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surfaces of n- and p-type GaN (0001)
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It is demonstrated thah situ exposure of th€0001) surface ofn- and p-type GaN thin films to

flowing ammonia at 860 °C and 16 Torr removes hydrocarbon and oxygen/hydroxide species
below the detectable limits of x-ray and ultraviolet photoelectron spectroscgpieS and
decreases the Ga/N ratio from 1.3 to 1.0. Additional indications of the efficacy of this
ammonia-based chemical vapor cleani@yyC) process were the shifts in the Gd &and the N 5

core level positions from the as-loaded to the CVC surfaces oftiype samples from 21:60.1

to 20.6£0.1 eV and from 398.30.1 to 398.@:0.1 eV, respectively, and the change in the UPS
measured low energy spectrum turn on from=3091 (as-loaded samplgso 3.0+0.1 eV (cleaned
sampleg below the Fermi level. Analogous changes in fhigype samples were from 19t®.1 to
18.9+0.1 eV and from 397.20.1 to 396.30.1 eV for the Ga@ and the Nk core levels, and

from 3.0+0.1 to 1.10.1 eV for the UPS valence band maxim(¥BM). The VBM values of the

CVC samples indicate band bending-e0.3 eV upward om type and~0.8 eV downward orp

type. Electron affinities of 2:80.1 and 2.6:0.1 eV were determined for the cleattype andp-type
surfaces, respectively. Irrespective of doping, the CVC process left unchangéckttydow energy
diffraction pattern, the terraced microstructure, and the root mean square roughness observed for the
surfaces of the as-loaded samples, i.e., the surface microstructure was not damaged during the high
temperature exposure to ammonia at low pressure2083 American Institute of Physics.

[DOI: 10.1063/1.1596369

I. INTRODUCTION increased leakage currents at Schottky barriers prd
o _junctions, reduced dielectric breakdown, and reduced thresh-
The group Il nitrides of GaN, AN, and InN and their |4 yoltages. As such, removal of surface contaminants has

related alloys have become the materials of choice for shorsean and remains a subject of considerable research in the
wavelength photonic devices for display and data-storage aRiell-established semiconductor industries

plications and UV detectors. These materials are also chemi-
cally inert and exhibit high avalanche breakdown fields anc{ure

large high-field electron drift velocities, making them ideal . . : o .
important considerations when reviewing a cleaning process.

for use in high-power and high-frequency applications. . . . :
At present, most devices are manufactured from Ga The electronic structure is important when predicting device

based heterostructures grown on sapphire or silicon carbidgopertes such as heterojunction band offsets or Schottky

substrates. However, selected GaN wafer technologies, e arriers. The relevant electronic features are the position of

those derived via laser liftoff of thick films grown on sap- 1€ valence band maximu@vBM), the band bending, and
phire substratdshave advanced to commercial reality. Ex- thg electron affinity. Thgse aspects are prlmarlly.mvestlgated
tensive processing of these wafers leaves the surfaces coreing @ surface sensitive photoemission technique such as
taminated with hydroxides, hydrocarbons, and othepltraviolet photoelectron spectroscoyPS to investigate
chemical species. Experience gained from silicon and gaithe valence band spectrum. It is also important that the sur-
lium arsenide technologies has shown that the surface cherfAce microstructure be undamaged by the cleaning process to
istry of the wafers greatly affects device performance. Effecensure that high quality epitaxial layers can be grown on the
tively cleaning the wafers significantly reduces thesubstrates. The surface microstructure is investigated through
concentrations of point, line, and two-dimensional defectdhe use ofin situ techniques such as low energy electron
that affect in uncontrollable ways the electrical properties ofdiffraction (LEED) or reflection high energy electron diffrac-
films and device structures deposited on these substrateson (RHEED), as well as througlex situtechniques such as
These effects include increased resistance of ohmic contactstomic force microscopyAFM).

Smith et al? and Prabhakaraet al3 have reported that
dAuthor to whom correspondence should be addressed; electronic maiftS-grown GaN films removed from vacuum acquire a con-
will_mecouch@ncsu.edu tamination layer that contains oxygen and carbon. Thus, de-

In addition to the surface chemistry, the electronic struc-
of a film surface and the surface microstructure are also

0021-8979/2003/94(5)/3163/10/$20.00 3163 © 2003 American Institute of Physics
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velopment of a technique to remove those contaminantanetallic Ga clusters when annealed at temperatures above
while preserving the as-grown electronic structure and mi350 °C.
crostructure, is important to the continued improvement of By contrast, it has been reporfetthat sputtering with
Il nitride devices and commercialization of them. PreviousN, ions resulted in a much smaller decrease in nitrogen
ex situandin situ studies devoted to the cleaning of GaN concentration. Both groups also found that subsequent an-
surfaces have achieved varying levels of success and are meealing in this reactive atmosphere produced a N/Ga ratio
viewed in the following paragraphs. that approached unity. When compared with surfaces sput-

