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The microstructure of oxidized Ni/Au films onp-GaN was examined to elucidate the formation of
a low resistance ohmic contact top-GaN with a field-emission gun transmission electron
microscope in conjunction with composition analyses. Thep-GaN/Ni/Au samples were heat treated
at 500 °C in air mainly composed of a mixture of crystalline NiO, Au, and amorphous Ni–Ga–O
phases. Small voids adjacent to thep-GaN film were also observed. The as-deposited Au film
converted into discontinuous islands containing small amounts of Ni that connect withp-GaN. NiO
formed a continuous film at the surface that covers the Au islands and the amorphous Ni–Ga–O
phases. Moreover, NiO partially contactsp-GaN as well as Au islands and the amorphous Ni–Ga–
O phase. The orientation relationship of the crystalline NiO, Au-rich islands, andp-GaN film was
identified as NiO(111)//Au(111̄)//GaN(0002) and NiO@11̄0#//Au@11̄0#//GaN@112̄0#. The
results suggested that Ni atoms diffuse through the Au layer onto the surface and react with oxygen
to form NiO, whereas Au atoms diffuse towards the inside to form a Au–Ni alloy. The
microstructural examination indicated that the crystalline NiO and/or the amorphous Ni–Ga–O
phases may significantly affect the low resistance ohmic contact top-GaN. © 1999 American
Institute of Physics.@S0021-8979~99!05219-6#
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I. INTRODUCTION

The gallium nitride based semiconductor is one of
most promising materials for optoelectronic applicatio
such as light emitting diodes~LEDs! and laser diodes~LDs!
in the blue and ultraviolet ranges. The recent developmen
high quality GaN crystalline film has resulted in rap
progress in the development of high brightness blue LE1

and continuous wave LDs at room temperature.2 However,
such optoelectronic devices need low resistance ohmic
tacts to bothn- and p-type GaN to enhance their perfo
mance. Several approaches for constructing low resista
ohmic contacts ton-type GaN have been studied.3–8 The
most widely used ohmic contacts ton-type GaN are based o
an Al/Ti bilayer.3–6 Related investigations proposed the fo
mation of reaction phases such as Al–Ti intermetallics3,4

TiN,4,5 and AlN ~Refs. 5 and 6! to induce low specific con-
tact resistance ranging between 1026 and 1027 V cm2. In
contrast to the great amount of attention paid ton-type GaN
contact, low resistance ohmic contact top-type GaN has
meet with less success. Specific contact resistance top-GaN
was restricted to 1022– 1023 V cm2. Such a high value is
insufficient for high performance device applications. T

a!Electronic mail: d843532@oz.nthu.edu.tw
3820021-8979/99/86(7)/3826/7/$15.00
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major restrictions in achieving low resistance ohmic conta
to p-type GaN is that the carrier concentration ofp-GaN
cannot be increased to a degenerated level, and a prac
metal with a high work function is not available. The carri
concentration ofp-GaN prepared by epitaxial growth is gen
erally limited to about 1018cm23.9,10 Other methods, e.g.
diffusion11,12 and ion implantion,13–16 were also applied to
increase the carrier concentration. However, no signific
improvement has been achieved. Thus, metallic mater
with a high work function are expected to alleviate the res
tance. Multilayer metallic films with a high work function
such as Ni/Au,17–21 Pt/Au,22 and Pt/Ni/Au,23 are extensively
used as contacts top-type GaN.

Recently Hoet al.21 successfully developed a contact
p-type GaN with a specific contact resistance lower than
31024 V cm2 using an oxidizing Ni~10 nm!/Au ~5 nm!
metallization scheme.21 This value is approximately one t
two orders of magnitude lower than any contact resista
previously reported. They attributed the low resistan
ohmic contact to the formation of NiO. These excellent ele
trical properties promoted this detailed investigation of t
microstructure of as-deposited and oxidized Ni/Au films
p-GaN to analyze the phase evolution of alloys that corre
with low contact resistance top-type GaN. Furthermore, the
6 © 1999 American Institute of Physics
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reaction mechanism and diffusion behavior are also
cussed in this study.

