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A unique metallization scheme has been developed for obtaining both Schottky and low-resistance
Ohmic contacts ton-GaN. It has been demonstrated that the same metallization can be used to make
both Schottky and Ohmic contacts ton-GaN using a Ni/Au bilayer composite with Ni in contact to
GaN. Using this metallization, contacts with a specific contact resistivity,rs , as low as 6.9
31026 V cm2 for a doping level of 5.031017 cm23 was obtained after annealing the sample for 10
s at 800 °C in a rapid thermal annealer. The presence of only~111!Au and~111!Ni peaks in the x-ray
diffraction ~XRD! pattern of as-deposited samples indicates that both metals participate to form
epitaxial or highly textured layers on the basal GaN plane. When the contact layer is annealed, Au
and Ni react with GaN creating interfacial phases. Both XRD and transmission electron microscopy
confirm that Ni3Ga and Ni2Ga3 intermetallic phases together with Au and Ni based
face-centered-cubic solid solutions, are formed during annealing. The high optical transmission
achieved~in the range of 400–700 nm! through this contact after annealing suggests that it is,
indeed, very useful for electro-optic device applications. The contacts also demonstrate exceptional
thermal stability. Experimental data suggest that the formation of interfacial phases with a low work
function is responsible for the low contact resistance of the system. The Ni–Au layer forms a robust
composite enabling the contacts to have high-temperature applications. Unlike the Ni/Au Ohmic
contact, the Ni/Au Schottky contact ton-GaN has a relatively large barrier height. Improved
material quality and Schottky contact technology are needed to improve upon the reverse
breakdown voltage. ©2002 American Institute of Physics.@DOI: 10.1063/1.1509109#
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I. INTRODUCTION

The last several years have seen rapid developmen
the creation of optical devices, such as laser diodes and
tical detectors, made from the group III nitrid
semiconductors.1,2 Ohmic and Schottky contacts are cruc
for the success of these devices. A number of metals suc
Au, Ni, Ti, Pd, Pt, PtSi, Ni/Au, Pt/Au, Cr/Al, Ti/Al/Ni/Au,
and Cr/Al/Ni/Au have been deposited on nitride materials
this purpose, and the electrical characteristics of these
tacts have been investigated.3–7

Highly transparent contacts are important for many o
toelectronic devices including lasers, light-emitting diod
and optoelectronic field-effect transistors~FETs!. For opto-
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electronic FETs with light incident from the top surface, bo
n-type Ohmic and Schottky contacts should
transparent.8–10 A low-resistancep-electrode, low-resistance
n-electrode, and high-barrier-height Schottky contact ma
from a highly transparent metal or metal combination is
important issue for the fabrication of GaN-based opti
emitters and detectors. In the past, well-known transpa
conducting films such as indium tin oxide~ITO! and cad-
mium tin oxide~CTO! have found wide use as electrodes f
light-emitting diodes.11,12 An ITO transparent conducting
film deposited onn-GaN ~carrier concentration;331017

cm23) and p-GaN ~;carrier concentration of 331017

cm23), and annealed appropriately, should produce
Schottky contact. The formation of an ITO Ohmic contact
GaN should be possible if the carrier concentration of Gil:
8 © 2002 American Institute of Physics
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exceeds;131018 cm23. For some optical devices ver
high doping (.131018 cm23) may not be possible, an
even if it is possible, it may not be desirable, suggesting
it is important to find means to fabricate a low-resistan
Ohmic contact onto moderately doped material. For GaN
hole concentration higher than 1018 cm23 is difficult to ac-
complish even by increasing the Mg or Be dopant density
as high as 1020 cm23. Ni/Au deposited on GaN after alloying
forms a highly transparent layer. To utilize one single me
or bilayer, such as a Ni/Au bilayer, for a Schottky conta
and a transparent Ohmic contact ton- andp-type GaN would
be beneficial for the fabrication of optical devices. Both N
and Au-based Ohmic contacts top-type GaN have recently
been successful.13,14 A Ni/Au bilayer can also be very
useful15–20 to fabricate an Ohmic contact top-type GaN.

Our objective in the present investigation is to develo
metallization scheme that allows the same metallization
fabricate both Schottky and Ohmic contacts ton-GaN, and to
explore the fundamental physics underlying these Scho
and the low-resistance Ohmic contacts.

II. EXPERIMENTAL PROCEDURE

The GaN films for this study were grown by the me
organic chemical vapor deposition~MOCVD! method on
~0001! sapphire substrates that were;400mm thick. Prior to
growth, the substrate was cleaned by heating in a hydro
atmosphere in the MOCVD chamber up to 1100 °C. An u
doped low-temperature 30-nm-thick GaN buffer layer w
then deposited on it. Finally, 1-mm-thick GaN epilayer doped
with silicon by a 10 sccm flow of silane was grown on t
top of the GaN buffer layer.

