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X-ray photoemission determination of the Schottky barrier height
of metal contacts to n–GaN and p–GaN
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Synchrotron radiation-based x-ray photoemission spectroscopy was used to study the surface Fermi
level position within the band gap for thin metal overlayers of Au, Al, Ni, Ti, Pt, and Pd onn–GaN
andp–GaN. Nonequilibrium effects were taken into account by measuring the Fermi edge of the
metal overlayer. There are two different behaviors observed for the six metals studied. For Au, Ti,
and Pt, the surface Fermi level lies about 0.5-eV higher in the gap forn-type than forp-type GaN.
For Ni, Al, and Pd, the surface Fermi level position is independent of doping, but varies from one
metal to the other. Results for Ni, Pd, and Al fit a modified Schottky–Mott theory, while Au, Ti, and
Pt demonstrate a more complex behavior. Atomic force microscopy was used along with
photoemission to investigate the growth mode of each metal on the GaN surface. ©2002
American Institute of Physics.@DOI: 10.1063/1.1518129#
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INTRODUCTION

The development of high-quality GaN growth tec
niques has opened many device applications. GaN has
rect band gap of 3.4 eV, which leads to shorter wavelen
light emission that is used in a variety of optical applicatio
including light emitting diodes1 and laser diodes. GaN als
has advantages in high-power devices.2

The large band gap of GaN makes the formation of lo
resistance ohmic contacts more difficult than for many ot
III-V semiconductors. Contacts top-type GaN have been
particularly challenging, since it is difficult to grow sample
with a high enough carrier concentration to promote fi
emission through the Schottky barrier. Due to the complex
of metallurgical contacts, various approaches have b
tried, including chemical surface treatments,3–7 plasma
cleaning,8–10 metal deposition techniques~sputtering, elec-
tron beam, or thermal deposition!,11–13contact annealing in a
variety of ambients,14,15 and use of bilayers16–18 or
multilayers19–21 of various metals.

Most previous studies have focused on the electro
properties of a single metal on eithern–GaN orp–GaN sur-
faces. Results from these studies are difficult to comp
directly due to the differences in sample carrier concen
tion, surface preparation prior to deposition, and in the te
niques used to characterize the contact electronic prope
~current-voltage, capacitance-voltage, and internal ph
emission!. In this investigation, a systematic study comp

a!Electronic mail: kuech@engr.wisc.edu
6670021-8979/2002/92(11)/6671/8/$19.00
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ing six metals on identically prepared samples was car
out, allowing a direct comparison of the surface electro
properties. The object in studying single metals is to de
mine what parameters, if any, of the metal affect the el
tronic properties of the contact.

Previously, we have reported on the effects of HCl a
KOH treatments on bothn–GaN andp–GaN.3,4 The effect of
these treatments on the surface chemistry was correlated
the electronic properties through monitoring changes in
movement of the Ga 3d core level. The KOH treatments le
to a decreased Ga/N ratio on the surface for bothn– and
p–GaN. Onp–GaN, KOH treatment leads to a decrease
band bending and therefore to a reduction of the surfa
barrier height. Onn–GaN, HCl treatment led to a highe
Ga/N ratio relative to the untreated surface and to a decre
in band bending and surface-barrier height. The contact
sistance (rc) is determined by the surface-barrier heightFB

through

rc5
kB

qA* T
expFqFB

kBT G , ~1!

wherekB is Boltzmann’s constant,q is the electron charge
A* is the effective Richardson’s constant, andT is tempera-
ture ~Kelvin!. A small reduction in the surface-barrier heig
will have a large effect in reducing the contact resistance
Schottky barrier-based contacts.

Synchrotron-based x-ray photoemission spectrosc
can be used to investigate the surface electrical prope
during metal deposition on GaN samples. A photon energ
chosen for a specific core level to minimize the electron
1 © 2002 American Institute of Physics
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6672 J. Appl. Phys., Vol. 92, No. 11, 1 December 2002 Rickert et al.
cape depth, which results in an enhanced surf
sensitivity.22 The metal forming the contact is depositedin
situ within an ultrahigh vacuum chamber, and the measu
ments can be made as a function of metal coverage.
direct measurement of the surface-barrier height avoids c
plications and assumptions associated with other meas
ments. For example, defects at the semiconductor-meta
terface can lead to complications in current-voltage (I -V)
measurements of the surface-barrier height.23 Capacitance-
voltage (CV) determinations of the barrier height can also
complicated by these defects, which alter the space-ch
region and affect the measured flat band voltage.23 The
surface-barrier height forp–GaN,FB,p , can be determined
from the binding energy of a given core levelEB and the
energy difference between that core level and the valen
band maximumEV-C according to Eq.~2!, as reviewed in a
recent article by Tung.24

FB,p5uEBu2EV2C ~2!