Ex situ cleaning of GaN grown by both metalorganic tered by AF, Hunt etal® observed improved(1x1)
vapor phase epitaxyMOVPE) and gas source molecular RHEED patterns and Laét al® observed improved1x1)
beam epitaxy(GSMBE) was investigated using HCI, HF, LEED patterns. It was proposed by Letial® that Nj or N*
ultraviolet/ozone (UV/Q), BHF, BHF vapor, NHOH, reacts with free Ga at the surface and reforms GaN, and that
NH,OH:H,0,, NH,F, H,SO,:H,0,:DI, H3;PO,, RCA N, in the background adsorbs on the surface during sputter-
SC1, and RCA SC2 chemistrié§-° Reductions in the con- ing and is activated and reacts with the surface by ion bom-
centrations of carbon and oxygen were observed; howevebardment. Leeet al® reported similar results that showed
no wet chemical treatment produced a surface free of eitheemoval within the detection limits of AES of carbon and
of these contaminants, as was determined by subsedguent oxygen contamination aftén situ exposure to N plasma at
situ x-ray photoelectron spectrosco¥PS) and Auger elec- 750 or 900 °C or to KI/N, plasma at 750 °C.
tron spectroscopfAES) investigations. It was found that Several researchers have repottetf using nitrogen
HCl-based techniques produced the lowest oxygen and casputter and anneal techniques to produce GaB1) films
bon coverage$.Lee et al® reported that ultraviolet light/ that are free of oxygen and carbon contamination. Bellitto
ozone exposure removed carbon from the surface, but with et al!* used N ion sputtering with subsequent vacuum an-
concurrent increase in oxygen concentration on the surfaceealing to prepare GaR001 that had been grown on
While mostex situprocesses did not affect the surface mor-a-plane sapphire. They founéllx1) LEED images that
phology, exposure to PO, increased the surface root mean showed evidence of faceting, indicating surface damage.
square(rms) roughness as measured by ARM. Wu and Kahf? investigated nitrogen sputterifi@0 min

In situ cleaning studies of vacuum annealing have beerat 500 eV and annealing at 900°C for 10 min on both
undertaken by several authors. Kiagal* and Smithet al>  n(Si-doped)- and p(Mgdoped-GaN films grown via
found thatex situ HF processing and subsequent thermalMOVPE techniques on SiC substrates. The sputter and an-
annealing of the Gaf000]) surfaces resulted in the most neal technique produced nearly stoichiometric surfaces with
efficient removal of contamination, however, complete de-ordered (1xX1) LEED images, and with~0.75 eV band
sorption of contaminants was only obtained at 950 °C. Théending, upward om-type and downward op-type films.
former group presented temperature programmed desorptiddhesi et al*® have used nitrogen ion sputtering and subse-
results that indicated that Ga evaporation begins to occuguent 900 °C anneals to prepare clean surfaces for angle re-
above ~800°C when heating in vacuum. When they an-solved photoemission studies of the valence band structure
nealed both MOVPE- and GSMBE-grown GaN films in 5 of GaN surfaces. Their studies showed upward band bending
% 10" ® Torr of ammonia at 800 °C, they found complete re-of ~0.9 eV, as well as a nondispersive feature near the VBM
moval of carbon, reduction of oxygen t01/10 of a mono-  which they attributed to a surface state. A similar feature was
layer, and LEED patterns that show2i 2) reconstruction.  predicted in theoretical calculations by Rapcewizal
Similarly, Machucaet al” combined anex situ dip in  that appears to be related to a filled dangling bond state for a
4:1 H,S0,:H,0, with anin situvacuum anneal at 700 °C to nitrogen surface atom which is not bonded to an adsorbed
clean 0.1um thick p-type GaN films grown by molecular hydrogen atom. Surface states were also observed by Plucin-
beam epitaxy(MBE) on AIN buffer layers onc-axis sap- ski et al'®and by Chacet al’ using valence band spectros-
phire. The authors reported carbon and oxygen contamina&opy.
tion was reduced to a few percent of a monolayer. Further ~Much theoretical and experimental work has been con-
investigation ofin situ vacuum annealing was undertaken by ducted on the surface reconstructions expected for GaN
Lee et al® After capping the cleaned surface withl000 A grown by MBE techniques. Papers by Smithal 2 and by
of GaN, AES and secondary ion mass spectroscopy wereeenstraet al’® provide excellent reviews of experimentally
used to analyze the resulting interface. The authors founabserved reconstructions using LEED and RHEED and ex-
that thermal cleaning at 900 °C was insufficient to removepected surface structures for both bare GaN surfaces as well
contamination from GaN surfaces, and that surface roughas adsorbate covered surfaces. The surfaces investigated by
ness was unaffected by the cleaning process. these authors were grown and transferred for analysis com-

Additional studies have examined situ treatment of pletely in situ, and, therefore, represent the as-grown MBE
GaN films with reactive ion plasmas. Plasmas ofA?Xe?  films. Smithet al. found (1x1) patterns forN-polar (000}
and Ne(Ref. 9 have been found to be ineffective in com- surfaces, whered®001) GaN surfaces showddx1) recon-
pletely removing contamination from G&D001) surfaces struction with satellite lines just outside the integral order
grown by various methods. Furthermore, it was repdrtedlines?® Theoretical calculations by both grodpé® indicate
that both Ar and Ne ions generated surfaces that were gathat an adsorbate free and ideally termingted1) surface is
lium rich after the ion bombardment process. This excessinstable for GaN. Thé&lX 1) reconstruction can be stabilized
gallium on the surface after the ion treatment then formedy surface adsorbates, by vacancies, or by faceting. It was
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concluded that the MBE grow(iLx1) surface is stabilized carbon contaminants from n(Si-doped)- and
by a layer of adsorbed Ga resulting from the growthp(Mgdoped)-type Gald001) surfaces to below the detec-
process? tion limits of XPS, AES and UPS without measurable

