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Barrier height of Pt–InxGa1−xN „0�x�0.5… nanowire Schottky diodes
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The barrier height of Schottky diodes made on InxGa1−xN nanowires have been determined from
capacitance-voltage measurements. The nanowires were grown undoped on n-type �001� silicon
substrates by plasma-assisted molecular beam epitaxy. The length, diameter and density of the
nanowires are �1 �m, 20 nm, and 1�1011 cm−2. The Schottky contact was made on the top
surface of the nanowires with Pt after planarizing with parylene. The measured barrier height �B

varies from 1.4 eV �GaN� to 0.44 eV �In0.5Ga0.5N� and agrees well with the ideal barrier heights in
the Schottky limit. © 2011 American Institute of Physics. �doi:10.1063/1.3579143�

One of the important material parameters of a semicon-
ductor that needs to be characterized is the Schottky barrier
height since it provides valuable information regarding the
nature of the surface of the semiconductor. This is of even
greater importance in nanowires, where the surface-to-
volume ratio is very large. A large amount of research has
been reported on nanowires, made of GaAs, InP, Si, and
GaN, including their growth, structural characterization, and
optical properties. Of particular interest are GaN and InGaN
nanowires,1–3 whose light emission is in the visible range of
the spectrum and can therefore be used for the fabrication of
light emitting diodes �LEDs�.4,5 Transmission electron mi-
croscopy �TEM� investigations indicate that the nanowires
are free of extended defects such as dislocations, twins, and
stacking faults.2,3 The surface recombination velocity in GaN
nanowires grown on silicon substrates has been reported to
be �103 cm /s,6 two orders of magnitude smaller than that
of GaAs. However, the measured and reported Schottky bar-
rier height on bulk GaN films and GaN nanowires with Pt
contacts have values ranging from 0.19 to 1.27 eV.7–12 In the
present study, we have measured the room temperature bar-
rier height of Pt–InxGa1−xN �0�x�0.5� nanowire Schottky
diodes using the capacitance-voltage �C-V� technique. Bar-
rier heights for the ternary material are of interest since the
presence of In can alter the nature of the surface. The mea-
sured barrier heights vary from 1.4 eV �GaN� to 0.44 eV
�In0.5Ga0.5N�.

Undoped GaN nanowires with a density of 1
�1011 cm−2 were grown on �001� Si substrate in a Veeco
plasma-assisted molecular beam epitaxy system for the fab-
rication of Schottky diodes. After removal of the surface ox-
ide on the substrate with a 900 °C anneal in the growth
chamber, the substrate temperature was lowered to 800 °C
and a few monolayers of Ga were deposited with a Ga flux of
1.5�10−7 Torr in the absence of N. GaN nanowire growth
was initiated at the same temperature at a rate of 300 nm/hr
under N-rich conditions. The Ga flux was maintained at
1.5�10−7 Torr and the N flow rate was held constant at 1
SCCM �SCCM denotes cubic centimeter per minute at STP�
to grow 1 �m long nanowires. To grow �In�GaN nanowires,
300 nm of Si-doped n-type GaN nanowire was first grown

under the conditions outlined above. The growth temperature
was then lowered to 550 °C. The Ga flux was held constant
at 1�10−7 Torr and the In flux was varied from 3.5�10−8

to 2.5�10−7 Torr to grow 1 �m undoped �In�GaN nano-
wires with different In compositions. The bandgap energies
and indium compositions were obtained from photolumines-
cence and energy dispersive X-Ray �EDX� measurements,
respectively. A cross-sectional scanning electron microscope
�SEM� image of an In0.3Ga0.7N nanowire sample grown on
�001� Si is shown in Fig. 1.

