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The microstructure of oxidized Ni/Au films go- GaN was examined to elucidate the formation of

a low resistance ohmic contact fp-GaN with a field-emission gun transmission electron
microscope in conjunction with composition analyses. ph@aN/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 theGaN film were also observed. The as-deposited Au film
converted into discontinuous islands containing small amounts of Ni that conneqi+@#dN. NiO

formed a continuous film at the surface that covers the Au islands and the amorphous Ni-Ga—-0O
phases. Moreover, NiO partially contagtsGaN as well as Au islands and the amorphous Ni—-Ga—

O phase. The orientation relationship of the crystalline NiO, Au-rich islandspa@aN film was
identified as NiO(11)//Au(111)//GaN(0002) and NiQL10]//Au[110]//GaN 1120]. 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-0O
phases may significantly affect the low resistance ohmic contapt@aN. © 1999 American
Institute of Physicg.S0021-89709)05219-9

I. INTRODUCTION major restrictions in achieving low resistance ohmic contacts

. _ . . to p-type GaN is that the carrier concentration pfGaN
The gallium nitride based semiconductor is one of the piype & i .

- . . .~ .. “cannot be increased to a degenerated level, and a practical
most promising materials for optoelectronic applications

such as light emitting diode& EDs) and laser diodeé Ds) metal with a high work function is not available. The carrier
in the blue and ultraviolet ranges. The recent development O(fonl<|:er|1_tra}tlodn op—%aN prgapar?(a:i gt?/oeplaamal grﬁvv;h 'S gen-
high quality GaN crystalline film has resulted in rapid erally 'Tl'tfz to a ou_t 1 cm nl.3‘16 Other metho S, €9,
progress in the development of high brightness blue 'EDs and ion implantion,”* were also applied to

diffusion
and continuous wave LDs at room temperafutgowever increase the carrier concentration. However, no significant

such optoelectronic devices need low resistance ohmic cofMProvement has been achieved. Thus, metallic materials
tacts to bothn- and p-type GaN to enhance their perfor- With a high work function are expected to alleviate the resis-
mance. Several approaches for constructing low resistand@nce. Multilayer metallic films with a high work function,
ohmic contacts tar-type GaN have been studiddf The  such as Ni/AU~* Pt/Au? and PUNi/Au?® are extensively
most widely used ohmic contactstetype GaN are based on used as contacts {ptype GaN.

an Al/Ti bilayer3~® Related investigations proposed the for- Recently Hoet al?* successfully developed a contact to
mation of reaction phases such as Al-Ti intermetaflits, p-type GaN with a specific contact resistance lower than 1
TiN,*® and AIN (Refs. 5 and Bto induce low specific con- x 10 *Q cn? using an oxidizing Ni(10 nm/Au (5 nm)

tact resistance ranging between £0and 107Qcn?. In  metallization schem&: This value is approximately one to
contrast to the great amount of attention paichitype GaN  two orders of magnitude lower than any contact resistance
contact, low resistance ohmic contact petype GaN has previously reported. They attributed the low resistance
meet with less success. Specific contact resistanpe®aN  ohmic contact to the formation of NiO. These excellent elec-
was restricted to 10°F—10"°Q cn?. Such a high value is rical properties promoted this detailed investigation of the
insufficient for high performance device applications. Themicrostructure of as-deposited and oxidized Ni/Au films on
p-GaN to analyze the phase evolution of alloys that correlate
dElectronic mail: d843532@oz.nthu.edu.tw with low contact resistance fotype GaN. Furthermore, the

0021-8979/99/86(7)/3826/7/$15.00 3826 © 1999 American Institute of Physics
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FIG. 1. Typical cross-sectional TEM image of the as-deposited
p-GaN/Ni/Au sample.

reaction mechanism and diffusion behavior are also dis-
cussed in this study.