EXPERIMENT

The n–GaN samples were grown using metal-orga
vapor phase epitaxy~MOVPE!, on c-plane sapphire with a
20-nm GaN buffer layer followed by 1.3mm of Si-doped
n–GaN. The carrier concentration at the sample surfac
4 – 731018 cm23, as determined by capacitance-volta
measurements. The samples were treated with HCl:H2O, 1:2
by volume, for 2 min. The samples were mechanica
masked and then 150-nm-thick Ti patches were deposite
the edges with an electron-beam evaporator to provide e
trical contacts. Finally, the samples were annealed
ultrahigh-purity Ar at 800 °C for 30 sec.

Thep–GaN samples were grown by MOVPE onc-plane
sapphire substrates. An undoped GaN layer with a thickn
of 1 mm was grown, followed by the growth of 3-mm-thick
p-type GaN doped with Mg. The GaN:Mg samples were a
nealed at 800 °C for 4 min by rapid thermal annealing~RTA!
under a N2 atmosphere to activate the Mg acceptors. The
concentration of holes in the film was 3.331017 cm23, and
hole mobility was 15.8 cm2/V s, as determined using room
temperature Hall-effect measurements. Before the depos
of Pt on thep–GaN, which was used to form broad ar
ohmic contacts, the samples were cleaned using ultras
baths in beakers of acetone for 5 min and beakers of iso
pyl alcohol for 5 min, followed by a deionized~DI! water
rinse for 10 min. Samples were blown dry with N2 , then
dipped into boiling aqua regia solution for 10 min. Th
samples were next rinsed with DI water for 10 min, and th
once more blown dry with N2 . Pt ohmic contacts were sub
sequently deposited with a thickness of 300 nm, us
electron-beam evaporation under a vacuum of less tha
31027 Torr.

The photoemission experiments were done on the M
II and 6 M TGM beamlines at the University of Wisconsi
Madison Synchrotron Radiation Center in an ultrahi
vacuum chamber equipped with a Cylindrical Mirror An
lyzer ~CMA!. After the deposition of ohmic contact patch
described above, the samples were loaded into the cham
and photoemission data for the sample without metal w
Downloaded 06 Mar 2007 to 128.104.198.190. Redistribution subject to A
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initially acquired as well as data for increasing metal cov
age. This process continued until the metal overlayer bec
thick enough so that the underlying Ga 3d core-level peak
could no longer be detected. This procedure was carried
in turn with Au, Ti, Ni, Pt, Pd, and Al on identically prepare
substrates of bothn–GaN andp–GaN. The spectrometer wa
calibrated using a clean Ta foil to determine the convers
from the measured kinetic energy to the binding energy
the effective spectrometer work function.

The binding energy of the Ga 3d core-levelEB is used in
the determination of the surface-barrier height at each m
coverage, Eq.~2!. This conversion is only possible unde
equilibrium conditions. In our study, nonequilibrium effec
were evident, since the measured Fermi edges on our s
conductor samples were not aligned with the reference Fe
edge of the Ta foil. These effects could be due to a surf
photovoltage effect or to a resistive voltage drop at the c
tacts of the sample and at the depletion region below
surface25 and are mentioned in Ref. 4. These effects lead t
change in the band bending and can complicate the meas
ment of the surface-barrier height as previously obser
during the investigation of Au deposition on GaN v
photoemission.26,27 The broad area ohmic contacts to Ga
reduced such effects but could not eliminate them co
pletely. Nevertheless, the surface Fermi level can be de
mined even under nonequilibrium conditions.28 The valence-
band and Ga 3d core-level spectra on the surface witho
metal deposited are used to determine the energy differe
between these two levels (EV-C), which is a bulk property of
GaN and therefore independent of metal coverage. Figu
shows an example of the Ga 3d core-level and the valence
band spectrum collected on ann–GaN sample without a
metal overlayer. When metal is deposited on the sample
face, the edge of the valence-band maximum can no lon
be seen, since it is obscured by the signal originating fr
the metal overlayer. The Fermi edge of the metal, wh

FIG. 1. The left-hand spectrum shows the Ga 3d core-level photoemission
peak onn–GaN without a metal overlayer. The right-hand figure prese
the spectrum of the valence-band region. A linear fit is used to determine
kinetic energy of the valence-band edge. These two spectra determin
value ofEV-C , as indicated by the double arrow.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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indicates the Fermi level position at the semiconductor s
face, can now be observed.