For characterizing the NiAu Schottky contact, Al/T
Ni/Au Ohmic contacts were made to GaN, as shown in F
1. Prior to the processing of the samples, they were clea
using the standard procedure that involves a 3 min heated

FIG. 1. Schematic structures of metallization used for the Schottky Ni
~500 Å/250 Å! contact on GaN with Ohmic metallization of the Ti/Al/Ni/Au
~300 Å/1000 Å/300 Å/250 Å! multiplayer contact onn-GaN.
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ultrasonic bath successively in trichloroethylene, aceto
and finally, methanol. The samples were then dipped i
heated bath of NH4OH:H2O2:H2O ~1:1:5! for 3 min, fol-
lowed by a 3 min dip in a heated HCl:H2O2:H2O ~1:1:5!
mixture. After photolithography, the samples were dipp
into HF:HCl:H2O ~1:1:10! for 15 s, and finally, rinsed in
H2O, and dried just before the metals were deposited. Exc
for Au, the metals were deposited by electron-beam eva
ration; the Au was evaporated thermally. During evaporat
and metallization, the base pressure of the vacuum cham
was maintained at about 1027 Torr. For the Schottky contact
the thickness of the Ohmic electrode~Ti/Al/Ni/Au ! was~300
Å/1000 Å/300 Å/300 Å!, which was annealed following the
procedure of Fanet al.21 Graphite crucibles were used t
evaporate 500 Å of Ni and 250 Å of Au, both 99.999% pu
on the patterned samples. The substrates were kept at r
temperature during the evaporation. Following the metalli
tion, the photoresist lift-off was performed in acetone to p
tern the metals. The fabrication process yielded an arra
200-mm-diam circular dots, inside a 300-mm-diam opening
of field Ohmic contacts. The area of the opening of the fi
contact was 2.25 times that of the inner Schottky dot.

To investigate the performance of the Ni/Au Schott
diodes, capacitance–voltage~C–V! measurements wer
made using a computer-interfaced HP 4912-A LF impeda
analyzer meter connected to a probe station. It was opera
at 100 kHz. A plot of reverse capacitance of the deplet
region of the Ni/Au Schottky contacts on GaN was th
performed as a function of reverse voltage. The purpose
this measurement to determine the nature of the deple
region. In the absence of an oxide layer between the m
and the semiconductor, the capacitance of a Schottky d
varies with applied gate bias as

C225aT2bTV, ~1!

whereaT andbT are constants

aT5
2~aVbi2kBT!

q2esNd

, ~2!

and

bT5
2

qesNd
, ~3!

whereq is the electronic charge,kB is the Boltzmann con-
stant,T is the absolute temperature,es is the dielectric con-
stant, andNd is the doping concentration of the GaN samp
While V is the applied bias,Vbi is the built-in potential given
by

Vbi5fB /q2Vn , ~4!

with

Vn5
kBT

q
lnS Nc

Nd
D . ~5!

Nc is the effective density of states for electrons in the co
duction band.

Mesa structures for transmission line method~TLM !
measurements for the Ohmic contacts were created by r

u
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tive ion etching~RIE! of the GaN epilayer. A Plasma-Therm
790 series chamber was employed for this purpose. The
was accomplished by flowing Cl2 gas at 15 sccm for 4 min
The operating pressure was 10 mTorr, and the power
150 W. The mesas were patterned, and a number of N
bilayers of several different thicknesses were deposi
While Ni was evaporated by an electron-beam evapora
Au was evaporated thermally. The TLM structure thus c
ated by the lift-off process had 11 rectangular contact pad
3003300mm2 dimension. The spacings between them w
2, 5, 10, 15, 20, 30, 40, 50, 60, and 90mm, respectively. A
rapid thermal anneal of the samples was then performe
argon gas at various temperatures, and for different time
tervals. Current–voltage~I–V! characteristics of various con
tact layers were measured before and after the therma
nealing, and the TLM measurements were performed
those contacts that had linearI–V characteristics.

X-ray diffusion ~XRD! measurements were carried o
to determine the possible reaction mechanisms by identify
new phases created by the anneals. X-ray diffraction d
were collected using a Phillips diffractometer equipped w
incident soller slits, theta-compensating slits, a 0.2 mm
ceiving slit, a graphite monochromator, and a scintillati
detector. Data were collected at ambient temperatures u
Cu Ka radiation with a 0.02° 2u step size, and a 3 scount
time. The observed 2u peak positions were corrected usin
Standard Reference Material 660, and a LaB6 compound as
an external calibrant. A Phillips 430 transmission electr
microscope~TEM! operated at 300 keV and equipped wi
an energy dispersive x-ray spectrometer~EDS! was em-
ployed to obtain structural and compositional information
the metal/semiconductor interface.

