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Chemical vapor cleaned, Mg-doped,p-type GaN~0001! surfaces and Ni/Au contacts deposited on
these surfaces have been studied using several characterization techniques. Stoichiometric surfaces
without detectable carbon and an 87% reduction in the surface oxygen to 261 at. % were achieved.
The binding energies of the Ga 3d and N 1s core level photoelectron peaks were reduced by 0.5
60.1 eV following the chemical vapor clean. The band bending at the clean surface was measured
to be 0.860.1 eV. As-deposited Ni/Au contacts on chemical vapor cleaned surfaces exhibited
significantly less rectification in the low voltage region~,2 V! compared to identical contact
structures on conventional HCl treated surfaces. The specific contact resistance of these contacts
deposited on chemical vapor cleaned surfaces and subsequently annealed at 450 °C for 30 seconds
was 362 V cm2. Improved ohmic behavior and a specific contact resistance of 462 V cm2 was
obtained for contacts deposited on HCl treated surfaces and annealed using the same schedule. The
formation of Au:Ga and Au:Ni solid solutions was observed for contacts on HCl treated surfaces
following the 450 °C anneal. There were significantly less interfacial reactions for annealed contacts
on chemical vapor cleaned surfaces. The values of specific contact resistance, sheet resistance, and
transfer length of the annealed contacts deposited on both chemical vapor cleaned and HCl treated
surfaces and measured from room temperature to 140 °C did not change during three successive
thermal cycles within this range. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1471578#

I. INTRODUCTION

The achievement ofp-type GaN has allowed the devel-
opment of blue and green light emitting diodes~LEDs!, blue
emitting laser diodes, as well as nitride based heterojunction
bipolar transistors and field effect devices.1–5 The future im-
provement of these devices rests in part on a detailed under-
standing of the metal/p-GaN interface and the development
of approaches to reduce the specific contact resistance, which
has been consistently reported6–25 between 131024 and 1
V cm2. The large specific contact resistance proceeds directly
from the inherent difficulties involved in acceptor doping
with Mg, which is the most common method for achieving
p-type conducting GaN. The current limitations in the quan-
tity of Mg that can be incorporated during growth (;1
31020 cm23)26–28 as well as the large acceptor ionization
energy ~;300 meV!29 limits the percentage of the atomic
concentration that is ionized at room temperature to within
the reported25,26 range of 0.1%–2.0%. Both limitations make
it difficult to fabricate a tunneling ohmic contact top-GaN in
a manner similar to that used in other metal–semiconductor
systems.30 The large;6.5 eV work function ofp-GaN and
the absence of any metal with a work function greater than
5.8 eV make it impossible to select a contact metal based on
matching the work functions of the materials. Additionally,

there is a tenacious layer of native contamination on the as-
grown surface that is;2 nm thick, which can add an addi-
tional 0.2 eV to the barrier height.31,32 The nature of the
native surface contamination has been discussed in a previ-
ous study.33 In light of the aforementioned challenges, the
Ni-based contact schemes previously employed in making
ohmic contacts to GaAs~Refs. 34 and 35! have been applied
to p-GaN films, due in part to their ability to penetrate the
native oxide during annealing. The Ni/Au contact scheme in
particular has achieved widespread use in both commercially
produced LEDs as well as other GaN-based devices that con-
tain ap-type GaN epilayer.3,5

Although Ni has been shown to partially disperse the
native contamination at thep-type GaN surface,32 research
concerned with multiplein situ andex situsurface prepara-
tion methods has been conducted in an attempt to remove
contaminants,14,15,17–19,21,31,32,37–39and/or modify the surface
electronic properties,17,32,38,39 and/or improve the epitaxial
quality of the metallization.36 A dilute HCl bath, which is the
most commonex situcleaning technique,6–10,14,15,37has been
shown to only slightly reduce O and C contamination at the
surface.31 Analyses of the results of similarex situtreatments
that used room temperature aqua-regia~HCl:HNO3 1:1!,12–14

boiling aqua-regia,14–16,18–20boiling KOH,21 BOE,22–24,32di-
lute HF,25 or a sequential dip in multiple chemical
baths19,24,37 have also revealed limited success in cleaning
and/or modifying the properties of thep-type GaN surface.a!Electronic mail: robert–davis@ncsu.edu
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These results are expected given the finite period between
pulling the samples from solution and loading them into ul-
trahigh vacuum~UHV!. The rapid reformation of the con-
tamination layer has been confirmed in a study that investi-
gated the effects of Ar ion sputtering on the surface
properties ofp-type GaN.32 Additional in situ methods of
surface preparation, including UHV annealing37,38 and
plasma techniques,6,40 have been either ineffective at remov-
ing native contamination or damaging to the semiconductor
surface.