For GaN prepared by metalorganic techniques, there argéhanges in the structure or the microstructure of the surface,
fewer studies, experimental or theoretical, regarding the suras determined by LEED and AFM.
face structure. Munkholret al?° studied GaNin situ in an
MOVPE reactor using grazing incidence x-ray scattering.
They reported(1X1) and (y3X2y3)R30° reconstructions.
Based on the theoretical work of Smigh al® and of Feen-
straet al,'%it is likely that the(1x 1) surface is stabilized by The 1 um thick, n-type (Si-doped:N,=2.0x 107 from
adsorbates that remain after the MOVPE growth process. yan der Pauw me,asuremeht‘xnd p-t;/pe (Mg-doped:; N,

As an alternative to reactive ion processing, other re-_ Ng=3x 10" from C—V measurementsepitaxial GaN
searchers have utilized deposition and subsequent desorptigfn films used in this research were grown via MOVPE on
of Ga metal to clean Gal00D) films. Using 3.5um thick 0.1 um thick AIN(0001) buffer layers previously deposited
MOVPE GaN000J) films grown in a MBE system, Khan on 50 mm diam, on-axist8-SiC(0001) substrates. Tungsten
et al** cleaned the films by annealing at 600-900 °C in a Gayas sputtered onto the backs of the SiC wafers to allow
flux or by sequentially depositing several monolayers of Gaadiant heating of the transparent samples in the vacuum sys-
at room temperature and flashing the metal from the surface&m. The wafers were then diced intal5 mm squares; se-
at 900 °C.In situ AES studies showed the oxygen signal to quentially degreased in ultrasonic baths containing trichloro-
be near the limit of sensitivity and 2% of the nitrogen Signa'-ethylene(TCE), acetone, and methanol for 10 min in each
These surfaces also showetx1) LEED patterns. Similar  solvent; dried in flowing nitrogen and stored in Teflon™.-
results were obtained by Maffe&t al** who used soft XPS  pased containers. Prior o situ processing, the samples
to study Ga deposition and vacuum desorption cleaning ofvere immersed in TCE, acetone, and methanol for 1 min in
GaN grown on sapphire by MBE. each solvent; in 37% hydrochloric adiCI) for 10 min and

Bermude?” has compared the cleaning efficacy of a Gain de-ionized water for 10 s. Within 20 min of the last clean-
deposition and desorption technique with & Mn sputter ing procedure, the samples were fastened to molybdenum
process followed by a vacuum anneal at 900 °C on surfacesolders using tantalum wires and placed into a load lock that
of GaN grown by MOVPE ona-plane and c-plane was evacuated tec5x 10 8 Torr. They were subsequently
sapphiré’® Bermude?* reported the techniques to be equiva- transferred into the UHV system far situ analysis and pro-
lent, with both producing oxygen free surfaces, shdmpl) cessing.

LEED patterns, and-0.9 eV of upward band bendirtgBer- The GaN0001) surfaces were cleaned in a GSMBE
mudezet al?* subsequently investigated cleaning GaN viachamber with a base pressure of Z0~°Torr. The thermal

(1) vacuum annealing at temperatures from 200 to 1000 °Coutput of a coiled wire resistive heater placed in close prox-
(2) dosing the surface with 1:410'*NH;cm™2 during an-  imity to the sample was controlled by a thermocouple lo-
nealing between 750 and 900 °@) Ga deposition, an4) cated in the center of the heater. The surface temperature of
N, sputter/anneal process routes. The ultrahigh vacuurthe sample was directly measurable above 600 °C using an
(UHV) annealing and ammonia flux techniques were not efircon infrared(IR) thermometer with an emissivity setting of
fective in cleaning, but annealing an ion-bombarded surfac®.5. Lower temperatures were determined using the thermo-
in ammonia impeded the formation of N vacancies that carcouple.

occur when heating in vacuum. Additionally, the annealing  Thein situ chemical vapor cleaningCVC) process in-
temperature affected surface band bending by up to 0.7 eVolved annealing each sample in ammonia that was intro-
over the range of 300—700 “¢. duced via a leak valve into the GSMBE when the thermo-

Bermudez and his colleagues have investigated contaméouple temperature reached 500°C. The chamber was
nation and the effects on electronic structure by studying thenaintained at an ammonia pressure ofA001x 10 * Torr
adsorption of oxygef* hydroger?* ammonia?® H,0,2° and  during the CVC process. Once the pressure was stabilized,
XeF, (Ref. 27 on GaN surfaces. In each study, the presenc¢he sample temperature was increased to 865 °C at a rate of
of adsorbate molecules removed surface states from the v&0 °C/min, held for 15 min, decreased at a rate of 40 °C/min
lence band spectra. This was observed by examining spectta 500 °C, held at this temperature for 1 min during which
obtained from UPS and electron loss spectroscplyS)  the ammonia leak valve was closed, and further decreased
before and after exposure to the adsorbates. Band bendinmtil the thermocouple indicated200 °C. The system pres-
was affected differently by different adsorbates, with oxygensure was then decreased<®.5x 108 Torr at which point
reducing band bending by 0.5 eV}* ammonia leaving the the sample was transferred to an analysis chamber.
band bending unchangétH,O reducing the band bending The GSMBE chamber was connected to other chambers
only by ~0.14 e\?® and F chemisorbed from XgFeducing  via a~14 m long UHV transfer lineln situ surface analysis
the band bending by-0.6 eV?” The effects of H adsorption capabilities included XPS, UPS, and LEED instruments lo-
on band bending were not report&d. cated in separate chambers connected by the transfer line.

In the following we present results, discussion, and aThe base pressure of each chamber wegx 10 *°Torr,
summary of several integrated investigations with the overaland the pressure of the transfer line was typicalh8
objective being the removal of oxygen/hydroxide and hydro-x 10~ °Torr.