II. EXPERIMENT

Sapphire/undoped GaN~2 mm!/Mg-doped GaN~2 mm!
samples were prepared by metalorganic chemical va
deposition~MOCVD!. Trimethylgallium and ammonia wer
used as the sources of Ga and N, respectively. The sap
substrates were cleaned with organic solvents before
were loaded into the MOCVD system. A low temperatu
GaN nucleation layer was initially grown on the sapph
substrates, and 2mm undoped GaN and 2mm Mg-doped
GaN were subsequently grown at about 1000 °C. Heat tr
ment of the GaN samples in N2 atmosphere at suitable tem
perature was used to activate the Mg atoms to thep-type
dopant. The results of Hall measurement showed that
hole concentration ofp-GaN was 231017cm23. Prior to
metal deposition, the samples were etched with HCI:H2O
51:1 for 1 min to remove native oxide, and then 10 nm
and 5 nm Au were deposited on thep-type GaN as meta
contacts by electron beam evaporation under a base pre
that was lower than 331026 Torr. We then oxidized the
as-deposited Ni/Au sample at 500 °C in air for 10 min
induce interdiffusion of the bi layer metals~Ni and Au! and
reaction with oxygen. Thus a low resistance ohmic contac
p-GaN was obtained.

Microstructural and compositional analyses were p
formed using a JEOL 2010F field emission gun transmiss
electron microscope~FE-TEM! equipped with an Oxford en
ergy dispersive x-ray spectrometer~EDS! and a Gatan image
filter ~GIF!. Elemental mappings and high-resolution ele
tron energy loss spectroscopy~EELS! spectra were both ob
tained by the GIF system. Crystal structure identificati
EDS, and EELS were carried out using a 0.5 nm nanobe
probe. Cross-sectional TEM samples were prepared by
tripod polishing method. Then the TEM samples we
mounted on Cu grids and ion milling followed.

III. RESULTS AND DISCUSSION

The as-deposited Ni and Au films were polycrystalli
with a small grain size of few nanometers, as depicted in F
1. The Ni layer was grown in a column-like structure o
p-GaN with the preferred orientation, Ni~002!//GaN~0002!.

FIG. 1. Typical cross-sectional TEM image of the as-deposi
p-GaN/Ni/Au sample.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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The subsequently deposited Au layer was built epitaxially
the Ni layer, and had an ambiguous interface. No interla
between Ni andp-GaN was observed. This finding indicate
that the sample precleaning and subsequent depos
caused no contamination or reaction between the interfac
Ni and p-GaN; this is different from the results reported b
Bermudezet al.,24 who observed reaction even near roo
temperature. However, in current–voltage measurement,
as-deposited sample showed a rectifying characteris21

Heat treatment of the as-deposited samples in N2 or in form-
ing gas did not change the rectifying characteristic.

After an oxidizing treatment at 500 °C in air, the bilay
metals reacted with oxygen and were transformed into a n
microstructure that makes the contact ohmic with low int
face resistance.21 Figure 2~a! displays a typical microstruc
ture of the oxidized sample in cross-sectional view. Discr
crystalline islands with darker contrast were observed;
amorphous phase and voids existed among the crysta
grains. A nonuniform crystalline thin film with an uneve
surface covered these features. High-resolution TEM
EDS analyses were performed to examine in detail the c
position and microstructure of these phases. These result
shown in Figs. 2~b!, 3, and 4. Figure 2~b! is a magnified
micrograph of the typical oxidized sample. The EDS spec
and the diffraction patterns, depicted in Figs. 3 and 4, resp
tively, correspond to the points marked ‘‘a,’’ ‘‘b,’’ and ‘‘c’’
in Fig. 2~b!. Both the EDS spectra and the diffraction pa
terns were obtained using a 0.5 nm electron probe. Fig
3~a! presents the EDS spectrum from point ‘‘a’’ of the di
continuous island of Fig. 2~b!; this spectrum indicates tha
the island primarily consists of Au, with a small amount

