JOURNAL OF APPLIED PHYSICS VOLUME 92, NUMBER 9 1 NOVEMBER 2002

High-transparency Ni /Au bilayer contacts to n-type GaN
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A unique metallization scheme has been developed for obtaining both Schottky and low-resistance
Ohmic contacts te-GaN. It has been demonstrated that the same metallization can be used to make
both Schottky and Ohmic contactsreGaN using a Ni/Au bilayer composite with Ni in contact to
GaN. Using this metallization, contacts with a specific contact resistipity, as low as 6.9

X 10~ Q) cn? for a doping level of 5.6 1017 cm™ 2 was obtained after annealing the sample for 10

s at 800 °C in a rapid thermal annealer. The presence of(@fhlyAu 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 NiGa and NjGa 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 nnthrough 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 to-GaN has a relatively large barrier height. Improved
material quality and Schottky contact technology are needed to improve upon the reverse
breakdown voltage. €002 American Institute of Physic§DOI: 10.1063/1.1509109

I. INTRODUCTION electronic FETs with light incident from the top surface, both

The last several years have seen rapid developments [HYP€ OhT(;C and  Schottky ~contacts should  be
10 A low-resistancep-electrode, low-resistance

the creation of optical devices, such as laser diodes and op-ansparen
tical detectors, made from the group Il nitride n-electrode, and high-barrier-height Schottky contact made
semiconductors? Ohmic and Schottky contacts are crucial from a highly transparent metal or metal combination is an
for the success of these devices. A number of metals such @wportant issue for the fabrication of GaN-based optical
Au, Ni, Ti, Pd, Pt, PtSi, Ni/Au, Pt/Au, Cr/Al, Ti/AlI/Ni/Au, emitters and detectors. In the past, well-known transparent
and Cr/Al/Ni/Au have been deposited on nitride materials forconducting films such as indium tin oxidéTO) and cad-
this purpose, and the electrical characteristics of these CORnjum tin oxide(CTO) have found wide use as electrodes for
tacts have been investigated. _ light-emitting diodes'? An ITO transparent conducting
t |H|?hly. trznsparen_t clor(;t.actsl are |m|porr]iant ftc:r m%nydOp'film deposited onn-GaN (carrier concentration-3x 10
oelectronic devices including fasers, fight-emitting dio es’cm*3) and p-GaN (~carrier concentration of 810
and optoelectronic field-effect transistqiiSETS. For opto- _3 .

cm ), and annealed appropriately, should produce a

Schottky contact. The formation of an ITO Ohmic contact on

dAuthor to whom correspondence should be addressed; electronic maibaN should be possible if the carrier concentration of GaN
snm@msrce.howard.edu
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ultrasonic bath successively in trichloroethylene, acetone,

Ohmic Contact Ohmic Contact  gnd finally, methanol. The samples were then dipped in a
Schottky Contact heated bath of NFDH:H,0,:H,0 (1:1:5 for 3 min, fol-
200 um lowed by a 3 min dip in a heated HCI}D,:H,0 (1:1:5
Au Au mixture. After photolithography, the samples were dipped
Ni Ni into HF:HCI:H,O (1:1:10 for 15 s, and finally, rinsed in
Al Au Al H,O, and dried just before the metals were deposited. Except
Ti Ni "fi for Au, the metals were deposited by electron-beam evapo-
- I ration; the Au was evaporated thermally. During evaporation
n- GaN (Si: 6 x 107 cm™) and metallization, the base pressure of the vacuum chamber

was maintained at about 16 Torr. For the Schottky contact,
the thickness of the Ohmic electro@E/Al/Ni/Au ) was(300
LT GaN Buffer layer A/1000 A/300 A/300 A, which was annealed following the
procedure of Faret al?* Graphite crucibles were used to
evaporate 500 A of Ni and 250 A of Au, both 99.999% pure,
on the patterned samples. The substrates were kept at room
temperature during the evaporation. Following the metalliza-
tion, the photoresist lift-off was performed in acetone to pat-

_ o _tern the metals. The fabrication process yielded an array of
FIG. 1. Schematic structures of metallization used for the Schottky Ni/Au

(500 A/250 A contact on GaN with Ohmic metallization of the Ti/Al/Ni/Au ZOQ-,L,Lm-dIam circular dots, inside a 3Q(im-d|a_m openmg
(300 A/1000 A/300 A/250 Amultiplayer contact om-GaN. of field Ohmic contacts. The area of the opening of the field

contact was 2.25 times that of the inner Schottky dot.