II. EXPERIMENTAL PROCEDURES
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A Fisons Clam Il hemispheric analyzer with a mean ra-
dius of 100 mm was used to collect the XPS spectra. The
resolution of the analyzer was determined from the full width
half maximum(FWHM) of a gold 4f,, spectral peak to be
approximately 1.0 eV; however, through curve fitting, spec-
tral peak positiongcenter$ could be resolved ta-0.1 eV.

The settings for the x-ray source were 5 A filament current,
20 mA emission current, 13 kV accelerating voltage and 3.0
kV channeltron voltage. Survey scans and core level spectra

>
were collected using pass energies of 50 and 20 eV, respec- b) .
tively. The linear background was subtracted from the core A < | LA_M

Intensity (au)

level spectra, and the resulting spectra were fitted with a mix N KLL N1s
of Gaussian—Lorentzian functions, discussed by Briggs and v
Seal?® While fitting of the background could lead to im- a)

proved accuracy, particularly for line shape analysis, subtrac- /4 O 1s
tion of the linear background was considered sufficient for OKLL .

peak positions and linewidths within our specified 0.1 eV
uncertainty.

Spectra were collected from the as-loaded surfaces and
the CVC surfaces for the Gal3 N1s, O1s, C1s, as well FIG. 1. (8 XPS spectra of as-loaded-GaN(0001) and(b) CVC
as survey regions using both magnesi(t253.6 eV and n-GaN(0001) surfaces lobtaim.ad using Mg x-rays (v=1253.6eV).
aluminum (1486.6 eV anodes. Survey scans with both an-nglggr?_”é;ﬁfggﬁl??n“ﬁdclsg?]%aﬁ(%%soS‘f:1486'6 ev) of(©) as-
odes were required due to the overlap of Auger and photo-
emission transitions. When the Mg anode is used, the

GaLMM lines mask the C4 signal, making it Qifficult to binding energy of 1000 eV, nitrogefiLL at 875 eV, oxygen
deconvolu_te the carbon from the Ga _Auger series. When th| | 4t 750 eV, and galliur. MM transitions over the range
Al anode is used, the Nslcore level is masked by the Ga 4 150_364 eV. Core level transitions are also shown in this

Auger transition lines. _ _ spectrum, including that of oxygerst a binding energy of
Ultraviolet photoelectron spectra were obtained with the _g3q oy nitrogen & at ~400 eV, gallium 3 at ~105 eV,

analyzer entrance at normal incidence with the sample suty., 4 gallium 31 at ~20 eV. In contrast, the spectrum of the
face. An Omicron HIS13 discharge lamp was employed tQg4N surface acquired after the CVC presented in Fif) 1
generate a maximum amount of HE1.2 e_\/).radiation and  ghows only the nitrogen <l gallium 3p, and gallum 3
minimize the gmount of He (40.8 eV) radiation. The lamp ¢ levels; carbon and oxygen Auger transitions and a core
voltage and discharge current were set to 520 V and 50 mAgy | signal from oxygen were not detected. Similar behavior
respectively. The electron multiplier was sef[ to 2.6 k\/_, and 35 opserved in analogous specffégs. 1c) and Xd)] ob-
pass energy of 10 eV was used. A negative 4 V bias Wag,ineq ysing the aluminum anode. When the aluminum anode
applied to the sample to overcome the work function of the, oo used, the nitrogeiLL Auger signal has shifted beyond
analyzer. The resolution of the 50 mm hemispheric analyze_{he range of Fig. 1, and the Nstore level signal is obscured
was approximately 0.1 eV. The system was set to scan Kipy the G4 MM Auger transitions. For the as-loaded surface,
netic energies from 0 to 24 eV, which includes the valencq:ig_ 1(c), the oxygenKLL Auger transitions were observed
band region of GaN. at a binding energy of 980 eV and those of the gallium

Low energy electron diffraction images were obtained| npim were acquired over the range of 390-590 eV: core
using an extraction current of 0.4 mA, a screen voltage of 44, q| signals were observed from carbos at ~285 eV,

kv and agun voltage of approxima'tely 80.eV. Photographqga“ium 3s at ~160 eV, gallium D at~105 eV, and gallium
of the different patterns were acquired using a Kodak DS3q 4t ~20 eV, As before, the survey scan acquired following

120 digital camera. CVC revealed no detectable signals for carbon or oxygen.

_Atomic force microscopy was performed using a Parksjnmilar results were obtained for thetype GaN surfaces
Scientific Instruments autoprobe M5 system. The scans Wer ot shown.

acquired over a umx2 um region using a probe with a

—_t——t bt

1000 800 600 400 200 0
Binding Energy (eV)

Figures 2a) and 2Zb) contain plots of the gallium@®&and

silicon tip. the nitrogen & core level spectra, respectively, acquired us-
ing the magnesium anode for as-loaded and cleange
IIl. RESULTS GaN000)) surfaces[spectra(i) and (ii) in Figs. 4a) and

2(b)]. The positions of the peaks of the galliurd 8ore level
The XPS survey spectra acquired from the as-loaded anspectra shown in Fig.(2) for the as-loaded and CVC sur-
the CVCn-GaN surfaces for the 1100-0 eV binding energyfaces were 2180.1 eV (FWHM=1.3+0.1 eV) and 20.6
region are shown in Figs.(d—-1(d). Both XPS and Auger 0.1 eV (FWHM=1.3+0.1 e\), respectively. Similar re-
features are identified. Figure(d), obtained from the as- sults were observed for the spectra obtained using the
loaded sample using the magnesium anode, shows the Augeluminum anode. The nitrogenslpeaks for the as-loaded
transitions for an as-loaded sample for carddWV at a and CVC surfaces were centered at 3983l eV (FWHM
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FIG. 2. Core level XPS spectra ¢#) gallium 3d and (b) nitrogen s for FIG. 3. Core level spectra ¢8) oxygen I (acquired using M, x-ray9

s d(b) carbon % (acquired using AK, x-rays for as-loaded Ga0001)
as-loaded Gal000l) [spectrum(i) in (@) and (b)] and CVC GaN000J) an et a S
[spectrum(ii) in (a) and (b)] surfaces. The spectra were obtained using [spectrum(i) in (a) and (b)] and CVC GaN000D) [spectrum(ii) in (a) and

Mg K, x-rays. The spectra were offset vertically for ease in viewing. (b)] surfaces.

