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Successfulex situandin situ cleaning procedures for AlN and GaN surfaces have been investigated
and achieved. Exposure to HF and HCl solutions produced the lowest coverages of oxygen on AlN
and GaN surfaces, respectively. However, significant amounts of residual F and Cl were detected.
These halogens tie up dangling bonds at the nitride surfaces hindering reoxidation. The desorption
of F required temperatures.850 °C. Remote H plasma exposure was effective for removing
halogens and hydrocarbons from the surfaces of both nitrides at 450 °C, but was not efficient for
oxide removal. Annealing GaN in NH3 at 700–800 °C produced atomically clean as well as
stoichiometric GaN surfaces. ©1998 American Institute of Physics.@S0021-8979~98!02821-7#

I. INTRODUCTION

Aluminium nitride ~AlN !, gallium nitride~GaN!, and in-
dium nitride~InN! are semiconductors with band gaps of 6.2,
3.5, and 1.9 eV, respectively.1–4 The recent demonstration of
a blue laser based on an InGaN quantum well structure5

highlights many of the recent advances which have been
made in this field. GaN, AlN, and their alloys are also of
interest for high-power, high-frequency, and high-
temperature device applications.1,2 The recent observation of
a negative electron affinity for AlN6 and AlxGa12xN

7 alloys
also makes these candidate materials for field emitters in
cold cathode electron devices.

Surface cleaning processes are the foundations on which
most semiconductor device fabrication steps are built.8–10

Experience gained in silicon and gallium arsenide technol-
ogy has shown that surface cleaning has a significant influ-
ence on epitaxial defects, metal contact resistance/stability,
and overall device quality. Thus the criteria for surface
cleanliness must consider the entire electrical, structural, and
physical state of the surface. This includes removal of native
oxides, organic contaminants, metallic impurities, particulate
contaminants, adsorbed molecules, and residual species.11–14

Studies concerning the cleaning of Si and GaAs surfaces
have investigated manyex situand in situ processes includ-
ing wet chemical~see, e.g., Refs. 8–10, 14–16!, UV/O3

oxidation,17–20thermal desorption,21 and chemical beam,22,23

and atomic H cleaning.24,25 There have been fewer investi-
gations of methods to obtain clean AlN26–31 and GaN32–52

surfaces.
In the first surface cleaning study of GaN, Hedman and

Martensson32 used x-ray photoelectron spectroscopy~XPS!
to examine single-crystal GaN films grown via halide vapor
phase epitaxy~HVPE! which have been etched in H3PO4 at
100 °C and annealedin situ at 300 °C. Thein situ anneal
removed some oxygen and carbon contaminants; however, it
was incomplete at this temperature. Subsequent investiga-

tions of surface cleaning processes for GaN have only re-
cently been conducted on films grown via organometallic
vapor phase epitaxy~OMVPE! on sapphire or 6H-SiC
substrates.32–52

Hunt et al.33 investigated the efficacy of the combination
of sputtering with Ar1, Xe1, or N2

1 ions followed by thermal
desorption/annealing as a cleaning procedure. Prior to pro-
cessing, they observed monolayer coverages of oxygen and
carbon contaminants by Auger electron spectroscopy~AES!
with corresponding N/Ga ratios of 0.47–0.57 and a diffuse
(131) hexagonal reflection high-energy electron diffraction
~RHEED! pattern. Sputtering with 5 keV Ar1 or Xe1 ions
resulted in an incomplete reduction of carbon and oxygen
contaminants, and a simultaneous reduction in the nitrogen
concentration to a N/Ga ratio of 0.25. When the sputtered
surfaces were annealed in UHV at 500–600 °C, a minor in-
crease in the nitrogen surface concentration (N/Ga50.5) and
a disordered RHEED pattern were observed. These results
suggested that nitrogen was preferentially removed from the
surface by the sputtering process. This was confirmed by Ma
et al.34 For GaN surfaces sputtered with 5 keV N1 ions,
however, the AES results of Huntet al.33 showed only a
small decrease of the nitrogen content (N/Ga50.43). After
annealing at 500 °C, the N/Ga ratio increased to 0.8, and a
well-defined hexagonal (131) RHEED pattern developed.

Khan et al.35 obtained atomically clean metalorganic
chemical vapor deposition~MOCVD! GaN~0001! surfaces in
a molecular beam epitaxy~MBE! system via either annealing
in an evaporated flux of Ga at 600–900 °C or by flashing off
several monolayers of Ga at 900 °C which had been previ-
ously deposited at room temperature.In situ Auger electron
spectroscopy~AES! analysis showed the OKLL peak inten-
sity to be 2% of the NKLL signal while the O contamination
was close to the AES sensitivity limit. Low-energy electron
diffraction ~LEED! of these surfaces displayed only unrecon-
structed (131) diffraction patterns. Kahnet al.35 concluded,
based on the AES ratios, that GaN samples prepared in this
fashion were N terminated.a!Electronic mail: ROBERT–DAVIS@ncsu.edu
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The technique of Kahn has since been used by Bermu-
dez et al. to prepare clean GaN surfaces to study the inter-
faces and interaction of GaN with Ni,36 Al,37 and O2.

38 In the
latter study, Bermudez observed via XPS that for clean GaN
surfaces the valence band maximum~VBM ! lies only '2.4
eV below the surface Fermi level indicating'0.9 eV of
upward band bending for surfaces prepared in this fashion.
This has been additionally observed by Kinget al.39 for pris-
tine high quality GaN surfaces grown and analyzed in an
UHV environment. Bermudez could not identify the exact
origin of the surface state responsible for pinning the surface
Fermi level; however, he did show that exposure of the clean
GaN surface to O2 decreased the band bending by 0.15 eV.
Bermudez also found that surfaces prepared only by wet
chemical cleaning in 1:10 NH4OH:H2O showed only a 0.4
60.2 eV upward band bending. A recent study by Prabhaka-
ran et al.40 has indicated that this etch predominantly re-
moves gallium oxides (Ga2O3) from the GaN surface.

Bermudez38 additionally investigated the combination of
N2

1 sputtering followed byin situ annealing at 900 °C. This
technique was determined to be equivalent to the Ga flux
technique. Surfaces prepared by N2

1 sputtering showed both
the same sharp (131) LEED patterns and the'0.9 eV of
upward surface band bending as the surface cleaned in the
Ga flux. The latter is in sharp contrast with the results of
Hunt et al.33 which showed essentially no band bending for
N2

1 sputtered surfaces. Bermudez has also studied the inter-
action of XeF2 with nitrogen ion sputter cleaned GaN
surfaces.41 He observed that XeF2 exposure resulted in an
almost complete relaxation of the band bending in compari-
son to the slight 0.15 eV reduction for O2 exposed surfaces.

Nitrogen ion sputtering has also been used by Sung
et al.42 to examine the polarity of GaN films grown on sap-
phire. Their time of flight scattering and recoiling spectrom-
etry ~TOF-SARS! and classical ion trajectory simulations in-
dicate that (0001) GaN/Al2O3 surfaces prepared in this
fashion are nitrogen terminated with Ga atoms comprising
the second layer. Their results also indicated that the surface
is bulk terminated with no detectable reconstruction or relax-
ation within the uncertainty of their measurements and that
the bulk termination is stabilized by'3/4 ML of hydrogen
atoms which terminate the outermost N atoms. This conclu-
sion is in agreement with recent theoretical calculations by
Rapcewiczet al.43 which have indicated that a (131) bulk
surface termination with 3/4 monolayer~ML ! hydrogen is
energetically more stable than any of the several (232) re-
constructions that they examined. This is in contrast to the
fact that (232) reconstructions are consistently observed
using RHEED during MBE growth of high quality GaN
films; whereas (131) reconstructions are typically associ-
ated with poor growth conditions.44–46 The findings of Sung
et al.42 are also contrary to those of both Ponceet al.47 and
Daudin et al.48 whose convergent beam electron diffraction
~CBED! and ion channeling diffraction techniques showed
that smooth MOCVD GaN films grown on sapphire are Ga
terminated, whereas rough/pyramidal GaN films are N termi-
nated.

Nitrogen ion sputtering and 900 °C annealing has also
been used by Dhesiet al.49 to examine the bulk and surface

valence band electronic structure of GaN surfaces using
angle-resolved photoemission spectroscopy~ARP!. Their
studies of this surface showed'0.9 eV of upward band
bending and the existence of a nondispersive feature near the
VBM which they attributed to a surface state. A similar non-
dispersive state has also been reported from the theoretical
calculations of Rapcewicz and appears to be related to a
filled dangling bond state for a nitrogen surface atom which
is not bonded to an adsorbed hydrogen atom.43

A more practical approach to surface cleaning was taken
by Ishikawaet al.50 They investigated the influence of wet
chemical treatments with HF solutions, N1/Ar1 ion sputter-
ing and annealing on the electrical properties ofp-type GaN/
metal interfaces. Though their XPS studies showed that a
wet chemical treatment with buffered (HF2NH4) HF reduced
the O 1s intensity by 60% for the GaN surface, their electri-
cal measurements showed only a slight improvement in cur-
rent injection for Ni/GaN contacts. Their XPS studies
showed a large reduction of C and O contaminants following
the sputter cleaning~no annealing!, but I /V measurements
showed only decreased current densities for the same con-
tacts. This was attributed to the generation of a large number
of surface defects by the sputtering process. Improved con-
tact resistances were obtained by annealing BHF cleaned
GaN/Ni interfaces at 400–500 °C. High-resolution transmis-
sion electron microscopy~HRTEM! studies of the GaN/Ni
interfaces with no BHF treatment or annealing showed the
presence of a'2 nm amorphous layer between the Ni and
GaN which was attributed to a contamination layer. HRTEM
of GaN/Ni interfaces prepared after annealing of the GaN at
400 °C did not show this layer.