Numerous studies6–9,11–13,16,23,41–44have investigated the
effects of annealing Au/Ni/p-GaN contact structures between
300 and 850 °C in a N2 ambient from 30 s to 10 min in an
attempt to overcome the deficiencies ofin situ and ex situ
surface preparation. The dispersal of the native
contamination32,41 and/or the formation of reaction products
either within the contact metallization or at the metal–
semiconductor interface8,9,12,13,16,43have been proposed as
possible mechanisms for the reduction of the specific contact
resistance. As the dispersal of native contamination is ac-
companied by additional reactions within the contact
structure,41 the effects of contamination removal alone on the
ohmic behavior have not been assessed. Although most stud-
ies report a decrease in the specific contact resistance follow-
ing a postmetallization anneal at temperatures between 500
and 600 °C, there is still considerable disagreement regarding
the temperature at which specific interfacial reactions occur,
the products of those reactions, and the mechanism through
which newly formed phases subsequently reduce the specific
contact resistance.

Studies of other metal–semiconductor systems have also
shown45 that there is some correlation between the grain size
and the orientation of the grains of the as-deposited metal
and the quantity of contamination on the semiconductor sur-
face prior to metallization. More importantly, marked differ-
ences in the thermal stability of the interface have been ob-
served for contacts on atomically clean and contaminated
semiconductor surfaces.45 This has been clearly shown in the
Au/GaAs system wherein following a postmetallization an-
neal, contacts on contaminated surfaces formed nonuniform
protrusions at the metal–semiconductor interface.45 By con-
trast, the interface for contacts on atomically clean GaAs
surfaces remained atomically flat and abrupt. Liuet al.36

have suggested that the correlation between surface cleanli-
ness and the degree of epitaxy and/or crystallinity is equally
applicable to the metal/GaN systems. Rutherford back-
scattering measurements were used to study the effects ofex
situ chemical pretreatments on the channeling yields of
Pd~111! aligned backscattering spectra from Pd/GaN struc-
tures. The variation in the channeling yield followingex situ
cleaning in boiling aqua regia, HCl:H2O, or HF:H2O is at-
tributed to previously observed differences in the quantity of
native contamination removed by eachex situpretreatment.
However, the amount of contamination on the surfaces used
in the study above as well as the effects that this contamina-
tion may have on the reaction products following postmetal-
lization annealing has not been described.

The present work is a comprehensive study of the
chemical, structural, and electrical properties of Ni/Au con-

tacts deposited on the surfaces ofp-type GaN films, which
have been pretreated using an NH3-based, high-temperature
chemical vapor clean~CVC!. The effectiveness of the CVC
process at removing native surface contamination as well as
the influence of surface contamination on the electrical and
structural properties of the contact structures have been stud-
ied using various types of characterization techniques.

II. EXPERIMENT

Each 1 mm thick, Mg doped, Ga terminated14,46

GaN~0001! film used in this study was grown at 1020 °C via
organometallic vapor phase epitaxy~OMVPE! on a 100 nm
thick AlN buffer layer previously deposited at 1100 °C on an
on axis 6H-SiC~0001! substrate. The films were subsequently
annealed under flowing N2 at 800610 °C for 30 s in an
AG-Associates 610 rapid thermal annealing unit to break the
Mg–H bonds47 and thus activate the Mg dopant.

Capacitance voltage (C–V) measurements on the doped
films were obtained at a frequency of 10 kHz using a Hewlett
Packard 4284AC–V measurement system and a MDC mer-
cury probe station. Hall effect measurements were conducted
on a separately diced section of the same wafer using a Kei-
thley 617 programmable electrometer and Keithley 220 pro-
grammable current source. The activation anneals for the lat-
ter sections were performed in a N2 ambient at 800 °C for 45
s using a custom-made rapid thermal annealing unit.

Tungsten was sputtered onto the backside of the SiC
substrates to assist in radiative heating of the transparent
samples throughout thein situ preparation process. Prior to
loading, the films were sequentially cleaned in trichloroeth-
ylene ~TCE!, acetone, and methanol baths for 1 min each
followed by a 10 min dip in 49% hydrochloric acid and a 10
s rinse in deionized~DI! water. The details of the effects of
this cleaning process have been published elsewhere.31 Films
that were not subjected to thein situ processing procedures
described below and in succeeding sections are termed ‘‘as-
loaded.’’ The samples were fastened to a molybdenum plate
and subsequently attached to a molybdenum sample holder,
which facilitated the transfer process throughout the experi-
ment. Approximately 15 min elapsed between pulling the
sample from the DI rinse and loading it into an integrated
surface analysis and growth system operating at a base pres-
sure of (4310210– 331029) Torr. The system was
equipped with x-ray and ultraviolet photoelectron spectros-
copy units, as well as electron beam metallization and
chemical vapor cleaning facilities.