FIG. 2. TEM micographs ofp-GaN/Ni/Au samples after an oxidizing treat
ment at 500 °C for 10 min in air.~a! Low magnification image and~b!
high-resolution image.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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Ni. Figure 4~a! shows the diffraction pattern from the sam
point that is consistent with the Au structure. The resu
identify the discrete islands as Au-rich grains. Converse
the crystalline film above the Au islands was mainly co
posed of Ni and O, as illustrated by the EDS spectrum in F
3~b!, which was obtained from point ‘‘b’’ in Fig. 2~b!. This
film was further confirmed as being a face-centered-cu
NiO phase by a nanobeam diffraction pattern depicted in F
4~b!. Some inclined twins were observed in the crystalli
NiO film, as indicated by an arrow in Fig. 2~b!. These de-

FIG. 3. EDS spectra obtained from points~a! ‘‘a,’’ ~b! ‘‘b,’’ and ~c! ‘‘c’’ of
Fig. 2~b!, respectively.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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fects are commonly seen in the face-centered-cubic struc
The EDS analysis, illustrated in Fig. 3~c! from point ‘‘c’’ of
Fig. 2~b!, displays the amorphous regions consisting o
relatively larger amount of Ga as well as Ni and O. The ED
semiquantification analysis indicated that the Ga:Ni atom
ratio is about 2:1. The orientation relationships amo

FIG. 4. Nanobeam diffraction patterns obtained from points~a! ‘‘a’’ and ~b!
‘‘b’’ of Fig. 2 ~b!, and from~c! thep-GaN film, respectively. The diffraction
patterns identify the phases as~a! Au, ~b! NiO with a face-centered-cubic
structure in the@110# zone axis, and~c! GaN with a close-packed-hexagona
structure in the@1120# zone axis.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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FIG. 5. Electron energy filtering mapping of the ox
dized Ni/Au film. ~a! Zero loss image with a 50 eV slit
width, ~b! Ni mapping,~c! O mapping,~d! Ga mapping,
and ~e! N mapping.
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the NiO film, the Au islands, and thep-GaN are deter-
mined from the nanobeam diffraction patterns illustra
in Fig. 4. These orientation relationships are giv
as NiO(111)iAu(111̄)iGaNi(0002) and NiO@11̄0#i

Au@11̄0#iGaN@112̄0#.
The preceding results give the following implication

During annealing at 500 °C in air, interdiffusion of Ni an
Au atoms occurred. It is conceivable that grain boundarie25

of the as-deposited Au film may serve as quick diffusi
channels for outdiffusion of Ni atoms to the surface at t
temperature. The driving force for the Ni atoms diffusing o
through the Au layer results from the stronger affinity of
to O than that of Au to O. During the outdiffusion of N
atoms to the surface, interdiffusion between Ni and Au
oms at the interface also occurred, and this could lead to
formation of the Ni–Au alloy. According to the Ni–Au
phase diagram,26 the equilibrium concentration of the Au–N
alloy at 500 °C is 5% Ni–Au or 93% Ni–Au as a result
the miscibility gap. The EDS quantification indicates that t
concentration of Ni in Au-rich islands is much less than 5
or even that there was no Ni detected in the Au islands. T
suggests that the Ni in the Ni–Au alloy is steadily consum
as a consequence of the oxidation of Ni at the surfa
Thereby, little Ni is left in the Au-rich islands and the NiO
film is constructed on the top of the Au-rich islands.