III. RESULTS AND DISCUSSIONS

A. Current–voltage characteristics of Schottky
contacts

The current–voltage characteristics of the Ni/A
Schottky contacts are shown in Fig. 2. The current is giv
by the conventional equation

I 5I 0 expS qV

nkBTD F12expS 2
qV

kBTD G , ~6!

whereI 0 is the saturation current,V is the applied bias, andn
is the ideality factor. The Schottky barrier diodes were s
jected to several different thermal treatments. It is appa
from the I–V characteristics in Fig. 2 that annealing led to
decrease of the Schottky barrier height. TheI–V characteris-
tics of the as-depositedcontact showed both forward an
reverse barriers at the metal–semiconductor interface. F
the simple band diagram of the metal–n-type semiconductor
junction, it is apparent that when the junction is forwa
biased electrons from the semiconductor overcome the
ward barriers, which is the built-in potentialVbi in order to
flow into the metal. In reverse bias, on the other hand, e
trons following from the metal to the semiconductor ove
come a barrier height, which under low carrier tunneli
condition, is the Schottky barrier height of that particu
metal semiconductor system. Also, theI–V characteristics of
Downloaded 30 Oct 2002 to 129.6.196.30. Redistribution subject to AI
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the as-depositedNi/Au Schottky barrier diodes showed
reverse breakdown voltage of;4 V. Interestingly, this is
lower than that obtained by other groups, due probably to
enhanced tunneling component in reverse saturation cur
and the reduction in the effective barrier height resulti
from the image-charge lowering because of the higher d
ing concentration of our samples. TheI–V characteristics of
the diodes annealed at 600 °C for 20 s revealed that a
annealing the forward conduction started at a lower volta
and that the reverse breakdown voltage has been red
from 4 to 1.6 V. This indicated possible reactions between
and GaN taking place at the interface, and leading to
reduction in the Schottky barrier height. Lowering of th
built-in potential consequently followed. Annealing of th
diode structures at 750 °C for 20 s caused theI–V character-
istics to be perfectly linear. One may thus argue that re
tions between the Ni and GaN interface at this tempera
due to thermal annealing were efficient enough to change
Ni Schottky contacts into Ni Ohmic contacts.

B. Capacitance–voltage „C – V… characteristics of
Schottky contacts

Capacitance–voltage measurement is an important
to better determine the characteristics of meta
semiconductor contacts. The room-temperature variation
the absolute values ofC and C22 obtained as functions o
applied reverse voltageV at a frequency of 100 kHz are
shown in Fig. 3. From Fig. 3 it is apparent that theC22 vs V
plot exhibited a linear nature as predicted by Eq.~1!, and that
C22 decreased with increasing reverse biasV. The tangent to
the C22 vs V plot emerged essentially from a point in th

FIG. 2. Room-temperature current–voltage characteristics of Ni/Au~500
Å/250 Å! Schottky diodes ton-GaN ~doping densityNd56.031017 cm23).
The Ohmic contact for these diodes was an Al/Ti/Ni/Au~300 Å/1000 Å/300
Å/250 Å! multilayer contact. Curve 1 corresponds to Ni/Au Schottky co
tacts without heat treatment, curve 2 to Ni/Au Schottky contacts anneale
600 °C for 20 s, and curve 3 to Ni/Au Schottky contacts annealed at 75
for 20 s.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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voltage axis. TheC vs V plot showed that capacitanceC
decreases less slowly with increasing applied bias, bec
deep-level traps were increasingly exposed by the increas
the depletion region width caused by the reverse bias. Th
traps emitted electrons. In order to determine the doping d
sity of the GaN sample, we carried out numerical calcu
tions using Eqs.~1!–~3!, and the dielectric constantes

59.0. Capacitance per unit area of the diode was used in
respective equations for the calculation. The calculati
yielded Nd5531017 cm23, which is in close correspon
dence withNd5631017 cm23 obtained from Hall measure
ments. A barrier height of 1.2 eV was obtained for the Ni/A
Schottky contact using Eqs.~4! and ~5!, and assuming tha
the effective density of states for electrons in the conduc
band wasNc52.631018 cm23. Had the defect levels presen
in the system been appreciably large, all donor levels ab
the Fermi level would have been ionized by the applied b
This would give a higher doping level near the interface
the deep levels would follow an ac signal, usually at lo
frequencies, there would also be an additional contributio
the capacitance, which would result in an increase in
doping densityNd and a decrease in the slope of theC22 vs
V plot. Since the slope of theC22 vs V plot of Fig. 3 re-
mained nearly identical at various measurement frequenc
it is reasonable to assume that the presence of the deep l
insignificantly impacted the observedC22 vs V characteris-
tics of the diodes.

