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A metallization technique has been developed for obtaining low resistance Ohmic contact to
n-GaN. The metallization technique involves the deposition of a metal layer combination Ta/Ti/
Ni/Au on ann-GaN epilayer. It is observed that annealing at 750 °C for 45 s leads to low contact
resistivity. Corresponding to a doping level of 531017cm23, the contact resistivity of the contact
rS55.031026 V cm2. The physical mechanisms underlying the realization of low contact
resistivity is investigated using current–voltage characteristics, x-ray diffraction, Auger electron
spectroscopy, transmission electron microscopy, and energy dispersive x-ray spectrometry.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1633660#
p
or
h
za

av

a
d
ro
p

llo
a
ce

al,
u
m

ct
t
to
nd
g

mic
e

in

lid
-
d
h

D
ma
I. INTRODUCTION

The last several years have witnessed a very ra
progress in the III–V nitride materials and technology f
both microelectronic and optoelectronic applications. T
success of III–V nitride devices rests largely on the reali
tion of high-performance metal/semiconductor~M/S! con-
tacts. Many different metals and metal combinations h
been tried to obtain these contacts.1–12 Tantalum~Ta!, which
was also used for this purpose, is known to react13 with
AlGaN to form nitrides. Ta-based metallization referred to
an ‘‘advancing interface contact scheme’’ has been use
form source and drain contacts to AlGaN/GaN high elect
mobility transistors. It has been observed that, upon ra
thermal annealing~RTA!, a part of the AlGaN barrier layer is
consumed by the reaction between Ta and the AlGaN a
Such a reaction modifies the interface between the metal
the semiconductor. The carrier tunneling from the sour
drain regions to the channel region is thus enhanced.

a!Summer Faculty Fellow, U.S. Naval Research Laboratory, Washington,
20375; author to whom correspondence should be made; electronic
snmohammad2002@yahoo.com
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In this article we describe the electrical, microstructur
and thermal stability properties of a multilayer Ta/Ti/Ni/A
contact~see Fig. 1! metallization scheme developed to for
low resistance Ohmic contacts ton-GaN. One primary ob-
jective is to investigate the combined nitride forming effe
of Ta and Ti in the reaction withn-GaN. It is expected tha
the carrier tunneling facilitated by this reaction will lead
the creation of a low resistance Ohmic contact. Both Ta a
Ti metals are known to react with GaN and AlGaN, formin
TaN and TiN, respectively.14,15Although the Ta/Ti metalliza-
tion scheme has been used successfully to form Oh
contacts16,17 to p-GaN, no Ta/Ti metallization seems to hav
been made for the Ohmic contact ton-GaN. The basic idea
underlying the Ta/Ti/Ni/Au multilayer contact is that the th
Ta layer in intimate contact withn-GaN, and a Ti layer on
the top of the Ta layer, would undergo a substantial so
phase reaction withn-GaN during RTA of the structure, pro
ducing low resistance Ohmic contacts. As may be note18

from Table I, tantalum has a work function of 4.25 eV, whic
is sufficient to produce Schottky contacts ton-GaN. In gen-
eral, Schottky contacts have nonliner current–voltage (I –V)
characteristics.

C
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6 © 2004 American Institute of Physics
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II. EXPERIMENTAL METHOD

The GaN films for this study were grown at the U.
Army Research Laboratory, Adelphi, MD, by the metal o
ganic chemical vapor deposition method on~0001! sapphire
substrates, about 400mm thick. First, an undoped low tem
perature, 30-nm-thick, GaN buffer layer was deposited
the substrate. Then, a Si-doped GaN epilayer, about 1mm
thick, was grown on a GaN buffer layer by using an 8 sc
flow of silane. Prior to the processing of the samples, th
were cleaned using the standard procedure that involves
min heated ultrasonic bath, successively, in trichloroeth
ene, acetone, and methanol. The samples were then dipp
a heated bath of NH4OH:H2O2:H2O (1:1:5) for 3min. It
was followed by a 3 min dip in a heated
HCl:H2O2:H2O (1:1:5) mixture. Mesa structures for trans
mission line measurement~TLM ! for the Ohmic contacts
were created by reactive ion etching~RIE! of the GaN epil-
ayer. A Plasma-Therm 790 Series chamber was employe
this purpose. The RIE was accomplished by flowing Cl2 gas
at 15 sccm for 4 min. The operating pressure was 10 mT
and the power was 150 W. Samples were patterned for T
pads. After photolithography, the samples were dipped in
HF:HCl:H2O (1:1:10)mixture for 15 s, rinsed in deionize
water, and blown dried. They were loaded immediately
metal deposition. The composite metal layer deposited
n-GaN was Ta/Ti/Ni/Au~50 Å/500 Å/200 Å/150 Å!. All the