To investigate the performance of the Ni/Au Schottky
exceeds~1x10'® cm 3. For some optical devices very diodes, capacitance-voltagéC-V) measurements were
high doping (1x10'® cm 3) may not be possible, and made using a computer-interfaced HP 4912-A LF impedance
even if it is possible, it may not be desirable, suggesting thafnalyzer meter connected to a probe station. It was operating

it is important to find means to fabricate a low-resistance®t 100 kHz. A plot of reverse capacitance of the depletion
Ohmic contact onto moderately doped material. For GaN, 489ion of the Ni/Au Schottky contacts on GaN was then
hole concentration higher than ¥am™2 is difficult to ac- pgrformed as a function of reverse voltage. The purpose_of
complish even by increasing the Mg or Be dopant density tc;hls_ measurement to determme.the nature of the depletion
as high as 18 cm3. Ni/Au deposited on GaN after alloying region. In thg absence of an omdg layer between the m_etal
forms a highly transparent layer. To utilize one single metaland, the ;emmo_nductor, the capacitance of a Schottky diode
or bilayer, such as a Ni/Au bilayer, for a Schottky contactVares with applied gate bias as

and a transparent Ohmic contacttcandp-type GaN would C ?=a;—byV, )

be beneficial for the fabrication of optical devices. Both Ni-

and Au-based Ohmic contacts petype GaN have recently Wherear andby are constants

Sapphire

been successfdf* A Ni/Au bilayer can also be very 2(aVy—kgT)

useful®?to fabricate an Ohmic contact fBtype GaN. 1= bi 7B 2)
Our objective in the present investigation is to develop a 9°€sNg

metallization scheme that allows the same metallization tg,q

fabricate both Schottky and Ohmic contactsitGaN, and to

explore the fundamental physics underlying these Schottky 2

and the low-resistance Ohmic contacts. T geNg’ ©

whereq is the electronic chargeékg is the Boltzmann con-
Il. EXPERIMENTAL PROCEDURE stant, T is the absolute temperature, is the dielectric con-
| stant, andNy is the doping concentration of the GaN sample.

The GaN films for this study were grown by the meta ) X . , 3 o T
While V is the applied biasyy,; is the built-in potential given

organic chemical vapor depositiofiMOCVD) method on
(0002 sapphire substrates that werd00 um thick. Prior to by
growth, the substrate was cleaned by heating in a hydrogen v/,.= ¢./q—V,, (4)
atmosphere in the MOCVD chamber up to 1100 °C. An un-
doped low-temperature 30-nm-thick GaN buffer layer wasWith
then deposited on it. Finally, &zm-thick GaN epilayer doped keT [N,
with silicon by a 10 sccm flow of silane was grown on the Vn=—ln( ) (5
top of the GaN buffer layer.

For characterizing the NiAu Schottky contact, Al/Ti/ N, is the effective density of states for electrons in the con-
Ni/Au Ohmic contacts were made to GaN, as shown in Figduction band.
1. Prior to the processing of the samples, they were cleaned Mesa structures for transmission line meth@LM)
using the standard procedure that invehe 3 min heated measurements for the Ohmic contacts were created by reac-

Downloaded 30 Oct 2002 to 129.6.196.30. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



5220 J. Appl. Phys., Vol. 92, No. 9, 1 November 2002 Motayed et al.

tive ion etching(RIE) of the GaN epilayer. A Plasma-Therm T T 1 T T 1
790 series chamber was employed for this purpose. The RIE 3

was accomplished by flowing £bas at 15 sccm for 4 min.
The operating pressure was 10 mTorr, and the power was »
150 W. The mesas were patterned, and a number of Ni/Au
bilayers of several different thicknesses were deposited.
While Ni was evaporated by an electron-beam evaporator, g
Au was evaporated thermally. The TLM structure thus cre- &~
ated by the lift-off process had 11 rectangular contact pads of 9;
300% 300 wm? dimension. The spacings between them were
2, 5,10, 15, 20, 30, 40, 50, 60, and @M, respectively. A
rapid thermal anneal of the samples was then performed in©
argon gas at various temperatures, and for different time in-
tervals. Current—voltag@—V) characteristics of various con- |
tact layers were measured before and after the thermal an
nealing, and the TLM measurements were performed for 2 3 -
those contacts that had linelafV characteristics.

X-ray diffusion (XRD) measurements were carried out
to determine the possible reaction mechanisms by identifying
new phases created by the anneals. X-ray diffraction data
were collected using a Phillips diffractometer equipped withrig. 2. Room-temperature current—voltage characteristics of N{5QD
incident soller slits, theta-compensating slits, a 0.2 mm reA/250 A) Schottky diodes tm-GaN (doping densityNy=6.0x 10" cm™3).
ceiving slit, a graphite monochromator, and a scintillationThe Ohmic co_ntact for these diodes was an AI/Ti/Ni/@&ﬂ)(_) A/1000 A/300
detector. Data were collected at ambient temperatures usi A/250 A) multilayer contact. Curve 1 corr_esponds to Ni/Au Schottky con-