Il. EXPERIMENT

Sapphire/undoped Gal® um)/Mg-doped GaN2 wm)
samples were prepared by metalorganic chemical vapor
deposition(MOCVD). Trimethylgallium and ammonia were
used as the sources of Ga and N, respectively. The sapphire
substrates were cleaned with organic solvents before theﬁ"IG. 2. TEM micographs op-GaN/Ni/Au samples after an oxidizing treat-
were loaded into the MOCVD system. A low temperatureément at 500 °C for 10 min in air(@ Low magnification image andb)
GaN nucleation layer was initially grown on the sapphirehigh-resolution image.
substrates, and 2zm undoped GaN and 2m Mg-doped

GaN were subsequently grown at about 1000 °C. Heat treat- ) ) o
ment of the GaN samples in,Nitmosphere at suitable tem- The subsequently deposited Au layer was built epitaxially on

perature was used to activate the Mg atoms to fifigpe the Ni Iaye_r, and had an ambiguous inte_rfa_ce._ No_ int_erlayer
dopant. The results of Hall measurement showed that thB€tween Ni ang-GaN was observed. This finding indicates

hole concentration op-GaN was 2<10“7cm 3. Prior to that the sample precleaning and subsequent deposition
metal deposition, the samples were etched with HEDH caused no contamination or reaction between the interface of

—1:1 for 1 min to remove native oxide. and then 10 nm NiNi @nd p-GaN; this is different from the results reported by

24 ;
and 5 nm Au were deposited on tipetype GaN as metal Bermudezet al,“” who observed reaction even near room

contacts by electron beam evaporation under a base pressifEnperature. However, in current-voltage measurement, the
that was lower than €10 Torr. We then oxidized the as-deposited sample showed a rectifying charactétisic.

as-deposited Ni/Au sample at 500°C in air for 10 min to Heat treatment of the as-deposited samples joiNn form-

induce interdiffusion of the bi layer meta(sli and Au) and i

ing gas did not change the rectifying characteristic.
reaction with oxygen. Thus a low resistance ohmic contact to  After an oxidizing treatment at 500 °C in air, the bilayer
p-GaN was obtained.

metals reacted with oxygen and were transformed into a new
Microstructural and compositional analyses were per-

microstructure that makes the contact ohmic with low inter-
formed using a JEOL 2010F field emission gun transmissionce feS'Sta”PQ- Figure 2a) displays a typical microstruc-
electron microscopéFE-TEM) equipped with an Oxford en- ture of the oxidized sample in cross-sectional view. Discrete
ergy dispersive x-ray spectromet&DS) and a Gatan image crystalline islands with darker contrast were observed; the
filter (GIF). Elemental mappings and high-resolution elec-a@morphous phase and voids existed among the crystalline

tron energy loss spectroscoffELS) spectra were both ob- grains. A nonuniform crystalline thip film With. an uneven
tained by the GIF system. Crystal structure identification SUrface covered these features. High-resolution TEM and
EDS, and EELS were carried out using a 0.5 nm nanobeariDS analyses were performed to examine in detail the com-
probe. Cross-sectional TEM samples were prepared by tHRosition and microstructure of these phases. These results are

tripod polishing method. Then the TEM samples wereShOWn in Figs. &), 3, and 4. Figure @) is a magnified
mounted on Cu grids and ion milling followed. micrograph of the typical oxidized sample. The EDS spectra
and the diffraction patterns, depicted in Figs. 3 and 4, respec-

tively, correspond to the points marked “a,” “b,” and “c”

in Fig. 2(b). Both the EDS spectra and the diffraction pat-
The as-deposited Ni and Au films were polycrystallineterns were obtained using a 0.5 nm electron probe. Figure

with a small grain size of few nanometers, as depicted in Fig3(a) presents the EDS spectrum from point “a” of the dis-

1. The Ni layer was grown in a column-like structure on continuous island of Fig. (®); this spectrum indicates that

p-GaN with the preferred orientation, (002//GaN(0002. the island primarily consists of Au, with a small amount of

Ill. RESULTS AND DISCUSSION
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FIG. 3. EDS spectra obtained from poiri& “a,” (b) “b,” and (c) “c” of
Fig. 2(b), respectively.