FIG. 1. Schematic layer structure of ann-GaN/Ta/Ti/Ni/Au contact struc-
ture.

TABLE I. Work functions, melting points, and resistivities of various me
als.

Metal
Work function

~eV!
Melting point

~°C!
Resistivity

~V cm!

Ga 3.96 ¯ ¯

Al 4.25 660 2.653 1026

Ti 3.95 1668 4.203 1026

Ni 4.50 1453 6.843 1026

Au 4.30 1063 2.353 1026

Ta 4.25 ¯ ¯

Pd 5.12 1552 1.083 1025

TiN 3.74 ¯ 1.003 1025

TaN, ZrN, VN, NbN .4.00 ¯ 2.253 1024
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metals, except Au, were deposited by electron beam eva
ration. Au was evaporated thermally. Following the meta
zation, metal lift-off was performed in acetone, which pr
vided a linear configuration of pads with~300mm3300mm!
dimension. The pad spacings were 2, 5, 10, 15, 20, 30,
50, 60, and 90mm, respectively. RTA of the samples wa
then performed in argon gas at various temperatures. Ar
removed the oxygen and water vapor from the furnace,
ducing the oxidation probability of the contacts.I –V char-
acteristics of the contact layers were measured before
after RTA. The TLM measurement of the Ohmic contact w
performed for those contacts that had linearI –V character-
istics.

III. ELECTRICAL CHARACTERISTICS

A. Electrical characteristics

Figure 1 shows that the present contact metallizat
scheme utilizes a relatively thin layer~50–80 Å! of Ta in
contact withn-GaN. Electrical characteristics of the contac
were studied as functions of RTA temperature and RTA tim
The effect of the tantalum layer thickness on the electri
characteristics was also studied. Three different Ta la
thicknesses were used for this purpose. As-deposited
tacts exhibited nonlinearI –V characteristics, as shown i
Fig. 2~a!. This was expected considering that Ta has a w
function of 4.25 eV as compared to the GaN electron affin
of 4.10 eV. It is, however, evident from Figs. 2~b!–2~d! that
the present metallization turned Ohmic after annealing
750 °C. Contacts after annealing at 550 °C showed marg
or no improvement in theI –V characteristics. This is be
cause there was essentially no reaction between GaN an
metals yielding reaction products with work functions com
parable to that of GaN. That these products were ind
formed after a RTA at 750 °C for 45 s was evident from t
linear I –V characteristics and a fairly low value of conta
resistance.

B. Contact resistance

Contact resistances were determined based on the T
method. Mesas were defined to eliminate current flow at
contact edge. The resistance,RT , between two contacts wa
measured at 300 K using a four-point-probe arrangem
The specific contact resistance~hereafter, referred to as con
tact resistivity! rS was derived from theRT versus gap length
plots. The method of least squares was used to fit a stra
line to the experimental data, which were obtained from
available test patterns.

Table II summarizes the effect of annealing on the co
tact resistivity of various contacts. From Table II, it is ev
dent that the contact resistivity depends on the RTA temp
ture of the sample. The lowest contact resistivity of the
Ti/Ni/Au ~50 Å/500 Å/200 Å/150 Å! contacts was in the
range of 5.031026 V cm2 after RTA at 750 °C for 45 s. In-
creasing the RTA time accompanied an increased contac
sistivity. Increasing the RTA temperature beyond 775 °C h
however, a marginal effect on the contact resistivity. Wh
the contact with 80-Å-thick Ta had contact resistivity esse
tially the same as that of the contact with 50 Å Ta und
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 2. Current–voltage characteristics of Ta/Ti/Ni/Au~50 Å/500 Å/200 Å/150 Å! contacts~a! as deposited~b! annealed at 550 °C for 45 s,~c! annealed at
750 °C for 45 s, and~d! annealed at 775 °C for 45 s.
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identical annealing conditions, contacts with 25-Å-thick
failed to show Ohmic behavior even after RTA at 750 °
The optimum metal thickness for the Ta/Ti/Ni/Au metalliz
tion was~50 Å/500 Å/200 Å/150 Å! with an optimum RTA
condition of 750–775 °C for 45 s.