Al . ) p N&cts without heat treatment, curve 2 to Ni/Au Schottky contacts annealed at
Cu Ke radiation with a 0.02° 2 step size, atha 3 scount 00 °C for 20 s, and curve 3 to Ni/Au Schottky contacts annealed at 750 °C
time. The observed @peak positions were corrected using for 20 s.
Standard Reference Material 660, and a L.@Bmpound as
an external calibrant. A Phillips 430 transmission electron ] ] ) )
microscope(TEM) operated at 300 keV and equipped with the as-depositedNi/Au Schottky barrier d|OQes shovyegi a
an energy dispersive x-ray spectromet&DS) was em- '€Verse breakdown voltage of4 V. Interestingly, this is

ployed to obtain structural and compositional information at©Wer than that obtained by other groups, due probably to an
the metal/semiconductor interface. enhanced tunneling component in reverse saturation current,

and the reduction in the effective barrier height resulting
from the image-charge lowering because of the higher dop-

.._.
1
1

urrent (
1

-8 -4 0 4 8
Applied Bias (V)

Il RESULTS AND DISCUSSIONS ing concentration of our samples. TheV characteristics of
A. Current—voltage characteristics of Schottky the diodes annealed at 600 °C for 20 s revealed that after
contacts annealing the forward conduction started at a lower voltage
The current—voltage characteristics of the Ni/Au and that the reverse b.reakdown yoltage h.as been reducgd
o ..~ from 4to 1.6 V. This indicated possible reactions between Ni
Schottky contacts are shown in Fig. 2. The current is given . : .
by the conventional equation and G_aN _taklng place at the |_nterfa_ce, and Iea_dlng to the
reduction in the Schottky barrier height. Lowering of the
qVv qVv built-in potential consequently followed. Annealing of the
I=1lo exr{m 1- F{ - kB_T) } ®  diode structures at 750 °C for 20 s causedIthé character-

) . . _ ) istics to be perfectly linear. One may thus argue that reac-
wherel is the saturation curren¥/is the applied bias, aml g petween the Ni and GaN interface at this temperature
is the ideality factor. The Schottky barrier diodes were suby,,e 15 thermal annealing were efficient enough to change the
jected to several dn‘fer_er]t thermal treatments. It. is apparen; Schottky contacts into Ni Ohmic contacts.
from thel—-V characteristics in Fig. 2 that annealing led to a
decrease of the Schottky barrier height. Th® characteris- _ .
tics of the as-depositeccontact showed both forward and B r(]:apkacnance—voltage (C-V) characteristics of
reverse barriers at the metal-semiconductor interface. Fror%C ottky contacts
the simple band diagram of the metaltype semiconductor Capacitance—voltage measurement is an important tool
junction, it is apparent that when the junction is forwardto better determine the characteristics of metal—
biased electrons from the semiconductor overcome the forsemiconductor contacts. The room-temperature variations of
ward barriers, which is the built-in potentisf, in order to  the absolute values o and C~2 obtained as functions of
flow into the metal. In reverse bias, on the other hand, elecapplied reverse voltag¥ at a frequency of 100 kHz are
trons following from the metal to the semiconductor over-shown in Fig. 3. From Fig. 3 it is apparent that the? vs V
come a barrier height, which under low carrier tunnelingplot exhibited a linear nature as predicted by Hg, and that
condition, is the Schottky barrier height of that particular C~? decreased with increasing reverse biag he tangent to
metal semiconductor system. Also, theV characteristics of the C~2 vs V plot emerged essentially from a point in the
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04T  E— I  — m— 35 from Fig. 4, thel-V curves for the nonalloyed contact were
nonlinear, but they became linear upon annealing. Measured
i specific contact resistances of the Ni/Au contacts-@GaN
as a function of metal thickness, alloying temperature, and
alloying time are presented in Table I. It can be noted from
Table | that the contacts became linear only after annealing at
800 °C. The contact resistances were obtained by the TLM
measurements employing the measured sheet resistances as a
function of gap spacing. Room-temperature resistétycke-
tween the two contacts was obtained by using a four-point-
probe arrangement. The variation of total resistance with the
spacing between the contacts is shown in Fig. 5. Specific
contact resistancgs was determined from a least-squares fit
of the data, and, as expecteadl, for the annealed material
was substantially lower than that for the unannealed material.
- The sample, with Ni/Au bilayer thicknesses of 500 and
250 A, and annealed at 800°C for 5 s, yielded a specific
15 contact resistancg,=1.3x10 3 Qcn?, while the sample
with same bilayer thickness annealed at 800°C for 10 s
Applied Voltage (V) showed quite a significant improvement in specific contact
resistance gs=1.4x10"% Qcn?). However, annealing at
FIG. 3. Room—temperatu[e va_lriation 'of apsolgte (;apacite!ihamd the in- the higher temperature of 850°C proved to be detrimental in
verse capautgnce sqqa(m 2 with applied leaS in N|/Au'Schottky contacts that thel—V characteristics now became nonlinear. The non-
to n-GaN (doping densityNy=6.0x 101" cm™3). Curve 1 is the least-square . - .
fit for C and curve 2 is the least-square fit or 2. The small solid circles liIN€arl—=V characteristics of these contacts obtained after an-
are experimental data fa =2, and small solid triangles are experimental healing at 850 °C resulted probably because of interface deg-
data forC, respectively. radation due to extensive reaction of metals with GaN at the
elevated temperature.
. ) The surface morphology of the annealed contacts, as
voltage axis. TheC vs V plot showed that capacitanc@ seen from scanning electron microscqiEM) and optical