An ammonia-based high-temperature chemical vapor
clean31 was used to obtain a clean, orderedp-type GaN sur-
face. To achieve these surfaces, the sample was initially
heated to 500610 °C, whereupon the ammonia was intro-
duced. The sample was then heated to 830620 °C and held
for 15 min at a process pressure of (961)31025 Torr. As
the distance between the ammonia doser and the sample was
;5 cm, the partial pressure of ammonia at the sample sur-
face may have been as much as an order of magnitude
greater than the system pressure. Upon cooling to 200
610 °C the sample was immediately transferred in UHV to
the requisite chambers for x-ray photoelectron spectroscopy
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~XPS! and ultraviolet photoelectron spectroscopy~UPS! in-
vestigations and subsequent metallization. The surface tem-
perature was monitored throughout the process with an Ircon
infrared pyrometer having an emissivity~«! setting of 0.5.
Temperatures outside the operating range of the pyrometer
~,600 °C! were measured using the thermocouple mounted
immediately behind the sample.

XPS measurements were conducted using a Fisons XR3
dual anode x-ray source coupled to a Fisons CLAM II hemi-
spherical electron energy analyzer with a mean radius of 100
mm operating at a base pressure of (161)31029 Torr. The
resolution of the analyzer was 1.0 eV although the absolute
peak positions could be measured to within 0.1 eV. All core
level spectra were fit using linear background subtraction
and a mixed Gaussian–Lorentzian peak type. UPS measure-
ments were made using an Omicron HIS13 gas discharge
lamp together with a hemispherical electron energy analyzer
whose mean radius was 50 mm. A negative bias of 4 V was
applied to the sample throughout each measurement to over-
come the work function of the spectrometer. The resolution
of the analyzer was approximately 0.1 eV. All spectra were
acquired at an operating pressure of (763)31029 Torr
while the base pressure of the system was,3310210 Torr
~the increased pressure is due to the He from the discharge
lamp!. The Fermi level position was determined from UPS
measurements made on clean 50 nm thick Ni films. All metal
depositions were conducted using an electron beam evapora-
tion system equipped with a quartz crystal thickness monitor
operating at a base pressure of (261)310210 Torr. The
contact structures consisted of a 50 nm Ni overlayer depos-
ited on either CVC or as-loadedp-type GaN surfaces fol-
lowed by a 100 nm Au cap.

Samples were patterned using standard photolitho-
graphic techniques and subsequently etched in 1:1:1
HNO3:HCl:DI solution to reveal transfer length method
~TLM !48 test structures with 30031500mm2 rectangular
pads spaced at distances between 5 and 30mm. Contact
structures were subsequently annealed under flowing N2 at
450 °C for 30 s in an AG Associates 610 rapid thermal an-
nealing unit. A 4 in. Si wafer with a bondedK-type thermo-
couple was loaded directly into the oven to provide an inde-
pendent measurement of the process temperature. The
specific contact resistance (rc), sheet resistance (rs), and
transfer length (LT) were calculated from the slope and in-
tercepts obtained from a linear regression of the resistance
measured at a fixed current level of 1.531026 A as a func-
tion of contact spacing@i.e., R( l ) versusl#. Current–voltage
(I –V) measurements were conducted using a Keithley 236
source measure unit and probe station equipped with a
heated stage for temperature dependent measurements. Con-
tact structures were measured using tungsten probe tips with
a 7 mm radius and a taper of 0.200–0.220 in. During elec-
trical measurements the annealed contact structures were
subjected to repeated thermal cycling to 140 °C to examine
changes in the electrical properties at elevated temperatures.
The sample temperature was measured by a handheldK-type
thermocouple in touching contact with thep-type GaN sur-
face. During each thermal cycle the sample was heated from
room temperature to 140 °C whereuponI –V measurements

were made on a single TLM test structure. The time required
to make electrical measurements at this temperature was ap-
proximately 40 min. Immediately following the high-
temperature measurements each sample was cooled to room
temperature and theI –V measurements were repeated. This
entire process was repeated a total of three times for contact
structures on both CVC and as-loaded surfaces.

Atomic force microscopy~AFM! images were acquired
in the contact mode using a Park Scientific Instruments auto
probe M5 having a Si tip. X-ray diffraction measurements
were performed on a Phillips X-pert system using CuKa
(l50.1542 nm) radiation.