The process of fabrication of nanowire Schottky diodes
is described in some detail, since it is important in the con-
text of device performance. The native oxide on the nano-
wire bundle on �001� Si is first removed by dipping in HCl.
The nanowires are planarized by coating them with a
parylene �nr=1.66� insulating layer. The nanowire-parylene
composite is dry etched to form a mesa. The tips of the
nanowires are exposed above the parylene surface, which is
confirmed by SEM measurements. These exposed tips are
cleaned again in HCl and passivated with �NH4�2S. A 300
nm thick Pt layer of area 7.9�10−3 cm−2 is selectively de-
posited by photolithography and electron beam evaporation.
Finally, an Al Ohmic contact was formed on the top surface
of the n-type Si substrate, after removing the native oxide
with an etch in HF.

Figure 2�a� depicts the measured current-voltage �I-V�
characteristics of a typical GaN nanowire Schottky diode,
which is schematically shown in the inset. A turn-on voltage

a�Electronic mail: pkb@eecs.umich.edu. Tel.: 734-763-6678. FAX: 734-763-
9324.

500 nm

FIG. 1. Cross-sectional SEM image of an In0.3Ga0.7N nanowire sample
grown on �001� Si. The nanowires have an areal density of 1–2
�1011 cm−2.
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of 1.5 V, a diode series resistance of 15 � and a low reverse
leakage current of �10−5 A are derived from the character-
istics. Figure 2�b� shows the measured room temperature
C-V characteristics of a GaN and an In0.5Ga0.5N nanowire
Schottky diode. The dependence of junction capacitance on
bias voltage in a Schottky diode is described by the follow-
ing:

1

C2 =
2

qNd�s�oA2�Vbi − VA −
KT

q
� , �1�

where Nd is the carrier concentration in the nanowires, �s is
the static dielectric constant of InxGa1−xN �varies from �s
=8.9 to 8.4 for alloys with x=0 to 0.5�, A is the area of the
Schottky contact �A=2.4�10−3 cm2 with 30% nanowire
filling factor�, Vbi is the built-in voltage and VA is the ap-
plied bias voltage. The nanowires are found to be n-type and
from the slope of the 1 /C2 vs. VA curves the carrier concen-
tration Nd is derived from Eq. �1� and listed in Table I. The
Schottky barrier height �B is derived from the equation:

�B = qVbi + 	Eg

2
− kT ln�Nd

ni
�	 �2�

where Eg is the energy band gap of InxGa1−xN obtained from
PL measurements, ni is the intrinsic carrier concentration and
Vbi is obtained from the 1 /C2-VA plots. It should be noted
that a constant capacitance CP, due to the parylene enclosed
between the Pt electrode and n-type Si, appears in parallel
with the depletion layer capacitance in the nanowires. The
value of CP is estimated to be 11.6 pF and is included in

the calculations. The Cp is calculated from Cp=���rA�1
−�� /d, where �r is the relative dielectric constant of parylene
��r=3.1�, A is the mesa size, � is the nanowire fill factor, and
d is the length of the nanowires �d=1.3 �m�. The calculated
values of the barrier height �B are also listed in Table I.

It is instructive at this point to compare the measured
values of �B with the intrinsic ones in the Schottky limit.
It is known that the work function, �m, of a metal depends
on the deposition condition and the resulting physical
and chemical nature of the metal-semiconductor interface.13

From published values, the value of �m for Pt is
5.22	0.4 eV.13 The values of the electron affinity, 
S, for
InGaN were determined by linear interpolation between 
S
�GaN�=4.16 eV �Ref. 14� and 
S �InN�=6.1 eV.15 In the
Schottky limit, the intrinsic barrier height is defined by
�B0=�m−
S. The range of values of �B0 is also listed in
Table I for comparison. It is apparent that our measured val-
ues of �B are well within the range for all alloy compositions
of InxGa1−xN. From C-V measurements, Jang et al.16 have
reported a value of �B=1.43 V in Pt–In0.1Ga0.9N Schottky
diodes.