FIG. 4. Nanobeam diffraction patterns obtained from pofats'a” and (b)
“b” of Fig. 2 (b), and from(c) the p-GaN film, respectively. The diffraction
Ni. Figure 4) shows the diffraction pattern from the same SCUete BT 00 IOSie  os) 0 0 e oo packed: hexagonal
point that is consistent with the Au structure. The resultSsyycture in thd1120] zone axis.
identify the discrete islands as Au-rich grains. Conversely,
the crystalline film above the Au islands was mainly com-

posed of Ni and O, as illustrated by the EDS spectrum in Figfects are commonly seen in the face-centered-cubic structure.
3(b), which was obtained from point “b” in Fig. @). This  The EDS analysis, illustrated in Fig(c3 from point “c” of

film was further confirmed as being a face-centered-cubidig. 2(b), displays the amorphous regions consisting of a
NiO phase by a nanobeam diffraction pattern depicted in Figrelatively larger amount of Ga as well as Ni and O. The EDS
4(b). Some inclined twins were observed in the crystallinesemiquantification analysis indicated that the Ga:Ni atomic
NiO film, as indicated by an arrow in Fig(l®. These de- ratio is about 2:1. The orientation relationships among
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FIG. 5. Electron energy filtering mapping of the oxi-
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.

the NiO film, the Au islands, and thp-GaN are deter-
mined from the nanobeam diffraction patterns illustrated ()  Oxygen K-edge
in Fig. 4. These orientation relationships are given

as NiO(111)Au(111)I1GaNI(0002) and NiQ110]I — Crystalline NiQ area
— — —— Amorphous Ni-Ga-O arca

Au[110]IIGaN 1120].

The preceding results give the following implications.
During annealing at 500 °C in air, interdiffusion of Ni and
Au atoms occurred. It is conceivable that grain boundéties
of the as-deposited Au film may serve as quick diffusion
channels for outdiffusion of Ni atoms to the surface at this
temperature. The driving force for the Ni atoms diffusing out
through the Au layer results from the stronger affinity of Ni
to O than that of Au to O. During the outdiffusion of Ni
atoms to the surface, interdiffusion between Ni and Au at-
oms at the interface also occurred, and this could lead to the
formation of the Ni—Au alloy. According to the Ni—Au
phase diagrarff the equilibrium concentration of the Au—Ni
alloy at 500 °C is 5% Ni—Au or 93% Ni—Au as a result of
the miscibility gap. The EDS quantification indicates that the — Cirystalline NiO area
concentration of Ni in Au-rich islands is much less than 5% —Amorphous Ni-Ga-0 area
or even that there was no Ni detected in the Au islands. This
suggests that the Ni in the Ni—Au alloy is steadily consumed
as a consequence of the oxidation of Ni at the surface.
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 by
the NiO and GaN, which results in forming two new inter-
faces of Au/NiO and GaN/Au. The equilibrium contact angle
between the Au islands with GaN was about 120°-140° due - - - : . : y
to the balance of surface energy among the GaN, and NiO or ~ 80 80 80 80 80 90 90 940
the amorphous Ni-Ga—O phase. The average thickness o Electron Energy Loss (V)

Au-rich islands also ChanQEd to gpproximately 10 nm, that isgg. 6. Electron energy loss spectra of crystalline NiO and the amorphous
to double the as-deposited thickness. Thereby, the smalli-Ga-0 phase(a) OxygenK edge andb) Ni L edge.
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FIG. 7. Schematic illustration of the reaction mecha-
nism and diffusion behavior during the oxidation of

Lo L
Ni+Ga —Ni-Ga(Ga ;Niy,Ga Ni ) " Ni+Ga —Ni-Ga(Ga Ni,,Ga Ni ) p-GaN/Ni/Au. (a) Early stage of oxidation reactioth)
p-GaN pronounced interdiffusion and crystalline NiO grow up
to separate the Au—Ni alloy into discrete islands),
(C) 0 0, Au-rich islands building epitaxially orp-GaN and
2

Jo—— AY
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voids observed in Fig.(®) may have appeared as a conse-diffuse out or join the voids. Because the intensity of the Ga
guence of conserving the constant volume of Au. The formasignal in the amorphous region of the Ga mapping is com-
tion of voids reduced the contact areaptdGaN after oxida- parable to the noise, no useful information could be ex-
tion, which could degrade the contact performance. tracted.