C. Current–voltage characteristics of Ohmic contacts

Figure 4 shows theI–V characteristics of the Ohmi
contacts ton-GaN before and after annealing. As is appar

FIG. 3. Room-temperature variation of absolute capacitanceC and the in-
verse capacitance squareC22 with applied bias in Ni/Au Schottky contact
to n-GaN ~doping densityNd56.031017 cm23). Curve 1 is the least-squar
fit for C and curve 2 is the least-square fit forC22. The small solid circles
are experimental data forC22, and small solid triangles are experiment
data forC, respectively.
Downloaded 30 Oct 2002 to 129.6.196.30. Redistribution subject to AI
se
in
se
n-
-

he
s

n

ve
s.
f

to
e

s,
els

t

from Fig. 4, theI–V curves for the nonalloyed contact we
nonlinear, but they became linear upon annealing. Measu
specific contact resistances of the Ni/Au contacts ton-GaN
as a function of metal thickness, alloying temperature, a
alloying time are presented in Table I. It can be noted fro
Table I that the contacts became linear only after annealin
800 °C. The contact resistances were obtained by the T
measurements employing the measured sheet resistance
function of gap spacing. Room-temperature resistanceRT be-
tween the two contacts was obtained by using a four-po
probe arrangement. The variation of total resistance with
spacing between the contacts is shown in Fig. 5. Spec
contact resistancers was determined from a least-squares
of the data, and, as expected,rs for the annealed materia
was substantially lower than that for the unannealed mate

The sample, with Ni/Au bilayer thicknesses of 500 a
250 Å, and annealed at 800 °C for 5 s, yielded a spec
contact resistancers51.331023 V cm2, while the sample
with same bilayer thickness annealed at 800 °C for 10
showed quite a significant improvement in specific cont
resistance (rs51.431024 V cm2). However, annealing a
the higher temperature of 850 °C proved to be detrimenta
that theI–V characteristics now became nonlinear. The no
linear I–V characteristics of these contacts obtained after
nealing at 850 °C resulted probably because of interface d
radation due to extensive reaction of metals with GaN at
elevated temperature.

The surface morphology of the annealed contacts,
seen from scanning electron microscopy~SEM! and optical
micrographs, is depicted in Fig. 6. It is noted that anneal
at a temperature higher than 850 °C produces a high con
tration of pits in the metal film. As a result, the film appear
to be porous with island-like formations on the surface. It
also observed that the thickness of the Ni~which is in inti-
mate contact with GaN! had a profound effect on the electr
cal performance of the contacts. Three different thicknes
of the Ni layer, and the effect of these thicknesses on con
performance, were investigated as a function of annea
temperature. It was revealed~see Table I! that increasing the
thickness of the Ni layer above 500 Å increased the con
resistivity. A similar trend was also observed when the thic
ness of Ni was decreased: contacts with 150-Å-thick Ni a
250-Å-thick Au failed to show Ohmic behavior even aft
annealing at 800 °C. Thus, it is evident that a thickness
500 Å for Ni was quite optimum for obtaining a low
resistance Ohmic contact ton-type GaN at an annealing tem
perature of 800 °C. Increasing the thickness of the top
layer ~by 100 Å, from 250 to 350 Å! resulted in a striking
improvement in the specific contact resistance. The low
specific contact resistance in the range of 6.931026 V cm2

was obtained with a Ni/Au contact layer, 500 Å/350 Å thic
after annealing at 800 °C for 10 s.

D. Optical transmission

During the last several years a number of attempts h
been made for using the Ni/Au metallization to accompl
highly transparent Ohmic contacts top-GaN. Sheuet al.15
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 4. Room-temperature current
voltage characteristics of the Ni/Au
~500 Å/250 Å! Ohmic contact to
n-GaN samples of doping density 6.
31017 cm23: ~a! as deposited~each
small division in the vertical scale is
for 200 mA and each small division in
the horizontal scale is for 1 V!; ~b! an-
nealed at 600 °C for 10 s~each small
division in the vertical scale is for 200
mA and each small division in the
horizontal scale is for 1 V!; ~c! an-
nealed at 800 °C for 10 s~each small
division in the vertical scale is for 1
mA and each small division in the
horizontal scale is for 500 mV!; and
~d! annealed at 850 °C for 10 s~each
small division in the vertical scale is
for 200 mA and each small division in
the horizontal scale is for 1 V!.
-