Smith et al.51 investigated cleaning of GaN surfaces us-
ing HF and HCl wet chemical processes followed byin situ
thermal desorption. It was found that HCl:DI wet chemical
processes produced the lowest coverages of oxygen and car-
bon contaminants, but HF wet chemistries combined with
methanol resulted in GaN surfaces which were more efficient
for in situ thermal desorption of carbon and oxygen.51 How-
ever, complete thermal desorption of all contaminants was
not achieved at temperatures below 900 °C. Recent scanning
tunneling microscope~STM! images obtained by Packard
et al.52 from GaN surfaces prepared by annealing at 900 °C
showed that these surfaces are highly defective exhibiting
numerous arrangements of ordered N-surface vacancies. The
observation of a large amount of nitrogen surface vacancies
also indicates that some type of activated nitrogen must also
be involved to prohibit loss of nitrogen from the surface.
These results clearly indicate that thermal desorption alone is
not capable of producing electronic grade atomically clean
surfaces and that more elaborate means must be used.

In this study, we have investigated bothex situand in
situ cleaning of AlN and GaN surfaces using AES, XPS,
UPS, LEED, and temperature programmed desorption
~TPD!. Oxidation via UV/O3 process forex situcarbon con-
tamination removal and a variety of standard wet chemistries
andex situchemical vapor exposures for oxide removal were
investigated. Wet chemistries based on H2SO4 and H3PO4

solutions common in GaAs technology for chemical oxide
growth were also investigated.14–16The in situ cleaning pro-
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cesses examined included thermal desorption, exposure to
hydrogen plasmas and annealing in fluxes of Al, Ga, NH3,
and SiH4. The use of GaN and In as a passivating/protective
layer for AlN surfaces was additionally investigated.

II. EXPERIMENT

The AlN samples were derived from~i! films epitaxially
grown on 6H-SiC~0001!Si by ~a! OMVPE53 or ~b! gas
source-molecular beam epitaxy~GSMBE!,54 or deposited via
reactive ion sputtering on Si~111! and ~ii ! hot pressed poly-
crystalline AlN wafers. The GaN films were epitaxially de-
posited on AlN buffer layers grown on 6H-SiC~0001! by
OMVPE53 and GSMBE.54

All in situ studies were conducted in an integrated sur-
face analysis and growth system previously described in Ref.
55. The GSMBE system consisted of a UHV chamber hav-
ing a base pressure of 3310210 Torr, a residual gas analyzer
~RGA! and several gas dosers and Knudsen cells. The RGA
was housed in a separate, differentially pumped cylindrical
chamber which had a 0.5 cm diameter orifice at the head of
the RGA for TPD experiments. Heating profiles to 1100 °C
were achieved using a tungsten filament positioned near the
back of the sample and mounted on a boron nitride disk. A
thermocouple was employed to measure the temperature of
the backside of the wafer. The actual surface/sample tem-
peratures reported below were determined using an infrared
pyrometer. The accuracy of the latter was625 °C. Source
materials in the GSMBE included Al~99.9999%!, Ga
~99.99999%!, SiH4 ~99.995%!, and NH3 ~99.9995% as-
received and further purified via an in line metalorganic resin
purifier!.

CMOS grade acids and bases and high resistivity~18.4
MV! de-ionized water were used in allex situwet chemical
cleaning processes. The wet chemical cleans investigated
included various mixtures of the following acids and
bases: HCl, HF, NH4F, HNO3, H2SO4, H3PO4, H2O2,
NH4OH, NaOH, KOH, RCA SC1 and SC2~1:1:5
NH3OH:H2O2:H2O @85 °C and 1:1:5 HCl:H2O2:H2O
@85 °C!. Unless otherwise noted, AlN and GaN samples
were rinsed in DI water and blown dry with N2 after all wet
chemical processes. The samples were subsequently
mounted on a molybdenum sample holder for loading into
the UHV system.

The XPS and UPS experiments were performedin situ,
without breaking vacuum, in a separate UHV chamber~base
pressure52310210 Torr! equipped with a dual anode~Mg/
Al ! x-ray source, a HeI UV lamp, and a 100 mm hemispheri-
cal electron energy analyzer~VG CLAM II !. All XPS mea-
surements on AlN were obtained using AlKa radiation
(hn51486.6 eV); related spectra for GaN were acquired us-
ing Mg Ka radiation (hn51253.6 eV). Calibration of the
binding energy was achieved by periodically taking scans of
Au 4f 7/2 and Cu 2p3/2 from standard samples and corrected
to 83.98 and 932.67 eV, respectively.28 Sample charging was
observed only in the case of polycrystalline bulk AlN wafers.
This effect was corrected by assigning the C 1s peak to a
value of 285.7 eV; all other core levels~O 1s, Al 2p, N 1s,
F 1s! were shifted accordingly. The value of 285.7 eV was

based on the observation that adventitious carbon on thin
AlN surfaces~'30 Å! occurred at this energy. A combina-
tion of Gaussian and Lorentzian curve shapes with a linear
background was used to fit the obtained data.

The AES spectra were obtained using a beam energy of
3 keV, collected in the undifferentiated mode and numeri-
cally differentiated. LEED pictures were obtained using an
80 eV, 1 mA beam.

The rf excited~13.56 MHz! remote plasma cleaning sys-
tem, which was connected to the same UHV transfer line,
had a base pressure of 431029 Torr. The process gases
flowed through a quartz tube mounted at the top of the cham-
ber. The samples were located 40 cm below the center of the
rf coil. An in-line purifier and filter was used for the purifi-
cation of hydrogen and silane. Sample heating in the plasma
system was achieved using a heater similar that one previ-
ously described in the GSMBE system.

The experimental system employed forex situ UV/O3

exposures used to remove carbon contamination from AlN
and GaN surfaces employed a high intensity Hg lamp posi-
tioned '1 cm from the samples. In some cases the UV/O3

box was purged with 1 L/s O2 to increase the concentration
of generated O3. Further details of this process have been
described in Refs. 56–59.

III. RESULTS

A. Ex situ cleaning of AlN

Figure 1~a! shows an AES spectrum of the surface of an
as-received OMVPE AlN sample. Oxidation via UV/O3 ex-
posure was investigated initially for C removal. Both AES
and XPS were used to examine an OMVPE film which had
been previously cleaned in trichloroethylene, acetone, and
methanol for 5 min in each solvent and then exposed to
UV/O3 for 10 min at room temperature. This treatment re-
duced the intensity of the CKLL peak by'50%, as shown in
Fig. 1~b!. A similar decrease in the intensity of the C 1s core
level was observed in XPS. Longer UV/O3 exposures of 30
min–1 h with or without a solvent preclean did not further
appreciably decrease the surface C coverage. Figure 1~b!
also shows that the AlN surface was further oxidized by the
UV/O3 treatment. The XPS spectrum of the O 1s core level

FIG. 1. AES survey spectra of OMVPE AlN~a! as-received,~b! solvent
cleaned and 20 min UV/O3 exposure, and~c! 3 min dip in 10:1 buffered HF.
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showed a broad peak which was deconvoluted into two
peaks at 531.3 and 533.0 eV, as shown in Figs. 2~a! and 2~b!.

The reported binding energies of the O 1s core level
from various forms of aluminum oxide have range from
530.7 to 532.5 eV;60–65 the reported binding energies for the
O 1s core level from various nitrate compounds range from
532.7 to 533.6 eV.65 It is tempting to assign the O 1s peak at
531.3 eV to Al–O bonding and the O 1s peak at 533.0 eV to
N–O bonding, but the second peak at 533.0 eV could alter-
natively be due to aluminum hydroxides.60–64The XPS stud-
ies of various aluminum oxides and hydroxides~sapphire,
gibbsite, bayerite, bauxite, boehmite, and diaspore! by
Tsuchida and Takahashi,62 have shown that the binding en-
ergy of the O 1s core level of OH2 species~hydroxides! is
typically 532.0–532.3 eV while for O22 species it is typi-
cally 530.7–531.5 eV. Tsuchida and Takahashi62 were suc-
cessful in deconvoluting the broad O 1s spectrum from boe-
hmite @AlO~OH!# and diaspore@AlO~OH!# into two separate
peaks located at 530.7 and 532.2 eV, respectively, which
they attributed to O22 and OH2 species. Additionally, the
binding energy of the O 1s core level for H2O has been
reported to be 533.3 eV.65 It seems, therefore, more likely
that the native oxide and UV/O3 generated oxides on AlN
surfaces may be composed primarily of both Al–O and
AlO–OH states. The issue of N–O bonding versus AlO–OH
bonding could be resolved more easily by the detection of
chemically shifted Al 2p and N 1s core levels, but no chemi-
cal shifts were observed in the XPS spectra.