IV. MICROSTRUCTURE

In order to carry out microstructural analysis of the co
tact layers, we performed x-ray diffraction~XRD!, Auger
electron spectroscopy~AES!, transmission electron micros
copy ~TEM!, and energy dispersive x-ray spectrome
Downloaded 22 Jan 2004 to 138.238.121.18. Redistribution subject to A
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~EDX!, which are described below. Various structures us
for this study are shown in Table II as samples 1–9.

A. X-ray diffraction analysis

XRD analysis was carried out for the Ta/Ti/Ni/Au m
crostructure annealed at two different temperatures. The
jective was to better understand the reaction mechanism
volved in the Ohmic contact formation. Investigation of th
phase formation at these two temperatures showed sig
cant changes of contact resistances. Figure 3 displays
XRD spectra of the GaN/Ta/Ti/Ni/Au~50 Å/500 Å/200
Å/150 Å! contact annealed at 750 and 775 °C, respectiv
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE II. Specific contact resistance of various Ta/Ti/Ni/Au microstructures annealed at various temper
and for various time periods.

Sample
Ta/Ti/Ni/Au contact

thickness
Annealing

temperature~°C!
Annealing
time ~s!

I –V
characteristics

Contact
resistivity ~V cm2!

1 Ta/Ti/Ni/Au
50 Å/500 Å/200 Å/150 Å

As deposited ¯ Nonlinear ¯

2 Ta/Ti/Ni/Au
50 Å/500 Å/200 Å/150 Å

550 45 Nonlinear ¯

3 Ta/Ti/Ni/Au
50 Å/500 Å/200 Å/150 Å

750 45 Linear 5.03 1026

4 Ta/Ti/Ni/Au
50 Å/500 Å/200 Å/150 Å

750 60 Linear 1.23 1025

5 Ta/Ti/Ni/Au
50 Å/500 Å/200 Å/150 Å

775 45 Linear 6.03 1025

6 Ta/Ti/Ni/Au
80 Å/500 Å/200 Å/150 Å

As deposited ¯ Nonlinear ¯

7 Ta/Ti/Ni/Au
80 Å/500 Å/200 Å/150 Å

750 45 Linear 5.63 1026

8 Ta/Ti/Ni/Au
25 Å/500 Å/200 Å/150 Å

As deposited ¯ Nonlinear ¯

9 Ta/Ti/Ni/Au
25 Å/500 Å/200 Å/150 Å

750 45 Nonlinear ¯
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for 45 s. The Ta/Ti/Ni/Au~50 Å/500 Å/200 Å/150 Å! con-
tacts annealed at 750 °C had contact resistivity on the o
of 531026 V cm2. However, the same contact annealed
775 °C had a much higher contact resistivity. The XRD p
tern for the samples annealed at 750 °C indicated that
observed Au~111! peak was at the 38.34° 2u position, which
corresponded to a lattice parametera54.066 Å. For pure
Au~111!, this peak was at 38.22° witha54.078 Å. The peak
shift from 38.34° to 38.22° resulted from Au forming sol
solution with other metals. Although the solute metal~SM!
atom radiusr SM may be different from the host lattice~HL!
n 2004 to 138.238.121.18. Redistribution subject to A
er
t
-
e

atom radiusr HL , the solute metal atoms do substitute ho
lattice sites in a solid solution. Such a substitution cause
reduction in the host lattice parameter ifr SM,r HL . On this

ground, Ni and Ti (aNi53.5238 Å, a52.95 Å) dissolved in
Au led to a decrease in the lattice parameter of pure Au. T
appearance of a distinct peak with relatively high intensity
the 42.93° 2u (d52.104 Å) position was observed in th