=1.0+£0.1eV) and 398.@:0.1 eV(FWHM=1.2+0.1eV),as ing MBE growth processes. When analyzing the Mg-doped,
shown in Fig. 2b). For thep-type GaN surfaces, the core MOVPE grown samples in this study, the Mg Zore level
level peaks(not shown showed similar behavior, with the spectral region was scanned using XPS. No evidence of Mg
position of the Ga@d core level spectra observed at 19.6 was detected on either the as-loaded or the CVC surfaces.
+0.1 eV (FWHM=1.6=0.1 €eV) in the as-loaded samples Table | contains a summary of the peak positions observed
and at 18.90.1 eV(FWHM=1.6+0.1 eV) after CVC. The and the FWHMs of the XPS spectra.
nitrogen Is peak position was observed at 39701 eV Figures 4a) and 4b) show the full width of the valence
(FWHM=1.3+0.1 eV from the as-loaded surface and band spectra of the Si-doped GaN films and expansion of the
at 396.3:0.1 eV (FWHM=1.4+0.1 eV) from the CVC region around the VBM, respectively, acquired via UPS of
surface. surfaces of the as-loaded GaN and the CVC GaN samples.
The oxygen & and the carbon 4 core level spectra All spectra are plotted on a binding energy scale with zero
obtained using the magnesium and the aluminum anodesnergy corresponding to the Fermi levét ), which had
respectively, are shown in Figs(a® and 3b). The peak of previously been determined from emission spectra from an
the oxygen % spectrum for the as-loaded surface is centeredn situ deposited gold surface. The main features in the as-
at 532.2-0.1 eV (FWHM=3.0+0.1 eV); this peak was not loaded UPS spectrum in Fig(a&} are the high energy turn
detected after CVC, as shown in FigiaB The carbon &  on, beginning at-4 eV, a feature at 14:40.1 eV, and the
core level peak shown in Fig(l3 is centered at 285:10.1  secondary electron peak at 150.1 eV. The linear portions
eV (FWHM=1.6+0.1 eV); this signal was also not detected of the UPS energy turn on were fitted, represented by dashed
after thein situ cleaning step in ammonia atmosphere. Thelines in Fig. 4b), and extrapolated to the abscissa to deter-
position of the carbon peak is in very good agreement wittmine the position of the VBM. For the as-loaded spectrum,
that of adventitious carbon; thus, sample charging was not the VBM was fitted so as to be 3t®.1 eV below the Fermi
problem on the as-loaded surf&CeCarbon & and oxygen level [see spectrunti) in Fig. 4b)]. In situ cleaning of the
1s signals were similarly detected from the as-loagegipe  n-type GaN surface in ammonia caused changes in the posi-
GaN film, with positions of 284.80.1 eV (FWHM=1.6 tion and shape of the VBM, with the turn on now determined
+0.1 eV) and 531.40.1 eV (FWHM=2.7+0.1 eV, to be 3.0:0.1 eV below the Fermi levékee spectrunii) in
respectively. Fig. 4(b)]. The secondary electron peak was again located at
It was reported by Chenet al*° and by Ptalet al®*that  15.9+0.1 eV, but the feature on the shoulder of this peak was
Mg dopant can accumulate on the surface of GaN films durlocated at 13.%0.1 eV after CVC. Both peaks are markedly
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TABLE I. XPS results for the as-loaded and CVC Gan0l) surfaces.

n type (Si doped

p type (Mg doped

As loaded After CVC As loaded After CVC
(x0.1eV (0.1 eV (0.1 eV (x0.1eV
Center FWHM Center FWHM Center FWHM Center FWHM
Oxygen I 532.2 3.0 531.9 2.7
Carbon b 285.1 1.6 284.8 1.6
Nitrogen 1s 398.3 1.0 398.0 1.2 397.1 1.3 396.3 1.4
Gallium 3d 21.0 1.3 20.6 1.3 19.6 1.6 18.9 1.6

more defined than those for the as-loaded surface. Agairiern with sharp spots on a dark background was obtained

similar results were obtained froprdoped GaN surfaces,
with a shift present due to the different Fermi level position
in the band gap. Far-type GaN, the VBM were determined
to be 3.0:0.1 and 1.1-0.1 eV below the Fermi level after

from the cleanedh-type GaN. The LEED pattern was ob-

served at beam energies of 60—195 eV. This beam energy
was sufficient to observe up to third order spots, and the
pattern remained sharp over the whole range of energy.

loading and after CVC, respectively. Table Il contains theThese results are consistent with an unfaceted, flat surface.

UPS spectral features for the as-loaded and the @Vvénd
p-type GaN(0001) surfaces.

Similar results(not shown were obtained from g-type
GaN0001) sample.