Figure 2 shows the Ga 3d core level and the Fermi edg
spectra of ann–GaN sample with a 0.4-nm Au overlaye
These spectra determine the Ga 3d binding energyEB rela-
tive to the Fermi-levelEF . Nonequilibrium effects shift both
the Ga 3d core level and the Fermi edge by the same amo
but the difference inEB remains unaffected. Since the pe
shift changes with coverage, the Au Fermi edge needs to
measured for each coverage to ensure an accurate det
nation of EB . The p-type surface-barrier height is dete
mined using Eq.~2! by combiningEB at each coverage with
EV-C , determined from the surface without metal, as sho
in Fig. 1. The Ga 3d peaks were fit to a Gaussian function
determine the peak center. The first derivative of the Fe
edges is fit to a Gaussian, as well, and used to determine
Fermi-level energy after each metal deposition.

When the samples were removed from the analy
chamber they were analyzed via tapping mode atomic fo
microscopy~AFM! in order to determine the surface mo
phology and the growth mode of the metal on the sam
surface.

RESULTS

The effects of chemical treatments on the Fermi leve
the bare surface were described in detail in the publicati
listed as Refs. 3 and 4. The results for the effects of m
deposition on the chemically treated GaN surfaces are
scribed in this work. Figure 3 shows the plot of the Ferm
level position within the band gap with respect to t
valence-band maximum for the deposition of Au onn–GaN.
One set of data, indicated by the circles, represents the p
tion determined withEB , which was determined with the T
foil Fermi edge as our reference. The other set of data, i
cated by the squares, is fromEB determined with the Au
Fermi edge measured on the sample surface directly.
latter set should be considered to be free from the contr

FIG. 2. The left-hand spectrum displays the Ga 3d core level ofn–GaN
after the deposition of 0.4 nm of Au on the surface. The right side inclu
the Fermi edge measured on the same sample. These spectra gene
value ofEB ~double arrow! that is free of nonequilibrium effects.
Downloaded 06 Mar 2007 to 128.104.198.190. Redistribution subject to A
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tion of nonequilibrium effects. The difference between the
two sets of data can be related to the magnitude of the n
equilibrium effects and can be seen to decrease with incr
ing coverage. The results obtained using the Ta foil edge g
a different and erroneous surface-barrier height, particula
at low coverages.

To compare the position of the Fermi level on bo
n–GaN andp–GaN, the data from the directly measured A
Fermi level after each deposition of Au are shown in Fig.
The Au Fermi level position forn–GaN is about 0.5-eV
higher within the band gap than forp–GaN. Similar infor-
mation is shown for the deposition of Ni onn–GaN and
p-GaN in Fig. 5. Unlike the case of Au, the Ni Fermi lev
for both n–GaN andp–GaN appears at the same locati
within the band gap within experimental error; a prelimina
version of these results for Au, Ni, and Ti was report
previously.29 The same analysis was done for the other th
metals, and the summary

s
te a

FIG. 3. The position of the Fermi level within the band gap ofn–GaN is
shown with respect to the valence-band maximum. For the squares
Fermi edge was determined at the sample surface for each coverage o
which takes nonequilibrium effects into account. For the circles, a Ta
was used as a reference for the Fermi edge.

FIG. 4. The position of the Fermi level within the band gap ofn–GaN and
p–GaN is shown with respect to the valence-band maximum. The Fe
edge was measured on the sample for each coverage of Au. A separat
0.5 eV within the gap is seen for the Fermi-level position betweenn–GaN
andp–GaN.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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of results is shown in Fig. 6. Forn(p) – GaN,FB is equal to
the difference between the conduction-~valence-! band mini-
mum and the Fermi-level position within the band gap. T
band gap of GaN is taken to be 3.4 eV. The surface-bar
height results are summarized in Table I.

