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A contact has been developed to achieve a low specific contact resistapagpe GaN. The
contact consisted of a bi-layer Ni/Au film deposited pitype GaN followed by heat treatment in

air to transform the metallic Ni into NiO along with an amorphous Ni—-Ga—-0O phase and large Au
grains. A specific contact resistance as low as<4.0 © Q) cn? was obtained at 500 °C. This low
value was obtained by the optimization of Ni/Au film thickness and heat treatment temperatures.
Below about 400 °C, Ni was not completely oxidized. On the other hand, at temperatures higher
than about 600 °C, the specific contact resistance increased because the NiO detaclpeG&Nm

and the amount of amorphous Ni—Ga—0 phase formed was more than that of the sample annealed
at 500 °C. The mechanism of obtaining low-resistance ohmic contacts for the oxidized Ni/Au films
was explained with a model using energy band diagrams of the-AliD/p-GaN structure.

© 1999 American Institute of Physids$S0021-8979)00820-4

I. INTRODUCTION during epitaxial growth, and a practical metal with a higher
. _ work function than that ofp-GaN is not available. Mg is

Group IIl nitride semiconductors have attracted great attypically used as @-type dopant with an activation energy
tention in recent years owing to the successful commercialpf ahout 170 me\A-??which is very low compared to other
ization_Sof light emitting diodes from ultraviolet to visible acceptors. However, this activation energy is still too high,
rangé > and the development of laser diodes with a lifetimejmplying that only about 1% of Mg dopants ionize at room
|0nger than 10 OOOF].MeanWhile, VariOUS kindS Of deViceS temperature When the doped Mg Concentration ?gm,?’.
based on these materials have also been developed, includifganwhile, the formation of Mg—H complexes further re-
ultraviolet photoconductivé’ and ultraviolet photovoltaic guces the carrier concentration. Therefore, the carrier con-
dete_ctor§, heterojunction p_hototran5|st01r%, metal-  centration of thep-GaN layer is limited to a value less than
semiconductor field effect transistdrsheterostructure field mid 10 cm=3.123 Diffusion?*?5 and ion implantioA®2°

. 2 . . "

effect tra3nS|stor§, modulation  doped field effect ere studied to increase the carrier concentration, but did not
transistors;’ and heterojunction bipolar transistdfsLow-  reyeal any significant improvement. Metals with a high work

resistance ohmic contact to GaN is essential to the perfokynction were chosen to obtain low-resistance ohmic con-
mance of these devices. tacts, e.g., AG%3 Ni, 332 pg3 pr303 NjjAu,34-3

Previous studies have demonstrated ohmic contact tByAu343® Cr/au’” Pd/AUST3840 Pd/PYAU Ni/Cr/Au %
n-GaN with specific contact resistance ] as low as Ni/PYAU 142 and PUNI/AU*2*® The semiconductor's sur-
1076_1@8_9 cn? by using TI/AINI/AU™ or TUAIPYAU® 206 condition prior to metal deposition also influenced the
cqntacts with proper su_rface pretreatment of _GaN. Currentlysontact. A very thin layer of native oxide could severely
T/Al based metallization schemes are widely used foryeqrade it. Conversely, the reduction of surface contamina-
n-GaN contacts. The formation of the reaction products sucly,n aiso reduceg, .64 Unfortunately, the lowest reported
as Al-Ti intermetallics,*® TIN'®® and AIN**®was pro- 5e of p. with proper surface pretreatment pfGaN was
posed to exp_lain the mec.hanism of obtaining lpw How- only 4x107* Q) cn?. Since using a metal with a high work
ever, low-resistance ohmic contactgieGaN so far has had - ¢,nction cannot obtain an ohmic contact of the required qual-
litle ~ success with reportedp. values greater than . the concept of solid phase reaction proposed by Sands,
104 Q cn?. The;e hlgher. values are inappropriate for h'ghMarshaII, and Warff was employed. This approach incor-
performance devices having small contact areas. porated p-type dopants into the semiconductor superficial