sample annealed at 775 °C. This peak was attributed to
reflection of the fcc (Ti,Ta!N12y phase. Note that the 2u
value of this peak corresponded toafcc54.208 Å, which is
a-
FIG. 3. X-ray diffraction pattern of Ta/
Ti/Ni/Au ~50 Å/500 Å/200 Å/150 Å!
contacts annealed at different temper
tures.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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very close toafcc54.200 Å for the nitrogen deficient TiN12y

phase.19 The presence of Ta in the Ti sublattice thus brou
about a slight lattice expansion of the (Ti,Ta!N12y phase.
More light could be shed on it with the availability of th
data correlating the lattice parameter and composition of
metal nitride phases. Although the presence of nitrides co
not be ascertained in the microstructure solely on the bas
XRD analysis, formation of mixed~Ti,Ta! nitrides was found
to be thermodynamically favorable. Enthalpies of formati
of TiN and TaN are 2338 and 2251 K J/g atom,
respectively.20 Comparing these values with the enthalpy
formation of GaN~2110 K J/gm atom!, it can be concluded
that indeed these reactions might have occurred, as t
were thermodynamically favorable. Notably, the~111! peak
of Au in the Ta/Ti/Ni/Au multilayer annealed at 775 °
shifted towards the right, indicating a decrease in the lat
parameter. This is quite reasonable because, at higher
perature, Au dissolved more Ni and Ti, leading to a furth
reduction in its lattice parameter.

B. Auger electron spectroscopic analysis

The AES depth profile of the Ta/Ti/Ni/Au~50 Å/500
Å/200 Å/150 Å! contact annealed at 750 °C for 45 s is sho
in Fig. 4. The AES depth profile reveals that an apprecia
amount of interdiffusion took place between various me
layers. A notable feature of the microstructure was the in
mixing of the metal layers upon RTA. Although intermixin
of Ta and Ti could be clearly seen from the AES plot, the
signal was not broadened nor spread out throughout the
crostructure. This implied that the outdiffusion of Ta w
rather minimal. This is important because such structural
tegrity is crucial for the formation of reliable contacts.
similar effect was also observed with the Ni layer. Anoth
important observation was the diffusivity of Ti towards th
multilayer metal surface, and the formation of oxides up
RTA. In an earlier investigation21 on the Ti/Au/Pd/Au micro-
structure, it was observed that Ti was driven outwards un
the influence of the reaction kinetics of the oxide formi

FIG. 4. Auger electron spectroscope depth profiles of Ta/Ti/Ni/Au~50
Å/500 Å/200 Å/150 Å! contacts annealed at 750 °C for 45 s.
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reaction. To overcome this, in the present experiment,
RTA chamber was purged several times, each time for a l
period.

C. TEM and EDX analyses

TEM and EDX analyses were carried out to understa
the microstructure of the annealed samples. There was a
need, for example, to understand why the Ta/Ti/Ni/Au~5
nm/50 nm/20 nm/15 nm! system deposited on ann-GaN
epilayer, and annealed at 750 and 775 °C, respectiv
shows almost an order of magnitude difference in the con
resistivity: 531026 V cm2 for sample 3, and 6
31025 V cm2 for sample 5~see Table II!.

The TEM bright-field~BF! image~Fig. 5!, together with
the EDX line profiles@Figs. 6~a! and 6~b!# of the sample 3
Ohmic contact, reveals again extensive diffusion of vario
deposited layers. Several new layers, including the Au–
layer, followed by Ti–Ta, Ni–Ga, and Ti–O layers, respe
tively, were formed onto the GaN surface upon RTA. T
first layer, consisting of Au–Ni microcrystals, was embedd
onto the GaN surface. With GaN decomposing during
nealing, the Au–Ni crystals grew in size forming a pseud
continuous layer, up to 30 nm in thickness. Pores
V-shaped pits22 were also formed at dislocations intersecti
the GaN surface~marked by arrows in Fig. 5!. The decom-
position of GaN during RTA caused Ga atoms to outdiffu
and to form polycrystalline Ni–Ga with N distributed som
where in the sample. A comparison of the TEM BF ima
~Fig. 5! of the contact area of sample 3 and electron ene
loss ~EEL! spectroscopic images23 for this suggests that T
and N were present within the originally deposited Ta lay
This layer was about 5–8 nm thick, as confirmed by hig
resolution electron microscopic~HREM! images@Fig. 7~a!#.
Further, some of the Ti diffused to the surface leaving onl
thin stripe in its original location. The presence of oxygen
both the locations suggested that Ti–O was formed alm
everywhere; the~Ti,Ta!N layer was formed only at the GaN
interface. Argon gas used during annealing is attributed to
the source of this oxygen. Ta showed essentially no tende
to outdiffuse into Ti, Ni, and Au.