The AlN surface is reasonably inert and oxidation in a
typical laboratory ambient was not observed to proceed rap-
idly. Therefore, UV/O3 exposures were used to repeatedly
grow a thin oxide layer with which to assess the efficacy of
wet chemical removal of this oxide. The 1:1 HCl:DI, 1:1
NH4OH:H2O2, RCA SC1 and SC2 solutions were observed
to significantly reduce the surface oxide. A comparison of
the AES peak-to-peak height~pph! ratios for the various wet
chemical cleans is provided in Table I. A 10:1 buffered HF
~7:1 NH4F:HF! process was observed to be most effective at
removing the surface oxide, as shown in Fig. 1~c!. Close
examination of this figure reveals that the AlLVV line shape
changed from that typical of aluminum oxide to that of AlN
after the 10:1 BHF clean.51 Figure 2~c! also shows that the

10:1 BHF treatment reduced the integrated intensity of the
higher binding energy (OH2) O 1s core level to about equal
to that of the lower binding energy (O22) O 1s core level.
This suggests that BHF primarily attacks hydroxide (OH2)
species on AlN surfaces. Similar results were also obtained
with both 10:1 HF and 40% NH4F experiments.

Further examination of Table I shows that the BHF treat-
ment produced AlN surfaces with the lowest carbon cover-
ages for the wet chemistries examined. The RCA SC1 clean
produced surfaces with essentially the same carbon cover-
ages as the BHF treatment but with correspondingly higher
oxygen coverage. In contrast the RCA SC2 clean produced
surfaces with essentially the same oxygen coverage as the
SC1 clean but with higher carbon coverages.

A small concentration of fluorine was also detected in
the AES spectra after the BHF clean, as shown in Fig. 1~c!.
The presence of fluorine is better illustrated in the XPS spec-
trum of the F 1s region from a 30 Å GSMBE AlN film after
dipping in 10:1 buffered HF~BHF! for 10 min, as shown in
Fig. 3~a!. This broad peak was deconvoluted into two lines at
686.8 and 688.5 eV. These lines were assigned to Al–F and
N–F bonding based on previous reports of XPS from
AlF3–H2O and NF3.

65–67 The carbon contamination on the
AlN surface was also studied by XPS. After an HF dip, most
of the surface carbon was located at a binding energy of
285.8 eV @full width at half maximum~FWHM!52.3 eV!,
which is typical of adventitious carbon and is indicative of a
mixture of C–O and C–H bonding65 @see Fig. 4~a!#.

FIG. 2. XPS of the O 1s core level obtained from bulk AlN~a! as-received,
~b! solvent cleaned and 20 min UV/O3 exposure, and~c! 3 min dip in 10:1
buffered HF.

TABLE I. O KLL/N KLL, C KLL/N KLL, and Al LLV/N KLL AES
pph ratios from OMVPE AlN surfaces given various wet chemical treat-
ments following a UV/O3 oxidation~uncorrected for differences in sensitiv-
ity!.

C/N O/N Al/N

UV/O3 0.27 2.57 0.66
10:1 BHF 0.22 0.12 0.24
1:1 HCl:DI 0.29 0.36 0.27
1:1 NH4OH:H2O2 0.32 0.58 0.27
RCA SC1 0.20 0.21 0.30
RCA SC2 0.33 0.21 0.30

FIG. 3. XPS of the F 1s core level from a 30 Å AlN GSMBE film on~0001!
6H-SiC after ~a! dipping in 10:1 BHF, and annealing for 15 min at~b!
400 °C,~c! 600 °C,~d! 800 °C, and~e! 950 °C.
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Other wet chemistries based on H2SO4, H3PO4, and
NaOH, etc. were also investigated. Treatments in concen-
trated H2SO4 and H3PO4 were observed to leave residual
sulfate and phosphate on the surface which was related to
difficulties in rinsing these viscous chemicals from the AlN
surface. The H2O2:H2SO4 ~Piranha! etch was observed to
remove gross carbon contamination from AlN surfaces. Ex-
posure to NaOH left traces of Na on the surface which were
removed below the detection limits of XPS with an RCA
clean. More dilute levels of H3PO4 were moderately success-
ful for oxide removal at room temperature; however, it was
observed that when etching AlN in H3PO4 at higher tempera-
tures of 100–150 °C, the surface roughness~rms! increased
from as low as 20 Å to as high as 200 Å.

B. In situ processing of AlN

The chemistry and thermal desorption of F, C, and O
contaminants on AlN surfaces after HF processing was fur-
ther examined using AES, XPS, and TPD. Figures 3~b!–3~e!
show the F 1s core level spectra of the HF-etched AlN sur-
face after subsequentin situ annealing at different tempera-
tures. The two F 1s peaks became more distinguishable after
annealing at 400 °C~positions: 686.7 and 688.7 eV!. The
intensity of the higher binding energy line was reduced after
annealing at 600 °C and almost disappeared after annealing
at 800 °C. Complete elimination of the low and high binding
energy peak was not achieved until 950 °C. The C 1s and
O 1s core levels were also monitored. Figure 4 shows the
C 1s core level spectra as a function of annealing tempera-
ture. A gradual decrease in intensity for the C 1s core level
was observed over the temperature range investigated with
complete removal of the adventitious carbon again occurring
only after annealing at a temperature of 950 °C. This is simi-
lar to the dependence observed for fluorine. The intensity of
the O 1s peak initially decreased slightly after the 400 and
600 °C anneals, presumably due to desorption of water and
CO. However, the O 1s intensity almost doubled after the
950 °C anneal. We attribute this to the reaction of the AlN
surface with water desorbing from the chamber during the
heating.

Temperature-dependent desorption~TPD! studies were
performed on a polycrystalline AlN film reactively sputtered
on Si~111! which had been subsequently dipped in 10:1
BHF. Figure 5 shows a strong desorption peak form/e2 16
~O! and 18 (H2O) at temperatures of,200 °C. This is in
agreement with the observed decrease in O 1s intensity in
XPS. Another large TPD peak was detected for desorption of
flourine atm/e2 19 and 20~F and HF! at 400 °C, while a
small peak form/e2 38 (F2) was detected at 500 °C. This is
also in agreement with the XPS data. Desorption features at
400–500 °C form/e2 2, 12, and 28 were also detected and
are related to desorption of H2, C, and N2 or CO.

Complete thermal desorption of O, C, and F contami-
nants occurred only at elevated temperatures. As suchin situ
exposure to various different activated chemical species was
investigated as a means of lowering the temperature to pro-
duce atomically clean AlN surfaces. In a previous study,68

we investigated remote H plasma cleaning of AlN. This tech-
nique was extremely efficient for removing C and F at tem-
peratures as low as 400 °C, however, only slight removal of
oxygen was observed. Annealing in separate fluxes of Al
~0.1 ML/s!, Ga~0.1 ML/s!, and NH3 ~1–10 sccm! was effec-
tive for removing fluorine and carbon at temperatures
,800 °C. None of these processes were effective in further
removing oxygen. Exposure to silane~0.1–1 sccm! at
1000 °C was the onlyin situ process which removed appre-
ciable oxygen from the AlN surfaces. However, the loss of
oxygen was at the expense of some deposition of silicon onto
the surface.

A thin ~,1 Å! In passivation has been successfully used
to protect GaAs surfaces in air. It was subsequently ther-
mally desorbed in vacuum.69 As such, In was deposited on
OMVPE and GSMBE AlN filmsin situ immediately after
growth. The In films balled up instead of wetting the AlN
surface.

By contrast, complete surface coverage of the AlN with
20 nm films of GaN was achieved. Thermal desorption of the
GaN occurred at' 950 °C and resulted in an essentially
oxygen and carbon free surface, as shown in Figs. 6 and 7.
Complete desorption of the GaN film did not occur at this
temperature as AES and XPS detected a persistent trace of

FIG. 4. XPS of the C 1s core level from a 30 Å AlN GSMBE film on~0001!
6H-SiC after ~a! dipping in 10:1 BHF, and annealing for 15 min at~b!
400 °C,~c! 600 °C,~d! 800 °C, and~e! 950 °C.

FIG. 5. Temperature programmed desorption~TPD! of m/e2 ~a! 18, ~b! 20,
and ~c! 38 from a 10:1 BHF dipped AlN~ramp: 20 °C/min!.
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Ga on the surface even after extended annealing at
.1000 °C, as shown in Fig. 8.