III. RESULTS

A. Chemical vapor cleaning „CVC… of the GaN „0001…
surface

The spectrum of the as-loadedp-GaN film shown in Fig.
1 indicates that the C 1s core level located at 285.0
60.1 eV @full width at half maximum (FWHM)51.8 eV#
lies within the 284.8–285.3 eV range reported in the litera-
ture for adventitious carbon.31,49,50Therefore charging effects
and subsequent shifts in the photoelectron peak positions
were considered to be negligible. A C concentration of;6
at. % was calculated for the as-loaded surface using the inte-
grated intensity and the C 1s sensitivity factor of 0.25. Fol-
lowing the CVC process, the C signal was reduced below the
;0.3 at. % limit of detection of the XPS.50

The O 1s core level spectra from the as-loaded surface,
presented in Fig. 1, was fit with a single broad peak located
at 532.460.1 eV (FWHM52.4 eV). Following the CVC
process there was a significant reduction in the peak intensity
and a shift to lower binding energy as evidenced by the final
peak location at 531.160.1 eV (FWHM51.7 eV). The O
concentrations on the as-loaded and CVC treated surfaces,
calculated using the integrated intensities and the corre-
sponding O 1s sensitivity factor of 0.660 were;14 and 2
61 at. %, respectively.

Figure 2~a! shows the Ga 3d spectra obtained from the
as-loaded and CVC treated surfaces, which were fit with
single peaks located at 19.660.1 eV (FWHM51.8 eV) and
19.060.1 eV (FWHM52.0 eV), respectively. An equivalent
shift was observed for the N 1s core level in Fig. 2~b!, whose
peak locations on the as-loaded and CVC treated surfaces
were 397.160.1 eV (FWHM51.5 eV) and 396.660.1 eV
(FWHM51.8 eV), respectively. The magnitude and direc-
tion of the shifts were in excellent agreement with the shift
observed for the core level feature identified in the valence
band spectra acquired via UPS and shown in Fig. 3. The
Ga:N ratios, determined from the integrated intensities of the
Ga 3d and N 1s core levels and corresponding sensitivity
factors~Ga 3d, 0.310 and N 1s, 0.420!, were calculated to
be 1.1 and 0.9 for the as-loaded and CVC treated surfaces,
respectively. The location of each core level photoelectron
peak on the as-loaded and CVC treated surfaces as well as
the corresponding shifts are shown in Table I.

The UPS spectra also indicate that the Fermi level is
pinned well above the valence band maximum~VBM ! on the
as-loaded surface. The exact position of the VBM on this
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surface is difficult to determine due to the exponential nature
of the turn-on for the contaminated surface. Following the
CVC process, there is a significant shift in the VBM to a
lower binding energy. The VBM on the clean surface, lo-
cated by taking a linear fit of the high kinetic energy side of
the spectrum shown in the inset of Fig. 3, was 1.160.1 eV
below the Fermi level. Assuming that the Mg acceptor level
lies ;300 meV above the VBM and a room temperature
band gap of 3.4 eV,29 the subsequent downward band bend-
ing and electron affinity were calculated to be 0.860.1 and
2.660.1 eV, respectively. The apparent disagreement with
previously measured values of the electron affinity33 will be
discussed in a later section.

B. Electrical measurements

Calculations from the results of capacitance–voltage
measurements of the annealedp-GaN film used in this re-

search indicated a net ionized impurity concentration (NA

2ND) of ;131018 cm23. Hall effect measurements re-
vealed a carrier concentration, mobility, and resistivity of
1.131017 cm23, 0.8 cm2/V s, and 81.6~V cm! (rsheet58.16
3105 V/sq), respectively. The marked difference between
the net ionized impurity and carrier concentrations is attrib-
uted to the differences in characteristics of the measurement
techniques. The reverse bias applied to the Schottky contact
during aC–V measurement and the subsequent increase in
downward band bending allows for full ionization in the
depletion region.51 Kozodoy et al.51 have suggested that in
the low frequency regime~;10 kHz! each Mg acceptor has
an adequate period of time to change its ionization state and
contribute to the capacitance. However, the Hall technique
only measures free carriers generated by the partially ionized

FIG. 1. XPS results showing~a! C 1s and~b! O 1s core level photoelectron
peaks from the as-loaded and chemical vapor cleaned~CVC! p-GaN sur-
faces. The C 1s and O 1s spectra were acquired using AlKa (hn
51486.6 eV) and MgKa (hn51253.6 eV) radiation, respectively.