decreases less slowly_ with in_creasing applied bia_s, becau?ﬁicrographs, is depicted in Fig. 6. It is noted that annealing
deep-level traps were increasingly exposed by the increase 4 temperature higher than 850 °C produces a high concen-

the deplquon region width caused by the reverse b|a_s. Thest?ation of pits in the metal film. As a result, the film appeared
traps emitted electrons. In order to determine the doping de% be porous with island-like formations on the surface. It is

sity of the GaN sample, we carried out numerical CaICUIa'also observed that the thickness of the(Which is in inti-

tions using Eqs.(l)—(S), gnd the dleleptrlc constantS. mate contact with Gal\had a profound effect on the electri-
=9.0. C_apacrtan(_:e per unit area of the_dlode was used In ey performance of the contacts. Three different thicknesses
rgspectlve equatlogls f‘i'g the _calc_ula_tlon. The calculatlon%f the Ni layer, and the effect of these thicknesses on contact
yielded NszXlol em '_;Nh'Ch_ is in close correspon- performance, were investigated as a function of annealing
dence W'thNd.ZGX.lol cm = obtained ”0”_‘ Hall measure- temperature. It was revealésee Table)lthat increasing the
ments. A barrier height of 1.2 eV was obtained for the Ni/Au thickness of the Ni layer above 500 A increased the contact

Schottky contact using Eqed) and (5), and assuming that resistivity. A similar trend was also observed when the thick-

the effective density of states for electrons in the conductior?1eSS of Ni was decreased: contacts with 150-A-thick Ni and
— 8 —3 .

pand wa =2.6x 10 cm .' Had the defect levels present 250-A-thick Au failed to show Ohmic behavior even after

in the system been appreciably large, all donor levels abovgnnealing at 800 °C. Thus, it is evident that a thickness of

the Fermi level would have been ionized by the applied bias500 A for Ni was quite optimum for obtaining a low-

'I;]hisdwoul(li givle a hig?gefr lc:loping level _nearl the in'ilerfaC(T. Ifresistance Ohmic contact tetype GaN at an annealing tem-
'; € deep evehs wou Ido Iowban ac g('jgf_‘a’ lusua )_/bat_ OWherature of 800 °C. Increasing the thickness of the top Au
requencies, there would also be an additional contribution t ayer (by 100 A, from 250 to 350 Aresulted in a striking

':jhe _cap(;icngnce, WZ'Ch dWOUId re;ul'tr]|n lan |ncfr((a§§2e in-th mprovement in the specific contact resistance. The lowest
oping densitNq and a decrease in the slope of he® vs specific contact resistance in the range o619 ° O cn?

. 72 .
v plot. Since the slppe of th@ vs V plot of Fig. 3 re- _was obtained with a Ni/Au contact layer, 500 A/350 A thick,
mained nearly identical at various measurement frequencie fter annealing at 800 °C for 10 s

it is reasonable to assume that the presence of the deep levels
insignificantly impacted the observel 2 vs V characteris-
tics of the diodes.

Inverse Capacitance-square c? (x1 023), F2

Capacitance C (x10™'2), Farad

D. Optical transmission

C. Current—voltage characteristics of Ohmic contacts During the last several years a number of attempts have

Figure 4 shows thd-V characteristics of the Ohmic been made for using the Ni/Au metallization to accomplish
contacts ta-GaN before and after annealing. As is apparentighly transparent Ohmic contacts pGaN. Sheuet al!®
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i s ¥ ) ; FIG. 4. Room-temperature current—
I 4 voltage characteristics of the Ni/Au
// ! / (500 A/250 A Ohmic contact to
.s ] n-GaN samples of doping density 6.0
/ E / x 10 cm 3 (a) as depositedeach
’, T small division in the vertical scale is
/ E / ] for 200 1A and each small division in
7 1 the horizontal scale is for 1V (b) an-
[ nealed at 600 °C for 10 &ach small
division in the vertical scale is for 200
(a) (c) pA and each small division in the
horizontal scale is for 1 )}/ (c) an-
1 1 nealed at 800 °C for 10 &ach small
r / 1 / division in the vertical scale is for 1
/ kS / mA and each small division in the
/ + horizontal scale is for 500 my and
b (d) annealed at 850 °C for 10 (®ach
/ 1 / small division in the vertical scale is
: » ': for 200 xA and each small division in
I ] 4 the horizontal scale is for 1 vV