The LEED patterns obtained for the as-loaded and CVC  AFM micrographs for the as-loaded amdsitu cleaned

n-type GaN surfaces are shown in Figga)5and 3b), re-
spectively. The spots in thexil hexagonal pattern obtained

n-type GaN surfaces are shown in Figga)éand &b), re-
spectively. The rms roughnesses of these respective surfaces

from the as-loaded sample are broad and diffuse with avere determined to be 0.69 and 0.61 nm, respectively. Simi-
bright background and are indicative of a disordered and/olar microstructural results were obtained from the surfaces of
contaminated surface. By contrast, a well-defined LEED patthe p-type samples.
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FIG. 4. UPS spectra showin@) the full width of the valence band spectra
and (b) an expanded view of the VBM region for as-loadedsaN [spec-
trum (i) in (a) and(b)] and CVCn-GaN surface$spectrum(ii) in (a) and
(b)]. The dashed lines itb) represent the fits used to determine the positions
of the valence band maximum of the surfaces. All spectra were obtaine
using Hel (hv=21.2 eV) radiation.

IV. DISCUSSION
A. Surface chemistry

Since the majority of the results reported in the literature
for GaN(0001) have been presented foftype samples, the
following discussion is conducted fortype samples, unless
noted otherwise. The Gal3core level peak positions mea-
sured in the current study agree well with those of previous
investigators. Our measured as-loaded position of @1
eV matches the reported positions of 21R&f. 3 21.0 and
20.8 eV (Ref. 4 from as-loaded surfaces, and our value of
20.6-0.1 eV from the CVC surface is in agreement with the
reported range of 19.6—20.7 &¥.

The N1s core level peak measured on the as-loaded
surface in the current study was located at 3983 eV.
This is similar to the value of 398.2 eV for nitrogen on an
as-loaded surface reported by both Prabhakataal® and
King et al? After the CVC process, the Nslcore level was
located at 398.40.1 eV, close to the value of 397.4 eV
obtained by Prabhakaras al3 The magnitude and direction
of the shift of the N & core level are identical to those of the
Ga3d core level, indicating that the shift is related to a
change in band bending.

The gallium-to-nitrogen ratio for the as-loaded surface,
determined by the ratio of the Ga3o N 1s core level in-
tegrated peak areas and appropriate elemental sensitivity
factors?®2°was approximately 1.3, indicating a gallium rich
(or N-deficien} surface. It is believed that a fraction of the
Qitrogen atoms on the surface were replaced by adsorbed
oxygen and/or OH radicals. After cleaning, the gallium-to-
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TABLE II. UPS based results for the as-loaded and CVC ®&R1) surfaces. The electron affinities for the
as-loaded samples are not reported due to uncertainties in the band gap energy of the contaminated surfaces and
in the as-loaded VBM positions.

n type (Si doped p type (Mg doped
As loaded After CVC As loaded After CVC
(eV belowEg) (eV belowEg) (eV belowEg) (eV belowEg)

Turn on(VBM) (+0.1) 3.9 3.0 3.0 1.1
Shoulder peak*0.1) 14.1 135 12.9 11.6
Cutoff (=0.1) 17.5 18.0 17.0 16.3
Width (+0.2) 13.4 15.0 14.0 15.2
X (£0.2) 2.8 2.6

nitrogen ratio decreased to 1.0, indicative of a stoichiometrianum. The value was calculated using standard expressions
surface. While the photoelectron attenuation lengths of Gésee, e.g., Ref. 3%or the concentration of electrons in the
and N make XPS somewhat less sensitive to surface stoichéonduction band, the effective density of states, a tempera-
ometry, we submit the result here as an indication that théure of 300 K, the effective mass of electrons, Gg0in
stoichiometry of the material is improved by the CVC pro- GaN3* wherem, is the mass of an electron in free space. An
cess. ionized dopant concentration 0f<110'” donors was used to

BermudeZ® has reported that ammonia chemisorbs dis-find this value. Subtracting the Fermi level position from the
sociatively on GalD00J)), yielding NH, and H species room temperature band gap of 3.4 eV indicates that the VBM
bonded to the surface. Given this fact, it is proposed that should be located 3.3 eV below the Fermi level, as shown on
carbon and oxygen are removed by surface reaction witlthe left in Fig. 7a) for n-type GaN. This is considered the
ammonia and/or ammonia fragments and atomic H @xd flat band condition fon-type GaN. Mg dopants in GaN have
atomic nitrogen from the ammonia and/or an ammonia fragan activation energy of-0.3 eV consequently flat band
ment replaces the contamination and results in a stoichigp-type GaN should have the Fermi level positioned 0.3 eV
metric GaN surface. above the VBM, as shown on the left in Figb}.

Similar results were obtained fgrtype GaN surfaces. The low photon energy used in UPS makes the technique
The shift in the Ga @ and N 1s core levels was observed to very surface sensitive; thus the VBM determined from these
be 0.7£0.1 and 0.80.1 eV, respectively. As with the-type
surface, this shift is attributed to a change in band bending
caused by removal of the carbon and oxygen contamination
from the surface. The XPS measured stoichiometry of the
p-type surfaces changed from 1.2 for the as-loaded surface to
0.9 for the CVC surface. These results are similar to those
found by Hartliebet al®? for CVC treatedp-type GaN which
retained 2-1% oxygen on the surface. The presence of ex-
cess ammonia or ammonia fragments on the surface could
cause the nitrogen rich conditions observed in the current
work.

