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Microstructural Investigation of Ni/Au Ohmic Contact on p-Type GaN
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Microstructural changes in Ni/Au contacts to p-type GaN as a function of anneal ing temperature were investigated using X-ray dif-
fraction, field emission scanning electron microscopy, and cross-sectional transmission electron microscopy combined with ener-
gy dispersive spectroscopy. The results obtained were used to interpret the electrical properties of Ni/Au ohmic contacts to p-type
GaN. The contact resistivity decreased from 1.4 X 1072 to 6.1 X 1074 () cm? after annealing at 600°C. The reduction in contact
resistivity resulted from the dissolution of Ga atoms into the Au-Ni solid solution produced during annealing. Au atoms diffused
to the GaN substrate throngh grain boundaries and reacted with Ni atoms at the grain boundaries of Ni, producing an Au-Ni solid
solution. This resulted in the evolution of microstructure with island-shaped Ni grains surrounded by the Au-Ni solid solution. At
-this stage, Ga-atoms outdiffused from the GaN substrate and dissolved into the Au-Ni solid solution, leading to the generation of
Ga vacancies below the contact. Thus, the net concentration of holes below the contact increased, and so the contact resistivity was
reduced. When the sample was annealed at 800°C, the Au layer completely reacted with the Ni layer, uniformly producing an Au-
Ni solid solution containing Au-Ga and Ni-Ga compounds. Simultaneously, N atoms reacted with Ni, and produced cubic NiyN in
the vicinity of the metal/GaN interface. Consequently, N vacancies, acting as donors in GaN, were generated below the contact,
leading to an increase of contact resistivity to 4.0 X 1072 Q cm?.
© 2000 The Electrochemical Society. S0013-4651(00)02-111-X. All rights reserved.

The I1I-V nitride semiconductors, especially GaN, have received
considerable attention for optoelectronic devices in blue and ultravi-
olet wavelengths as well as for its potential for high-temperature and
high-power electronic devices.! In developing such devices, it is
essential to develop thermally stable and low resistance ohmic con-
acts on both n- and p-type GaN in order to enhance their perfor-
mance. For the ohmic contacts on n-type GaN, many investigations
have been carried out. Ti- and/or Al-based metallization schemes
were the most widely used ohmic contacts to n-type GaN. Related
nvestigations proposed that the formation of TiN, AIN, and Al-Ti
ntermetallic compounds were attributed to such low contact resis-
fince ranging between 1075 and 1077 Q cm?2. 47 Recently, W- and
| Cr-based ohmic contacts to n-typg GaN were found to enhance the
%”lqng-term thermal stability.3” However, it is difficult to obtain such
| low contact resistivities on p-type GaN because of the low hole con-
| tentrations in p-type GaN and high Schottky barrier height at-the
§ interface of metal with p-type GaN.? In fact, one of the main obsta-
tles in realizing the continuous wave operation of GaN-based laser
diodes (LDs) was the high contact resistance on p-type GaN.

4 Many attempts have been conducted to reduce the contact resis-
{ vity on p-type GaN. A number of metals with high work function
jduch as Au, Ni, Pt, and Pd were intensively studied in an attempt to
J1educe the contact resistivity by lowering the Schottky barrier height
14 the metal/p-type GaN interface. Sheu et al.!® investigated high-
+ ansparency Ni/Au ohmic contacts on p-type GaN with a specific
tontact resistivity of 1.7 X 1072 £} cm? after annealing at 450°C.
ling er al.l'" reported PUNi/Au contacts on p-type GaN (3 X
10" em™3) with 5.1 X 107* Q cm? after annealing at 350°C. The
low contact resistivity of 3 X 107 {) cm? was obtained using Ta/Ti
tontact on p-type GaN (7 X 1017 ecm™3).12 A specific contact resis-
livity below 1.0 X 1074 Q cm? was obtained by oxidizing Ni/Au
?Ontact on p-type GaN.'3 The low resistance ohmic contact was
Iterpreted to be related to the formation of NiO. Lee er al.'4 inves-
|ligated the effect of surface treatments prior to Pt deposition on con-
lact resistivity. Contact resistivity was decreased from 5.1 X 1072 to
L5 X 1075 Q em? by the surface treatment using (NH,),S, solution.
Iﬂterfacial reactions between contact metal and p-type GaN with
jimealing also have been studied.'>"!® Trexler ef al.!5 investigated
he interfacial reactions of Ni/Au, Pd/Au, and Cr/Au contacts on p-
GaN with annealing by Auger electron spectroscopy (AES) and cur-
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rent-voltage (I-V) characteristics. Rutherford back scattering spec-
troscopy (RBS) and X-ray diffraction (XRD) were also applied to
{ind the interfacial reactions of Ni/Au contacts on p-type GaN.1® The
IV curve became linear as the alloying temperature increased to
700°C because of the formation of Ga-Ni and Ga-Au compounds at
the metal/GaN interface. Venugopalan et al.'? reported the interfa-
cial reactions of Ni and GaN at temperatures from 400 to 900°C in
various atmospheres and estimated their results with the thermody-
namics of the Ni-Ga-N system.