The energy filtering mapping images, depicted in Fig. 5, More atomic information of crystalline NiO and the
provided an overall picture of the compositional distributionamorphous Ni-Ga—O phase was obtained from EELS, as
of the oxidation process. Figure$ab-5(e) display the zero depicted in Fig. 6. The electron core energy loss of the oxy-
loss image, and the Ni, O, Ga, and N elemental mappingsggenK edge is near 532 eV, and that from the INedge is
respectively. The width of the selected energy windowabout 855 eV. Figures (& and Gb) present the oxygen
ranged from 30 to 50 eV according to the energy loss. Thé&-edge electron energy loss near edge struct(EeNES)
energy window was centered on the energy loss levels dbllowing background subtraction and the Ni-edge
855, 532, 1115, and 400 eV for Ni, O, Ga, and N mappingsELNES, respectively. The oxygeik-edge ELNES of crys-
respectively. The bright contrast in the Ni and O mappinggalline NiO is obviously different from that of the amorphous
was consistent with the EDS analysiBig. 3); this bright Ni—Ga—0O phase. The initial 5—10 eV from the threshold of
contrast was identified as the crystalline NiO and amorphouthe oxygen spectra contains information on the azbital
regions. On the other hand, Au islands showed darker corhybridizing with the Ni 31 levels?’?8 The first edge of oxy-
trast in these two mappings. Furthermore, the Ga mappingen ELNES of the crystalline NiO, indicated by an arrow in
displayed a diffusive Ga interface, in contrast to a sharpeFig. 6(a), disappears in the amorphous Ni—Ga-0O phase. This
interface from N mapping. This suggests that GaN dissocikind of edge is associated with the existence of unoccupied
ated into Ga and N after the heat treatment. The Ga atonstates of mixed O g with Ni 3d orbitals. Correspondingly,
are distributed near the interface, but the N atoms mighoscillations of 5 or 10 to about 30 eV from the threshold of
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the ELNES reflect the local atomic environment. The differ-will continue to elucidate this formation of low resistance

ence in ELNES between the crystalline NiO film and theohmic contact tq-GaN.

amorphous Ni—Ga—0O phase indicates the change in atomic

bonding and valence state. EELS quantification analysis alsg/. CONCLUSIONS

shows that the Ni:O ratio of amorphous Ni—Ga—0 regions is » )

10% lower than that of the crystalline NiO area. The com- ~ Very low spechc contact resistance type GaN,

positional distribution might also significantly influence the l0Wer than 1x10°"Q c_mz, was attained by oxidizing

electric properties. N|/Au_ pnayer.metalhzatlon. The mmrpstructural evolution
Consequently, we believe that, during oxidation, somePf 0xidized Ni(10 nm/Au (5 nm) ohmic contact tp-type

Ni atoms initially diffuse into the Au layer, enriching at the G@N was investigated. During oxidation, Ni diffused

grain boundaries and, then, propagate to the surface to reaft through the Au layer to react with oxygen and thus

with oxygen to form NiO. At the same time, the Ni left form crystalline NiO. Ni was steadily consumed in the oxi-

behind reacts with GaN to form the Ni—Ga alloy, S, dizing re_actiop. The ep_itax_ial orientation relationship
and GaNi,.2%24 When the NiO grows down to contact the of crystalline NiO, the Au-rich |slancLarmHype GaN were
Ni/GaN reaction products, such as the Ni-Ga alloy,\8g  determined to be NiO(111Au(111)IGaNIi(0002) and

and GgNi2,20'24a new oxidation reaction again takes placeNiO[110]IAu[110]IIGaN 1120]. Crystalline NiO and the
and an amorphous Ni-Ga—-0O phase forms with the liberatio@morphous Ni—-Ga-O phase were also found. EELS analysis
of N, to air or to the voids. According to the preceding demonstrated the different atomic bonding and valence states
results, a reaction mechanism is proposed to interpret theetween crystalline NiO and the amorphous Ni-Ga-O
oxidation behavior of the Ni/Au contact fo-GaN; it is il-  phase. The results suggest that crystalline NiO and/or the
lustrated in Fig. 7. In the preliminary stage of oxidation, amorphous Ni-Ga-O phase may play a significant role in
depicted in Fig. 7), Ni atoms start to diffuse out through lowering ohmic contact resistance petype GaN.
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