FIG. 2. XPS results showing~a! Ga 3d and~b! N 1s core level photoelec-
tron peaks from the as-loaded and the CVCp-GaN surfaces. The Ga 3d and
the N 1s spectra were acquired using MgKa (hn51253.6 eV) radiation.
The dashed lines are visual aids that indicate the shifts in energy.
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acceptors in the bulk. As noted above, the carrier contribu-
tion from the acceptors in the bulk is limited by the;300
meV ionization energy of the Mg acceptor.

The I –V characteristics for the as-deposited Ni/Au con-
tacts on both the as-loaded and the CVCp-type GaN surfaces
are shown in Fig. 4. Values ofrc , rs , and LT for the as-
deposited contact structures on a CVC surface were calcu-
lated to be 262 V cm2, (3.760.5)3106 V/sq, and 8
62 mm, respectively. The origin of the large uncertainty in
the specific contact resistance will be discussed in a later
section. Values ofrc , rs , andLT for the as-deposited con-
tact structures on the as-loadedp-type GaN surface could not
be calculated because the total resistance did not monotoni-
cally increase with contact spacing. In the low voltage region
~i.e., ,2 V! contacts on the CVC surface show less rectifi-
cation than those on the as-loaded surface, which is consis-
tent with the removal of native surface contamination and a
reduction in the Schottky barrier height. In the high voltage
region ~i.e., .5 V! contacts on the as-loaded surface passed

greater current at equivalent voltages than those on a CVC
surface. Most prior studies of the effects of native surface
contamination have employed postmetallization annealing
which obscures the interface properties.

TheI –V characteristics of the as-deposited and annealed
Ni/Au contacts deposited on as-loaded and CVC surfaces are

FIG. 3. UPS valence band spectra from the~a! as-loaded and~b! CVC
p-GaN surfaces. The dashed lines indicate the shift of the bulk N feature. A
linear fit of the high kinetic energy side of spectra~b! and the subsequent
position of the valence band maximum~VBM ! on the clean surface are
shown in the inset. All spectra were acquired using the He I photon line
(hn521.2 eV). The binding energy is measured with respect to the Fermi
level (EF50 eV).

TABLE I. XPS core level photoelectron peak positions and full width at half maxima~FWHM! from as-loaded
and chemical vapor cleaned~CVC! p-type GaN surfaces. The Ga 3d, N 1s, and O 1s spectra were acquired
using MgKa (hn51253.6 eV) radiation. The C 1s spectrum was acquired using AlKa (hn51486.6 eV)
radiation. The error in both the peak position and full width at half maximum is601 eV.

Peak

As-loaded60.1 Clean60.1

Shift ~eV!Position~eV! FWHM ~eV! Position~eV! FWHM ~eV!

O 1s 532.4 2.4 531.1 1.7 1.3
C 1s 285 1.8 NA NA NA
Ga 2p 1118 1.8 1117.5 2 0.5
Ga 3d 19.6 1.8 19 2 0.6
N 1s 397.1 1.5 396.6 1.8 0.5

FIG. 4. Current–voltage (I –V) plots for as-deposited Ni/Au contacts on
as-loaded~triangle! and CVC~circle! p-type GaN surfaces. The low voltage
region has been magnified in~b!. The contact spacing was 5mm.
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compared in Figs. 5 and 6, respectively. The data presented
in Fig. 5 show a significant improvement in the ohmic prop-
erties and a marked increase in the current passed at all volt-
ages for the contacts on the as-loaded surfaces following
annealing at 450 °C. Calculated values ofrc , rs , andLT for
the annealed contact structures were 462 V cm2, (6.7
60.7)3105 V/sq, and 2364 mm, respectively. Within the
calculated experimental error there was no change inrc , rs ,
or LT for the contacts on the CVC surface after annealing at
450 °C, as shown in Fig. 6.

Figures 8~a! and 8~b! show a portion of theI –V data
acquired during heating and after repeated thermal cycling of
contacts on the as-loaded and the CVC surfaces, respectively.
Comprehensive numerical results for contacts on as-loaded
and CVC surfaces are presented in Tables II and III, respec-
tively. Values ofrc , rs , and LT for contact structures on
CVC surfaces heated to 140 °C during the first thermal cycle
were calculated to be 0.560.3V cm2, (4.460.5)

3105 V/sq, and 1062 mm, respectively. The contacts per-
formed consistently through three successive thermal cycles
without degradation, as shown by the absence of any change
in the room temperature and elevated temperature values for
rc , rs , and LT . Although contact structures on as-loaded
surfaces showed some degradation with repeated thermal cy-
cling, as shown in Fig. 8, the uncertainty in the calculated
values forrc , rs , and LT are sufficiently large that these
effects cannot be quantified. Values ofrc , rs , and LT for
contact structures on the as-loaded surfaces heated to 140 °C
during the first thermal cycle were determined to be 0.5
60.1V cm2, (8.860.5)3104 V/sq, and 2462 mm, respec-
tively. The differences in the values ofrs between individual
contact structures on as-loaded and CVC surfaces may be
attributed to nonuniformities in the Mg doping level over the
p-type GaN surface. These nonuniformites are indirectly evi-
denced by the large FWHM of the Ga 3d and N 1s photo-
electron peaks and are discussed in the following sections.