Two types of pinning behavior are observed for the m
als in this study. For Au, Ti, and Pt, the Fermi pinning lev
for n–GaN is about 0.5-eV higher in the gap than f
p–GaN. However, the pair of pinning positions are not at
same place within the band gap for each metal. For Ni,
and Al, the pinning positions forn–GaN andp–GaN are
very close or nearly identical within the band gap. The Fe
level pinning position may shift higher or lower for the sp
cific metal.

The intensity of the Ga 3d core level from the substrat
will be decreased by the presence of the metal overlayer.
intensity of the Ga 3d core level before (I o) and after each
deposition (I s) is used to create a ratioI s /I o . The depen-
dence of this ratio on the thickness of the metal depos
describes the growth mode of the metal on the GaN surf
The three modes of growth considered in this study a
Frank–van der Merwe~FM!, Volmer–Weber ~VW!, and

FIG. 5. A plot similar to Fig. 4 is presented for Ni as the metal overlay

FIG. 6. A summary of the Fermi-level positions at the thick coverage
treme, for bothn–GaN andp–GaN is given for various metals to illustrat
the two types of Fermi-level pinning.
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Stranski–Krastanov~SK!.30,31 These growth modes will ex
hibit different dependencies on surface metal coverage32

Frank–van der Merwe Growth
I s

I o
5e~2t/l!, ~3!

Volmer–Weber Growth
I s

I o
5~12u!1ue~2t/l!, ~4!

Stranski–Krastanov Growth
I s

I o
5~12u!e~2q/t !

1ue~2t/l!, ~5!

wheret is the film thickness andl is the attenuation length
of the electrons, both in nanometers,u represents the frac
tional surface coverage reached prior to the island growth
three dimensions, andq is the thickness of the growing film
that occurs via layer-by-layer growth before the islandi
begins.33,34 The attenuation length of the electrons is calc
lated from the thickness of a monolayer of the growing m
terial and the kinetic energy of the substrate core le
electron.35,36 For Pt, the monolayer thickness was appro
mated by 0.25 nm. When using a photon energy of 75 eV,
kinetic energy of a photoemitted Ga 3d core-level electron
will be 49.5 eV. An electron with this kinetic energy wi
have an attenuation length of 0.35 nm when passing thro
a Pt overlayer. A plot of the observedI s /I o ratio for deposi-
tion of Pt on bothn–GaN andp–GaN substrates is shown i
Fig. 7 along with the relationship calculated for each of t
three growth modes.

Tapping mode AFM images were collected from t
samples upon removal from the UHV chamber. AFM imag
from the baren–GaN surface and the Au- and Ni-deposit
samples are shown in Fig. 8.

DISCUSSION

Figure 7 indicates that Pt is not growing in a layer–by
layer ~FM! fashion since the intensity ratio does not asym
totically approach zero. The growth behavior may be follo
ing either the VW or SK growth. The plots for th
photoemission intensity ratio as a function of overlay
thickness for the other 5 metals indicate the lack of F
growth and the existence of VW or SK growth.

-

TABLE I. The Fermi level position within the 3.4-eV band gap of GaN
the limit of thick metal overlayers. The surface barrier heights (FB) in
electron volts are given for each metal deposited on bothn–GaN and
p–GaN. The literature values for the work function (Fm) in electron volts
and electronegativity (xm) for each metal are also shown.

Metal
deposited

Fm

~eV!
xm

~eV!

n–GaN, position
of EF with respect

to VBM ~eV!
n–GaN,

FB,n ~eV!

p–GaN, position
of EF with respect
to VBM, FB,p ~eV!

Al 4.28 1.61 2.660.1 0.860.1 2.560.1
Ti 4.33 1.54 2.830.1 0.660.1 2.360.1
Au 5.1 2.54 2.560.1 0.960.1 1.960.1
Pd 5.12 2.20 1.560.1 1.960.1 1.560.1
Ni 5.15 1.91 2.060.1 1.460.1 1.960.1
Pt 5.65 2.28 1.860.1 1.660.1 1.460.1
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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From the AFM results, the Au is clearly forming island
with a size of approximately 50–60 nm in diameter a
about 6–9 nm in height@Fig. 8~b!#. The AFM image of the
Ni-deposited sample appears smooth, indicating that if
lands are formed they are smaller than the resolution of
AFM measurement~;10 nm! or they have grown and coa
lesced@Fig. 8~c!#. The root-mean-squared~rms! roughness
was determined from the 232 mm2 AFM images. The rms
roughness on the baren–GaN was;0.78 nm. With a 10-nm
Au layer, the rms roughness was increased to;1.87 nm and
a 10-nm Ni layer possesses a value of;0.76 nm. The AFM
results for deposition of Ti, Al, Pd, and Pt onn–GaN are
similar to what is shown for the Ni sample for bothp– and
n–GaN. The Au is clearly forming islands in the image. T
other five metals could possibly be forming islands, but th
are not observed as illustrated for Ni onn–GaN. Although
there have been reports of layer–by–layer growth in the
erature for Pd,34 Pt,37 and Au,38 there has also been eviden
for island formation. Island formation was observed v
AFM for Pd, Au, and Al grown at room temperature.38,39