®) @

observed that a Ni/AU20 A/60 A) contact top-GaN, an- that the light transmittance of the contact is about 7@
nealed at 500 °C in an Nambient, can exhibit a light trans- A=470 nn), and the specific contact resistance is 1.00
mittance of 88%at a wavelengthh=470 nm), and still can X 10 * Qcn?. Recently, Jang, Park, and Seéhgbserved
have a contact resistivity of 2.4310°2 Q.cn?. Hoetall®  that a Ni/Au (150 A/50 A) contact top-GaN annealed at
selected, on the other hand, a Ni/&L00 A/50 A) contactto 500 °C for 1 min in N exhibits a light transmittance of about
p-GaN annealed at 400 °C for 10 min in air, and observed®7% (at A\=470 nn), and a specific contact resistance of

TABLE I. Specific contact resistance of Ni/Au contactsnttype GaN films as function of metal thicknesses,
alloying temperatures, and alloying time.

Ni/Au contact Annealing Annealing -V Specific contact
thickness temperaturg°C) time (s) charactersitics resistance() cn?)
Ni(500 A)/Au(250 A) As deposited Nonlinear

Ni(500 A)/Au(250 A) 600 10 Nonlinear

Ni(500 A)/Au(250 A) 700 10 Nonlinear
Ni(500 A)/Au(250 A) 800 5 Linear 1.3x10°3
Ni(500 A)/Au(250 A) 800 10 Linear 1.x104
Ni(500 A)/Au(250 A) 850 10 Nonlinear
Ni(500 A)/Au(150 A) As deposited Nonlinear
Ni(500 A)/Au(150 A) 800 10 Linear 1.310°4
Ni(500 A)/Au(350 A) As deposited Nonlinear
Ni(500 A)/Au(250 A) 800 10 Linear 6.%10°°
Ni(150 A)/Au(250 A) As deposited Nonliner
Ni(150 A)/Au(250 A) 800 10 Nonliner

Ni(650 A)/Au(250 A) As deposited Nonlinear
Ni(650 A)/Au(250 A) 800 10 Linear 13104
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Transmission through Ni/Au Contact

w ~)
@ P &
+ +

(]
w

Total Resistance ( ohm cm?)
Transmission (%)

[
+

_5M Il ' Il L

1
Gap Spacing ( micron) 2 3 4 5 6 7 8 9
Wavelength (xlOl), nm

FIG. 5. Room-temperature variation of total resistance with contact spacin

for gff N'/f‘su té"ayﬁr OF(T'C. C(I)ntacts tx;GaN of .dopmgjl (:‘ensn)Nf G'OS lid before and after annealing at different temperatures. Curve 1 corresponds to

>_< 10™" cm™*. Small solid circles are the _exp(_erlmenta at? points. Soli the GaN film, curve 2 to GaN with the Ni/Au film annealed at 850 °C, curve

lines represent the least-squares regression fit to the experimental data. 3 to GaN with the Ni/Au film annealed at 800 °C. and curve 4 to GaN with
the Ni/Au as-deposited film.

$1G. 7. Transmission characteristics of the Ni/A&00 A/250 A bilayer

2.5x1072 Q cn?. No light transmittance study of the Ni/Au
contact ton-GaN seems to have been reported in the litera-

ture. . . . .

The optical transmission through our Ni/Au contact towavele_;ngt_h)\ of light _for GaN f'lm_’ GaN with NifAu aso-
n-GaN was studied using a Shimadzu UV-3101PC scannindepOS'tedf'Im’. GaN W'th a Ni/Au film annealed at 800°C,
spectrometer. The results are presented in Fig. 7. Figure daGaN V.V'th N_|/Au film anngaled at850°C. For all con-
shows the Iiéht transmissiof®6) spectra as a fu'nc.tion of tqcts, thg N_|/Au film haq a th'.c kness (6590 .A/ 250 '&)

Figure 7 indicates that high optical transmission can indeed
be achieved through annealed Ni/Au contacts, although there
is a tradeoff between the contact resistance and light trans-
mittance. Light transmission as high as 88&\=470 nm
was achieved through a Ni/Au contact, which was annealed
at 800°C for 10 s, and had a specific contact resistance
of 1.4x10 * Qcn?. At the higher annealing temperature
of 850°C, 94% light transmittance was obtained, but the
contact had nonlinear—V characteristics, implying that it
was rather Schottky in nature. The transmissig)
was essentially zero for an optical wavelengtfower than
about 250 nm, and that it increased with increasing wave-
length of the light forn=350 nm, owing probably to the
band-edge absorption of the underlying GaN film. A com-
parison of the performance of various contacts demonstrates
that our contacts were far thicker than the contacts made on
p-GaN. Yet, the light transmittance through our contact was
quite high.