The electrical properties of metal contacts on semiconductor are
largely affected by the interfacial reactions between the contact
metal and the semiconductor during annealing, via production of
point defects below the contact, which act as donors or acceptors at
the subsurface of the semiconductor. In GaN, Ga vacancies, Vs,
are known to be triply charged acceptors,'® acting a role to compen-
sate electrons. Therefore, it is possible to increase the net concentra-
tion of holes below the contact, if Vs, are produced at the subsur-
face of p-type GaN through the interfacial reactions, leading to the
decrease of contact resistivity. On the contrary, the production of VN
results in the increase of contact resistivity. The Ni/Au is commonly
used as ohmic contacts on p-type GaN films for light emitting diodes
(LEDs) and LDs.12 However, the interfacial reactions of Ni/Au con-
tacts on p-type GaN have not yet been systematically studied in con-
junction with the electrical properties of the contact, although many
studies have been conducted as stated above. i

In the present study, we investigated the interfacial reactions and
microstructural changes of the Ni/Au ohmic contacts on p-type GaN
during annealing. XRD was employed to identify the phases pro-
duced during annealing. Microstructural changes were studied using
cross-sectional transmission electron microscopy (TEM) equipped
with energy dispersive spectroscopy (EDS). The surface morpholo-
gy of Au/Ni/GaN after annealing was examined by field emission
scanning electron microscopy (SEM). From these results, the effects
of interfacial reactions and the resultant microstructural changes of
Ni/Au contacts on p-type GaN on the electrical properties of the con-
tact are discussed.

Experimental

GaN films used were grown by metallorganic chemical vapor
deposition (MOCVD) on ¢ plane sapphire substrate. .An undoped
GaN layer with a thickness of 1 um was grown, followed by the
growth of 1 pum thick p-type GaN doped with Mg. Electrical activa-
tion of the grown samples was carried out at 800°C for 4 min by
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rapid thermal annealing (RTA) under N, atmosphere. The net con-
centration of holes in the film was determined to be 2.9 X 10'7 cm ™
by Hall measurements.

An active region for the evaluation of contact resistivity was
defined by chemically assisted ion beam etching using Cly, followed
by dipping the samples into a HCI:tHNOj; (3:1) solution to remove
surface oxides formed on the p-type GaN.' Then, the sample was
rinsed for 1 min with deionized water and dried with N, gas. 100 pm
long and 200 wm wide transinission line method (TLM) test struc-
tures were patterned by photoresist. Ni(200 A) and Au(500 A) were
deposited in sequence on the p-type GaN by an electron beam evap-
orator. The vacuum condition of the ‘evaporator was maintained
Jower than 3 X 1077 Torr during the deposition of the metal layers.
After the metal deposition, the photoresist was lifted off. The TLM
test structures were annealed for 30 s in the temperature range of
500-800°C by RTA under atmospheric pressure of N.

XRD with Cu Ko radiation was employed to identify the phase
formed by the interfacial reactions of Ni/Au contacts on p-type GaN
during annealing. The change of surface morphology of Au/Ni/GaN
after annealing was examined by field emission SEM at an accelera-
tion voltage of 15 kV, and elemental distribution was obtained by EDS
of the individual regions. Microstructural and compositional analyses
with annealing temperature were performed using a JEOL system
(200 kV) equipped with a high resolution pole piece and ultrathin win-
dow X-ray detectors for the microdiffusion and EDS analysis.