The difficulties in achieving low-resistance ohmic con- layer to produce a low-resistance contact. Mg and Zn were
tf’iCtS top-GaN are due to the fact that the carrier Concentra'categorized to shallow-type doping elements, hence, these
tion of p-GaN cannot be increased to a degenerate level,nants were added into the contact metal. Although metal-
lization schemes including Au/Mg/AH, Ni/Mg/Ni/Si,*®
3E|ectronic mail: jinkuo@itri.org.tw Ni/Au—2n**" and Cr/Au—zn’*" were investigated, no evi-
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dent progress was made in decreasipgvith p. limited to  doped GaN at about 1000 °C. During GaN growth, trimethyl-
102 Q cn? range. Recently, Suzulét al*® proposed that gallium, ammonia, and bis-cyclopentadienyl magnesium
metals having strong binding energies with hydrogen atomsvere used as Ga, N, and Mg sources, respectively. The car-
can make low-resistance ohmic contactpt@aN because rier gas was Bl The undoped GaN was inheramrtype with
the metals can attract the hydrogen atoms frprsaN at  carrier concentration of % 10" cm™3, and the hole concen-
high temperatures to increase the hole concentration dfation of the Mg dopeg-GaN was 2< 10t cm ™3 after heat
p-GaN. The use of Ta/Ti as the metal contact obtaingd a treating in a nitrogen atmosphere. The average surface
as low as 10 ° Q) cn?. Unfortunately, this contact is un- roughness measured with a stylus surface profilemeter was
stable in air. below 10 nm. The GaN epilayers measured had about 200
Another approach to achieving low-resistance ohmicarcsec of full width at half maximum df002 diffraction in
contact is through semiconductor band gap engineeringhe rocking curve x-ray diffractio@XRD) analysis.
Small band gap semiconductors can promote thermionic The specific contact resistance was characterized by
emission of carriers. Thus thin, heavily doped cap layers oturrent—voltaggll —V) measurements based on the circular
small band gap semiconductors have been applied to variodusansmission line modelCTLM).535* For the CTLM mea-
devices to obtain low contact resistance InN, having a lowesurement, the total resistancB,, between two contacts
band gap than GaN and AIN, should produce a lower contacieparated by a circular gap is given by Eb.
resistance when a layer of InN or InGaN is built on GaN. R R 1 1
Although then-type InGaN/GaN epitaxial structure supports Rt:_ShX — E—— (1)
this notion?® no actual reports op-GaN have yet been car- 2m r RoT
ried out. Another possibility for making low-resistance con-where R, denotes the sheet resistancepsf3aN, R and r
tacts by band gap engineering is to construct a superlatticpresent the radius of the outer and inner circular contact,
structure that combines a top layer with the well material.respectively, and., is the transfer length. The total resis-
Tests with n-GaN using an InN/GaN strained superlatticeance was measured for various spacings and plotted as func-
and an InN cap layer have verified that this approachion of In(Rir). The least squares curve fitting method was
works>® However, its effectiveness givep-GaN has not used to obtain a straight line plot &, vs In(R/r) data. The
been tested. slope leads taRg,, and the intercept at IR(r)=0 is Rq,

Recently, Hoet al® reported a method to obtain an .L/r, givingL,. Thus, the specific contact resistangeg,
ohmic contact to p-GaN with p. lower than 1.0 can be obtained by Eq2)

X 10" 4 Q cn?. Ni/Au metal films were deposited qnGaN

In +L

and then heat treated in an oxidizing ambient at temperatures L= [ Pc ©)
between 400 and 500 °C. Ni transformed to NiO, while Au ! Reh

remained in the metallic state. That investigation conjectureq-he CTLM pattern was designed with a constant inner radius
that the creation of low-resistance ohmic contact is attributeq _ 150.m and spacings of 14, 17, 20, 26, 32, 40, 50, and 70

to the formgtion op-type NiQ. Cross-sectional transmissior) pum. The CTLM pattern was transferred to metal films by the
electron microscope analysis revealed that the as-depositedd\ entional thin film deposition and photolithographic lift-

Au film 5czonve_rted into dlspontlnuous islands Conne(_:ted Wlthoff processes. Prior to metal deposition the samples were
p-GaN.>“ Besides crystalline NiO, an amorphous Ni-Ga—-0O

