid thermal annealing is taken to
form good Ohmic contacts. With transmission line method
patterns, the specific resistivities of the Ohmic contacts are
measured to be 5.1x107° Q-cm? and 5.9x107° Q-cm?, re-
spectively. Ni/Au (50 nm/200 nm) circular Schottky contacts
with a diameter of 300 pm are finally deposited by e-beam
evaporation. C-V measurements are performed at room tem-
perature using an Agilent B1520A at 100 kHz, and the I-V
characteristics are measured at room temperature using Keith-
ley 4200 semiconductor parameter analyzer.

3. Calculation and analyses

Figure 1 shows the measured C-V curves under 100 kHz
for AIN/GaN and AlGaN/GaN Schottky diodes, respectively.
The two-dimensional electron gas (2DEG) electron density
nop under zero gate bias can be obtained by integrating the
measured C-V curve!’]

0cCcav
nZDf/VT@, ()

where C is the measured capacitance between the Ohmic con-
tact and the Ni Schottky contact, Vr is the threshold voltage
and can be obtained by integrating the C-V curve (as shown
in Fig. 1),l7] and S is the Ni Schottky contact area. The calcu-
lated 2DEG electron densities for AIN/GaN and AlGaN/GaN
Schottky diodes are summarized in Table 1.

Figure 2 shows the measured /-V curves for AIN/GaN
and AlGaN/GaN Schottky diodes, respectively. According to
Chen et al’s two-diode model,8! an Al(Ga)N/GaN structure
consisting of a metal gate can be considered as two diodes
connected in series back to back. The first diode (diode 1)
represents the Schottky contact between the Schottky metals
and the Al(Ga)N barrier layer, the second diode (diode 2) rep-
resents the effective Schottky contact between the Al(Ga)N
barrier layer and the 2DEG.[3! As shown in Fig. 2, the for-
ward bias of structure current is an exponential function of
the applied-bias voltage in the intermediate voltage regime
(0.1 VSV <0.6 V for AIN/GaN diode, 09 V<V <14V
for AIGaN/GaN diode). It is clear that over a broad range
(107°—1073 A) of the forward current, the behavior is expo-
nential and beyond that (I > 1073 A) the plots deviate from
this behavior due to the effect of diode 2 and series resistance
(Rs).[8-101 Based on the calculated 2DEG density, the Schottky
barrier heights and ideal factor (n) values of the AIN/GaN and

AlGaN/GaN Schottky diodes can be calculated from the /—
V curves by self-consistently solving Schrodinger’s and Pois-
son’s equations.[’! The calculated results are shown in Table 1.
The Schottky barrier height of the AIN/GaN Schottky diode is
calculated to be higher than that of the AIGaN/GaN diode due
to the larger bandgap of AIN.
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Fig. 1. (color online) Measured C-V curves under 100 kHz for the pre-
pared AIN/GaN (a) and AlIGaN/GaN (b) Schottky diodes.

Table 1. Calculated electrical characteristic parameters of AIN/GaN
and AlGaN/GaN Schottky diodes.

np/102em™2  @pleV Vo/V. WV n
AIN/GaN 5.72 2.08 093 180 2.16
AlGaN/GaN 8.86 1.60 132 240 157

As shown in Fig. 2 the values of turn-on voltage (V)
are determined to be 0.93 V and 1.32 V for AIN/GaN and
AlGaN/GaN Schottky diodes, respectively. A lower turn-on
voltage indicates that the AIN/GaN Schottky diode has lower
power dissipation while it almost maintains the same forward
saturation current with AIGaN/GaN Schottky diode (shown in
Fig. 2).

Figure 3 shows the measured reverse breakdown charac-
teristics for AIN/GaN and AlGaN/GaN Schottky diodes, re-
spectively. The reverse breakdown voltages are measured to
be 180 V and 240 V for AIN/GaN and AlGaN/GaN Schot-
tky diodes, respectively (shown in Fig. 3). In general, a larger
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barrier height induces lower reverse leakage current and larger
reverse breakdown voltage. U However, the AIN/GaN Schot-
tky diode suffers larger leakage current and smaller break-
down voltage than the Al1GaN/GaN Schottky diode (shown in
Figs. 2 and 3). To explain the above phenomenon, the current-
transport mechanism and the defects existing in the barrier
layer for AIN/GaN and AlGaN/GaN diodes are investigated
and compared.
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Fig. 2. (color online) Measured /-V curves of the prepared AIN/GaN
(a) and A1GaN/GaN (b) Schottky diodes.