C. Ex situ cleaning of GaN

Figure 9 displays XPS spectra of the C 1s core level
from an OMVPE GaN surface after~a! solvent cleaning
~trichloroethylene, acetone, and methanol! followed by ~b!
UV/O3 exposure. Only partial removal of the carbon con-
taminants from the GaN surface by the UV/O3 exposure was
achieved, similar to that for the AlN surfaces. As-received
GaN and AlN surfaces had comparable levels of carbon con-
taminants. The data of Fig. 9 also show that the UV/O3 ex-
posure shifts the peak energy of the C 1s core level to a
higher binding energy~285.3–285.8 eV! which is consistent
with oxidation of the carbon surface species.

To determine if carbon removal could be enhanced by
increased oxidation of the GaN surface, the UV/O3 box was
purged with 1 L/s of oxygen. It is anticipated that this pro-
cedure will increase the concentration of ozone. A further
decrease in the surface carbon coverage was achieved; how-
ever, complete carbon removal was not realized. The oxygen
purge did enhance the oxidation rate of the GaN surface.
This was observed by an almost complete disappearance of
the N KLL and N 1s peaks. The Ga 3d and N 1s core levels

were also observed to broaden and shift to the higher binding
energies of 20.8 and 398.2 eV, respectively. Binding ener-
gies of 19.6–21.0 eV65 have been reported for the Ga 3d
core level from Ga2O3. The reported Ga 3d core levels for
GaN are 19.2–20.3 eV.37,65 The chemical shifts for the N 1s
core level for N–Ga~397.2 eV65! and N–Ox ~400–405 eV65!
bonding are much larger. A large chemically shifted N 1s
core level at;405 eV has been also observed for oxidized
InN which was attributed to NO and NO2 species.70 Since
such a large shift of the N 1s core level was not observed in
our XPS data, it appears that the oxide is composed mostly
of Ga bonded to oxygen~Ga–O!. No diffraction patterns
were detected from this surface using LEED, which indicates
that the O3 generated oxide is likely to be amorphous.

As shown in Fig. 10~a!, only a single broad O 1s core
level (FWHM53.1 eV) centered at 532.4–532.7 eV could
be detected from GaN surfaces after solvent cleaning and
prior to the UV/O3 exposure. However, after a 24 h UV/O3

exposure, the O 1s core level spectrum showed the develop-
ment of a second O 1s peak at 531.5 eV, possibly due to the
formation of stoichiometric Ga2O3 (O 1s5530.8 eV).65

Thus, the oxides formed on UV/O3 treated GaN surfaces are
also very likely composed mostly of O22 and OH2 species.
This result is similar to that for AlN surfaces~Sec. III A!.

FIG. 7. XPS of C 1s core level from 200 Å GaN capping layer on~0001!
AlN buffer layer, ~a! as-received,~b! after annealing at 500 °C,~c! 750 °C,
~d! 950 °C, and~e! .1000 °C.

FIG. 8. XPS of Ga 2p3/2 core level from 200 Å GaN capping layer on
~0001! AlN buffer layer, ~a! as-received,~b! after annealing at 500 °C,~c!
750 °C,~d! 950 °C, and~e! .1000 °C.

FIG. 9. XPS of C 1s core level from~0001! OMVPE GaN after~a! ultra-
sonification in trichloroethylene, acetone, and methanol, and~b! UV/O3

exposure.

FIG. 6. XPS of O 1s core level from 200 Å GaN capping layer on~0001!
AlN buffer layer, ~a! as-received,~b! after annealing at 500 °C,~c! 750 °C,
~d! 950 °C, and~e! .1000 °C.
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The combination of UV/O3 oxidation and exposure to
acids and bases was also used to determine the best chemical
method for removing oxides from GaN surfaces. Solutions of
HCl, NH4OH, and HF were very effective for oxide removal.
Table II summarizes the AES OKLL/N KLL and
C KLL/N KLL pph ratios obtained from GaN surfaces un-
dergoing UV/O3 oxidation followed by numerous wet chemi-
cal treatments. A 1:1 HCl:DI solution was found to produce
the lowest CKLL/N KLL ratio; however, significant cover-
age of Cl was observed. Slightly higher OKLL/N KLL ra-
tios were obtained with 10:1 HF and 10:1 BHF solutions, but
unlike AlN flourine was not detected either by AES or XPS.
Similar to AlN, the lowest CKLL/N KLL ratios were ob-
tained with these HF based solutions. For HCl treatments,
the oxygen surface coverage was inversely related to the
amount of Cl detected on the surface~i.e., higher Cl cover-
age leads to lower oxygen coverage!. A similar relation was
also observed between carbon and oxygen. All GaN surfaces
treated in HCl:DI, HF, BHF, or NH4OH:H2O2 displayed (1
31) LEED patterns indicating removal of the UV/O3 oxide.

Other wet chemistries including RCA SC1 and RCA
SC2, 1:1:7 H2SO4:H2O2:DI, H3PO4, and acetic acid were
also investigated. RCA SC1 and SC2 reduced the UV/O3

oxide on GaN surfaces, but the SC2 clean was left more

carbon on the surface relative to the SC1 clean, similar to
AlN surfaces. H2SO4 and H3PO4 left residual sulfates and
phosphates on the GaN surfaces with accordingly higher
oxygen levels.

An ex situ exposure to the equilibrium vapor from a
BHF solution was also useful for UV/O3 oxide removal from
~0001!Si 6H-SiC surfaces.54 As shown in Table II, the oxy-
gen surface coverages on the treated GaN surfaces were not
lower than those for typical wet chemical approaches. One
significant difference was the detection of large amounts of
fluorine as compared to the BHF wet chemical cleans where
no fluorine was detected. XPS of this surfaces showed a
broad F 1s peak which could be deconvoluted into two sepa-
rate peaks at 686.6 and 688.2 eV. Shifted Ga 2p @Fig. 11~a!#
and N 1s @Fig. 12~a!# core level lines at 1120.5 and 403.8 eV
were detected. This together with the two F 1s lines indicate
the formation of both GaF3 and NF3 on the surface. Both
Ga–F and N–F lines were completely removed by cleaning
in 1:1 NH4OH:H2O2, as shown in Figs. 11 and 12~b!.

Finally, AFM examinations revealed that all of the
above wet chemical treatments, except H3PO4, did not in-
crease the rms surface roughness beyond the initial value of
'10 Å.

FIG. 10. XPS of O 1s core level from~0001! OMVPE GaN~a! after solvent
cleaning,~b! after UV/O3 oxidation for 25 min, and~c! after UV/O3 oxida-
tion for 24 h with 1 L/s flowing O2.

TABLE II. AES pph ratios of UV/O3 and wet chemical processed OMVPE GaN surfaces.

Treatment O KLL/ N KLL C KLL/ N KLL Ga LMM /N KLL

3 h in air 0.22 0.07
As-received 0.15 0.21 0.59
Solvents 0.20 0.24 0.61
UV/O3 0.85 0.19 0.81
HCl:DI 0.12 0.23 0.62
NH4OH:H2O2 0.29 0.22 0.73
10:1 HF 0.15 0.10 0.69
40% NH4F 0.23 0.14 0.77
10:1 BHF 0.23 0.20
1:1:7 H2SO4:H2O2:DI 0.33 0.22 0.63
85% H3PO4 @ 125 °C 0.27 0.15 0.76
RCA SC1 0.25 0.24 0.60
RCA SC2 0.16 0.35 0.62
BHF vapor 0.43 0.35 0.77

FIG. 11. XPS of Ga 2p core level from~0001! OMVPE GaN after UV/O3

oxidation and~a! BHF vapor clean and~b! DI rinse and NH4OH:H2O2 clean.
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D. In situ processing of GaN

In a previous study, AES was used to examine the ther-
mal desorption of O, C, and Cl contaminants on GaN sur-
faces after various DI:HCl:HF:MeOH wet chemical
processes.51 Annealing at 800 °C resulted in incomplete de-
sorption of carbon and oxygen contaminants; while complete
desorption was achieved after annealing at 950 °C. In this
present study, desorption of carbon and oxygen contaminants
was more closely examined using XPS. The data in Figs.
6–8 are representative of our findings. Figures 6 and 7 show
that both oxygen and carbon remained on the surface after
vacuum annealing at 800 °C and that complete removal these
species was only achieved after annealing at 950 °C. Follow-
ing the latter anneal, the Al 2p core level from the AlN sur-
face appeared and the Ga 2p core level decreased in intensity
and split into two lines @see Fig. 8~d!# indicating
decomposition/sublimation had occurred at this temperature.
This is supported by a separate TPD experiment, where an
exponential increase of the mass 69~Ga! with temperature
was observed atTsub.'800 °C ~see Fig. 13!. This shows
that the oxygen and carbon contaminants were likely re-
moved from the GaN surface through sublimation of the
GaN film.

The position of C 1s core level from carbon on the GaN
surface also shifted with increasing annealing temperature

from 285.7 to 284.5 eV. This indicates that primarily C–O
bonded carbon desorbs from GaN surfaces at temperatures of
400–600 °C with only primarily C–H bonded carbon re-
maining at higher temperatures of 600–950 °C. Similarly,
the higher energy O 1s core level was also observed to dis-
appear in the temperature range of 400–600 °C suggesting
that OH2 species desorb at lower temperatures leaving only
O22 species at higher temperatures.