The surface-barrier height values determined in t
study are similar to values found in the literature for rela
systems~Table II!. When possible, these values are repor
in the table for the specific combination of sample dopin
chemical pretreatment, metal, and surface-barrier he
measurement technique, closest to those used here.

The Schottky–Mott relationship predicts that, forn–type
semiconductors, whenFm.Fs , the contact is rectifying;
but whenFm,Fs , the contact is ohmic. Forp–type semi-
conductors, the contact is ohmic whenFm.Fs , and the
contact is rectifying forFm,Fs . For GaN with n;2
31017 cm23, the work functionFs is reported to be 4.2
60.2 eV.40 The value has been calculated via photoemiss
experiments on a biased sample according to Eq.~6!

F5Eth1FCMA1eVb ~6!

whereVb is the applied bias,Eth is the kinetic energy of the
slow secondary electron threshold, andFCMA is the work
function of the CMA detector.40 According to this value, all
the metals studied should form a rectifying contact

FIG. 7. The intensity of the Ga 3d core level before (I o) and after each
deposition (I s) is used to create a ratioI s /I o . The intensity ratio,I s /I o , is
plotted as a function of film thickness for the deposition of Pt metal on b
n–GaN andp–GaN. The expected ratio as a function of thickness is plot
for each of the three growth modes: Frank–van der Merwe, Volmer–We
and Stranski–Krastanov growth.
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n–GaN and an ohmic contact onp–GaN, since all of our
metals haveFm.Fs . The Schottky–Mott theory also pre
dicts, forn–type semiconductors withFs less thanFm , that
the surface-barrier height is equal to the difference betw
the work function of the contact metalFm and the electron
affinity xs of the semiconductor sample, given by Eq.~7!.41

FB,n5Fm2xs. ~7!

Also, within the Schottky–Mott model the barriers t
n–GaN (FB,n) andp–GaN (FB,p) for a given metal should
sum to the band gap42

FB,n1FB,p5Egap ~8!

and hence

FB,p5Egap2~Fm2xs!. ~9!

h
d
r,

FIG. 8. The atomic force microscope images of a 232-mm2 area of the
sample surface of~a! the baren–GaN surface~rms roughness of;0.78 nm!;
~b! n–GaN with 10-nm-thick Au overlayer~rms roughness of;1.87 nm!;
and ~c! n–GaN with 10-nm-thick Ni overlayer~rms roughness of;0.85
nm!.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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As expected, for the metals that exhibit a single pinn
position, Ni, Al, and Pd, the sum of theFB,n andFB,p values
shown in Table I, is very close to the GaN band gap. In t
respect, Ni, Al, and Pd, could be considered to follo
Schottky–Mott-like behavior. For GaN,xs54.14 has been
reported.43 Our results do show a deviation from theFB

values predicted by the Schottky–Mott theory using
above value for electron affinity. The Schottky–Mott theo
also predicts a linear dependence of the surface-ba
height on the work function of the metal used in the cont
with a slope of unity. While perfect Schottky–Mott behavi
is not observed, the dependence of barrier height on the w
function can still be described by a linear relationship. T
slope parameterS is defined as follows:

S5
DFB

DFm
<1. ~10!

The results of this study are plotted as a function of the m
work function in Fig. 9, and yield a roughly linear trend. F
n–GaN @Fig. 9~a!#, a slope of;10.7 is observed. Previou
reports forn–GaN show slopes of 0.43 and 0.81,44 for analy-
sis of photoemission-acquired barrier heights with samp
with different premetallization preparations; and 0.385,12 for
plasma-treated samples with surface-barrier heights acqu
with I -V curves. Also, a slope of 0.97 has been reported
I -V and CV measurements on KOH-treatedn–GaN grown
on SiC.44,45 For p–GaN @Fig. 9~b!#, a slope with a value of
;20.8 was observed. Koideet al. also reported a slope o
20.6 for p–GaN samples treated with a buffered hydroflu
ric acid ~HF! solution prior to metal deposition, with th
surface-barrier height being calculated fromI -V
measurements.46 Our results are in general agreement w
these previous studies.