After oxidation, the Au-rich islands were sandwiched
the NiO and GaN, which results in forming two new inte
faces of Au/NiO and GaN/Au. The equilibrium contact ang
between the Au islands with GaN was about 120°–140°
to the balance of surface energy among the GaN, and NiO
the amorphous Ni–Ga–O phase. The average thicknes
Au-rich islands also changed to approximately 10 nm, tha
to double the as-deposited thickness. Thereby, the s
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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FIG. 6. Electron energy loss spectra of crystalline NiO and the amorph
Ni–Ga–O phase.~a! OxygenK edge and~b! Ni L edge.
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FIG. 7. Schematic illustration of the reaction mech
nism and diffusion behavior during the oxidation o
p-GaN/Ni/Au. ~a! Early stage of oxidation reaction,~b!
pronounced interdiffusion and crystalline NiO grow u
to separate the Au–Ni alloy into discrete islands,~c!
Au-rich islands building epitaxially onp-GaN and
three possible reactions producing Ni–Ga–O phas
and ~d! oxidized contact scheme with optimum phas
distribution.
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voids observed in Fig. 2~b! may have appeared as a cons
quence of conserving the constant volume of Au. The form
tion of voids reduced the contact area top-GaN after oxida-
tion, which could degrade the contact performance.

The energy filtering mapping images, depicted in Fig.
provided an overall picture of the compositional distributi
of the oxidation process. Figures 5~a!–5~e! display the zero
loss image, and the Ni, O, Ga, and N elemental mappin
respectively. The width of the selected energy wind
ranged from 30 to 50 eV according to the energy loss. T
energy window was centered on the energy loss levels
855, 532, 1115, and 400 eV for Ni, O, Ga, and N mappin
respectively. The bright contrast in the Ni and O mappin
was consistent with the EDS analysis~Fig. 3!; this bright
contrast was identified as the crystalline NiO and amorph
regions. On the other hand, Au islands showed darker c
trast in these two mappings. Furthermore, the Ga mapp
displayed a diffusive Ga interface, in contrast to a shar
interface from N mapping. This suggests that GaN disso
ated into Ga and N after the heat treatment. The Ga at
are distributed near the interface, but the N atoms mi
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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diffuse out or join the voids. Because the intensity of the
signal in the amorphous region of the Ga mapping is co
parable to the noise, no useful information could be e
tracted.

More atomic information of crystalline NiO and th
amorphous Ni–Ga–O phase was obtained from EELS
depicted in Fig. 6. The electron core energy loss of the o
genK edge is near 532 eV, and that from the NiL edge is
about 855 eV. Figures 6~a! and 6~b! present the oxygen
K-edge electron energy loss near edge structures~ELNES!
following background subtraction and the NiL-edge
ELNES, respectively. The oxygenK-edge ELNES of crys-
talline NiO is obviously different from that of the amorphou
Ni–Ga–O phase. The initial 5–10 eV from the threshold
the oxygen spectra contains information on the O 2p orbital
hybridizing with the Ni 3d levels.27,28 The first edge of oxy-
gen ELNES of the crystalline NiO, indicated by an arrow
Fig. 6~a!, disappears in the amorphous Ni–Ga–O phase. T
kind of edge is associated with the existence of unoccup
states of mixed O 2p with Ni 3d orbitals. Correspondingly
oscillations of 5 or 10 to about 30 eV from the threshold
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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the ELNES reflect the local atomic environment. The diffe
ence in ELNES between the crystalline NiO film and t
amorphous Ni–Ga–O phase indicates the change in ato
bonding and valence state. EELS quantification analysis
shows that the Ni:O ratio of amorphous Ni–Ga–O region
10% lower than that of the crystalline NiO area. The co
positional distribution might also significantly influence th
electric properties.

Consequently, we believe that, during oxidation, so
Ni atoms initially diffuse into the Au layer, enriching at th
grain boundaries and, then, propagate to the surface to
with oxygen to form NiO. At the same time, the Ni le
behind reacts with GaN to form the Ni–Ga alloy, Ga4Ni3,
and Ga3Ni2.