The HREM image@Fig. 7~a!# shows that the surface o
undecomposed GaN is approximately at the same level as
interface between the Au–Ni and the~Ti,Ta!N @right part of
Fig. 7~a!# alloys. This implies that the Au–Ni alloy was em

FIG. 5. TEM bright-field image of the sample 3 annealed at 750 °C. Wh
arrows show V-shaped pits formed at the dislocation line facing the G
surface. The extreme left of the epilayer shows a funnel-shaped nanop
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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bedded onto the GaN epilayer. Fourier transform for G
@Fig. 7~c!# was important to calibrate the HREM image.
was necessary also to determine thed spacing of the lattice
fringes observed in the Fourier transform of the Au–N
~Ti,Ta!N microstructure@Fig. 7~b!#. An analysis of the calcu-
lated d spacing and angles between the diffraction spots
Fig. 7~b! demonstrates that both Au–Ni and~Ti,Ta!N com-
pounds have cubic unit cells withaAu–Ni53.64 Å and
a(Ti,Ta!N54.30 Å, respectively. The following epitaxial rela
tionships can thus be established:~111!Au–Nii~0002!GaN;
@01I1#Au–Nii@2110#GaN, and ~111!~Ti,Ta!Ni~0002!GaN;
@01I1#(Ti,Ta!Ni@2110#GaN.

As discussed earlier, the unit cell parameters of allo
depend on the ratio of the components, and that th
parameters increase with the increasing fraction
atoms having larger ionic radii. Based on this, it may
concluded that the approximate composition of the AuxNi12x

alloy was between Au0.08Ni0.92(aAu8Ni9253.58 Å) and
Au0.50Ni0.50(aAu50Ni5053.84 Å), respectively. Based o
similar parameters for the TiN and the Ti0.25Ta0.25N0.50 al-
loys, which areaTiN54.24 Å andaTi25Ta25N5054.33 Å, re-
spectively, one can conclude that the mole fractionx for
TixTa0.52xN50 was 0,x,0.25. The thickness of the Ti–O
layer on the surface of the Ohmic contact was between
and 75 nm~see Fig. 5!.

FIG. 6. EDX line profile spectra showing the element distribution across
contact;~a! element distribution of Ta, Ga, and Ni~1 corresponds to Ga, 2 to
Ta, and 3 to Ni!; ~b! element distribution of Au, O, and Ti~1 corresponds to
Ti, 2 to Au, and 3 to O!.
Downloaded 22 Jan 2004 to 138.238.121.18. Redistribution subject to A
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The BF image~Fig. 8! and the EDX spectra~Fig. 9!
taken across the sample 5 Ohmic contact reveal the for
tion of four distinct layers upon RTA. The first one was
pseudocontinuous layer, about 35 nm thick, of the Au–
alloy crystal embedded onto GaN. The Au migration to t
M/S interface is almost 90%. The second one was~Ti,Ta!N,
about 5–8 nm thick, formed on the surface of the GaN e
ayer. Analysis of HREM images from the GaN/Au–T
~Ti,Ta!N interface regions indicated that the Au–Ta and t
~Ti,Ta!N alloys have cubic unit cells withaAu–Ta54.11 Å
and a(Ti,Ta!N54.29 Å, respectively. This corresponds
Au0.90Ta0.10 and TixTa12xN0.50 with 0,x,0.25. Both layers
grow epitaxially on the GaNc-plane with epitaxial relation-
ships: (111)Au0.90Ta0.10i(0002)GaN; @01I1#Au0.90Ta0.10i

@2110#GaN, and (111)TixTa12xN0.50i(0002)GaN;
@01I1#TixTa12xN0.50i@2110#GaN.