The increase in light transmission with increase in ther-
mal alloying temperature of the contacts may plausibly be
attributed to a gradual decrease in the Ni thickness due to a
reaction with the GaN at increasing thermal alloying tem-
perature. At the higher thermal alloying temperatures, Ni
starts to form islands, thus creating voids in the metal film,
which has been confirmed by TEM. This appears to be the
cause of the transparency of the metal films. Based on these
observations, it may be argued that the Ni/Au contact metal-
lization can indeed be quite useful for optoelectronic device
applications for which conducting transparent windows must
be an essential element of the device structures. Transparent
b contacts assist in increasing the optical efficiency of those

(b) devices. Thus, depending on the thickness of the Ni/Au, an
FIG. 6. (a) Optical micrograph of Ni/Au500 A/250 A contacts annealed at optimum thermal allo_ylng temperature window would b.e
800 °C for 10 s andb) surface morphology of the films as seen in the SEM N€eded to ensure a high transparency, and at the same time,
micrograph of the same contacts. good Ohmic contact resistivity of the contacts.
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Au (Ni) 100 Y Y T y y
GaN 111
600 - 0002 / 90}
g - 80} p
5 S
'Q 400 A §
8 2
Z £
2 3
S £
200 M b
g
(8) annealed at 800 °C/ 104 2
() as-deposited
04 T T T T T T
32 36 40 44 48 52 i boxgglg}qel
2 Theta (degree)
FIG. 8. XRD spectra of Ni/AU500 A/250 A contactsi(a) as deposite@nd
(b) annealed at 800 °C for 10 s.

0 200 400 -600 800 1000 1200

Sputter time (sec)
IV. MICROSTRUCTURAL CHARACTERIZATION
. ) ) . FIG. 9. Auger electron spectroscope depth profiles of Ni3Q0 A/250 A
The primary contribution to the contact resistance was atontacts annealed at 800 °C for 10 s.

the metal-semiconductor interface, where tunneling and

thermionic field emission dominated the electron transport. A _ ) N

number of factors contributing to these effects tended tdVith a lattice parameter of 3.619 A, was also identified. Fur-
lower the contact resistance. Among them, narrowing of thdher, the(10 12) reflection of hexagonal NGz at the 45.10°
tunneling barrier due to an increase in the doping level of the® Position was detected. The disappearance ofihé) Ni
semiconductor was very important. In fact, this was theP€ak in the annealed sample was probably due to the Ni

cause of the lower contact resistivity of the heavily doped®€ing consumed by the reactions with Ga or the masking
samples. effect of the N§Ga(111) and NpGag(10 12) reflections.

A. X-ray diffraction analysis

As evident from Fig. 8), Au(111) and Ni111) reflec-
tions were presented in the XRD pattern of H#edeposited
Au/Ni/GaN/sapphire sample, suggesting that both metal
formed highly textured layers on the basal GaN plane. Th
peak positions of both gold and nick@&8.20° and 44.51°@
respectively, in theas-depositedamples, showed that there

B. Auger electron spectroscopic analysis

We found no evidence for interdiffusion between the
metal layers and GaN of the preannealed contacts. The Auger
Blectron spectroscopiAES) depth profile of the annealed
Contact is shown in Fig. 9. Figure 9 reveals that there was a
very low level of oxygen in the contacts. However, there was
. - ; an increase in the oxygen content at the surface plausibly in
was no intermixing of the metals. Noticeably, 1) peak the form of the oxide layer. This is an indication of the fact

Ljntens[tty dgf Aul was strop gerththta tnh th dat of Ni f n thtB" i that annealing at very high temperature can actually lead to
epositecsampl€, suggesting that the degree ot crystallinity, , i rease in the resistivity of the contact. Due to annealing,

of the Ni fllm_was lower compared to that of the Au film of Au diffused into the Ni layer and segregated at the metal/
the as-depositectontact '.A‘S expected,_ the heat treatment at o interface. Consequently, some of the Ni appeared on the
800°C for 10 s resulted in the formation of several dncferentsurface. There was also an extensive reaction between Ni and
interfacial phases. The fcc solid solution of nickel in gold,GaN_ Possibly, as the reaction proceeded at high annealing
AU(NI), was identifigd b.y the shifted 11) reflection peak_ at temperature(BéO °Q, formation of the intermetallic com-
the 38.56° 2 position in the annealed samplésee Fig. pounds, viz. NjGa and NjGa;, took place at the interface.