FIG. 5. Current–voltage (I –V) plots of the as-deposited~closed triangles!
and annealed 450 °C~open triangles! for Ni/Au contacts on as-loadedp-type
GaN surfaces. The low voltage region has been magnified in~b!. The con-
tact spacing was 5mm.

FIG. 6. Current–voltage (I –V) plots of the as-deposited~closed circles!
and annealed 450 °C~open circles! Ni/Au contacts on CVCp-type GaN
surfaces. The low voltage region has been magnified in~b!. The contact
spacing was 5mm.
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C. Structure and morphology

Atomic force microscopy measurements on contact
structures deposited on both as-loaded and CVC surfaces fol-
lowing all thermal processing steps revealed rms roughness
values of 8.562.0 and 8.061.5 nm, respectively. Measure-
ments made on a section of untreatedp-type GaN from the
same parent wafer without any contact metallization resulted
in an rms roughness value of 8.061.5 nm. This indicates
that the roughness of the parent wafer is sufficiently large
that any effects due to either the surface treatment or the
postmetallization annealing cannot be observed.

Figure 9 shows XRDv–2u scans for Ni/Au contacts on
as-loadedp-type GaN surfaces following all thermal process-
ing. Peaks 1, 2, and 3 are attributed to GaN, SiC, and AlN
reflections, respectively. Peak 4, which is attributed to Au
~111!, is consistent with epitaxial growth of the Au capping
layer on the Ni~111! plane. The location of peak 5 is close to
that for the predicted values of the~111! reflections from

Au:Ga ~90:10! and Au:Ni ~90:10! solid solutions. It is pro-
posed that these new phases are formed during the postmet-
allization anneal. The absence of the Ni~111! reflection will
be discussed in later sections. At this point the origin of the
reflection observed at 2u;50° is unknown and requires fur-
ther study. However, a similar feature identified inv–2u
scans of annealed Au/Pd/p-GaN contact structures suggests
that this reflection is associated with an additional Au–Ga
phase.

Figure 10 shows XRDv–2u scans for Ni/Au contacts on
CVC p-type GaN surfaces following all thermal processing.
Peaks 1, 2, 3, and 4 correspond to the same GaN, SiC, AlN,
and Au reflections, respectively, described above. Peak 5,
which has been attributed to Ni~111!, is consistent with
other studies of FCC metals on GaN~Ref. 36! wherein the

FIG. 7. Current–voltage (I –V) plots of the annealed~450 °C! Ni/Au con-
tacts on as-loaded~triangles! and CVC~circles! p-type GaN surfaces. The
low voltage region has been magnified in~b!. The contact spacing was 5
mm.

FIG. 8. ~a! Temperature dependent current–voltage (I –V) plots for Ni/Au
contacts on as-loadedp-type GaN surfaces at room temperature~closed
circles!, T5140 °C~open circles!, and room temperature following all three
cycles to 140 °C~crosses!. The contact spacing was 5mm. ~b! Temperature
dependent current–voltage (I –V) plots for Ni/Au contacts on CVCp-type
GaN surfaces at room temperature~closed circles!, T5140 °C ~open
circles!, and room temperature following all three cycles to 140 °C
~crosses!. The contact spacing was 5mm.

9157J. Appl. Phys., Vol. 91, No. 11, 1 June 2002 Hartlieb et al.



~111! plane of the metal is crystallographically matched to
the ~0001! orientedp-GaN substrate. The shoulder on the Au
~111! reflection will be discussed in later sections. The tabu-
lated values in the insets of Figs. 9 and 10 compare the
expected and measured values for each reflection.

IV. DISCUSSION

The full width at half maxima of the Ga 3d (FWHM
52.0 eV) and N 1s (FWHM51.8 eV) photoelectron peaks
measured on the CVC surface are significantly larger than
the 1.2–1.5 eV values previously observed by the present
authors. This increase may be attributed to the variation in
the position of the valence band maximum~VBM ! over the
sample surface and is evidenced by the relatively gradual
turn-on observed in the valence band spectra compared to
that for otherp-type GaN films grown in the same reactor.33

The variation in the position of the VBM effectively in-
creases the width of the spectrum and subsequently decreases
the calculated value for the electron affinity~x!.