Results

Electrical characteristics.—Figure 1 shows current-voltage (I-V)
curves of the Ni/Au contacts on p-type GaN with annealing temper-
ature measured between the TLM pads with an interspacing of
5 pm. In the as-deposited state, the I-V curve is nonlinear, but be-
came linear over the whole range of voltages after annealing at
600°C. The I-V curves deteriorated as the annealing temperature
increases to 800°C. The contact resistance (R,) in the unit of ohms
per millimeter and the sheet resistance (R) in the unit of (/] were
determined from the intercept of the y axis and the slope of resis-
tances of 0 V with the interspacings of the TLM pads. The specific
contact resistivity (p,) was calculated by p, = RZ/R,, and the values
determined are summarized itk Table I and plotted in Fig. 2. A U-
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"Figure 1. I-V curves of the Ni/Au contacts on p-type GaN with annealing
temperature, measured between the TLM pads with a interspacing of 5 pm.
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Table I. Contact resistivities of the Ni/An contacts on p-type
GaN as a function of annealing temperature.

Annealing temperature (°C) Contact resistivity (( cm?)

As-deposited 1.4 X 1072
500 32X 1073
600 6.1 X 1074
700 13 %1073
800 4.0 X 1072

shaped dependence of contact resistivity on the annealing temperg.
ture was obtained. The contact resistivity decreased from 1.4 x 1¢-2
to 6.1 X 107* Q cm? after annealing at 600°C. The lowes! contact
resistivity obtained was 3.6 X 107* Q cm?. A further increase of
annealing temperature to 800°C resulted in the increase of contact
resistivity to 4.0 X 1072 Q cm?,

Surface morphology and interfacial reaction.—Figure 3 shows
the field emission SEM images of the Ni/Au contact on p-type GaN
with annealing temperature. Surface morphology was not signifi. -
cantly changed up to 600°C, as shown in Fig. 3a and b. The meta]
films, however, began to form islands at 800°C, exposing the under-
lying GaN in some regions. The chemical compositions of the
exposed region, marked as “1” in Fig. 3¢ were examined by EDS,
Only Ga and N peaks were detected a shown in Fig. 4a, and their
atomic percents correspond to 50.5 and 49.5%, respectively. In the
island, marked as “2” in Fig. 3¢, Au and Ni peaks were observed as
well as Ga and N peaks, as shown in Fig. 4b. Results in Fig. 3 and 4
imply that most of metallic layers, Au and Ni, reacted with each
other at 800°C. )

Figure 5 shows XRD patterns of the Ni/Au contacts on p-type
GaN as a function of annealing temperature. In the as-deposited
state, XRD peaks corresponding to GaN, sapphire, Ni, and Au were
observed. The Ni layer was grown on the p-type GaN with the pre-
ferred orientation, Ni(111)//GaN(0002), and Au overlaver was
deposited epitaxially on the Ni layer with the preferred orientation,
Au(111)//Ni(111). These results are consistent with previcusly re-
ported results.!® No reaction between the Ni and p-type GaN was
observed. The XRD patterns of the samples annealed at 500 to
600°C reveal no difference from the as-deposited XRD patterns,
except for the shift of Au peaks to higher angles with annealing tem-
perature. In order to observe the change of Au and Ni peaks with
annealing. temperature in detgil, the narrow range of diffraction

100 A

10 k ' : 3

Contact Resistivity (Qcm?)

102+ 1

103 3 7

10-4 1 gs 1 L : | NIl
as-depositéd 500 600 700 800

Annealing Temperature (°C)

Figure 2. Change of the specific contact resistivity of the Ni/Au contacts on i
p-type GaN as a function of annealing temperatire. '
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gles in Fig. 5a is enlarged as shown in Fig. 5b. The peak corre-
onding to Ni(111) does not change up to 600°C indicating no alter-
jon in the lattice parameter of Ni. The lattice parameter of Ni meas-
ed t0 be 3.52 = 0.01 A, which value compared favorably with the
ttice parameter of pure Ni (3.5240 A).20 and did not change up to
°C. On the other hand, the peaks corresponding to Au(111) and
u(222) shift to higher angles with the increase of annealing tem-
rature. This means that the distances between adjacent (111)
anes, d1; and dy,,, decrease with annealing temperature, namely,
¢ decrease of lattice parameter. In order to observe the change of
the lattice constant of Au in detail, the difference of i in A, Adyy,
s calculated by subtracting the values of dyy n the annealed sam-
ples from that in the as-deposited one, which is summarized in

(=)

1

i/Au contacts O}

,Figure 3. Field emission SEM images of Ni(200 A)/Au(SOO A) contacts on

SRR i

Hype GaN; (a) in as-deposited state, (b) after annealing at 600°C, and (c)

flter annealing at 800°C.
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Figure 4. EDS analysis of the Ni/Au contact on
trum from the exposed region, marked as “1”
trum from the metal island, marked as “2”

p-type GaN; (a) EDS spec-
in Fig. 3c, and (b) EDS spec-
in Fig. 3c. ' :

