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Aluminum, magnesium, and gold contacts to contamination free
n -GaN surfaces
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Current–voltage (I –V) characteristics of Al, Mg, and Au Schottky contacts to atomically clean
n-GaN(0001)-131 surfaces prepared in an ultrahigh vacuum were investigated. The Al/n-GaN
contact is rectifying at room temperature and becomes Ohmic after annealing at 500 °C. Coupled
with previous photoemission spectroscopy data, this result demonstrates that the origin of the
Ohmicity is the reaction-induced doping of the interface. For nonannealed interfaces, the Schottky
barrier heights determined fromI –V characteristics are in qualitative agreement with the results
obtained by photoemission spectroscopy. We find that the ideality factor of the barrier is close to
unity for the unreactive interface i.e. Au/GaN, but significantly higher for the reactive interfaces,
i.e., Al/GaN and Mg/GaN. Our experimental results suggest that the reaction-induced defects and
thermionic field emission play an important role in the electrical behavior of these interfaces.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1331653#
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I. INTRODUCTION

III –V nitride semiconductors have been extensively i
vestigated over the past few years in view of their applic
tions in short-wavelength light emitting devices and hig
temperature, high-power electronics.1–3 Metal contacts to
these materials are exceedingly important in nearly all app
cations, and have received a great deal of attention.4–12 Un-
like for other III –V ~e.g. GaAs, InP!or II –VI ~e.g., ZnSe!
compounds, however, comparative studies of injection ch
acteristics and interface electronic and chemical structu
measured, e.g., via photoemission spectroscopy are still r
tively scarce. Nitrides are wide band gap semiconductors t
are supposed to exhibit reduced interface Fermi level pinn
~with respect to lower gapIII –V’s! and large dependence o
Schottky barrier heights on the metal work function. Ye
these issues are still largely undecided. This rather surpris
situation, given the technological importance of the mate
als, is due in most part to the lack of a ‘‘standard’’ startin
nitride surface, which in turn results from the difficulties o
preparing clean, stoichiometric, and ordered surfaces by c
ventional techniques.

An important, and related, issue concerning these ma
rials, as well as most wide band gap semiconductors, is
fabrication of low resistivity stable Ohmic contacts toboth n-
and p-type materials. The problem has been satisfacto
solved forn-GaN, at least from an operative point of view
Resistivities as low as 1028– 1029 V cm2 have been ob-
tained for Ti/Al based contacts annealed onn-type GaN.4 For
p-GaN on the other hand, the lowest resistivities, obtain
with Pd/Au, are typically limited to 1024 V cm2.5 However,
the mechanism~s!leading to Ohmicity, in particular in the
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Al/Ti case, is still being debated. It is still unclear whether
the Ohmic contact with these relatively low work function
metals results from a Schottky-type behavior, or from elec-
tron tunneling through a thin depletion region. The former
argument is based on a Schottky–Mott view of metal–GaN
interfaces according to which the Fermi level is not strongly
pinned by interface states in the semiconductor gap, and the
injection barrier results from a small difference between the
metal work function and the semiconductor electron
affinity.6 The transition between rectifying and Ohmic con-
tacts, which is observed upon annealing the interface to tem-
peratures above 400 °–600 °C, is then explained by the fact
that the metal consumes the residual semiconductor surface
oxide at high temperature, allowing intimate metal–
semiconductor contact.7 The latter argument relies on a more
practical view of metal–semiconductor interfaces according
to which the ‘‘true’’ metal–GaN barrier is large, but the
width of the depletion region in the semiconductor is consid-
erably reduced by reaction-induced doping, and allows elec-
trons to tunnel between the metal and the conduction band.

Initial studies involving in-vacuum preparation of clean
nitride surfaces, controlled deposition of metals and subse-
quent treatment, e.g., annealing, coupled with an analysis of
interface chemistry and electronic structure are bringing an-
swers to these questions,8–10 and are suggesting that the
simple Schottky–Mott picture is incorrect. However,
Schottky barrier heights measured by current–voltage (I –V)
characteristics of Al contacts on chemically prepared GaN
samples11,12 do not agree with those obtained using photo-
emission spectroscopy on samples prepared in an ultrahigh
vacuum~UHV!.10,13 Whether these discrepancies reflect real
differences in barrier heights or additional effects due to in-
jection through a reacted interface~e.g., doped interface!is
unknown. CombinedI –V measurements and photoemission
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spectroscopy experiments on identical UHV-prepare
metal–GaN contacts are needed to answer these questio