e

FIG. 7. ~a! HREM image of an interface between GaN and the Ohm
contact formed after annealing at 750 °C~sample 3!. Fourier transforms of
~b! ~Ti,Ta!N/Au–Ni and ~c! GaN areas allow determination of epitaxia
relationships and approximate Ti:Ta and Au:Ni ratios.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Unlike the sample 3 Ohmic contact, where the Ni–G
alloy was observed as a third layer formed on the top of
TixTa12xN0.50 alloy, the sample 5 Ohmic contact had tw
typical compositions within the third layer, alternating in la
eral dimension. The first one, depicted in Fig. 8, was a po
crystalline ternary Au–Ti–Ta alloy layer with crystallit
sizes typically in the range of several tens of a nanometer
evident from Fig. 8, the thickness and the lateral dimens
of grains with this composition were 60–70 nm and 2–5mm,
respectively. The second grain~not shown here! consisted of
the Ni–Ga–Au–Ta alloy with 100–200 nm in lateral siz
The layer thickness was 60–110 nm. The lateral size of
grains with this composition was usually around 1mm.

Ti atoms outdiffused during RTA both at 750 and 775
forming titanium oxide, about 55–85 nm thick, on the top
the Ohmic contact. The EEL spectra of the top Ti–O layer
samples 3 and 5 revealed that Ti was octahedrally coo
nated with oxygen atoms forming the TiO2 alloy.23,24 How-
ever, this TiO2 was present in relatively low concentration
sample 3, with most of the oxygen dissolved in titaniu
forming an oxygen reduced TiO22x phase or~Ti,O! solid
solution. We believe that the formation of the dielectric TiO2

layer at the contact surface is one of the possible reason
an order of magnitude higher resistivity of the sample
Ohmic contact than that of the sample 3 Ohmic contact.

D. Overall Ta ÕTiÕNiÕAu microstructure analysis

The Ta/Ti/Ni/Au ~50 Å/500 Å/200 Å/150 Å! microstruc-
ture demonstrated low contact resistivity in the range o
31026 V cm2 after RTA at 750 °C for 45 s. This contac
resistivity of the contacts was comparable to that of the
Al-based contacts.5 The design rationale underlying this co
tact was to utilize the combined nitride forming effect of
and Ta, in order to obtain an improved tunneling cont
configuration. Because of the absence of Al in the mic
structure, it was thought that the metallization would be th
mally stable. However, although contact resistivity was l
at room temperature, it degraded under high tempera
thermal stressing, as evident from the following discussio

XRD spectra of the contacts annealed at 750 °C sho
the presence of Au~Ni,Ti! amorphous solid solutions. Thes
spectra predicted also the presence of metal nitrides,~Ti,
Ta!N, formed in the microstructure upon RTA at 750 °C f

FIG. 8. TEM bright-field~BF! image of sample 5 annealed at 775 °C sho
ing the Ta–Au alloy on the top of the GaN epilayer.~Ti,Ta!N lies on the top
of Ta–Au.
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45 s. Although the XRD data did not conclusively confir
the presence of metal nitrides in the microstructure, th
could not altogether be ruled out. In fact, based on TEM,
formation of~Ti,Ta!N alloys appeared quite plausible, whic
led to the creation of nitrogen vacancies in the crystal latti
Heavy doping and carrier degeneracy, consequently,
lowed. The contact resistivity was thus lowered.

Cross-sectional TEM images of the Ta/Ti/Ni/Au~5
nm/50 nm/20 nm/15 nm! sample deposited onn-GaN and
annealed at 750 and 775 °C, respectively, for 45 s sugge
extensive in- and outdiffusion of metal atoms. Consumpt
of some of the GaN layer, which led to the formation of t
TixTa12xN0.50(0,x,0.25) alloy at the GaN interface, wa
observed in the Ta/Ti/Ni/Au~5 nm/50 nm/20 nm/15 nm!
structure annealed both at 750 and 775 °C. Almost an o
of magnitude lower contact resistivity measured for sampl
annealed at 750 °C can, at least partly, be attributed to
structure and the chemical bonding differences of the t
Ti–O layers formed on the contact surfaces as revealed
the EEL spectra.