Table II. Note that the changes of Adyy; are twice against those of
Adyy, at each temperature. This suggests that the shift of Au peaks
results from the change of lattice parameter of Au, due to the disso-
lution of impurity atoms in Au matrix. After annealing at 800°C,
peaks corresponding Au-Ga compounds (Au;Ga and Aug g;Gay 15),
Ni compounds (Ga;Nis and Ga3Ni,), and NiyN were observed. The
inset of Fig. 5a shows the enlarged XRD pattern ranging from 80° to
100°. At a glance, three more peaks were included in the lower an gle
side than the sapphire peak (90.80°), but we could not fit the spec-
trum into three Gaussian and/or Lorentzian peaks. This implies that
an additional peak was superimposed in the XRD pattern. We could
separate the spectrum into four peaks, and the fourth peak was near-
ly in accordance with NiyN (311).

Microstructural analysis.—Figure 6a shows the cross-sectional
TEM micrograph of the Ni/Au contacts on p-type GaN annealed at
600°C. A part of the ohmic metal penetrates into GaN substrate, as
shown in the left rectangle of the micrograph, but some region main-
tains the original interface, as shown in the right rectangle in Fig. 6a.
To investigate the interfacial reactions between Au, Ni, and GaN in
detail, TEM with high magnification and EDS analyses were per-
formed. Figures 6b and ¢ are TEM micrographs with higher magni-
fication on both regions marked in Fig. 6a. Ohmic metals penetrated
deep by 150-250 A below the original interface of Ni/GaN, as shown
in Fig. 6. This indicates that the GaN substrate reacted with the metal
layers during annealing at 600°C. Figure 6¢ shows the region main- _
taining a sharp interface between the metal and GaN. In both the re-
gions, discrete grain islands with white image, marked as “1” in
Fig. 6b and c, are distributed in the metallic layer on GaN. The
chemical compositions of the white grain islands were analyzed
using EDS, and the resultant spectrum is shown in Fig. 7a. This spec-
trum indicates that the island primarily consists of Ni with a small
amount of Au and Ga. This implies that the white. image corresponds
to unreacted Ni grain. Figure 7b shows the EDS spectrum of the re-
gion with darker contrast, marked at “2” in Fig. 6b and c. In this
region, the peaks corresponding to Au, Ni, and Ga are observed, The

peak intensity of Au is higher than Ni. Considering the phase dia-




4648 Journal of The Electrochemical Sociery, 147 (12) 4645-4651 (2000)
S0013-4651(00)02-111-X CCC: $7.00 © The Electrochemical Society, Inc.

o
95 100
o
u’vl o
| .
5 | . o
3 ° o)
2 eooc. A ]
8 4
et ®
= o
e o B : l
@D o
§ e || 9] v
— [ ]
®
H 0 0
osen.) ) 2] g
20 30 40 50 60 70 80 90 100

‘Diffraction Angle (26)

gram of Au-Ni?! and XRD results in Fig. 5, the dark region in Fig. 6b
and c is related to Au-Ni solid solution containing Ga atoms. Note
that the amount of Ga dissolved in the Au-Ni solid solution (dark
image) is comparably larger than in the Ni grain (white image).

Figure 8a shows the TEM micrograph of the Ni/Au contacts an-
nealed at 800°C. A part of the metal layer agglomerated and penetrat-
ed deep into GaN substrate. The GaN substrate was partly exposed, as
marked by an arrow in Fig. 8a. A selected region, marked with rec-
tangle in Fig. 8a, was magnified as shown in Fig. 8b. The white grains
of small size (~50 A), marked by an arrow in Fig. 8b, were mainly
distributed in the vicinity of the penetrated metal/GaN interface.