In the present study we specifically address this proble
We investigate the Al/n– GaN rectifying and Ohmic contacts
by preparing Al–GaN diodes in UHV to eliminate all factors
associated with residual oxygen or other contaminants. W
also measureI –V characteristics on UHV-prepared Mg/ and
Au/n-GaN Schottky diodes. The results are compared
those obtained from a previous photoemission spectrosco
investigation of interfaces formed under identical condition

II. EXPERIMENT

Si-doped (xxxcm23) n-type,xxxmm thick GaN~0001!
layers were grown by metal organic chemical vapor depos
tion on a sapphire at the Naval Research Laboratory. T
samples were transported in air and loaded at Princeton U
versity in an UHV system~base pressure 7310211Torr!
equipped with an ion sputtering gun, Auger electron spe
troscopy ~AES!, low-energy electron diffraction~LEED!,
and a metal evaporation stage. The samples were cradled
tantalum foils that allowed resistive heating up to 1400 °C
Before metallization, the GaN surface was cleanedin situ by
multiple cycles of nitrogen ion sputtering~0.5 kV! and an-
nealing~900 °C!, following precisely the method used to pre
pare surfaces for photoemission studies of Schottky barr
formation.10 This method, which is described in detai
elsewhere,13 has been shown to produce clean surfaces wi
less than 0.1% of a monolayer of oxygen, as monitored b
AES, and exhibiting a sharp~131! LEED pattern with low
background intensity, indicating good atomic order.

Following the surface cleaning, an Ohmic contact wa
formed on each sample by depositing in an UHV a large A
pad covering about one-third of the surface~the shaded area
in Fig. 1! and annealing the sample at 500 °C. The diode
were then formed by depositing the metalin situ ~without
exposing the surface to ambient!through a 1 and 0.1 mm
circular opening in a mask positioned very close to the su
face. The deposition was done by thermal evaporation fro
Al2O3 crucibles~Mg! or tungsten filaments~Al and Au! at
rates of about 0.1 nm per second. The diode thickness w
100 nm and the diode area was verified with an optical m
croscope. The Al diodes were subjected to thermal treatme
either in UHV or in forming gas. The current–voltage (I –V)

FIG. 1. The schematic diagram of the Schottky diodes used in this stud
Only those circular metal contacts near by the Al pad~the first column!were
tested.
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haracteristic curves were recorded outside the UHV system
t room temperature with an HP4155A semiconductor pa-
ameter analyzer.

II. RESULTS AND DISCUSSION

. Al Ohmic contact on n -GaN

The Al/n-GaN barrier was investigated first. Figure 1
hows the schematic diagram of the array of diodes. Because
f the large series resistance between the Ohmic contact pad
nd the diodes, only the dots closest to the pad were inves-

igated. Following the deposition of the Al diodes, the
ample was annealed in UHV or taken out for rapid thermal
nnealing~RTA! in forming gas. Figure 2 shows theI –V
haracteristics of the Al/n-GaN Schottky diodes~1 mm
iam! after a 1 min RTA in forming gas at increasingly
igher temperatures. TheI –V characteristics show a rectify-

ng behavior for the as-deposited diodes and for annealing
emperatures up to 400 °C. The contact becomes Ohmic at
emperatures of 500 °C or above. Another set of experiments,
hich involved post-metallization annealing in UHV, pro-
uced similar results with differences in contact resistivity
ue to an inaccuracy in the UHV annealing temperature~Fig.
!. The forming gas plays therefore no significant role in the

ormation of the Ohmic contacts.

IG. 2. TheI –V characteristics of Al/n-GaN Schottky diodes with rapid
hermal annealing at different temperatures.
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These measurements unambiguously show that the
duction of an oxide and the formation of an intimate Al–
GaN contact, previously mentioned as a possible mechani
for Ohmic contact formation,7 does not play any role in the
process. Indeed, the initial GaN surface in our experiment
‘‘oxide free’’ and the as-deposited contact is rectifying~Fig.
2!. The ‘‘intimate’’ Al–GaN contactis therefore already rec-
tifying ~the analysis of the barrier height is presented below!,
in full agreement with two key results previously obtaine
via photoemission spectroscopy. First, the electron affinity
the GaN~0001!-131 has been carefully measured and fou
to be 3.260.1 eV,13,14 and the Al work function is 4.260.1
eV. Even if the Schottky–Mott model did apply to this in-
terface, the barrier for electron injection would therefore b
expected to be of the order of 0.8–1 eV. Second, our pho
emission data on the formation of the Al/n-GaN interface
show that the Fermi level is stabilized at about 0.8 eV belo
the conduction band minimum~Fig. 3!, leading to a corre-
sponding barrier height for electron injection and in accor
with the rectifying nature of the contact. It is also interestin
to note that the other constituent of the ‘‘technological’
Ohmic contact, i.e., Ti, leads to an even larger barrier tha
Al, as determined via photoemission spectroscopy. The d
ference between the two barriers has been discussed in R
10.