The removal of native and UV/O3 oxides from GaN via
annealing in fluxes of Ga and NH3 was conducted. Both
procedures resulted in a reduction in the amount of oxygen
and carbon, as shown in Fig. 14. However, complete removal
of oxygen could not observed due to electron beam oxidation
of the GaN surface during the AES analysis. Figure 15
shows a series of AES spectra taken sequentially for differ-
ing periods of time from an as-grown GSMBE GaN surface.
The intensity of the OKLL peak increased with time of the
measurements. Essentially no oxygen could be detected after
one scan. Therefore, we conclude that atomically clean GaN
surfaces were obtained by annealing in NH3 at 800 °C. Fur-
thermore, (232) reconstructions were observed in LEED
from both OMVPE and GSMBE GaN films.

FIG. 12. XPS of N 1s core level from~0001! OMVPE GaN after UV/O3

oxidation and~a! BHF vapor clean and~b! DI rinse and NH4OH:H2O2 clean.

FIG. 13. TDPm/e2 69 ~Ga! signal from GSMBE GaN as a function of
surface temperature.

FIG. 14. AES survey spectra from GSMBE GaN~a! exposed to UV/O3, and
after annealing in:~b! UHV at 650 °C, 20 min,~c! NH3 (531026 Torr) at
650 °C, 20 min, and~d! NH3 (531026 Torr) at 800 °C, 25 min~spectra
normalized to NKLL!.

FIG. 15. AES survey spectra from GSMBE GaN after various sequential
scans~a! 1, ~b! 3, ~c! 8, and~d! 9 scans~spectra normalized to NKLL!.
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IV. DISCUSSION

A. Air exposed and UV/O 3 treated AlN and GaN
surfaces

In our XPS analysis of the O 1s core level from as-
received and UV/O3 treated AlN and GaN surfaces, the pres-
ence of oxygen in two different chemical states was attrib-
uted to oxygen bonded to Al or Ga in both O22 and OH2

chemical states. This was primarily based on the inability to
observe a chemically shifted N 1s core level~at ;401–402
eV!, and this conclusion is supported by previously reported
observations of hydroxides on aluminum, aluminum oxide
and aluminum nitride surfaces.60–64 Our inability to detect
chemical shifts for either the N or Al core levels is likely
related to the comparable magnitude of the chemical shift for
Al–O and Al–N bonding and the lack of surface sensitivity
for the N 1s core level. However, the NKLL and N 1s signal
in both AES and XPS decreased with increasing UV/O3 ex-
posure and, accordingly, the intensity of both the O 1s core
levels increased in tandem with a broadening of the Al/Ga
core levels. This argues against the formation or inclusion of
oxynitride phases in the UV/O3 generated oxide. One would
expect that the more volatile N–O species is removed from
the surface during the UV/O3 treatment. This may be the
limiting factor in growing an oxide by this technique. Fi-
nally, a decrease in intensity on the low binding energy side
of the N 1s core level was not observed after etching by HCl,
HF, or NH4OH. We conclude that the higher binding energy
O 1s peak is not due to N–O bonding. However, this does
not exclude the possibility that during initial oxidation of
AlN or GaN surfaces, NOx species are formed and gradually
removed from the surface allowing the formation of alumi-
num or gallium oxides and hydroxides. These conclusions
are supported by recent XPS and glancing angle x-ray dif-
fraction ~XRD! studies by Wolteret al.71 of GaN films ther-
mally oxidized in dry air at 900 °C. Their studies showed
minimal oxidation of the GaN surface at temperatures of
450–750 °C for.25 h, but at 900 °C growth of purely
monoclinic Ga2O3 was observed.

Prabhakaranet al.40 have examined the native oxide
formed on GaN via XPS and observed two O 1s core levels
located at 531.3 and 532.7 eV, which is in agreement with
our results. They assigned the lower binding energy peak to
Ga2O3 based on the observation that this peak was removed
during etching in NH4OH, which is known to dissolve
Ga2O3. They did not explain the origin of the higher binding
energy O 1s core level but did observe a decrease in intensity
on the lower binding energy side of the Ga 2p and N 1s core
levels after etching in NH4OH, which they attributed to re-
moval of an oxynitride phase. Bermudez38 has recently used
XPS with Zr Mj radiation (hn5151.6 eV) to study the in-
teraction of O2 with atomically clean GaN surfaces. He iden-
tified the satellite on the Ga 3d core level as due to oxygen
exposure which indicates the formation of Ga–O bonds.

The XPS C 1s core level was generally located at
285.2–285.8 eV with a broad FWHM of 2.2–3.0 eV on both
AlN and GaN surfaces after ambient exposure or wet chemi-
cal processing. Prabhakaranet al.40 has made similar obser-
vations for GaN surfaces and concluded that this adventi-

tious carbon is mostly composed of C–H bonding. However,
we conclude that the surface carbon is a mixture of C–H and
C–O bonding. This is based on the work of Miyauchiet al.72

which showed that the C 1s core level for CH2, C–O, and
O–CvO bonded carbon on silicon surfaces are located at
284.6, 286.3, and 288.4 eV, respectively. This is also sup-
ported by our AES/XPS data which showed a decrease in
intensity and shift to lower binding energy for the C 1s after
annealing at 500 °C and our TPD data which showed desorp-
tion of C–O in the same temperature range.

The UV/O3 exposure always reduced the level of carbon
for contaminated AlN and GaN surfaces. The C 1s line was
always shifted to higher binding energy indicating some oxi-
dation of the surface carbon~i.e., formation of C–O bonds!.
However, complete carbon removal was never achieved.
Baunack and Zehe20 and Fominskiet al.59 have also reported
incomplete removal of carbon from silicon surfaces using
UV/O3 oxidation, and we have also observed this for 6H-SiC
surfaces.54 The inability to achieve complete removal of car-
bon from nitride surfaces via UV/O3 oxidation may be re-
lated to this primary factors:~i! the extreme chemical inert-
ness of GaN and AlN as well as their resistance to oxidation
which prevents carbon reaccumulation during sample mount-
ing and transfer, and~ii ! the wide band gap of these materi-
als. The UV light from the Hg lamp may create electron hole
pairs at the surface which assist in the oxidation of surface
carbon via transfer of electrons/hole pairs in the low band
gap materials. Due to the larger band gap, fewer electron/
hole pairs are generated at the surface of GaN and none for
the surface of AlN.~iii ! Finally, the bonding in GaN and AlN
is much more ionic than in the case of GaAs and Si and
therefore adventitious carbon may be more strongly bonded
or attracted to the nitride surfaces. In summary, the UV/O3

oxidation treatment was found most useful for the removal of
gross carbon contamination left from photoresist or exces-
sive handling.

B. Wet chemical etching and HF vapor processing

Ex situwet chemical cleaning of GaN and AlN surfaces
with HCl and HF based solutions produced surfaces with the
lowest levels of oxygen, but significant concentrations of Cl
and F were observed. Fluorine was detected exclusively on
AlN surfaces; Cl was detected only on GaN surfaces. This
indicates that F and Cl are mainly bonded to Al and Ga
atoms, respectively. This is supported by the fact that the
bond strengths of Al–F and Ga–Cl are much larger than
those for N–Cl and N–F.73 However, the formation of N–F
bonds on the AlN surface cannot be excluded, as the F 1s
peaks had two contributions positioned at'686.5 and 688.5
eV in the case of BHF-treated AlN. The F 1s peak at'688.5
eV may also be due to physisorbed HF. TPD analysis of
BHF-treated surfaces showed a desorption peak for both
m/e2 20 and 38 within the 400–500 °C range which corre-
sponds with the observed decrease of the 688.5 eV F 1s
peak. This line did not completely disappear until 950 °C.
Therefore, the possibility exists that N–F and H–F bonded
fluorine is present on BHF processed AlN surfaces.
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The possible formation of N–F bonds on HF wet chemi-
cally processed AlN surfaces raises the question of whether
some N–Cl bonding is also present on HCl wet chemically
treated GaN surfaces. Chemically shifted Ga or N peaks
were not detected, and Cl was extremely difficult to detect
with XPS due to the weak sensitivity. Hence, no conclusions
can be drawn concerning the bonding state of Cl on GaN
surfaces except those which are based on our previous bond
strength arguments. The bond strength of N–Cl is'150 kJ/
mol and larger than the N–F bond strength, therefore N–Cl
bonding on GaN may be likely.