The uncertainty in the position of the VBM will lead to
differences in the Schottky barrier height following Ni depo-

sition. The variation in the barrier height and the subsequent
effects onrc at each of the metal–semiconductor interfaces
in the contact set would explain the excessive uncertainty in
the as-deposited value ofrc for contact structures on the
CVC surface. These effects may also be responsible for the
nonlinear increase in total resistance with contact spacing for
contact structures on as-loaded surfaces, which in turn pre-
cluded measurement ofrc .

Although there is a large uncertainty in the as-deposited
value of the specific contact resistance for contacts on CVC
surfaces, the data presented in Fig. 4 show significantly bet-
ter ohmic behavior compared to identical contact structures
on the as-loaded surface. It is important to note that even the
least linear contact structures measured on the CVC surface

TABLE II. Temperature dependence of the specific contact resistance (rc),
sheet resistance (rs), and transfer length (LT) for Ni/Au contacts on as-
loaded p-type GaN surfaces. The contact set was repeatedly heated to
140 °C and cooled to room temperature for a total of three thermal cycles.
Current–voltage measurements were conducted at both room temperature
and 140 °C for each cycle. The specific contact resistance (rc) and sheet
resistance (rs) were calculated using the transfer length method~TLM !.

State rc ~V cm2! rs ~V/sq! LT ~mm!

As-deposited NR NR NR
Annealed 462 (6.760.7)3105 2364

1. T5140 °C 0.560.1 (8.860.5)3104 2462
T5RT 461 (7.360.6)3105 2463

2. T5140 °C 0.660.2 (7.760.7)3104 2863
T5RT 461 (7.060.5)3105 2362

3. T5140 °C 0.560.3 (961)3104 2364
T5RT 3.660.9 (7.160.5)3105 2362

TABLE III. Temperature dependence of the specific contact resistance (rc),
sheet resistance (rs), and transfer length (LT) for Ni/Au contacts on chemi-
cal vapor cleaned~CVC! p-type GaN surfaces. The contact set was repeat-
edly heated to 140 °C and cooled to room temperature for a total of three
thermal cycles. Current–voltage measurements were conducted at both
room temperature and 140 °C for each cycle. The specific contact resistance
(rc) and sheet resistance (rs) were calculated using the transfer length
method~TLM !.

State rc ~V cm2! rs ~V/sq! LT ~mm!

As-deposited 262 (3.760.5)3106 862
Annealed 362 (4.160.5)3106 962

1. T5140 °C 0.560.3 (4.460.5)3105 1062
T5RT 362 (4.660.5)3106 862

2. T5140 °C 0.560.3 (4.460.5)3105 1062
T5RT 463 (4.260.7)3106 1063

3. T5140 °C 0.560.2 (4.460.5)3105 1062
T5RT 463 (4.460.8)3106 1063

FIG. 9. X-ray diffraction ~XRD! v–2u plots for Ni/Au contacts on as-
loadedp-type GaN surfaces following all thermal processing. The spectrum
was acquired using CuKa (l50.1542 nm) radiation.

FIG. 10. X-ray diffraction~XRD! v–2u plots for Ni/Au contacts on a CVC
p-type GaN surface following all thermal processing. The spectrum was
acquired using CuKa (l50.1542 nm) radiation.
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exhibited less rectification over a finite voltage range com-
pared to the most linear contacts measured on as-loaded sur-
faces in the as-deposited condition.

The significant improvement in the ohmic behavior of
the as-loaded contacts following the postmetallization anneal
is attributed to a dispersal of the native contamination at the
semiconductor surface, which is consistent with previous re-
ports in the literature.32 The removal of the contamination at
the interface is accompanied by the formation of interfacial
reaction products, as evidenced by the XRD spectrum in Fig.
9. The single broad peak identified as No. 5 in Fig. 9 is
consistent with the formation of Au:Ga~90:10! and Au:Ni
~90:10! solid solutions. Although the peaks for these two
compounds could not be separated from the spectrum, the
published value for the lattice parameter of Au:Ga~90:10!
~Ref. 52! and those derived for Au:Ni~90:10!, assuming Ve-
gard’s law, results ind(111) values for Au:Ga~90:10! and
Au:Ni ~90:10! of 0.2352 and 0.2323 nm, respectively. The
theoretical values for thed spacing lie slightly above the
calculated spacing for the center of peak 5. This may be
attributed to Ga and/or Ni levels greater than 10% and/or
tensile stress in the~111! plane due to the large mismatches
in lattice parameter and coefficient of thermal expansion
with the underlying GaN. The formation of Au:Ga solid so-
lution is proposed to occur via the diffusion of Au through
grain boundaries in the Ni whereupon it reacts with Ga at the
interface.9