X etched with HCI:HO=1:1 for 1 min to remove native 0x-
phase was also present at the interface between the contaghs The Nj and Au films were deposited consecutively us-

and p-GaN. These results suggest that the crystalline NiQn, 41 electron beam evaporation system with a base pres-
and/or amorphous Ni-Ga-O phase may play a significan{re |o\er than % 10~ Torr. The metallized samples were
rolg |n_Iower|ng ohm|q contact resistance peGaN. N'O’. heat treated in a hot wall furnace with a flow of air or oxygen
which is ap-type semlcon_ductor,. may serve as a med"fmfor 10 min. The phase formation during heat treatment was
betweerp-GaN and metal in forming ochmic contacts. In this analyzed by conducting XRD. Microstructure and crystal

mves_tégatlonr:z, we achieve with a value as low as 4 g crre were analyzed in detail with a high resolution field
<1077 ) e by adjusting the Ni/Au thickness. In order 10 gmission gun transmission electron microsc6pEM). The
understand the mechanism for obtaining low contact reSiStrinod polishing method was used to prepare cross-sectional

tance top-GaN, a model based on energy band diagram isren samples. Finally, the TEM samples were mounted on
also proposed to explain the results which will be d|scusseq3u grids and then ion milled.

below.

Ill. RESULTS

Il. EXPERIMENTAL PROCEDURES
|-V measurements on CTLM patterned samples re-

The GaN samples used in this study were grown by avealed that all thd =V curves of as-deposited Ni/Au con-
low pressure metalorganic chemical vapor depositiortacts top-GaN exhibited nonlinear characteristics, indicating
method on(0001) sapphire substrates. The substrates werea Schottky-type barrier between contact gndsaN. The
cleaned with organic solvents before loading into the chemirectified behavior did not change by using postdeposition
cal vapor deposition system. A thin GaN nucleation layerheat treatment in nitrogen or forming gas. However,|th¥
was initially grown on sapphire at low temperatures, fol-curves became linear indicating the formation of an ohmic
lowed by a 2um-thick undoped GaN and Zm-thick Mg  interface after heat treating in air or pure oxygen ambient in
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FIG. 1. CTLM |-V measurement of N{(5 nm/Au (5 nm) contacts to
p-GaN heat treated at 500 °C for 10 min in air. The spacing igui¥ The
inset at lower right indicates the pattern of CTLM measurement.
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from Hall measurements was less than 8.7%. Hence, we be-
lieve thatp. obtained from our CTLM analysis appears to be
reliable.

The 1-V curves of the samples heat treated in air at
temperatures below approximately 350 °C showed a nonlin-
ear behavior which was similar to those heat treated in nitro-
gen. In addition, the. of many samples could not be ob-
tained becausdR; did not exhibit a linear function with
respect to INR/r). This phenomenon could result from in-
complete and/or inhomogeneous oxidation of Ni. Certainly,
XRD analysis indicated that large amounts of Ni still existed
in the contact layers. Under such conditign, was deter-
mined to be in the range of I6—10 2 Q cn? whenR, was
defined at 0.5 V forward bias that current flows into the
center circular contacts.

Figure 3 displays the variation of as a function of heat
treatment temperature in air for Ni/Au contacts with various
combinations of Ni/Au thickness. This figure does not con-
tain those contacts with asymmettieV curves. The slopes
of the curves reveal thai; heavily depended on both heat
treatment temperature and Ni/Au film thickness. In general,
pc initially decreased with increasing heat treatment tem-
perature, and subsequently increased. A minimoys 4
%108 Q cm? was obtained for the N{5 nm)/Au (5 nm)
contact heat treated at 500°C. Another contact (RO

the temperature range of about 300-600°C. Figure 1 disyy/au (20 nm, also heat treated at 500 °C, also exhibited
plays the results of—V measurement for the samples with |5, p.=8X10"50Q cr?, as shown in Fig. ®). Apparently,

Ni (5 nm)/Au (5 nm) contacts heat treated in air. There were o,y resistance ohmic contact could be achieved when the Ni
no obvious differences iR, for the samples heat treated at 5nq Ay layers were of equal thickness and heat treated at
the same temperatures in either an air or oxygen atmospherggg °c. XRD analysis on these two samples indicated that

To determinep,., data onR; obtained from Fig. 1 were plot-
ted as a linear function of IR(r) in Fig. 2. The slopes pro-

the Ni constituent of the Ni/Au films transformed completely
into NiO after the heat treatment, while the Au remained in

duced closely resembled each other. The difference in thge metallic phase. Our recent cross-sectional TEM observa-
Rn values obtained from CTLM measurements and thosgion found that the as-deposited metallic Ni/Au films were