The forward current for the Al(Ga)N/GaN Schottky
diode mainly consists of thermionic emission (TE) current
(Ithermionic ), generation—recombination current (/g;), tunneling
current (Iynner), and surface leakage current (Ig,) caused by
the inhomogenities and defects at the M/S interface.!'”! The
total current of device can be expressed as

Tiotal = Ithermionic + Igr + lunnel + sur-

2

In general, the relationship between the applied-bias volt-
age and the current of the Schottky diodes, based on the TE
theory, is given by!!3]

V —IRg
Ithermionic = ]0 {exp |:C]():| — 1} ,

T 3)

where [y is the saturation current, 7 is the absolute tempera-
ture, k is Boltzmann’s constant, and g is the electron charge.
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Fig. 3. Measured reverse breakdown characteristics of the prepared
AIN/GaN (a) and AlGaN/GaN (b) Schottky diodes.

The generation—recombination current (Ig,) can be de-
scribed by the relation!'#!

oo [ 2891

where Iy, is the generation—recombination saturation current.
The tunneling current (lynne) through the barrier is given

by[l3,15]
V —IR
Liunnel = {eXP |:q(S):| - 1} ’

“

e 5)

where [; is the tunneling saturation current, and Ej is the tun-
neling parameter defined as!!'!

Eo
Ey=E th | —
o = Egoco (kT )7

with Eqy being the characteristic tunneling energy that is re-
lated to the tunnel effect transmission probability. In addition,
voltage-proportional leakage current (I, ) frequently changes
the current—voltage (/-V) relationship at lower bias voltage
levels and can be expressed as!!>16]

L _VIRs
sur Rsh .

(6)

@)

In order to determine the true current-transport mecha-
nisms for AIN/GaN and AlGaN/GaN Schottky diodes, by tak-
ing the Iy, Iy, I, the tunneling parameter Ey and Ry, as ad-
justable fit parameters, we fit the experimental /-V data to the
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analytical expressions given for the current-transport mecha-
nisms in a wide range of applied biases.'?) The series resis-
tance Rs can be obtained by plotting the d(V)/d(InI) ver-
sus 1.1'71 As shown in Fig. 4, the voltage-proportional leakage
current (I5,;) dominates the forward current at lower bias volt-
age for each of AIN/GaN and AlGaN/GaN Schottky diodes.
There is excellent agreement between the data from the mea-
sured /-V curve and those from the current-transport expres-
sion for the tunneling mechanism in the intermediate voltage
regime. However, there are no good fittings between the data
from the measured /-V and the data from the analytic expres-
sion given for TE, generation—recombination, or the leakage
current mechanism (Fig. 4). The values of the tunneling pa-
rameter Ey and characteristic tunneling energy Eqo, as deter-
mined from the fittings of the tunneling current expression to
the measured /-V data set, are summarized in Table 2. A larger
value of tunneling energy Eoy of AIN/GaN diode indicates a
bigger tunneling probability through the barrier.!'>! According
to the dislocation model of the tunneling current, the tunnel-
ing saturation current (I;) can be described by the following
equation!!?!

I, = gDvupexp(—qVx /Ep). 8)

where D is the dislocation density (DD), vp the Debye fre-
quency, and Vx the diffusion potential for the Schottky bar-
rier diode. By using vp = 1.68 x 1013 s7!, Vg = 1.15 eV for
both AIN/GaN and AlIGaN/GaN diodes and the determined
I;(0) and Ey from the measured /-V characteristic, the DDs
of AIN/GaN and AlGaN/GaN diodes are obtained and sum-
marized in Table 2. The details of the calculation can refer to
Ref. [12]. Due to the larger Schottky barrier height, the value
of Vx of AIN/GaN diode is larger than that of the AIGaN/GaN
diode. However, even using the same value of Vk the calcu-
lated DD of AIN/GaN diode is much larger than that of the
AlGaN/GaN diode (Table 2). The larger DDs in the AIN/GaN
diode may be due to the larger lattice mismatch, which will
increase the probability of tunneling through the entire bar-
rier. In addition, the quantum transmission coefficient (7 (1))
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of the electrons through the approximately triangular Schottky
barrier without defects is given by!!®!