B. Electronic structure

The bulk Fermi level of then-type GaN samples was
calculated to be 0.1 eV below the conduction band mini-

FIG. 6. AFM scans ofa) as-loaded GaN antb) clean GaN surfaces. The
FIG. 5. LEED images ofa) as-loadedh-GaN and(b) cleann-GaN sur- rms roughness values measured were 0.69 and 0.61 nrtef@nd (b),
faces. The beam energy was 80 eV for both images. respectively. The AFM scan is 2mXx2 um.
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(a) 0.1eV (b) fer to surface states or to the formation of positive bound
E. ¢ J E . surface charge. The origin of this downward band bending is
E T_ - }_ T T ¢ T \ not known at this time.
It is also important to consider the possible effects of
540V 30V 3.4eV  pond Bending surface photovoltageSPV) when Workingsgvith semiconduc-
0.8 eV tor materials. Work done by Alonset al.>® showed the ef-
fects of SPV on metal-GaP interfaces, and in work by Eyck-
l Y. ; Er, &.- _———- eler et al®” and by Long and Bermud& SPV on GaN
E, * E, \1 surfaces was investigated. In the former wdtla Kelvin
Band Bending 0.3eV .yl Xe probe and UPS were used to measure the propertiesanfd
0.3 eV T 1.1eV p-type GaN surfaces which had been cleaned by Ga deposi-

tion and desorption at 800 °C. The measurements were per-
FIG. 7. Schematics of the bands @ n-GaN and(b) p-GaN. On the left formed at 150 K. Band bending was found to be 0.4 eV
side is the flat band condition, and on the right side is the band bendin% df " d29evd d
measured from the CVC surfaces in this study. pward forn-type surfaces an D e ownwar fn)type
surfaces. In their work, Long and Bermud®msed UPS and
XPS to study the band bending dependence on the tempera-

UPS spectra is strongly affected by surface contaminatiorfure. In their nitrogen ion sputter and anneal cleaned
Expansion of the VBM region of the UPS spectra acquireds@mples, they found that a SPV effect persisted up to
from an as-loaded sample and presented in Fig) ghows ~150°C, and was more significant prtype GaN surfaces.
the linear fit used to determine the spectrum turn on at 3.9 hose authors reported that the position of the Fermi level in
+0.1 eV below the Fermi level. This position is farther from the dark should be 2.55 eV above the VBM, independent of
the Fermi level than expected from calculations and is inthe type of doping. This is somewhat lower than the results
dicative of both oxide formation and similar to the values©f Eyckeleret al*" who found the Fermi level to VBM en-
obtained by Kinget al for GaN(0007) surfaces rinsed only €rgy to be 3.30.35 eV at 150 K. Based on the work of these
in HCI. As such, the as-loaded surface of GaN should not b&uthors, the band bending reported in this work may be in-
considered representative of the bulk material based on tH#ienced by surface photovoltage effects. However, the mag-
UPS results. nitude of these effects at the surface seems to be independent
In Fig. 4(b), the VBM after ammonia CVC was found to of UPS or XPS excitation, based on a comparison of UPS
be 3.0:0.1 eV. This value is in better agreement with the measurements with the XPS core level positions. This is con-
value expected from calculation, 3.3 eV. However, the meatrary to the work of Long and Bermud&zwho found the
sured value is still slightly lower than the calculated value,intensity of the light source influenced the magnitude of SPV.
indicating that band bending is present even on the cleaned Reported VBM values fon-type GaN range between 3.5
surface. (Ref. 10 and 2.4 eV(Ref. 19 relative to the Fermi level.
The Ga face Gal000)) is a polar surface, and sponta- The former value was determined for GaN cleaned by elec-
neous polarization will lead to a negative bound charge at thtron beam heating. The latter value was deduced by
Ga-face film surface and a positive bound charge at the NBermudez* after the removal of surface states from a GaN
face. These effects can lead to band bending. Far-eype  surface cleaned using sputtering and annealing. In a study of
sample, the negative surface bound charge is compensat¥@F, adsorption, BermudéZ reported a VBM of~2.7 eV
for by surface states and screened by ionized donors whereas the clean GaN surface. While Bermudez reported band
the positive bound charge at the substrate interface ibending of 0.9Ref. 14 and 0.6 eM(Ref. 27 on the cleaned
screened by free electrons in the conduction band. The pdsaN surface, Hunet al® reported no band bending on simi-
larization bound charge screened by the ionized donorkarly cleaned GaN surfaces. The reason for this difference in
would lead to upward band bending at the GaN surface. Asneasured value for identical processing of the surface is not
shown in Fig. Ta) our results are at least consistent with theknown. The VBM position of 3.&0.1 eV and the associated
prediction. 0.3 eV band bending observed on the clean GaN surfaces are
Based upon the polarity of the crystal structupetype  within the range of values reported for other cleaning tech-
GaN000)) films should exhibit the same negative boundniques.
charge asr-type films. The negative bound charge would be  The aforementioned and companion UPS studies by Ber-
screened by free holes in the valence band, and upward bamaudez and his colleagué$*~2"of adsorbates on sputtered
bending would also be expected. However, in the preserdand annealed GaN have detected surface states at the VBM.
work, as well as in the work of Wu and Kahfhdownward  To ensure that the VBM results reported in the present work
band bending was observed mptype GaN films. In the were not influenced by these surface states, a secondary
present work, the UPS determined VBM was 0Ll eV  method was used to verify the position of the VBM.
below the Fermi level. As shown on the right side in Fig. The position of a core level, such as G# Jelative to
7(b), 0.8+0.1 eV downward band bending is seen. Thisthe VBM is a constant of the element and may be indepen-
value is in good agreement with the value of G761 eV  dent of any band bending or charging effettsValdrop and
reported by Wu and Katf for p-type GaN0001), but is  Grant?® measured the value &,— Eg, 5 to be 17.76:0.03
lower than the value of 1#0.1 eV reported by Hartlieb eV. Subtracting this value from the XPS measured position
et al*2 The downward band bending indicates electron transef the Gaal core level provides an alternate method by
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Ec eV obtained from spectrurtii) in Fig. 4(b) gives a value of
-~ ---------g-- E¢ W=15.0+0.2eV. The electron affinity of the CVC surface
was calculated to be 2:8.2 eV.