The specificity of F adsorption on AlN surfaces and Cl
adsorption on GaN surfaces may be alternatively related to
the differences in band gap. Ohmi10 has shown that the abil-
ity of HF to terminate silicon surfaces with hydrogen is
based on the excellent alignment of the H1 ion energy with
the valence band maximum of silicon in HF solutions. This
close alignment allows efficient electron transfer and the for-
mation of covalent bonds. This investigator has also stated
that the energy position of an ion in an aqueous solution is a
direct function of the electronegativity. As fluorine is more
electronegative than chlorine, the ion of the former should lie
at a lower energy. The band gap of AlN is much larger than
GaN and the VBM of AlN lies below that of GaN with
respect to the Fermi level. Accordingly, interaction of F2

with the VBM of AlN would be expected; whereas the Cl2

ion would be expected to more strongly interact with the
VBM of GaN. This is schematically shown in Fig. 16. One
important aspect regarding the scenario illustrated in Fig. 16
is that the termination of GaN and AlN in aqueous solutions
may be dependent on the doping type and level~i.e., the
position of the Fermi level!. The termination of GaN sur-
faces by H1 or OH2 ions may be more favored forp-type
material leading to less chlorine termination. In contrast, in-
creased Cl and F termination of GaN and AlN surfaces could
be alternatively achieved by adjustment and optimization of
the pH level of HCl and HF solutions.

Complete Cl and F termination of GaN and AlN surfaces
is desirable, because these contaminants desorb at much
lower temperatures than both carbon and oxygen. As the
bond strengths of N, Ga, and Al with Cl and F are strong,
tying up dangling bonds at nitride surfaces with Cl and F

should stabilize and inhibit reoxidation of the surface in air.
We have observed an inverse correlation between the halo-
gen surface coverage after wet chemical processing and the
carbon and oxygen surface coverage. Typically, the larger
the halogen coverage, the lower are the oxygen and carbon
coverages and vice versa. This is in agreement with observa-
tions of Ingrey14 for III–V arsenide and phosphide surfaces.
Saturation of sites with one particular specie hinders the ad-
sorption or contamination by other species.

Putting the scenario in Fig. 16 aside, we note that HF
processes generally resulted in surfaces with fewer carbon
contaminants relative to HCl processes. This may be related
to the fact that HCl and other processes were conducted in
glass beakers; whereas HF processes were conducted in Te-
flon beakers. However, the RCA SC1 clean which was also
conducted in glass left a similar level of carbon to HF pro-
cessed GaN and AlN surfaces. The RCA SC2 clean always
left a higher carbon coverage relative to SC1. This suggests
that the chemical state of the carbon species in HF is differ-
ent from that in HCl. The C 1s peak on HF-treated GaN
surfaces was typically 0.2–0.4 eV higher in binding energy
than that for HCl-treated GaN surfaces. This, in turn, implies
that the HF processes may leave more C–O bonded carbon;
whereas HCl processes leave more C–H bonded carbon.
This is important, because we observed in our TPD experi-
ments that C–O bonded carbon desorbs at a lower tempera-
ture compared to C–H bonded carbon.

Removal of the UV/O3 oxide from AlN surfaces using
HF was initially surprising given the known chemical inert-
ness of sapphire.74 However, our XPS results show that HF
attacks primarily the oxide associated with the higher bind-
ing energy O 1s core level which we have attributed to oxy-
gen in a OH2 chemical state~see Fig. 2!. On the other hand,
oxide removal from GaN surfaces using HCl, HF, and
NH4OH was achieved. Solutions of 1:1:7 H2SO4:H2O2:DI
are also used to clean GaAs surfaces, but do so via formation
of a thin passivating oxide layer.15,16In our case, exposure to
H2SO4:H2O2 removed carbon from the GaN surface but did
result in an oxide layer. This shows again the chemical in-
ertness of GaN compared to GaAs.

The BHF vapor treatment does not appear to be very
effective for removal of oxides from AlN and GaN surfaces
relative to other wet chemical processes. Higher temperature
processing may be necessary to force desorption of GaFx and
NFx species which will allow continued etching of the sur-
face oxides.

C. Thermal desorption and capping layers

We have previously examined the thermal desorption of
oxygen and carbon from GaN surfaces after wet chemical
cleaning using the following solutions in HCl:metha-
nol~MeOH!, HCl:DI, HF:DI, and HF:MeOH.51 Complete re-
moval of these contaminants was not achieved even after
annealing at 800 °C. The carbon desorption from the
HF:MeOH-treated GaN surfaces was observed to be the most
complete of the wet chemical treatments investigated.51

These observations suggested that the chemical state of the
carbon contaminants left on GaN surfaces after HCl and HF

FIG. 16. Schematic illustrating alignment of Cl and F ions with VBM of
GaN and AlN in 1:1 HCl:DI and 10:1 HF, respectively.
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wet chemical processing were different. In fact, we observed
in this study that the binding energy of the C 1s peak on GaN
surfaces is typically'0.4 eV higher in binding energy for
HF processed surfaces compared to HCl processed surfaces.
This difference in binding energy suggests that HF wet
chemical processes leave more C–O bonded carbon on the
surfaces, whereas HCl processes leave more C–Hx bonded
carbon. This is consistent with the observation that the C 1s
core level is located at'285–286 eV after wet chemical
processing and shifts to 284–285 eV after annealing at 500–
600 °C. Ignoring the possibility of band bending effects, this
indicates that most of the C–O bonded carbon desorbs at
temperatures<500–600 °C leaving behind only C–H
bonded carbon which apparently desorbs at much higher
temperatures. As HF processes and MeOH cleans tend to
leave more C–O bonded carbon contaminants, the thermal
desorption of carbon contaminants at 800 °C from these sur-
faces should be more complete.

Consideration of the above results reveals that no wet
chemical treatments exhibited a significant effect on the de-
sorption of oxides from GaN and AlN surfaces. Thermal
desorption of the surface oxide for GaN surfaces was not
observed to start at temperatures of 900–950 °C where de-
composition of the GaN film was initiated~see Fig. 13!. The
Ga 2p3/2 XPS spectra from this surface displayed two core
levels indicating the preferential loss of nitrogen~see Fig. 8!.
In contrast thermal desorption of the surface oxide on GaAs
is observed at 650 °C. The discrepancy between oxide de-
sorption from GaAs and GaN surfaces can be explained by
considering that the oxides from GaAs and probably from
GaN leave the surface as either Ga–O, As–O, or N–O spe-
cies instead of O2. Therefore, Ga–As or Ga–N bonds must
be broken in this procedure. Higher temperatures will be
required to break the much stronger Ga–N bond. Annealing
GaN in fluxes of atomic N or Ga are then necessary to main-
tain a stoichiometric surface during the thermal desorption
process of the surface oxide~annealing GaN in fluxes of Ga
and NH3 will be discussed in the following section!. This
also explains the inability to thermally desorb the oxide from
AlN surfaces. The Al–N bond is significantly stronger than
the Ga–N bond, and even higher temperatures than investi-
gated in this research are necessary.

The two O 1s core levels after annealing AlN and GaN
to temperatures of'800 °C and attributed to oxygen in the
O22 and OH2 chemical states merge into one peak having a
smaller FWHM. Analysis of the thermal decomposition of
aluminum hydroxides@Al ~OH!3# using thermogravimetric
analysis~TGA! has shown that these materials decompose
into aluminum oxides at temperatures of'500 °C.75 This is
300 °C lower than the oxygen desorption temperature, and
suggests that the higher binding energy O 1s peak is due to
oxygen bonded to aluminum in some other chemical state
than OH2. For example, it could be related to the nonbridg-
ing versus bridging oxygen state seen in silicon oxide
films.76

The high temperature stability of F and Cl on AlN and
GaN surfaces is not surprising, given that both AlF3 and
GaCl3 sublime at 1300 and 800 °C, respectively.73,77 Com-
plete thermal desorption of fluorine from AlN was not ob-

served until 950 °C. However, both TPD and XPS experi-
ments revealed the loss of fluorine from AlN surfaces at the
relatively low temperatures of;500 °C. This effect was cor-
related with the desorption of either physisorbed HF or the
desorption of fluorine from nitrogen sites. Desorption of
fluorine from AlN at T.500 °C was correlated primarily
with desorption of F bonded to Al sites. For Cl on GaN, a
significant decrease in intensity in AES was likewise ob-
served at temperatures of;450 °C with complete desorption
of Cl from GaN occurring at;700–800 °C. Desorption of
Cl from GaN in this temperature range is consistent with the
results obtained by Bermudez41 for the desorption of F from
GaN. This study showed that complete desorption of F ad-
sorbed on GaN~via decomposition of XeF2! occurred at
;550–750 °C and primarily from Ga sites.41

Our results on capping layers for AlN indicate that the
success of this idea is dependent on finding a layer which~i!
uniformly covers/wets the surface,~ii ! can be desorbed atT
,800 °C, and~iii ! can be depositedin situ directly after film
growth. As shown above, GaN does not fulfill the second
criterium and complete coverage with In and other groups III
~Ga, Th!, IV ~Sn, Pb!, and V ~As, Sb, Bi! elements is a
problem in terms of surface wetting. Group III- As and P
compounds, however, are likely to exhibit both the lower
temperature stability and coverage needed. Unfortunately,
most OMVPE and MBE systems do not have the capability
of depositing both nitride and phosphide or arsenide com-
pounds. InN may be the best alternative. InN has been re-
ported to decompose in UHV at'600 °C78 and should cover
the AlN surface, but growth of pure InN is difficult and has
not been frequently reported.