i =exp (- 302

wﬁ), ©))

where m* is the electronic effective mass and m* = 0.22my,
my is the free-electron mass, @ is the width of the tunneling
barrier, and 1] is the energy offset from the conduction band at
the metal/conductor interface as defined in Ref. [18]. Accord-
ing to Eq. (9), the quantum transmission coefficient T'(7) in-
creases with the reduction of width of the tunneling barrier or
the increase of the electric field of the barrier layer. Thus, the
extremely thin barrier layer (3 nm) of AIN/GaN heterostruc-
ture induces a larger quantum transmission coefficient than
does the barrier layer of AlIGaN/GaN heterostructure. The cur-
rent flow due to tunneling of electrons from the metal into the
semiconductor without defects is given by
A*ST 1%

FuT(n)(1—-F)dn, (10)

In—s=
0

where A* is the effective Richardson constant, S the Schottky
contact area, Fy, the Fermi—Dirac distribution function in the
metal, F; the Fermi—Dirac distribution function in the semi-
conductor, and V;, the bending of the conduction band. Ac-
cording to Eq. (10), the tunneling currents without defects un-
der +0.1-V bias are calculated to be 1.24x10~7 A/cm? and
2.5%x10~ 15 A/em?, which are much smaller than the values of
1,(0). The tunneling current without defects decreases with
forward bias increasing due to the reduction of the electric
field of barrier layer. However, the defects existing in the
barrier layer will reduce the effective width of the tunneling
barrier, thereby increasing the tunneling current.

Table 2. Obtained values of tunneling saturation current, tunneling pa-
rameter, characteristic tunneling energy, series resistance, and DD for
AIN/GaN and AlGaN/GaN Schottky diodes.

L(0)(Alcm?)  EgleV  EgleV  Rs/Q  Dicm™2
AIN/GaN 377107 0.053  0.051 688 3.7x10°
AlGaN/GaN  7.56x10~'%  0.032 0.027 66.6 55x108
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Fig. 4. (color online) The fittings of the TE, generation recombination, tunneling, and leakage current equation to the measured
forward /-V data of the prepared AIN/GaN (a) and AlIGaN/GaN (b) Schottky diodes.
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Thus, the higher defect density and thinner barrier layer
lead to the fact that the AIN/GaN Schottky diode suffers
larger tunneling probability, larger leakage current, lower re-
verse breakdown voltage, and smaller turn-on voltage while
maintaining a higher barrier height than AIGaN/GaN Schot-
tky diode. The higher ideal factor (shown in Table 1) of the
AIN/GaN Schottky diode further confirms the larger proba-
bility of tunneling through the entire barrier. So, optimizing
the growth condition to reduce the defects and appropriately
increasing the thickness of AIN barrier layer are crucial to re-
duce the leakage current and further improve the breakdown
voltage of AIN/GaN device.

4. Conclusions

In this paper, Ni/Au Schottky contacts on AIN/GaN and
AlGaN/GaN heterostructures are fabricated. The Schottky
barrier height, the turn-on voltage, the ideal factor, and the
reverse breakdown voltage of each sample are calculated
and compared by self-consistently solving Schrodinger’s and
Poisson’s equations from the measured /-V and C-V char-
It is found that the AIN/GaN Schottky diode
has a larger Schottky barrier height but suffers larger leak-

acteristics.

age current and lower reverse breakdown voltage than the
AlGaN/GaN Schottky diode.
nomenon, the current mechanisms for AIN/GaN and Al-
GaN/GaN Schottky diodes are investigated by fitting the ex-
perimental /-V data to the analytical expressions given for the

To explain the above phe-

current-transport mechanisms including thermionic-emission,
generation—-recombination, tunneling, and surface leakage cur-
rents. Best fitting results are obtained for the tunneling cur-
rent mechanism for both AIN/GaN and AlGaN/GaN Schot-
tky diodes. However, the AIN/GaN heterostructure consumes

more defects due to the larger lattice mismatch than Al-
GaN/GaN heterostructure. The higher defect density and thin-
ner barrier layer in AIN/GaN Schottky diode well explain how
the AIN/GaN Schottky diode suffers from larger leakage cur-
rent and lower turn-on voltage while maintaining a higher bar-
rier height than the A1GaN/GaN Schottky diode.
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