This small white grain was analyzed through the selected area
electron diffraction (SAED), and its resultant pattern and schematic
illustration are displayed, respectively, in Fig. 9a and b. The incident
electron beam was parallel to the direction of <001> zone axes of
Au, The solid circles in Fig. 9b exactly coincide with the <001> pat-
tern of cubic NiyN. In the phase diagram of the Au-Ni system, there
is a large miscibility gap.?! Thus, the Au-Ni solid solution might be
separated into Au-rich and Ni-rich phases during cooling. The satel-
lite spots drawn with the open circles and diamonds were overlapped
with the NiyN pattern, which show fourfold symmetry. The lattice
parameter calculated from the open circle was 4.065 A, which is
slightly smaller than that of Au (4.078 A). The lattice parameters
measured from the diamond pattern calculated to be 3.568 A, slight-

Table II. Values of the distances between adjacent (hkl) planes,
dyy> and the difference of dyq, calculated by subtracting the val-
ues of dyy, in the annealed samples from that in the as-deposited
one, Adyy,, as a function of annealing temperature.

dyy dyyy Adyy, Adyy,

As-deposited 23474 1.1752 — —
500°C 2.3463 1.1746 0.0011 0.0006
600°C 2.3284 1.1657 0.0190 0.0095

800°C 22917 1.1478 0.0557 0.0274

> >
T T T T T ——

(b) Au(111) Ni(111) Au{222)
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80400
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Figure 5. Change of XRD patterns of Ni/Au on p-type GaN with unnealing
temperature (a) (®) GaN, (O) Al,Os, (B) Ni, (¥) NiyN, (1) Au, () GagNis,
(V) Augg;Gag 3, (D) Au,Ga, (&) GasNiy, (4) Au-Ga solid solution. The
inset shows the XRD pattern from 80 to 100° to show the existence of
GazNi,. (b) Shift of XRD patterns of Au and Ni peaks.

ly larger than that of Ni (3.524 A). Therefore, we suggest that the
satellite spots in Fig. 9a correspond to Au-rich and Ni-rich phases in
the Au-Ni solid solution. The overlapping of the Au-rich and the Ni-
rich phases into the Ni,N diffraction pattern is due to the smaller size
of NiyN (40~50 A) grains than the electron beam size. Cornsidering
XRD results in Fig. 5, the dark region is composed of Au-Ga com-
pounds, Au;Ga and Augg;Gay 3, and Ni-Ga compounds, GasNis
and Ga;Ni,, as well as the Au-Ni solid solution.

Discussion

Interfacial reactions and microstructure—The microstructural
change of the Ni/Au contact with annealing temperature, deduced
from TEM analysis, are schematically illustrated in Fig. 10. In the
as-deposited state, the original interface of Ni/Au contact on p-type
GaN was abrupt and a number of grain boundaries existed because
of the large lattice mismatch (~22%) between Ni(111) and the basal |
plane of GaN, ! as displayed in Fig. 10a. When Ni/Au contacts were . |
annealed at 600°C, Au atoms diffuse to GaN and react with both the ¢
Ni layer and GaN substrate. During annealing for 30 s at 600°C, the
diffusion length of Au atoms through the lattice site of Ni is only
5.7 A.2% This suggests that Au atoms diffused through grain hound-
aries and reacted with Ni ones, producing Au-Ni solid soluticn. For-
mation of the Au-Ni solid solution at the grain boundary of Ni film
results in the evolution of discrete array of Ni, as shown in Fig. 100"
During the process, Ga atoms outdiffused from the GaN substrate
and dissolved into the Au-Ni solid solution.

When the sample was annealed at 800°C, the Au-Ni solid soli-.
tion with the dark image penetrated deeper into GaN, exposing ¢
underlying GaN in some regions, as shown in Fig. 10c. The diffusiol |
length of the Au atom through the lattice site of Ni for 30 s at é%Och
is about 190 A when the sample was annealed for 30 s at 800°C.”
Thus, the 200 A thick Ni films could be completely reacted with At
During the reaction, Au-Ga compounds, Au,Ga and Augg-08.13
and Ni-Ga compounds, GasNis and GasNiy, as well as the Au-M |
solid solution were produced. The free N atoms below the contact
outdiffused and reacted with unreacted Ni, producing NiyN, &
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s the generation of N vacancies, V. Consequently, both Vea and Vi
gere produced below the Ni/Au contact at 800°C. ' (a) b
One can argue that the formation of NiyN originated from the ‘
annealing ambient of N,. It was reported that nitrogen is found to be

| ipsoluble in solid or liquid Ni and Au up to 1300°C.> For the disso-
.« jution of nitrogen gas into Ni, 1/2N,(g) = N [Ni], the standard Gibbs
nergy for the dissolution reaction is given by AG® = +69100 +

.0 7.2* The Gibbs energy change for the reaction is positive inde-

Counts (arb. unit)

Energy (keV)

Figure 7. EDS analysis of the Ni/Au contact on p-type GaN annealed at
600°C; (a) in large grain islands with white image, marked al “17 in Fig. 6¢
and (b) in the dark image, marked as “2” in Fig. 6c.