e

00

t
t
of
observed that a Ni/Au~20 Å/60 Å! contact top-GaN, an-
nealed at 500 °C in an N2 ambient, can exhibit a light trans
mittance of 88%~at a wavelengthl5470 nm!, and still can
have a contact resistivity of 2.4331022 V cm2. Ho et al.16

selected, on the other hand, a Ni/Au~100 Å/50 Å! contact to
p-GaN annealed at 400 °C for 10 min in air, and observ
Downloaded 30 Oct 2002 to 129.6.196.30. Redistribution subject to AI
d

that the light transmittance of the contact is about 70%~at
l5470 nm!, and the specific contact resistance is 1.
31024 V cm2. Recently, Jang, Park, and Seong20 observed
that a Ni/Au ~150 Å/50 Å! contact top-GaN annealed a
500 °C for 1 min in N2 exhibits a light transmittance of abou
97% ~at l5470 nm!, and a specific contact resistance
s,
TABLE I. Specific contact resistance of Ni/Au contacts ton-type GaN films as function of metal thicknesse
alloying temperatures, and alloying time.

Ni/Au contact
thickness

Annealing
temperature~°C!

Annealing
time ~s!

I–V
charactersitics

Specific contact
resistance~V cm2)

Ni~500 Å!/Au~250 Å! As deposited ¯ Nonlinear ¯

Ni~500 Å!/Au~250 Å! 600 10 Nonlinear ¯

Ni~500 Å!/Au~250 Å! 700 10 Nonlinear ¯

Ni~500 Å!/Au~250 Å! 800 5 Linear 1.331023

Ni~500 Å!/Au~250 Å! 800 10 Linear 1.431024

Ni~500 Å!/Au~250 Å! 850 10 Nonlinear ¯

Ni~500 Å!/Au~150 Å! As deposited ¯ Nonlinear ¯

Ni~500 Å!/Au~150 Å! 800 10 Linear 1.331024

Ni~500 Å!/Au~350 Å! As deposited ¯ Nonlinear ¯

Ni~500 Å!/Au~250 Å! 800 10 Linear 6.931026

Ni~150 Å!/Au~250 Å! As deposited ¯ Nonliner ¯

Ni~150 Å!/Au~250 Å! 800 10 Nonliner ¯

Ni~650 Å!/Au~250 Å! As deposited ¯ Nonlinear ¯

Ni~650 Å!/Au~250 Å! 800 10 Linear 1.331024
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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2.531023 V cm2. No light transmittance study of the Ni/Au
contact ton-GaN seems to have been reported in the lite
ture.

The optical transmission through our Ni/Au contact
n-GaN was studied using a Shimadzu UV-3101PC scann
spectrometer. The results are presented in Fig. 7. Figur
shows the light transmission~%! spectra as a function of

FIG. 5. Room-temperature variation of total resistance with contact spac
for the Ni/Au bilayer Ohmic contacts ton-GaN of doping densityNd56.0
31017 cm23. Small solid circles are the experimental data points. So
lines represent the least-squares regression fit to the experimental data

FIG. 6. ~a! Optical micrograph of Ni/Au~500 Å/250 Å! contacts annealed at
800 °C for 10 s and~b! surface morphology of the films as seen in the SE
micrograph of the same contacts.
Downloaded 30 Oct 2002 to 129.6.196.30. Redistribution subject to AI
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wavelengthl of light for GaN film, GaN with Ni/Au as-
depositedfilm, GaN with a Ni/Au film annealed at 800 °C
and a GaN with Ni/Au film annealed at 850 °C. For all co
tacts, the Ni/Au film had a thickness of~500 Å/250 Å!.
Figure 7 indicates that high optical transmission can ind
be achieved through annealed Ni/Au contacts, although th
is a tradeoff between the contact resistance and light tra
mittance. Light transmission as high as 88%~at l5470 nm!
was achieved through a Ni/Au contact, which was annea
at 800 °C for 10 s, and had a specific contact resista
of 1.431024 V cm2. At the higher annealing temperatur
of 850 °C, 94% light transmittance was obtained, but
contact had nonlinearI–V characteristics, implying that i
was rather Schottky in nature. The transmission~%!
was essentially zero for an optical wavelengthl lower than
about 250 nm, and that it increased with increasing wa
length of the light forl>350 nm, owing probably to the
band-edge absorption of the underlying GaN film. A co
parison of the performance of various contacts demonstr
that our contacts were far thicker than the contacts made
p-GaN. Yet, the light transmittance through our contact w
quite high.