20,24 When the NiO grows down to contact th
Ni/GaN reaction products, such as the Ni–Ga alloy, Ga4Ni3,
and Ga3Ni2,

20,24 a new oxidation reaction again takes pla
and an amorphous Ni–Ga–O phase forms with the libera
of N2 to air or to the voids. According to the precedin
results, a reaction mechanism is proposed to interpret
oxidation behavior of the Ni/Au contact top-GaN; it is il-
lustrated in Fig. 7. In the preliminary stage of oxidatio
depicted in Fig. 7~a!, Ni atoms start to diffuse out throug
the Au layer, primarily through grain boundaries, to rea
with oxygen and Au atoms that diffuse into the Ni layer
form the Au–Ni alloy. At the same time, the interfacial r
action between GaN and Ni may result in the formation
the Ga–Ni alloy and/or intermetallic compounds such
Ga4Ni3 and Ga3Ni2.

20,24 The progression of the diffusion
depicted in Fig. 7~b!, further promotes the oxidation of N
The crystalline NiO grows up to separate the Au–Ni all
into discrete islands. In the next stage, as illustrated in F
7~c!, the Au-rich islands migrate inside and epitaxially bu
on p-GaN while the NiO also grows down to contact th
GaN or Ni–Ga products. Three possible reactions are at
uted to the production of the amorphous Ni–Ga–O pha
First, the oxidation of GaN may occur when the NiO grow
down to the interface. Second, the NiO may also react w
the Ga–Ni alloy or with intermetallic compounds. Moreove
the oxygen atoms can diffuse through the boundaries
tween the Au-rich island and NiO or the amorphous N
Ga–O phase and react with the Ni–Ga product when
Ni–Ga product is under the Au-rich island. The nitrog
released from the reaction may diffuse out or join the vo
and probably results in the loose structure of the amorph
phases. Ultimately, as demonstrated in Fig. 7~d!, the discon-
tinuous Au-rich islands, amorphous Ni–Ga–O phase,
some voids are sandwiched between crystalline NiO and
p-GaN film.

Although the stoichiometric crystalline NiO is an ins
lator, the NiO is found to be ap-type semiconductor while
increasing Ni31 ions by introducing Ni21 vacancies and/o
interstitial oxygen.29 The low specific contact resistance
the oxidized Ni/Au metallization scheme was attributed
the high conductivity of Au islands and the low contact b
rier of p-NiO to p-GaN.21 However, this investigation dis
covered two products, the amorphous Ni–Ga–O phase
crystalline NiO contactingp-GaN. Whether one, or both, o
these products is responsible for reducing the interface
pedance still remains unclear at this time. Further stud
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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will continue to elucidate this formation of low resistanc
ohmic contact top-GaN.

IV. CONCLUSIONS

Very low specific contact resistance top-type GaN,
lower than 131024 V cm2, was attained by oxidizing
Ni/Au bilayer metallization. The microstructural evolutio
of oxidized Ni ~10 nm!/Au ~5 nm! ohmic contact top-type
GaN was investigated. During oxidation, Ni diffuse
out through the Au layer to react with oxygen and th
form crystalline NiO. Ni was steadily consumed in the ox
dizing reaction. The epitaxial orientation relationsh
of crystalline NiO, the Au-rich island, andp-type GaN were
determined to be NiO(111)iAu(111̄)iGaNi(0002) and
NiO@11̄0#iAu@11̄0#iGaN@112̄0#. Crystalline NiO and the
amorphous Ni–Ga–O phase were also found. EELS anal
demonstrated the different atomic bonding and valence st
between crystalline NiO and the amorphous Ni–Ga
phase. The results suggest that crystalline NiO and/or
amorphous Ni–Ga–O phase may play a significant role
lowering ohmic contact resistance top-type GaN.
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