D. Chemical vapor cleaning and H plasma processes

Annealing GaN surfaces in a flux of Ga or atomic N to
maintain stoichiometry is a more appropriate method for re-
moval of oxides as opposed to simple thermal desorption
where decomposition of the GaN film occurs. Annealing
GaN surfaces in fluxes of reactive gas or vapor species such
as Ga, N2

1, and NH3 is also beneficial in the removal of
carbon and oxygen via the formation of volatile species
which desorb at lower temperatures. Kahnet al.35 and
Bermudez36–38 have demonstrated cleaning of GaN surfaces
via annealing in a flux of Ga, but our results have shown that
annealing in an NH3 flux also results in atomically clean
GaN surfaces. This approach is more similar to reactive
cleaning of other III–V compounds where it is necessary to
anneal in a flux of the group V component to counteract the
incongruent sublimation of this component.23

The results presented in Fig. 14 show that NH3 is effec-
tive for the removal of carbon at temperatures below 600 °C.
Ammonia has been previously reported to be an excellent
scavenger of hydrocarbons.79 It is also shown in Fig. 15 that
annealing GaN in 531026 Torr NH3 at 800 °C completely
removes carbon and leaves only'1/10th ML coverage of
oxygen. The NH3 cleaned GaN surfaces displayed (232)
reconstructions in LEED, which has only been previously
observed from as-grown rf and ECR MBE samples.45,80
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Our plasma cleaning results indicate that an H plasma is
very efficient forin situ removal of halogen and carbon spe-
cies at temperatures of 450 °C, which is 300–400 °C lower
than the temperature required to desorb these contaminants
in UHV or annealing in a flux of NH3 or Ga. Halogen re-
moval from silicon surfaces using atomic H has been shown
to be via an Ely-Rideal mechanism.81 In this mechanism,
atomic H is able to extract halogens from silicon without
being thermally accommodated at the surface due to its 220
kJ/mol of excess potential energy.

Nakamuraet al.82 reported that annealingp-type GaN in
ammonia led to high resistivity material due to compensation
of the p-type dopants with hydrogen. It is therefore likely
that cleaning GaN surfaces via annealing in NH3 or a H
plasma will lead to compensation ofp-type dopants by form-
ing acceptor-H complexes. A much lower flux of ammonia
was used in our experiments and hence hydrogen incorpora-
tion and p-type dopant compensation could be much less.
Kim et al.83 have recently achieved the growth ofp-type
GaN via NH3 GSMBE without post-growth annealing. The
NH3 flux and temperature employed in this case were
equivalent to the NH3 flux and temperature used to clean the
GaN surface in our study. By contrast, Peartonet al.84,85

have intentionally used an ECR H plasma at 250–400 °C to
implant H into GaN, AlN, and InN. They observed signifi-
cant compensation of bothn- andp-type material.

V. CONCLUSIONS

The surfaces oxides remaining on as-received and
UV/O3 and wet chemically treated AlN and GaN surfaces are
composed of oxygen bonded primarily to Al and Ga in both
O22 and OH2 states. The presence of some oxynitride/N–O
bonding at the surface cannot be ruled out.

UV/O3 oxidation was effective for removing carbon
from GaN and AlN surfaces; however, complete removal of
the carbon was never achieved. This is attributed to the in-
ability of this technique to grow a complete passivating ox-
ide layer due to the resistance to continued oxidation of these
materials. XPS showed that the oxides formed on AlN and
GaN via UV/O3 were aluminum and gallium oxides.

Removal of surface oxides from AlN using HCl,
NH4OH, and HF mixtures occurs primarily through attack of
the OH2 species on the surface.

The lowest oxygen coverages on AlN and GaN surfaces
was achieved using HF and HCl. However, residual F and Cl
remain on the AlN and GaN surfaces, respectively. The fluo-
rine is believed to be bonded to both Al and N with the
presence of some physisorbed HF also being a possibility.
For GaN, the Cl is believed to be bonded primarily to Ga
based on bond strength considerations.

Thermal desorption of carbon contaminants from both
AlN and GaN surfaces was not observed to be complete until
temperatures of.900 °C. For GaN, this was observed to
coincide with some sublimation of the GaN film. XPS analy-
sis showed that C–O bonded carbon desorbed from the sur-
face in the temperature range of 400–600 °C resulting in
primarily C–H bonded carbon which is stable to higher tem-
peratures~600–950 °C!.

Complete thermal desorption of oxygen from AlN was
not observed even at temperatures.1100 °C. Some desorp-
tion was observed to occur at lower temperatures~400–
600 °C! presumably due to desorption of hydroxide species.
Complete thermal desorption of oxygen, like carbon, from
GaN was observed to occur only at temperatures where some
sublimation of the film occurred. Complete thermal desorp-
tion of fluorine from AlN occurred at 950 °C. Complete ther-
mal desorption of Cl from GaN occurred at;600 °C.

Remote H plasma process were found to be extremely
efficient for removing carbon and halogen species from AlN
and GaN surfaces at temperatures as low as 400 °C. How-
ever, it was not possible to remove oxide from AlN and only
moderate success was achieved with GaN using this tech-
nique.

Annealing AlN in fluxes of SiH4 was the only chemical
beam technique of the many investigated which was success-
ful in removing oxides from AlN surfaces. However, this
was at the expense of some deposition of silicon. In and GaN
were found to be moderately successful capping layers for
AlN. Atomically clean and (232) reconstructed GaN sur-
faces were produced by annealing in NH3 at 800 °C.

ACKNOWLEDGMENTS

The authors would like to thank Z. Redzimski for the
sputtered AlN films, J. A. Christman for AFM measure-
ments, Ja-Hum Ku and Hong Ying for their help with the
plasma cleans, and L. L. Smith for helpful discussions. This
study was supported by the ONR under Contract No.
N00014-91-J-1416~M. Yoder, technical monitor!. Apprecia-
tion is expressed to Cree Research, Inc. for the 6H-SiC wa-
fers. C.R. is grateful for funding by the DFG~Ro 1198/2-1!.
R. Davis was partially supported by a Kobe Steel,
Ltd. Professorship.

1R. F. Davis, Proc. IEEE79, 702 ~1991!.
2J. H. Edgar, J. Mater. Res.7, 235 ~1992!.
3S. Strite and H. Morkoc, J. Vac. Sci. Technol. B10, 1237~1992!.
4H. Morkoc and S. N. Mohammad, Science267, 51 ~1995!.
5S. Nakamuraet al., Appl. Phys. Lett.68, 3269~1996!; 72, 2014~1998!.
6M. C. Benjamin, M. D. Bremser, T. W. Weeks, Jr., S. W. King, R. F.
Davis, and R. J. Nemanich, Appl. Surf. Sci.104/105, 455 ~1996!.

7M. C. Benjamin, C. Wang, R. F. Davis, and R. J. Nemanich, Appl. Phys.
Lett. 64, 3288~1994!.

8W. Kern, RCA Rev.39, 278 ~1978!.
9W. Kern, J. Electrochem. Soc.137, 1887~1990!.

10T. Ohmi, J. Electrochem. Soc.143, 1957~1996!.
11G. R. Srinivasan, J. Cryst. Growth70, 201 ~1984!.
12M. K. Sanganeria, M. C. Ozturk, G. Harris, K. E. Violette, I. Ban, C. A.

Lee, and D. M. Maher, J. Electrochem. Soc.142, 3961~1995!.
13E. H. Rhoderick and R. H. Williams,Metal-Semiconductor Contacts, 2nd

ed. ~Oxford University Press, New York, 1988!. pp. 5–17.
14S. Ingrey, J. Vac. Sci. Technol. A10, 829 ~1992!.
15J. Massies and J. P. Contour, J. Appl. Phys.58, 806 ~1985!.
16J. P. Contour, J. Massies, H. Fronius, and K. Ploog, Jpn. J. Appl. Phys.,

Part 227, L167 ~1988!.
17S. Ingrey, W. M. Lau, and N. S. McIntrye, J. Vac. Sci. Technol. A4, 984

~1986!.
18J. A. McClintock, R. A. Wilson, and N. E. Byer, J. Vac. Sci. Technol.20,

241 ~1982!.
19V. Y. Fominski, O. I. Naoumenko, V. N. Nevolin, A. P. Alekhin, A. M.

Markeev, and L. A. Vyukov, Appl. Phys. Lett.68, 2243~1996!.
20S. Baunack and A. Zehe, Phys. Status Solidi A115, 223 ~1989!.

5259J. Appl. Phys., Vol. 84, No. 9, 1 November 1998 King et al.



21R. P. Vasquez, B. F. Lewis, and F. J. Grunthaner, Appl. Phys. Lett.42,
293 ~1983!.

22A. J. SpringThorpe, S. J. Ingrey, B. Emmerstorfer, P. Mandeville, and W.
T. Moore, Appl. Phys. Lett.50, 77 ~1987!.

23T. H. Chiu, W. T. Tsang, M. D. Williams, C. A. C. Mendonca, K. Dreyer,
and F. G. Storz, Appl. Phys. Lett.65, 3368~1994!.