The increase in light transmission with increase in th
mal alloying temperature of the contacts may plausibly
attributed to a gradual decrease in the Ni thickness due
reaction with the GaN at increasing thermal alloying te
perature. At the higher thermal alloying temperatures,
starts to form islands, thus creating voids in the metal fi
which has been confirmed by TEM. This appears to be
cause of the transparency of the metal films. Based on th
observations, it may be argued that the Ni/Au contact me
lization can indeed be quite useful for optoelectronic dev
applications for which conducting transparent windows m
be an essential element of the device structures. Transpa
contacts assist in increasing the optical efficiency of th
devices. Thus, depending on the thickness of the Ni/Au,
optimum thermal alloying temperature window would b
needed to ensure a high transparency, and at the same
good Ohmic contact resistivity of the contacts.

g
FIG. 7. Transmission characteristics of the Ni/Au~500 Å/250 Å! bilayer
before and after annealing at different temperatures. Curve 1 correspon
the GaN film, curve 2 to GaN with the Ni/Au film annealed at 850 °C, cur
3 to GaN with the Ni/Au film annealed at 800 °C, and curve 4 to GaN w
the Ni/Au as-deposited film.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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IV. MICROSTRUCTURAL CHARACTERIZATION

The primary contribution to the contact resistance wa
the metal–semiconductor interface, where tunneling
thermionic field emission dominated the electron transpor
number of factors contributing to these effects tended
lower the contact resistance. Among them, narrowing of
tunneling barrier due to an increase in the doping level of
semiconductor was very important. In fact, this was
cause of the lower contact resistivity of the heavily dop
samples.

A. X-ray diffraction analysis

As evident from Fig. 8~a!, Au~111! and Ni~111! reflec-
tions were presented in the XRD pattern of theas-deposited
Au/Ni/GaN/sapphire sample, suggesting that both me
formed highly textured layers on the basal GaN plane. T
peak positions of both gold and nickel~38.20° and 44.51° 2u,
respectively!, in theas-depositedsamples, showed that ther
was no intermixing of the metals. Noticeably, the~111! peak
intensity of Au was stronger than that of Ni in theas-
depositedsample, suggesting that the degree of crystallin
of the Ni film was lower compared to that of the Au film o
the as-depositedcontact. As expected, the heat treatment
800 °C for 10 s resulted in the formation of several differe
interfacial phases. The fcc solid solution of nickel in go
Au~Ni!, was identified by the shifted~111! reflection peak at
the 38.56° 2u position in the annealed samples@see Fig.
8~b!#. The lattice parameter of the Au~Ni! solid solution, as
calculated from the~111! reflection, equaled 4.046 Å, an
corresponded to the Au12xNix alloy composition of x
50.06. This implies that 6 at. % of Ni was dissolved in A
The calculation was made by applying Vegard’s rule to
compositional dependence of the lattice parameter for the
Au-Ni solid solution. It was found that the intensity of th
Au~Ni!~111! peak increased about 200 times as compare
the ~111! peak of Au in theas-depositedsample. The inten-
sity increase was a result of the larger volume fraction of
~111!-textured Au~Ni! solid solution phase. As will be dis
cussed later, it was confirmed also by TEM. As a result
interfacial reactions, cubic Ni3Ga @see Fig. 8~b!# with a ~111!
peak at 43.30° 2u and a~200! peak at 50.45° 2u positions,

FIG. 8. XRD spectra of Ni/Au~500 Å/250 Å! contacts:~a! as depositedand
~b! annealed at 800 °C for 10 s.
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with a lattice parameter of 3.619 Å, was also identified. F
ther, the~10 1̄2! reflection of hexagonal Ni2Ga3 at the 45.10°
2u position was detected. The disappearance of the~111! Ni
peak in the annealed sample was probably due to the
being consumed by the reactions with Ga or the mask
effect of the Ni3Ga~111! and Ni2Ga3~10 1̄2! reflections.

B. Auger electron spectroscopic analysis

We found no evidence for interdiffusion between t
metal layers and GaN of the preannealed contacts. The A
electron spectroscopic~AES! depth profile of the anneale
contact is shown in Fig. 9. Figure 9 reveals that there wa
very low level of oxygen in the contacts. However, there w
an increase in the oxygen content at the surface plausibl
the form of the oxide layer. This is an indication of the fa
that annealing at very high temperature can actually lea
an increase in the resistivity of the contact. Due to anneal
Au diffused into the Ni layer and segregated at the me
GaN interface. Consequently, some of the Ni appeared on
surface. There was also an extensive reaction between N
GaN. Possibly, as the reaction proceeded at high annea
temperature~800 °C!, formation of the intermetallic com-
pounds, viz. Ni3Ga and Ni2Ga3, took place at the interface
During this time, nitrogen escaped from the microstructu
via out-diffusion through the grain boundaries of the me
film.