The photoemission experiments also provide the key
the mechanism of the formation of the Ohmic contact. Firs
the position of the Fermi level at the Al/n-GaN interface
remains unchanged upon annealing above 500 °C~Fig. 3!,10

i.e., the ‘‘true’’ barrier remains essentially unchanged. Th
same is true of the Ti/GaN interface. The transition to a
Ohmic contact is therefore unrelated to any drastic modi
cation of the barrier. Second, the x-ray photoemission da
unambiguously show that Al reacts with the N of the lattic
to form AlN or AlxGa12xN and that the reaction is greatly
enhanced at high temperature~Ref. 10!. Our data show that
Al films at least 20 Å thick are entirely ‘‘consumed’’ by the
high-temperature reaction. Given that the nitrogen used
the reaction originates from the near-interface region of th
GaN, the process is believed to introduce a considerab
amount of nitrogen vacancies that dope heavily the GaN ne
the interface. This, in turn, causes a collapse of the deplet

FIG. 3. Fermi level positions at the Al/n-GaN and Ti/n-GaN as a function
of metal coverage and upon annealing~from Ref. 10!.
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egion width that leads to increased electron tunneling
hrough the barrier.

. Al, Mg, and Au Schottky barriers on n -GaN

The Schottky barrier analysis for Au, Mg, and Al was
one on diodes formed through the shadow mask on clean
31 surfaces on which the Al Ohmic pad had been previ-
usly deposited and annealed at 500 °C in UHV.I –V char-
cteristics were obtained outside a vacuum at room tempera-

ure. From thermionic emission theory, the current–voltage
haracteristic of a diode is given by15

I 5I S expS q~V2IRS!

nkT D ,

ith

I S5SA** T2 expS 2
FB

kT D ,

hereI s is the reverse-bias saturation current,Rs is the se-
ies resistance,k is the Boltzmann constant,T is the absolute
emperature,n is the ideality factor,S is the area of the di-
des,A** is the effective Richardson constant, andFB is
he Schottky barrier height. The effective mass of electrons
n GaN is m* 50.22m0 ~Ref. 16!, which givesA**

26.4 A/cm2 K2.
The inset of Fig. 4 shows theI –V characteristics of a 1

and a 0.1 mm diam Au/n-GaN(0001) diode. These char-
cteristics become approximately linear for a forward bias
bove 0.5–0.6 V, a result from the relatively high series
esistance across the GaN between the diode and the Ohmic
ontact. From the characteristics and voltages larger than 0.7
, the series resistances are estimated to be 920 and 1090V

or the large and small diodes, respectively. In order to ob-
ain the Schottky barrier height and ideality factor, log(I) is
lotted against the forward bias~Fig. 4!. At voltages above
.25 V for the large diode and 0.37 V for the small diode, the

og(I)–V curves are no longer linear because the voltage
ropped across the series resistance dominates the applied

IG. 4. The forwardI –V characteristics of Au/n-GaN Schottky diodes
lotted on a logarithmic scale. The dashed and dotted lines show the data
fter corrected by a series resistance, 920 and 1190V for large and small
iodes, respectively. Inset: TheI –V characteristics of the Au/n-GaN
chottky diodes with 1 and 0.1 mm contact diameters.
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voltage. This situation is corrected using the series resistan
determined above and removing a voltage equal toIRS . As
shown in Fig. 4, the linear region is then extended over mo
than six decades of current. The Schottky barrier height a
ideality factor are obtained from the interceptI S for V50
and slope, respectively. The Schottky barrier height is 0.8
eV and the ideality factor is 1.11 for the Au contacts o
n-GaN. The same procedure was repeated for Mg and
contacts. Table I summarizes the Schottky barrier heigh
and ideality factors obtained for these metals. The table a
lists the barriers extracted from our previous photoemissio
measurements.10