FIG. 2. The dependence &; on In(R/r) for the oxidized Ni(5 nm)/Au (5
nm) contacts top-GaN.
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reconstructed as a film comprising of a mixture of crystalline
NiO, Au, and amorphous Ni—Ga—-0O phases after being heat
treated at 500 °C? A few small voids adjacent to GaN were
also found. The as-deposited Au film became discontinuous
islands on the top op-GaN. The NiO formed a continuous
film in the outer region which covered the Au islands and
amorphous Ni—Ga—O phase. Observation revealed a large
percentage of GaN surface area was still in direct contact
with NiO. The transformation brought about a specific
relationship of crystal orientation between the crystalline
NiO, Au islands, and p-GaN. This relationship is
NiO(11D//Au(111)//GaN0002 and Ni(dJ110]//Au[110]
//GaN 11207,% as shown in Fig. 4. The NiO and Au were
epitaxially formed orp-GaN with sharp interfaces. This pro-
cess formed g-p isotype heterojunction of GaN and NiO.
The reduction of specific contact resistance could be related
to the formation of NiO because Au alone could not form
low-resistance ohmic contact o GaN %! and the amor-
phous Ga—Ni—O phase was considered to be insulating cur-
rently. Therefore, the minimum value pf at 500 °C shown

in Figs. 3a) and 3b) could be due to the optimal phase
distribution among NiO and Au. For temperatures below
400 °C, the TEM observation showed the percentage of NiO
was not optimized. On the other hand, there was an increase
of p. when the temperature was higher than about 600 °C,
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Temperature ("C) Ni contacts displayed ohmic characteristics, revealed in the
0 | -V measurements, although the valuggfvas high(about
107 (b) 10 1 Q cn?). The resistivity of oxidized Ni films was too
— F high to be measured by the conventional four-pointprobe
£ 107k analysis. Once an Au layer was added to the as-deposited Ni
é 3 films, the oxidized Ni/Au films became conductive. We be-
<, lieve that the Au layer forms islands which disperse in the
3 107F NiO matrix to enhance the conductivity of oxidized
§ films 5152 The presence of Au itself does not necessarily con-
7 10_3:_ tribute to the reduction op. for the oxidized Ni/Au ohmic
= contact®®3! Thus the lowering of interface resistance be-
8 tween the oxidized Ni/Au contact armtGaN can be attrib-
§ 10%F uted to the formation of NiO. The highy, for the oxidized Ni
Q E A Ni(201m) contact, compared to those with Au, are due to the high
5‘5 S Ni(20 nm)/Au(5 nm) resistivity of the NiO which prevents the current from
2 10”F e Ni(20 nmy/Au(10 nm) spreading uniformly over the CTLM contact. The actual con-
) E v Ni(20 nm)/Au(20 nm) - )
F tact area for current flow across the interface is much smaller
10 1 I ! L 1 1 than the nominal circular contact area. Therefore, the real

300 350 400 450 500 550 600 650 interface impedance could be much lower than the measured
Temperature ( °C) value.
The above discussion indicates that the effective con-
FIG. 3. The effect of heat treatment temperature as well as Ni/Au fiImfiguration of oxidized Ni contact tp-GaN may be regarded
thickness on specifi i i - ; ; ; ; i
e o e e s et o S0l @ @ Aup-NIO/p-GaN junction sice the probes used in
thickness of Ni layer is kept at 20 nm. I -V measurement are gold plated tungsten needles. Figure 5
displays the equilibrium energy band diagram of the
Au/p-NiO/p-GaN junction based on the electron affinity
due to the fact that oxidized Ni/Au film contained many rule® The parameters adopted to construct this energy band
larger voids and much more amorphous Ni-Ga—O phasdliagram, such as energy band g&p) electron affinity(y),
The voids between NiO ang-GaN grew with increasing and dielectric constarit), etc. are listed in Table | which is
temperature, separating NiO fromGaN. This leaves al- explained below. The carrier concentration mfGaN was
most only the Au islands in contact wir GaN. These re- Mmeasured as2 10" cn?® by Hall effect measurement. Based
sults hint that the formation of NiO is the reason for obtain-0n the results of Nakayamet al,*® the Fermi level is thus
ing low p. to p-GaN and the amorphous Ni—-Ga—O phaselocated at 0.13 eV above the top of the valence band at 300
may have a detrimental effect. K. For NiO, the carrier concentration at 500 °C is estimated
to be 1x10'°cm™3, a figure extrapolated from the high tem-
perature data measured by Peterson and Wil&he tem-
perature of 500°C was chosen for the calculation of hole
To understand the mechanism for forming low- concentration of NiO because the minimmis obtained by
resistance ohmic contacts, a single Ni film with a thicknessheat treating at this temperature and then rapidly quenching
of 20 nm was deposited and heat treated in air. The results afown to room temperature. Also, the diffusion is negligible
pc Versus temperature are shown in Figh)3 The oxidized  at such a temperaturéThe Fermi level is assessed as about