The aforementioned results are in stark contrast to the
results observed in the behavior of the contacts deposited on
the CVC surface. There was no change in the electrical prop-
erties of the contact structures on CVC surfaces following
the postmetallization anneal, as indicated by the absence of
any quantitative change in the electrical properties listed in
Table III. This is consistent with the small variation in the
I –V curves shown in Fig. 6 as well as the absence of any
features in the XRD 2u scan which would indicate substan-
tial formation of interfacial reaction products. The shoulder
observed on the Au~111! reflection shown in Fig. 10 may be
due to the limited formation of Au–Ga, Au–Ni, or
Au–Ga–Ni solid solutions. Note that the solubility limits of
both Ni and Ga in Au at 450 °C have been reported53 to be
;10%. However, the limited reactions that may occur at the
interface do not appear to significantly change the electrical
properties. The absence of any significant reactions at the
metal–semiconductor interface is consistent with previous
reports45 of thermally stable contacts on clean semiconductor
surfaces wherein the interface remained abrupt and unreacted
upon annealing.

Due to the widespread disagreement regarding the tem-
perature at which unique interfacial reaction products form,
each possible Au–Ga phase54 as well as previously reported
Ni–Ga phases25,42were systematically considered and elimi-
nated prior to attributing peak 5 to the Au:Ga~90:10! and
Au:Ni ~90:10! ~111! reflections. However, a Au–Ni–Ga solid
solution could not be effectively ruled out.

The formation of a Au:Ga solid solution would extract
Ga from the near surface region leaving behind Ga vacancies
which could act as acceptors.55 This would effectively in-
crease the doping level in the near surface region and subse-

quently reduce the specific contact resistance at the interface.
Alternatively, reactions at the metal–semiconductor interface
may lead to interfacial roughening and/or metal protrusions
into thep-GaN, which would result in field enhancement and
a subsequent increase in the current passed through the
interface.56 In light of the fact that N vacancies are the ther-
modynamically favored defect inp-type GaN,55 it is unlikely
that a sufficient number of Ga vacancies would be generated
in the near surface region and, therefore, the latter scenario is
more probable. Within the calculated experimental error
there was no difference in the specific contact resistance be-
tween the annealed contact structures on the CVC and the
as-loaded surfaces. However, the results shown in Fig. 7 in-
dicate that the magnitude of the current passed for annealed
contacts on the as-loaded surface is greater at all voltages
compared to identical contacts on CVC surfaces. The large
uncertainty in the specific contact resistance due to material
variation effectively eliminates the qualitative differences
observed in the I–V data. The nature of this variation has
been discussed in a previous section.

There are two possible scenarios that would explain the
absence of the Ni~111! reflection in Fig. 9. The first is that
the Ni overlayer was initially deposited on the contaminated
GaN surface with no preferred orientation. However, previ-
ous reports of epitaxially deposited Ni on contaminated GaN
surfaces13,36,41 effectively rule out this possibility. The sec-
ond, more probable scenario is that the Ni was consumed by
the overlying Au capping layer to form a Au:Ni solid solu-
tion as evidenced by peak 5 in Fig. 9. Regardless of whether
the observed differences occurred in the as-deposited or an-
nealed contact structures, it is important to note that there are
significant structural differences between contact structures
deposited on the CVC and the as-loaded surfaces. These
findings are consistent with previous reports in other Group
III–V systems.45

V. SUMMARY

A NH3-based CVC process was used to obtain an or-
deredp-type GaN surface with no detectable C and a signifi-
cantly reduced O concentration. As-deposited contact struc-
tures on CVC surfaces exhibited less rectification in the low
voltage region~,2 V! compared to identical contact struc-
tures on the as-loaded surface. The improved ohmic behavior
is attributed to the removal of native surface contamination
prior to metal deposition and a subsequent reduction in the
Schottky barrier height. Following a postmetallization anneal
the values ofrc , rs , andLT for contacts on CVC surfaces
remained unchanged and there was no substantial formation
of interfacial reaction products. There was significant im-
provement in the ohmic behavior of the as-loaded contact
following the postmetallization anneal. This is attributed to
the dispersal of the native surface contamination, the forma-
tion of Au:Ga and Au:Ni solid solutions, and the subsequent
roughening of the metal–semiconductor interface. The
marked difference in the microstructure of the contact inter-
face for contact structures on CVC and as-loaded surfaces is
attributed to the effects of the native contamination on the
thermal stability of the metal–semiconductor interface. Val-
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ues ofrc for contacts on both as-loaded and CVC surfaces
following a postmetallization anneal as well as during re-
peated thermal cycling to 140 °C were equivalent to within
the calculated experimental error.
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