C. Transmission electron microscopic analysis

The TEM analysis of the sample annealed at 800 °C
10 s demonstrated major changes in the morphology and
presence of several interfacial phases. Selected-area dif
tion ~SAD! patterns and an accompanying low magnificati
image of a cross-sectional specimen. are shown in Figs
and 11~a!–11~c!, respectively. According to the cross
sectional TEM, which is supported by the EDS analys
there were grains with a fcc structure of solid solution

FIG. 9. Auger electron spectroscope depth profiles of Ni/Au~500 Å/250 Å!
contacts annealed at 800 °C for 10 s.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 10. Bright-field image of a cross-sectional TEM specimen
Au~250A!/Ni~500A! on GaN after annealing at 800 °C for 10 s in argo
Regions 1 and 2 are Au~Ni! and Ni~Au,Ga! fcc solid solutions, respectively
Note that Au diffused from the upper part of the metal film to the metal/G
interface. The metal film structure changed from a continuous layer to
island-like morphology.
Downloaded 30 Oct 2002 to 129.6.196.30. Redistribution subject to AI
Au~Ni! and Ni~Au,Ga! ~see Fig. 11!, as well as a fcc-based
ordered Ni3Ga phase, in the film. However, the presence
binary or ternary nitrides at the interface was not detec
during the TEM analysis. The identification of the high
textured Au-based solid solution and Ni3Ga phase in TEM
and SAD is in line with the XRD results. The Au~Ni! alloy
that was formed had the~111!i~0001! orientation relationship
at the basal GaN plane. This effectively ‘‘pushed out’’ th
Ni-based phases from the interface toward the surface of
metal film. The morphology of the metal film was also si
nificantly altered; the continuous layer adopted rather
island-like morphology after annealing~Fig. 11!.

D. Discussions of overall microstructural analysis

As is evident from the TEM, AES, and XRD studies
the present microstructure, the reaction mechanism
Ohmic contact formation involved a number of importa
steps. Due to the thermal treatment, Ga out diffused from
crystal lattice reaction with Ni and forming Ni–Ga com
pounds. While Au diffused slowly through the Ni layer, e
fectively replacing the Ni layer, it also dissolved Ni in
forming a fcc phase of solid solution of Au~Ni!. This type of
layer reversal and formation of voids is typically observ
for p-type GaN/Ni/Au contacts after annealing.22 Because of
high surface energy of the metals at the high annealing t
perature, they formed island-like structures. Formation of
Au~Ni! alloy and intermetallic compounds, along with th
modification of the GaN near-interface region, due to t
thermal treatment, might be the possible cause of the
resistivity of the present contracts. This is one of the cen
results of the present investigation. It is strongly believ
that the said intermetallic compounds, formed due to all
ing, have actually a lower work function than that of Ni. Th
prediction is based on the reported23 work function for
Ni–Ba and Ni–Cs films, which are 2.6 and 1.65 eV, resp
tively. We believe that dissolving Ga in Ni, or forming a
intermetallic phase, Ni3Ga, resulted in the creation of th
low-work-function intermetallic compounds. The presence
these low-work-function intermetallic compounds near t
GaN surface is actually responsible for reducing the bar
height of the metal–semiconductor interface. It is wo
mentioning that several research groups24,25 have claimed to
detect the presence of Ni-nitride~e.g., NiN, Ni3N, Ni4N)
phases at the interface due to heat treatment. However
markably, during the present microstructural analysis,

f

n

FIG. 11. Au/Ni/GaN/sapphire sample annealed at 800 °C for 10 s:~a! SAD
pattern and~b! and ~c! microdiffraction patterns form neighboring grain
show the presence of fcc superlattice reflections as in~c!, thus suggesting
the coexistence of grains of the Ni-based solid solution and Ni3Ga phase.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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such nitrides were observed in our TEM and XRD patter
Increasing the thickness of the Au layer from 250 to 350
led to a dramatic decrease in the contact resistance afte
nealing. This was probably due to the fact that, after ann
ing, most of the Au diffused through the Ni layer in th
sample with 250 Å of Au. In the samples with 350 Å of A
there was a sufficient amount of Au still left on the top su
face of the contact to provide a low resistance path for
current.

V. THERMAL STABILITY ANALYSIS

The realization of a highly reliable low-resistance Ohm
contact is a major challenge to obtaining high-performa
GaN-based devices. Particularly, high-power, hig
temperature applications necessitate high thermal stabilit
metal/GaN contacts. Among various Ohmic contacts to G
Ti/Al-based contacts have emerged as the most conven
and widely used contacts to GaN. Yet, the Ti/Al system
such that it becomes highly resistive during annealing. T
Al2O3 coating formed on Al during annealing leads to
increase in contact resistance.