The structures of samples 3 and 4 are identical. Ho
ever, while sample 3 was annealed at 750 °C for 45 s, sam
4 was annealed at 750 °C for 60 s. RTA for a longer peri
but at the same temperature, led to an increase in resist
by almost an order of magnitude. Samples 4 and 5 h
resistivities in the same order of magnitude. If the RTA tim

FIG. 9. EDX line profile spectra showing the element distribution across
Ohmic contact;~a! signal for Ta, Ga, and Ni~1 corresponds to Ga, 2 to Ta
and 3 to Ni!; and~b! signal for Au, O, and Ti~1 corresponds to Au, 2 to O
and 3 to Ti!. Note the near absence of the signal from Ni.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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and RTA temperature of sample 3 are considered to be o
mum, then a comparison may be made of samples 3 a
and, of samples 3 and 5. This comparison demonstrates
an increase in RTA time and of RTA temperature had ide
cal effects. RTA at 750 °C for 45 s created a combination
TiO2 and TiO on the contact surface. In contrast, both RTA
775 °C for 45 s and RTA at 750 °C for 60 s resulted in high
resistivity. An inspection of sample 3: Ta/Ti/Ni/Au~5 nm/50
nm/20 nm/15 nm! contact, sample 7: Ta/Ti/Ni/Au~8 nm/50
nm/20 nm/15 nm! contact, and sample 9: Ta/Ti/Ni/Au~2.5
nm/50 nm/20 nm/15 nm! contact, all annealed at 750 °C fo
45 s indicates that, while a thicker Ta layer had a min
adverse effect, a thinner Ta layer had a major adverse ef
on the contact resistivity.

V. THERMAL STABILITY

The thermal stability of the Ta/Ti/Ni/Au~50 Å/500
Å/200 Å/150 Å! microstructure annealed at 750 °C was stu
ied. Contacts were thermally stressed at 400 °C for 24
TLM and I –V measurements were made before and after
heat treatment. TheI –V characteristic curves of the contac
before and after heat treatment are presented in Figs. 1~a!
and 10~b!, respectively. Figures 10~a! and 10~b! show that
the contacts suffered from degradation after aging at 400
for 24 h. Degradation of the microstructure can best be
plained on the basis of the AES depth profile of the conta
annealed at 750 °C~see Fig. 4!, and the TEM images of the
contacts annealed at 750 and 775 °C~see Figs. 5 and 8!,
respectively. It was revealed that upon annealing, Ti had
diffused through the Ni layer, and that it was exposed to
surface, where it reacted rapidly with oxygen, yielding a th
coating of TixOy on the contact surface. Ti is known to form
oxides even with a very low concentration of oxygen in t
environment. As the reaction proceeded, more Ti diffus
outwards to form Ti oxides. Thus, the oxidation reaction e
tirely consumed Ti that arrived at the surface. This react
was thermodynamically favorable, and was the driving fo
behind the extensive outdiffusion of Ti towards the cont
surface. Formation of Ti oxides at the surface appears to
the primary cause of the degradation of the contact mic
structure, when subjected to thermal stress for 24 h.

The present study demonstrated that the effect of di
sivity of metals into one another is extremely important, a
that it must be carefully taken into consideration while d
signing Ohmic contacts for high temperature applicatio
The role of diffusion barriers must at least be born in mi
while designing these contacts.

As the Ti layer was overlaid first with 200-Å-thick N
and next with 150-Å-thick Au, Ti was thought to be pro
tected from oxidation during RTA. In fact, it was indee
protected until thermal stressing at elevated temperatures
hanced the oxidation reaction of Ti. It is the oxidation rea
tion kinetics of Ti, which led Ti to be dragged in larg
amounts to the surface upon thermal stressing. Therefore
very cause of degradation was actually the enhanced d
sivity of Ti through Ni due to increased oxidation of Ti at th
surface. The immediate consequence of this was the dram
failure of the contacts at elevated temperatures. Hence
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designing the alloyed Ohmic contacts, reaction kinetics m
be taken into consideration very seriously. It must be reali
that these are the ones that dictate the ultimate electr
microstructural, chemical, and physical characteristics of
contacts. Similar causes affected the failure of Ti/Au/Pd/
contacts.21 Observation of identical trends of the failur
mechanism observed during thermal stressing of several
ferent Ti microstructures is important in the sense tha
provides directions to the designing of thermally stab
Ohmic contacts. The purpose of the Ni overlayer was to
as a diffusion barrier against the outdiffusion of Ti and ind
fusion of Au. Unfortunately, it performed poorly in bot
cases. It did not work well in preventing diffusion of A
toward the M/S interface. The diffusivity of Ti was too hig