We had earlier reported on the determination of the
barrier height of Au–GaN Schottky diodes from I-V
measurements.17 The 3.5 �m GaN layers, with n-doping
varying from 1�1017–7�1018 cm−3, were grown by metal-
organic chemical vapor deposition �MOCVD� directly on
c-plane sapphire. The layers therefore had a fairly large dis-
location density. The measured barrier heights for all the
doping levels showed excellent agreement with the calcu-
lated value of 0.94 eV in the Schottky limit, taking image
force lowering into account. Taken with the result of Jang
et al.16 on Pt–In0.1Ga0.9N Schottky diodes, it seems that dis-
locations and related defects do not play any significant role
in changing the barrier height. In the nanowires characterized
in this study, such defects are almost absent. It is important,
however, to assess the possible role of surface recombination
and surface depletion on the diode measurements. Addition-
ally, in our experiments the nanowires are passivated with
parylene. We have conducted low temperature time-resolved
PL �TRPL� measurements on GaN nanowires as-grown and
passivated by SiNx and parylene. The excitonic spectra at
cryogenic temperature are characterized by sharp transitions
corresponding to the excitons in two groups, sharp bulk re-
lated excitons and a broad surface-related defect bond exci-
ton �Fig. 3�a��.18 TRPL measurements were performed at
cryogenic temperatures with unpassivated and passivated
nanowires at the peak emission wavelength of the various
excitonic transitions. It is found that the PL decay times of
the three bulk related exciton transitions are almost constant
at �220	50 ps. We believe this time constant reflects the
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FIG. 2. �Color online� �a� Measured room temperature current-voltage �I-V�
characteristics of a Pt–GaN nanowire Schottky diode. The inset schemati-
cally shows the device structure; �b� measured 1 /C2 vs V plots of GaN and
In0.5Ga0.5N nanowire Schottky diodes at room temperature.

TABLE I. Values of barrier heights �B and carrier concentration ND ob-
tained from C-V measurements on Pt-InxGa1−xN nanowire Schottky diodes.
Calculated values of �B0 in the Schottky limit are also listed for compari-
son.

Eg

�eV�
Measured, �B

�eV�
Calculated, �B0

�eV�
ND

�cm−3�

GaN 3.4 1.40 1.06	0.4 8.5�1016

In0.3Ga0.7N 2.4 0.74 0.48	0.4 2.3�1017

In0.48Ga0.52N 1.9 0.45 0.13	0.4 8.0�1017

In0.5Ga0.5N 1.8 0.44 0.09	0.4 7.8�1017
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intrinsic behavior of the bulk nanowires. On the other hand,
the decay time constants of the surface related exciton are
572, 407, and 315 ps for the as-grown, SiNx-passivated and
parylene-passivated nanowires �Fig. 3�b��. Due to space-
charge related surface depletion,19,20 electrons and holes can
be spatially separated, leading to a longer recombination life-
time. With passivation, the surface state density and the ex-
tent of the depletion region will be reduced, thereby enhanc-
ing the electron-hole overlap and reducing the lifetime. It
seems that with parylene passivation, as is the case in the
Schottky diodes measured in this study, the carrier lifetime
approaches that of the free excitons in the bulk of the nano-

wires and surface recombination is reduced to a minimum.
Finally, we have also determined �B=0.7 eV from I-V

measurement on a Pt–GaN nanowire Schottky diode. It is
worthwhile to comment on the difference between the barrier
heights derived here from C-V measurements with the gen-
erally lower values of barrier height determined from
forward-biased I-V measurements, even after including the
effect of image force lowering. Our measurement on Au–
GaN diodes is one of the few exceptions in this respect17

since the value of �B obtained from I-V measurements is in
good agreement with the ideal value after considering the
effect of image force lowering. Several factors have been
cited for the lower values of �B ranging from presence of
damage layers to enhanced tunneling currents in nanosized
contacts. These aspects need more careful study.

The work was supported by KAUST under Grant No.
N012509-00.
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FIG. 3. �a� Photoluminescence spectra of a GaN nanowire sample measured
at 25 K showing three sharp bulk related excitons and a broad surface-
related defect bond exciton; �b� PL decay transients obtained from TRPL
measurements on as-grown and passivated GaN nanowires.
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