The Schottky–Mott model assumes that there is no
terfacial layer between the metal and the semiconductor
that there are no surface states on the semiconductor.
example, GaAs does not follow the prediction of t
Schottky–Mott rule as shown in the literature compilation
measured surface-barrier heights42 and this deviation is at-
tributed to electronic states at the metal-semiconductor in
face. A variety of models have been proposed that incl

TABLE II. Surface-barrier heights measured for metals on GaN, usin
variety of measurement techniques, for comparison to the results rep
here.

Metal deposited n–GaN,FB,n ~eV! p–GaN,FB,p ~eV!

Al 0.6, 0.8,a all ohmic
Ti 0.45,b 0.475,c 0.450d 0.65e

Au 0.9,f 0.9660.2g 2.48h

Pd 0.94, 1.07, 0.92i 0.51j

Ni 1.13k 2.460.2l

Pt 1.57, 1.52, 1.6m 0.5e

aReference 54.
bReference 55.
cReference 56.
dReference 57.
eReference 58.
fReference 59.
gReference 60.

hReference 61.
iReference 62.
jReference 63.
kReference 64.
lReference 65.
mReference 13.
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interface or surface electronic states in a model of
Schottky barrier formation. The virtual gap states model
sumes that a continuum of gap states exists in the band
as calculated from Schro¨dinger’s equation for complex wav
vectors present at the semiconductor surface.42 Heine pro-
posed the MIGS~metal-induced gap states! model, which
leads to a linear relationship between the barrier heights
the electronegativity difference between the semicondu
and the metal.42 There is, however, no such apparent trend
the results from this study with the electronegativity diffe
ence between the semiconductor~GaN electronegativity,
Dx51.23) and the metalxm ~listed in Table I.!. Spiceret al.
proposed the unified defect model, in which the deposition
metal atoms creates defects on the semiconductor sur
that give rise to donorlike and acceptorlike states.47–49 This

FIG. 9. The measured surface-barrier heights are shown as a function o
work function of the metal used for the contact formation. Results for~a!
n–GaN and~b! p–GaN.S is the slope of a linear fit.
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mechanism would lead to a separate pinning position forn–
andp–GaN, as observed for Au, Ti, and Pt overlayers. T
is consistent with our choice of chemical treatments for
samples prior to metallization. Forn–GaN, HCl has been
shown previously to decrease the surface-barrier height
sumably through creation of N vacancies that pinEF close to
the conduction-band minimum~CBM!.4 For aqua regia treat
ment of p–GaN, it has been shown thatEF pins near the
valence-band maximum~VBM !, coincident with the Ga va-
cancy states, decreasing the surface-barrier height.7

Al and Ti may be expected to behave similarly, sin
both are strong nitride formers~AlN and TiN!. Al may also
form AlGaN, which could act as an interfacial layer with a
increased band gap. Ti may also form several gallides, w
Al will not. 50,51 With Ti, it is also possible that the ternar
phase Ti2GaN could form as an interfacial layer.52 Previous
literature calculations do predict the presence of MIGS
the deposition of Al on GaN that tail into the semiconduc
so that the first few layers of the semiconductor have me
lic character.53 However, the Fermi-level pinning behavio
for Al and Ti is different: Al exhibits a single pinning energ
within the band gap for bothn- and p-type GaN, while Ti
shows a 0.5 eV difference between then–GaN andp–GaN.

CONCLUSIONS

Two Fermi-level pinning behaviors are seen over
range of metals investigated. Specific chemical surface tr
ments were used for the predeposition preparation of then–
and p–GaN. For Ti, Au, and Pt, two pinning positions a
observed within the band gap depending on the carrier ty
perhaps indicating the presence of two types of surface s
created by the predeposition chemical treatments. For
three other metals, Ni, Al, and Pd, a single pinning posit
was observed forn– andp–GaN. The barrier heights for Ni
Pd, and Al exhibit a modified Schottky-Mott behavior, whi
the results for Au, Ti, and Pt demonstrate a more comp
behavior.
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