FIG. 10. Comparison of theI –V characteristic curves of the Ta/Ti/Ni/Au
~50 Å/500 Å/200 Å/150 Å! microstructure contacts~annealed at 750 °C for
45 s! ~a! before thermal stressing and~b! after thermal stressing at 400 °C
for 24 h.
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upon stressing at high temperatures, and Ni could not
vent it from outdiffusion towards the contact surface.

VI. CONCLUSION

Both the AES depth profile and TEM images for th
annealed contacts suggested that Ni performed poorly
diffusion barrier. It could not prevent inward diffusion of th
top Au layer into the Ta/Ti bilayer, and also into then-GaN
epilayer underneath it, during RTA. As a result, thermal
loying at elevated temperatures led to the formation of s
eral Au-based solid solutions embedded on the GaN epila
and on other parts of the microstructure. It was revealed t
upon RTA, then-GaN/Ta/Ti/Ni/Au system yielded the~Ta,
Ti!N alloy in the vicinity of the metal/n-GaN interface. A
tunneling contact configuration was thus formed near
metal/GaN interface. The contact resistivity of the optimu
contact~for example, the sample 3 contact! was low, imply-
ing that, for this contact, probably tunneling dominated
transport mechanism at the M/S interface. Then-GaN film
employed for the present metallization had a relatively l
doping level~e.g., 531017cm23). Hence, the heavy dopin
in the sample 3 and 7 contacts was the result of N vacan
formed during the alloying of TixTa12xN0.50(0,x,0.5),
about 5–9 nm thick. Only a few monolayers of th
TixTa12xN0.50 alloy were sufficient to create about 100 Å
heavily doped GaN with a density of;1020cm23. TEM
micrographs confirmed that N-rich TixTa12xN0.50 alloys were
indeed formed in the samples during RTA. So, it may
concluded that two factors significantly influenced the co
tact resistivities of the Ta contacts. These are the detrime
effect of the Ti–O layer formed on the contact surface, a
the heavy doping of the GaN subsurface due to N vacanc
In order to accomplish acceptable performance, the oxida
reaction of Ti should be minimal and the concentration
nitrogen vacancies should be maximum.

It is known that, at high annealing temperature, Al ten
to ball up,25 resulting in a rough contact morphology. So,
order to develop thermally stable Ohmic contacts, low wo
function alloys of refractory metals such as W, Ta, and
must be used. Ta, with a melting point as high as 3738 °C
probably a reasonable choice for such metallization. Ta
contacts ton-GaN annealed at high temperatures produ
fairly low Ohmic contact resistivity. The very success
these contacts is rooted in the fact that, at high annea
temperatures, Ti and Ta reacted to form~Ta,Ti!N alloys. The
success of the contact relied also on the Ta-to-Ti ratio of
contacts. If this ratio is such that Ta is too small as compa
to Ti, and that Ta, rather than Ti, will be consumed fully in
reaction to form~Ta,Ti!N, then the remaining Ti would tend
at high temperatures, to outdiffuse, forming Ti oxide on t
metal surface. If Ta and Ti layer thicknesses are so optimi
that both Ta and Ti will be consumed fully in reacting with
to form the~Ta,Ti!N alloys, nitrogen vacancies in sufficien
numbers will be formed. Earlier investigations26,27 of the ef-
fect of Al-to-Ti ratios: 1.1, 2.1, 3.5, and 5.4, demonstrat
that a larger Al-to-Ti ratio had better thermal stability. Th
study clearly suggested that the presence of low wo
function Al3Ti, which was formed as a result of reactio
Downloaded 22 Jan 2004 to 138.238.121.18. Redistribution subject to A
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between Al and Ti, and which consumed essentially the
tire Ti layer at high annealing temperatures, is favorable
good Ohmic contact. A similar study of the Ta-to-Ti rat
would shed light on the thermal stability of Ta/Ti/Ni/Au con
tacts.
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