Figure 6. Cross-sectional TEM micrograph of Au/Ni/GaN annealed at Figure 8. TEM micrograph of Au/Ni/GaN annealed at 800°C; (a) with low
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pendent of annealing temperature. This means that the nitrogen mol-
ecules in the annealing ambient could not be dissolved in Ni to form

(a)

Au ) o
- Grain boundaries

b
TN

p-type GaN

(b)

Original
interface
(c)
Exposed
GaN
Z Original
interface

Ni,N p-type GaN

Figure 10. Schematic illustrations of the microstructure at the interface of
Ni/Au contact on p-type GaN; (a) as-deposited state, (b) after annealing at
600°C and (c) after annealing at 800°C. .
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Figure 9. (a) SAED pattern of the smg))
grains with white image, marked by g
arrow in Fig. 8b, parallel to the directioy
of <001> zone axes of Au, and (b) i
schematic illustration.

(b)

Ni,N. Therefore, it is suggested that the Ni,N phase in Fig. &b orig-
inated from the interfacial reaction between metal film and GaN.

Correlation between electrical properties of contacis and
microstructures.—The electrical properties of the Ni/Au contact on
p-type GaN are discussed with the microstructural changes. Interfa-
cial reactions between contact metal and GaN could produce point
defects, which act as donors or acceptors at the subsurface of semi-
conductors. In GaN, Ga vacancies, Vg,, are known to be wiply
charged acceptors,'® acting to compensate electrons in n-type of
GaN. Therefore, it is possible to increase net concentration of holes
below the contact, if Vg, are produced at the subsurface of p-type
GaN through the interfacial reactions. When the sample is annealed
at 600°C, Ga atoms outdiffused to the metal layer. In the XRD
results, the values of Ady; are changed nearly twice that of Zidyy, at
each temperature. Magnitude of Ad;; of Au in the Ni/Au coniact on
p-type GaN increases with annealing temperature, but no change of
Ad of Ni was observed until the onset of Ni nitride formation. This
suggests that the peak shift is due to the dissolution of Ga atoms in
the solid solution as well as the formation of Au-Ni solid solution.

Comparing contact resistivities in Table I with interfacia! reac-

-tions in Fig. 5, the decrease in contact resistivity at 600°C for the

Ni/Au contact is closely related to the dissolution of Ga in Au-Ni
solid solution, as displayed in Fig. 7b. The outdiffused Ga atoms lead
to the generation of Vg, at the subsurface of p-type GaN below the
contact. Thus, electron compensating holes in p-type GaN are cap-
tured by Vg,, leading to an increase in the net concentration of holes
below the contact. Consequently, the depletion layer width below the
contact and the effective Schottky barrier height for the transport of
holes are simultaneously decreased, resulting in the reduction of
contact resistivity. When the annealing temperature increases 0
800°C, nickel nitride was found.

Conclusions
The contact resistivity of Ni/Au contacts on p-type Gal de-

“creased from 1.4 X 1072 to 6.1 X 10~% O cm? after annealing at

600°C, but increased to 4.0 X 1072 ) cm? at 800°C. The redustion
of contact resistivity at 600°C resulted from the formation of Au-Ni
solid solution dissolving Ga atoms. .

At 600°C, Au atoms diffused into the GaN substrate through
grain boundaries and reacted with Ni ones in the grain boundaries of
Ni, producing an Au-Ni solid solution. This results in the evoiution
of the microstructure with the island shape of Ni surrounded by the

Au-Ni solid solution. At this stage, Ga atoms outdiffused from the

GaN and dissolved into the Au-Ni solid solution because of the larg®

solubility of Ga atoms in Au, leading to the generation. of Vg, below
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the contact. Thus, the net concentration of holes below the contact
. ipcreased, resulting in the reduction of contact resistivity.

At 800°C, the Au layer completely reacted with the Ni layer,
eading to the formation of the Au-Ni solid solution over the metal
ayer. The free N atoms reacted with Ni, leading to the formation of
ubic NigN in the vicinity of the metal/GaN interface. Consequent-
y, V- acting as donors in GaN, lead to the increase of contact resis-
vity. Thus, N vacancies, Vy,, acting as donors for electrons, are pro-
uced, resulting in the decredse of net concentration of holes. This
1 causes the increases of the effective Schottky barrier height, leading
| o the increase of contact resistivity.
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