Similar calculations based on the spectral features of a

206x01eV  284+0.13eV

from XPS deduced CVC p-type GaN film surface showed the VBM to be 1.1
/Y Ev +0.1 eV below the Fermi level, the cutoff at 16:8.1 eV,
A and an electron affinity of 2:60.2 eV. The range of values
reported®?”4142 for the electron affinity of n-type
[Ev — Egaad] GaN000)) subjected to cleaning techniques of varying ef-
1;}2?;1?%?%%\/ fectiveness was 3.5-3.2 eV, somewhat higher than that re-
v v . ported here. While the band bending could have been af-
Ga 3d

fected by SPV, the electron affinity would not be. A decrease
FIG. 8. Diagram of the level of energy, showing calculation of the vBM IN €lectron affinity could be caused by a surface dipole layer
based orEy,— Eg, 4 reported by Waldrop and GrafiRef. 40 andEg,4  With the positive pointing outward from the surface. Since
measured in this study. The energy levels are not to scale. ammonia is a polar molecule, it is possible that the surface
dipole layer is made up of adsorbed ammonia or ammonia
fragments, NK. Based on the ammonia adsorption work of
BermudeZ? it is possible that some form of ammonia re-

which to calculate the VBM position. This method is out- ~ "
P mains adsorbed on the surface after the CVC process.

lined in Fig. 8, and the result obtained for theype sample
is 2.84+0.13 eV. This is within experimental error of the .
value of 3.0:0.1 eV determined by fitting the UPS spectra. C- Surface structure and microstructure

Applying this technique to the-type CVC spectra, the cal- Unlike the spread of values obtained for the photoemis-

culated VBM position was 1.1#0.13 eV, also in agreement sjon results, the reconstruction observed for atomically clean

that the present UPS measurements of the CVC surfacqgowth techniqué:®2142042rhe LEED images of the CVC

were not affected by the surface states reported b¥yrfaces acquired in the present research showxd) pat-
Bermudez. tern, in good agreement with the results of the majority of
When the as-loaded surfaces were examined in this Mafyrior studies of both MBE and MOVPE grown films. It is
ner, then-type VBM was calculated to be 3.24.13 eV; this  jmportant to note that a comparison of the images acquired
value is markedly different from that of the UPS turn on of from the as-loaded and the CVC surfaces indicates that the
3.9+0.1 eV. In a similar way, the-type VBM was calcu-  ammonia CVC cleaning process does not change surface re-
lated from the Ga@ core level to be 1.840.13 eV, com-  construction on eithen- or p-type GaN. Furthermore, the
pared to 3.6:0.1 eV extrapolated from the UPS spectrum.| EED images show no indication of faceting when higher
The contamination of the as-loaded surface apparentlpeam energies are used. Based on the theoretical work of
causes the difference between these calculations for th€mith et al’® and of Feenstrat al,’ (1x1) reconstruction

VBM position. Here it indicates that the surface band gap ofis ynstable for Gal0002. Since the films are not stabilized

this layer is greater than that of GaN. _ by faceting, it is again possible that an adsorbate layer re-
The electron affinity(y) can be determined from the mains on the surface and provides the stability required to
UPS spectra via the following equation: show(1x 1) reconstruction. As mentioned earlier, the adsor-
x=hv—W-E,, (1) bates would likely be ammonia fragments or perhaps hydro-

_ o ) gen atoms that remain on the surface, thus providing stability
wherehu is the energy of incident photont/ is the spec- 4 the (1x1) LEED pattern.

trum width andEg is the band gap of the material. For the The AFM images of the Gaf0001) surfaces of ther-

present work He radiation was used withv =21.2eV; the  5qn.tyne samples before and after CVC revealed very simi-
room temperature value d, is 3.4 eV. The width of the |5 terraces and rms roughness values~@.6 nm. These
spectrum can be determined by taking the difference betweep,|es are in agreement with the rms value of 0.8 nm ob-
the VBM and the low energy cutoff features of the CVC (4inaq by wolteret al*® on GaN films rinsed in HCI. The

samples. However, the VBM region of the UPS spectrum folgcans of as-loaded and cleaned surfaces also appeared very
the as-loaded surface shows that the oxygen and carbon cofymilar to those of as-grown samples reported by several
tamination greatly affect the properties of this surface. Thgiar groupé**5The LEED and AFM results show that the

band gap of the surface could be influenced by contamingy, sy, CVC process does not alter the microstructure of the
tion, and the position of the VBM is questionable for the g,itace from that of the as-grown condition.

as-loaded surfaces; thus, it is difficult to use EL.to cal-

culate t.he_ elgctron affinity of a dlrty ;urface. Due to thev_ SUMMARY

uncertainties introduced by contamination, we do not report

the electron affinity of the as-loaded surfaces in this study. The XPS, UPS, LEED and AFM characteristics ref
For the clean GaN surface the low energy cutoff wasandp-type GaN000J) thin film surfaces immerseex situin

determined from spectrufi) in Fig. 4@) to be 18.6:0.1 eV  HCI and chemically vapor cleaned situ in flowing ammo-

from the Fermi level. Subtracting the VBM value of 3:0.1  nia under optimized conditions of 860°C and fTorr
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