The present contacts were subjected to a thermal s
for 24 h at a temperature of 400 °C. Remarkably, for b
contact structures, Ni/Au~500 Å/250 Å! and Ni/Au ~500
Å/350 Å!, there were no apparent indications of degradat
of the I–V characteristics. TheI–V characteristics of one o
the contacts before and after thermal stressing is compare
Fig. 12~a!. From Fig. 12 it is apparent that, for example, f
an applied bias of 500 mV, while the current was 4 m
before thermal stress, it was about 3.75 mA after ther
stress. The curve was perfectly linear before and after
nealing, implying that thermal stress caused only marg
degradation of the Ohmic characteristics of the contacts.
variations of the total resistance of the contacts as a func
of contact pads, before and after thermal stress, are comp
in Fig. 12~b!. As is usually the case, these variations p
vided scattered points, which were then least-square fitte
yield a straight line. The various points obtained for the to
resistance before and after thermal stress were scatter
such a manner that they hardly allowed two different lea
square fits to be obtained for two different straight lines, o
for resistances before thermal stress and the other for r
tances after thermal stress. This implies that there was
apparent sign of the formation of a spiky interface and s
face roughness due to thermal stress. The thermal stabili
the present contacts is believed to arise from the fact tha
intermetallic compounds formed due to alloying had a h
melting point, and hence, high thermal stability.

VI. CONCLUSION

In conclusion, it has been demonstrated that a lo
resistance Ohmic contact can be made ton-GaN with a
Ni/Au bilayer structure. Ni, with a work function of 5.1 eV
formed a Schottky contact when deposited onn-type GaN.
The barrier height of the Ni/Au Schottky contacts ton-type
GaN appeared to be significantly high. However, with t
proper annealing temperature and time, the barrier heigh
Ni/Au films could be reduced owing to the formation
Downloaded 30 Oct 2002 to 129.6.196.30. Redistribution subject to AI
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interfacial alloys and compounds at the interface. XR
analysis demonstrated thatas-depositedNi/Au films have an
epitaxial nature. Both XRD and TEM studies showed th
Ni–Au solid solutions, together with intermetallic specie
viz., Ni3Ga and Ni2Ga3, are formed in the vicinity of the
interface. The contact resistivity was strongly dependent
the thickness of the Ni and Au layers, as well as on
annealing conditions. The specific contact resistance
about 1.431024 V cm2 for 500-Å/250-Å-thick Ni/Au con-
tacts after annealing at 800 °C for 10 s. However, spec
contact resistance was in the range of 6.931026 V cm2 for
contacts with a 500-Å/350-Å-thick Ni/Au bilayer after an
nealing under identical conditions. A decrease in the thi
ness of Ni increased the contact resistance; thus, 150-Å-t
Ni contacts failed to show Ohmic characteristics even a
annealing at 800 °C. It was thus concluded that a proper
nealing temperature is very crucial for achieving low
resistance Ohmic contacts. CreatingN vacancies by forming
metal nitrides is generally considered to be a unique pro
dure to form low-resistance Ohmic contacts ton-type GaN.
The present study established that low-resistance Ohmic
tacts ton-type GaN can be achieved also by creating a hig

FIG. 12. Comparison of electrical characteristics of the Ni/Au~500 Å/250
Å! Ohmic contact ton-GaN doped with Si to 6.031017 cm23. ~a! Room-
temperature current–voltage characteristics before and after the Ni/Au
tacts~500 Å/250 Å! were thermally stressed at 400 °C for 24 h. The sm
solid squares represent the data for the prestressed condition, and the
open circles represent the data for the poststressed condition. Each
division in the vertical scale is for 1 mA and each small division in t
horizontal scale is for 500 mV;~b! room-temperature variation of the tota
resistance with contact spacing for the Ni/Au~500 Å/350 Å! bilayer Ohmic
contacts before thermal stressing~dashed line! and after thermal stressing
~solid line! at 400 °C for 24 h.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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textured Au-based alloy at the interface, and by forming
tergallium compounds with metals by heat treatment. Gr
fyingly, these contacts are also transparent; light transm
tance through these contacts, as high as about 88%~at 470
nm!, can easily be accomplished. Such a high transmitta
is essential for devices useful for electro-optical applicatio

The formation of the Ohmic contact involved the sta
dard cleaning process of then-GaN, which was followed by
a dip in HF:HCl:H2O ~1:1:10! solution before metal depos
tion. Except chemical treatments, no other means~for ex-
ample, reactive ion etching of the surface! of removing the
native oxide from GaN surface was employed. It is like
that the contact resistivity and the light transmission capa
ity of the contacts would significantly improve if then-GaN
surface could be more efficiently cleaned before metalli
tion.
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