8(?)].|Th<3 I?ttlce Earlalr?ete;l of .the ANi) S|°|('jd j%lxgog’ as q During this time, nitrogen escaped from the microstructure
calculated from the(111) re ephon, equaled 4.9 » ANA yia out-diffusion through the grain boundaries of the metal
corresponded to the AuyNi, alloy composition of x film

=0.06. This implies that 6 at. % of Ni was dissolved in Au.

The calculation was made by applying Vegard's rule to the L . . .

compositional dependence of the lattice parameter for the fcg' Transmission electron microscopic analysis

Au-Ni solid solution. It was found that the intensity of the The TEM analysis of the sample annealed at 800 °C for
Au(Ni)(111) peak increased about 200 times as compared t&@0 s demonstrated major changes in the morphology and the
the (111) peak of Au in theas-depositecsample. The inten- presence of several interfacial phases. Selected-area diffrac-
sity increase was a result of the larger volume fraction of theion (SAD) patterns and an accompanying low magnification
(111)-textured ANi) solid solution phase. As will be dis- image of a cross-sectional specimen. are shown in Figs. 10
cussed later, it was confirmed also by TEM. As a result ofand 11a)-11(c), respectively. According to the cross-
interfacial reactions, cubic BGa[see Fig. 8)] with a (111 sectional TEM, which is supported by the EDS analysis,
peak at 43.30° 2and a(200 peak at 50.45° 2 positions, there were grains with a fcc structure of solid solutions,
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200 nm

FIG. 11. Au/Ni/GaN/sapphire sample annealed at 800 °C for 18) SAD
pattern and(b) and (c) microdiffraction patterns form neighboring grains
show the presence of fcc superlattice reflections a&)inthus suggesting
the coexistence of grains of the Ni-based solid solution anGAaliphase.

Au(Ni) and NiAu,Ga (see Fig. 1], as well as a fcc-based
ordered NiGa phase, in the film. However, the presence of
binary or ternary nitrides at the interface was not detected
during the TEM analysis. The identification of the highly
textured Au-based solid solution andgRia phase in TEM
and SAD is in line with the XRD results. The Ai) alloy
that was formed had th@11)I((0002) orientation relationship

at the basal GaN plane. This effectively “pushed out” the
Ni-based phases from the interface toward the surface of the
metal film. The morphology of the metal film was also sig-
nificantly altered; the continuous layer adopted rather an
island-like morphology after annealin§ig. 11).

D. Discussions of overall microstructural analysis

As is evident from the TEM, AES, and XRD studies of
the present microstructure, the reaction mechanism for
Ohmic contact formation involved a number of important
steps. Due to the thermal treatment, Ga out diffused from the
crystal lattice reaction with Ni and forming Ni—Ga com-
pounds. While Au diffused slowly through the Ni layer, ef-
fectively replacing the Ni layer, it also dissolved Ni in it
forming a fcc phase of solid solution of ANi). This type of
layer reversal and formation of voids is typically observed
for p-type GaN/Ni/Au contacts after annealiffgBecause of
high surface energy of the metals at the high annealing tem-
perature, they formed island-like structures. Formation of the
Au(Ni) alloy and intermetallic compounds, along with the
modification of the GaN near-interface region, due to the
thermal treatment, might be the possible cause of the low
’ 6 v resistivity of the present contracts. This is one of the central

results of the present investigation. It is strongly believed
that the said intermetallic compounds, formed due to alloy-
ing, have actually a lower work function than that of Ni. This
prediction is based on the reporfddwork function for
Ni—Ba and Ni—Cs films, which are 2.6 and 1.65 eV, respec-
ZA:['] 1 2] tively. We believe that dissolving Ga in Ni, or forming an
intermetallic phase, NGa, resulted in the creation of the
low-work-function intermetallic compounds. The presence of
(C) these low-work-function intermetallic compounds near the
GaN surface is actually responsible for reducing the barrier
FIG. 10. Bright-field image of a cross-sectional TEM specimen of height of the metal—semiconductor interface. It is worth
QU(Z_SOA)iNi(SdOgA) on GaN jf:\le_rAangea]Icing atl_ 5300|°C_ for 10 s in argon. mentioning that several research graifgs have claimed to
Note that A ifused flom the Upper partof the metal i o he meta/Gad€1ect the presence of Ni-nitride.g., NiN, NEN, Ni;N)
interface. The metal film structure changed from a continuous layer to aiPhases at the interface due to heat treatment. However, re-
island-like morphology. markably, during the present microstructural analysis, no
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such nitrides were observed in our TEM and XRD patterns. ]
Increasing the thickness of the Au layer from 250 to 350 A
led to a dramatic decrease in the contact resistance after an-

[/
nealing. This was probably due to the fact that, after anneal- /
ing, most of the Au diffused through the Ni layer in the /
sample with 250 A of Au. In the samples with 350 A of Au, /
there was a sufficient amount of Au still left on the top sur- A 4

face of the contact to provide a low resistance path for the
current.