24M. Yamada and Y. Ide, Jpn. J. Appl. Phys., Part 233, L671 ~1994!.
25C. M. Rouleau and R. M. Park, J. Appl. Phys.73, 4610~1993!.
26V. Grafe, H. Reinhardt, D. Schalch, and A. Scharmann, Phys. Status So-

lidi A 136, K105 ~1993!.
27C. G. Olson, J. H. Sexton, D. W. Lynch, A. J. Bevolo, H. R. Shanks, B. N.

Harmon, W. Y. Ching, and D. M. Wieliczka, Solid State Commun.56, 35
~1985!.

28R. V. Kasowski and F. S. Ohuchi, Phys. Rev. B35, 9311~1987!.
29H. H. Madden and D. W. Goodman, Surf. Sci.150, 39 ~1985!.
30J. A. Taylor and J. W. Rabalais, J. Chem. Phys.75, 1735~1981!.
31Y. Kido, M. Kakeno, K. Yamada, T. Hioki, J. Kawamoto, and M. Tada, J.

Phys. D15, 2067~1982!.
32J. Hedman and N. Martensson, Phys. Scr.22, 176 ~1980!.
33R. W. Hunt, L. Vanzetti, T. Castro, K. M. Chen, L. Sorba, P. I. Cohen, W.

Gladfelter, J. M. van Hove, J. N. Kuznia, M. A. Khan, and A. Franciosi,
Physica B185, 415 ~1993!.

34J. Ma, B. Garni, N. Perkins, W. L. O’Brien, T. F. Kuech, and M. G.
Lagally, Appl. Phys. Lett.69, 3351~1996!.

35M. A. Khan, J. N. Kuznia, D. T. Olson, and R. Kaplan, J. Appl. Phys.73,
3108 ~1993!.

36V. M. Bermudez, R. Kaplan, M. A. Khan, and J. N. Kuznia, Phys. Rev. B
48, 2436~1993!.

37V. M. Bermudez, T. M. Jung, K. Doverspike, and A. E. Wickenden, J.
Appl. Phys.79, 110 ~1996!.

38V. M. Bermudez, J. Appl. Phys.80, 1190~1996!.
39S. W. King, C. Ronning, M. C. Benjamin, R. J. Nemanich, and R. F.

Davis, J. Appl. Phys.~to be published!.
40K. Prabhakaran, T. G. Andersson, and K. Nozawa, Appl. Phys. Lett.69,

3212 ~1996!.
41V. M. Bermudez, Appl. Surf. Sci.119, 147 ~1997!.
42M. M. Sung, J. Ahn, V. Bykov, D. D. Koleske, A. E. Wickenden, and J.

W. Rabalais, Phys. Rev. B54, 14652~1996!.
43K. Rapcewicz, M. B. Nardelli, and J. Bernholc, Phys. Rev. B56, R12725

~1997!.
44W. C. Hughes, W. H. Rowland, Jr., M. A. L. Johnson, S. Fujita, J. W.

Cook, Jr., J. F. Schetzina, J. Ren, and J. A. Edmond, J. Vac. Sci. Technol.
B 13, 1571~1995!.

45K. Iwata, H. Asahi, S. J. Yu, K. Asami, H. Fujita, M. Fushida, and S.
Gonda, Jpn. J. Appl. Phys., Part 235, L289 ~1996!.

46P. Hacke, G. Feuillet, H. Okumura, and S. Yoshida, J. Cryst. Growth
175/176, 94 ~1997!.

47F. A. Ponce, D. P. Bour, W. T. Young, M. Saunders, and J. W. Steeds,
Appl. Phys. Lett.69, 337 ~1996!.

48B. Daudin, J. L. Rouviere, and M. Arlery, Appl. Phys. Lett.69, 2480
~1996!.

49S. S. Dhesi, C. B. Stagarescu, K. E. Smith, D. Doppalapudi, R. Singh, and
T. D. Moustakas, Phys. Rev. B56, 10271~1997!.

50H. Ishikawa, S. Kobayashi, Y. Koide, S. Yamasaki, S. Nagai, J. Umezaki,
M. Koike, and M. Murakami, J. Appl. Phys.81, 1315~1997!.

51L. L. Smith, S. W. King, R. J. Nemanich, and R. F. Davis, J. Electron.
Mater.25, 805 ~1996!.

52W. E. Packard, J. D. Dow, K. Doverspike, R. Kaplan, and R. Nicolaides,
J. Mater. Res.12, 646 ~1997!.

53T. W. Weeks, Jr., M. D. Bremser, K. S. Ailey, E. Carlson, W. G. Perry,
and R. F. Davis, Appl. Phys. Lett.67, 401 ~1995!.

54S. W. King, Ph.D. dissertation, NCSU, 1997.
55J. van der Weide, Ph.D. dissertation, NCSU, 1994.
56S. Ingrey, W. M. Lau, and N. S. NcIntyre, J. Vac. Sci. Technol. A4, 984

~1986!.
57J. R. Vig, J. Vac. Sci. Technol. A3, 1027~1985!.
58M. Tabe, Appl. Phys. Lett.45, 1073~1984!.
59V. Y. Fominski, O. I. Naoumenko, V. N. Nevolin, A. P. Alekhin, A. M.

Markeev, and L. A. Vyukov, Appl. Phys. Lett.68, 2243~1996!.
60A. Nylund and I. Olefjord, Surf. Interface Anal.21, 283 ~1994!.
61A. Nylund and I. Olefjord, Surf. Interface Anal.21, 290 ~1994!.
62T. Tsuchida and H. Takahashi, J. Mater. Res.9, 2919~1994!.
63P. Bowen, J. G. Highfield, A. Mocellin, and T. A. Ring, J. Am. Ceram.

Soc.73, 724 ~1990!.
64J. G. Highfield and P. Bowen, Anal. Chem.61, 2399~1989!.
65XPS Handbook, edited by J. Chastain~Perkin Elmer, Eden Prairie, MN,

1992!.
66D. R. Lide, CRC Handbook of Chemistry and Physics, 71st ed.~CRC,

New York, 1991!, pp. 4–41, 9–87.
67V. I. Nefedov, Y. A. Buslaev, and Y. V. Kokunov, Russ. J. Inorg. Chem.

19, 1166~1974!.
68S. W. King, L. L. Smith, J. P. Barnak, J. H. Ku, J. A. Christman, M. C.

Benjamin, M. D. Bremser, R. J. Nemanich, and R. F. Davis, Mater. Res.
Soc. Symp. Proc.395, 739 ~1996!.

69C. K. Peng, S. L. Tu, S. S. Chen, and C. C. Lin, Appl. Phys. Lett.66, 2549
~1995!.

70C. P. Foley and J. Lyngdal, J. Vac. Sci. Technol. A5, 1708~1987!.
71S. D. Wolter, B. P. Luther, D. L. Waltemyer, C. Onneby, S. E. Mohney,

and R. J. Molnar, Appl. Phys. Lett.70, 2156~1997!.
72A. Miyauchi, Y. Inoue, M. Ohue, N. Momma, T. Suzuki, and M. Ak-

iyama, J. Electrochem. Soc.137, 3257~1990!.
73CRC Handbook, edited by D. R. Lide~CRC, Boston, 1990!.
74R. G. Frieser, J. Electrochem. Soc.113, 357 ~1966!.
75I. Chen, S. Hwang, and S. Chen, Ind. Eng. Chem. Res.28, 738 ~1989!.
76G. Hollinger and F. J. Himpsel, Appl. Phys. Lett.44, 93 ~1984!.
77W. C. Simpson, T. D. Durbin, P. R. Varekamp, and J. A. Yarmoff, J.

Appl. Phys.77, 2751~1995!.
78R. D. Jones and K. Rose, J. Phys. Chem. Solids48, 587 ~1987!.
79F. C. Sauls, W. J. Hurley, L. V. Interrante, P. S. Marchetti, and G. E.

Maciel, Chem. Mater.7, 1361~1995!.
80P. Hacke, G. Feuillet, H. Okumura, and S. Yoshida, Appl. Phys. Lett.69,

2507 ~1996!.
81C. C. Cheng, S. R. Lucas, H. Gutleben, W. J. Choyke, and J. T. Yates, Jr.,

J. Am. Chem. Soc.114, 1249~1992!.
82S. Nakamura, N. Iwasa, M. Senoh, and T. Mukai, Jpn. J. Appl. Phys., Part

1 31, 107 ~1992!.
83W. Kim, A. Salvador, A. E. Botchkarev, O. Aktas, S. N. Mohammad, and

H. Morkoc, Appl. Phys. Lett.69, 559 ~1996!.
84J. M. Zavada, R. G. Wilson, C. R. Abernathy, and S. J. Pearton, Appl.

Phys. Lett.64, 2724~1994!.
85S. J. Pearton, C. R. Abernathy, P. W. Wisk, W. S. Hobson, and F. Ren,

Appl. Phys. Lett.63, 1143~1993!.

5260 J. Appl. Phys., Vol. 84, No. 9, 1 November 1998 King et al.