It is important to recall that the photoemission investiga
tions of metal/nitride interfaces demonstrated that both A
and Mg readily react at room temperature with GaN, where
Au forms an abrupt and unreacted interface. The report
Schottky barrier height for Au on ‘‘practical’’n-GaN sur-
faces, i.e., chemically etched, measured by eitherI –V or
capacitance–voltage characteristics ranges between 0.8
1.2 eV,17–21in close agreement with our results. No Schottk
barrier I –V data have been reported for Mg/GaN an
Al/GaN ~all Al/GaN data were reported for annealed, an
thus Ohmic, contacts!. As listed in Table I, the ideality facto
is close to unity for the unreacted Au contact, but is substa
tially greater than one in the other two cases. Several reas
can be invoked. First, the interfacial layer generated by th
chemical reaction upon room temperature deposition is sm
but non-negligible and could affect theI –V characteristics.22

When the bias is applied, part of the voltage is droppe
across the interfacial layers. Thus the barrier height becom
dependent on the bias voltage, leading to an ideality fact
larger than one. Second, the current component resulti
from carriers trapped and recombining in the depletion r
gion also causes a large ideality factor. The recombinati
centers could correspond to~1! traps in the as-grown
samples,~2! defects generated from the surface preparatio
i.e., ion sputtering and high-temperature annealing, and~3!
defects generated by an interface reaction. Given that t
ideality factor for the unreacted Au contact, which is pre
pared under the same conditions and on the same samp
than the other two, is much smaller, the recombination cu
rent is mostly the result of an interface reaction. Anothe
reason for the large ideality factor is the increased tunnelin
current through the depletion region, which is more heavi
doped by nitrogen vacancies in the Al and Mg cases.

The Schottky barrier heights measured from theI –V
characteristics are in qualitative agreement with those me
sured via photoemission, although consistently lower b
0.2–0.3 eV for all the metal contacts investigated here. Su

TABLE I. Ideality factors~n! and Schottky barrier heights (FB) measured
in this work for Au, Al, and Mg onn-GaN. The Schottky barrier heights
measured by photoemission spectroscopy~Ref. 10!are also listed.

n
FB (I –V)

~eV!
FB ~PES!

~eV!

Au 1.11 0.89 1.2
Al 1.58 0.60 0.8
Mg 1.61 0.62 0.8
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iscrepancies have been noted in the past for a number of
emiconductor/metal systems,23 and have several possible
rigins. First, there may be an intrinsic difference between
arriers obtained with 30–40 Å metallic layers—the maxi-
um thickness manageable with photoemission—and with

hick ~1000 Å! layers used in the diodes. This is particularly
rue for interfaces where intrinsic Schottky barrier formation
echanisms like metal-induced gap states compete with
ermi level pinning due to relatively large densities of ex-

rinsic defects brought about by surface preparation and in-
erface chemical reaction. Second, photoemission measured
he relative position of energy levels, whereasI –V measure-
ents look at transport across a barrier. The additional cur-

ent components due to defects and tunneling are not specifi-
ally included in the formalism of the Schottky barrier
nalysis, and could account for a slightly lower barrier mea-
ured via transport. Finally, in the present case, the samples
sed for photoemission were grown on SiC and those used in

he diode measurements were grown on a sapphire. Intrinsic
ifferences between these materials, their surfaces, and their

nterfaces may contribute to the discrepancy. In particular,
hese factors might lead to different ‘‘bare-surface barrier
eight,’’ i.e., the energy difference between the Fermi level
nd the conduction band minimum at the surface prior to
ontact formation.24 Further investigations will be needed to
ventually resolve this issue.

V. SUMMARY

We investigated Al, Mg, and Au contacts made on
ontamination-free, well-orderedn-GaN surfaces prepared in
n UHV. Our combinedI –V and photoemission measure-
ents demonstrate that the Al/GaN Ohmic contact is formed
bove 500 °C as a result of heavy doping of the GaN deple-

ion region by reaction-induced N vacancies, and not as a
esult of a lowering of the ‘‘true’’ barrier height. Au/, Al/,
nd Mg/n-GaN Schottky barrier heights measured in this
xperiment are in qualitative agreement with the data ob-

ained from photoemission spectroscopy. The unreacted and
brupt Au/GaN interface gives an ideality factor close to
nity. A chemical reaction and resulting defects at the
g/GaN and Al/GaN contacts lead to considerably larger

deality factors.
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