\\\

V. THERMAL STABILITY ANALYSIS

The realization of a highly reliable low-resistance Ohmic
contact is a major challenge to obtaining high-performance
GaN-based devices. Particularly, high-power, high-
temperature applications necessitate high thermal stability of
metal/GaN contacts. Among various Ohmic contacts to GaN,
Ti/Al-based contacts have emerged as the most convenient
and widely used contacts to GaN. Yet, the Ti/Al system is
such that it becomes highly resistive during annealing. The
Al,O3; coating formed on Al during annealing leads to an
increase in contact resistance.

The present contacts were subjected to a thermal stress
for 24 h at a temperature of 400 °C. Remarkably, for both
contact structures, Ni/A4500 A/250 A and Ni/Au (500
AI350 A), there were no apparent indications of degradation
of the |-V characteristics. The-V characteristics of one of
the contacts before and after thermal stressing is compared ffG. 12. Comparison of electrical characteristics of the Ni{800 A/250

temperature current—voltage characteristics before and after the Ni/Au con-

an applied bias of SOQ mV, while the current was 4 mAtacts(SOO A/250 A were thermally stressed at 400 °C for 24 h. The small

before thermal stress, it was about 3.75 mA after thermadolid squares represent the data for the prestressed condition, and the small

stress. The curve was perfectly linear before and after arppen circles represent the data for the poststressed condition. Each small

nea"ng, implying that thermal stress caused only marginaﬁlw_smn in the v_ertlcal scale is for 1 mA and each smal_l division in the

d dation of the Ohmic characteristics of the contacts. Th orizontal scale is for 500 m\(b) room-temperature variation of the total
egra_ a ” s fesistance with contact spacing for the Ni/f&00 A/350 A bilayer Ohmic

variations of the total resistance of the contacts as a functiotontacts before thermal stressitgashed ling and after thermal stressing

of contact pads, before and after thermal stress, are comparéglid line) at 400 °C for 24 h.

in Fig. 12b). As is usually the case, these variations pro-

vided scattered points, which were then least-square fitted to ) )

yield a straight line. The various points obtained for the totalNterfacial alloys and compounds at the interface. XRD

resistance before and after thermal stress were scattered 3halysis demonstrated thas-depositedNi/Au films have an
such a manner that they hardly allowed two different leastePitaxial nature. Both XRD and TEM studies showed that

square fits to be obtained for two different straight lines, ondVi—Au solid solutions, together with intermetallic species,

for resistances before thermal stress and the other for resi¥iZ-» NisGa and NiGg, are formed in the vicinity of the
tances after thermal stress. This implies that there was niterface. The contact resistivity was strongly dependent on

apparent sign of the formation of a spiky interface and surih€ thickness of the Ni and Au layers, as well as on the

face roughness due to thermal stress. The thermal stability &nealing copijitionri.z The spe}:{:ific cgntgct resistance was
the present contacts is believed to arise from the fact that th@P0out 1.4<10"" Q cm for 500-A/250-A-thick Ni/Au con-

intermetallic compounds formed due to alloying had a hightacts after annealing at 800 °C for 10 s. I—[%wever, specific
melting point, and hence, hlgh thermal Stability. contact resistance was in the range of>619 QCTT'IZ for

contacts with a 500-A/350-A-thick Ni/Au bilayer after an-
nealing under identical conditions. A decrease in the thick-
VI. CONCLUSION ness of Ni increased the contact resistance; thus, 150-A-thick
In conclusion, it has been demonstrated that a lowNi contacts failed to show Ohmic characteristics even after
resistance Ohmic contact can be madent@aN with a  annealing at 800 °C. It was thus concluded that a proper an-
Ni/Au bilayer structure. Ni, with a work function of 5.1 eV, nealing temperature is very crucial for achieving low-
formed a Schottky contact when depositedretype GaN. resistance Ohmic contacts. CreatiNgacancies by forming
The barrier height of the Ni/Au Schottky contactsrtdype  metal nitrides is generally considered to be a unique proce-
GaN appeared to be significantly high. However, with thedure to form low-resistance Ohmic contactsnttype GaN.
proper annealing temperature and time, the barrier height foFhe present study established that low-resistance Ohmic con-
Ni/Au films could be reduced owing to the formation of tacts ton-type GaN can be achieved also by creating a highly

—_
(9
~

)

Total Resistance ( ohm cm

-20 0 20 40 60 80 100
Gap Spacing ( micron)

{b)
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