IV. DISCUSSION
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TABLE II. Properties of thegp-GaN/p-NiO isotype heterojunction based on
the electron affinity rule.

AEC AEv Vbi Vll;liio VgiaN AXNiO AxGaN
(eV) (eV) V) V) V) (nm) (nm)
2.7 2.1 2.47 2.415 0.055 571 38

5(a) displays thatvy;=2.47V which is equal to the sum of
the partial built-in potentials ip-GaN andp-NiO, respec-
tively, as indicated in Eq(3)

V=V VR,

()
GaN

whereVE™ and VY'© are the potentials induced at equilib-
rium in p-GaN andp-NiO, respectively. Following Cser-
veny's concept? the relationship betweeig®N and Vi© is
derived as

o ZVBT) L AVB°
kT kT . [p]GaN. 8GaN (4)
quaN j quaN [p]Nlo' 8N|O ’
P kT kT

where[p] is the hole concentratiork the Boltzmann con-
stant, g the electronic charge, antl absolute temperature.
Here, the hole concentration is used to replace the dopant
concentrationV SN and V© can be obtained by combining
Egs. (3) and (4) and applying the data shown in Table I.
Calculation shows them to be equal to 0.055 and 2.415 V,
respectively. Besides, the transition widthX) in p-NiO

andp-GaN is derived as E(q5)
a-[p]

The above results of-GaN/p-NiO isotype heterojunction

are summarized in Table Il. For the interface between Au

and p-NiO, an ideal ohmic contact is formed because the
work function of Au@*“=5.10e\} is larger than that of

AX

©)

cb—NiO (4.9 eV), as shown in Fig. ®. For a thickp-NiO

i 58,59 i . h .
NiO.”** From these parameters, the conduction band anflonnected top-GaN, the situation resembles that of Fig.

valence band offsetd E;. andAE,,, can be determined to be
2.7 and 2.1 eV, respectively. The total built-in potenthd);f
across the-NiO/p-GaN isotype heterojunction is assumed

5(b). The p-NiO and p-GaN surface bands bend upwards
and downwards, respectively, at theGaN/p-NiO interface.
A deep notch for holes ip-NiO exists close top-GaN

to be equal to the work function difference between theyhere great amounts of holes are trapped because the top of

p-GaN andp-NiO before any junction is formed. Figure

TABLE |. Properties ofp-GaN andp-NiO at room temperature.

Semi- Eq X E—E, (p] €
conductor (eV) (eV) (eV) (cm™3)

p-GaN 3.4 4.1° 0.13 2x 10Y 10.4

p-NiO 4.0 1.4 0.5 1x 10 11.9

2Reference 61.
bReferences 62 and 63.
‘Reference 64.
YReference 58.
*References 65 and 66.
References 58 and 59.
%Reference 67.

the valence band is positioned above the Fermi level. Under
forward bias condition, with a current injection ine GaN

from Au as defined herein, holes flowing frggaNiO toward
p-GaN encounter a barrier gt GaN surface resulting from
the built-in potential inp-GaN. The barrier height is equal to
(EFAN—ESM) + qVEaN=0.185 eV. The impedance at this in-
terface could be very small because the barrier height is rela-
tively low. The p-NiO/p-GaN interface impedance will
abruptly decrease when the applied forward voltage reaches
a level where the valence band bottom is higher than the
Fermi level ofp-NiO at the interface. By further increasing
the bias, holes can inject intp-GaN from the notch in
p-NiO freely. Meanwhile, a large portion of applied voltage

is also consumed in the-NiO to develop an electrical field
there because of its high resistivity. The impedance increases
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