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Electronic structure of H/GaN„0001…: An EELS study of Ga-H formation
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Bare and hydrogenated GaN~0001! were characterized using electron-energy-loss spectroscopy~EELS!,
Auger electron spectroscopy~AES!, and low-energy electron diffraction~LEED!. AES and LEED show that
the GaN surface is clean but faceted. EELS following hydrogen atom exposure shows a decrease in the
intensity of the band-gap transition at 3.5 eV as well as the development of a previously unreported loss peak
at 11.7 eV and quenching of a peak at 6.6 eV. We suggest that the peaks at 6.6 and 11.7 eV correspond to
occupied states observed in photoemission lying near 1 and 6 eV below the valence-band maximum, respec-
tively. These loss peaks indicate the participation of an unfilled electronic state;2 eV above the conduction-
band minimum. Hydrogen atom exposure also results in an increase in EELS intensity at 18 eV. Molecular
hydrogen does not react with Ga-terminated GaN~0001!. These changes in the electronic structure of
GaN~0001! may be useful indicators of surface Ga-H.@S0163-1829~99!12831-5#
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INTRODUCTION

Gallium nitride~GaN!, along with its alloys with InN and
AlN, are very promising materials for the production
high-temperature and high-power transistors as well as
and uv emitters and detectors.1–3 In this paper we repor
measurements of GaN surface electronic properties and
effect of hydrogen on those properties. Both adsorbates
surface preparation affect the surface electronic structure
therefore the band bending and potential barriers
interfaces.4–6 These potential barriers have a significant i
pact on the performance of high-power and high-freque
devices.6 In addition to electronic properties, hydrogen al
affects processes necessary for device production. Hydro
has been reported to affect growth rate and film quality
GaN produced by molecular-beam epitaxy~MBE! ~Ref. 7!
and metal-organic chemical vapor deposition~MOCVD!,8,9

as well as doping efficiency10 and etch rates.11 Recently, it
has been reported that GaN can be etched by bombard
with low-energy electrons in a hydrogen atmosphere.12

Other researchers have shown that hydrogen adsorp
affects the electronic structure of GaN~0001!. Bermudez
et al. observed a surface state by electron-energy-loss s
troscopy~EELS! and ultraviolet photoelectron spectrosco
~UPS! on the clean surface, which was removed by react
with atomic hydrogen.13 Dhesi et al. performed angle-
resolved photoemission spectroscopy and reported a su
state with spz character, consistent with a dangling-bo
state, which was destroyed by the adsorption of activa
H2.

14

The authors have recently reported the results of a h
resolution electron-energy-loss spectroscopy~HREELS!
study of hydrogen on GaN~0001!.15 In that work it was re-
ported that molecular hydrogen did not react with t
GaN~0001! surface while atomic hydrogen exposure resul
in formation of surface Ga-H. No surface N-H was fou
PRB 600163-1829/99/60~7!/4816~5!/$15.00
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and it was concluded that the surface was Ga-terminated
this work, we perform EELS to characterize the electro
structure of hydrogenated GaN~0001! and correlate the elec
tronic structure with previous surface vibrational spectr
copy results.

EXPERIMENTAL DETAILS

This work was performed in a three-chamber stainle
steel ultrahigh-vacuum~UHV! system with a base pressu
of 2310210Torr. Details of the UHV system and samp
mount have previously been described.15

The GaN sample used in this study was grown
MOCVD at the Naval Research Laboratory and
5 mm wide312 mm long.16 The GaN film was grown on
a-plane sapphire, which was heated to 1180 °C for 10 m
followed by the growth of a low temperature 250-Å-thic
AlN layer at 600 °C. The AlN layer was ramped to th
growth temperature under NH3 to a temperature of 1040 °C
for the growth of the GaN film. The GaN film was grow
using TMGa and NH3 with H2 as a carrier gas. It is silicon
doped with a carrier concentration of 231017cm23 and mo-
bility of 400 cm2/V s.

The sample was rinsed with acetone and then isopro
alcohol before insertion into UHV.In situ sample cleaning
was performed by a procedure of bombardment with;25
mA/cm2 of 1 keV nitrogen ions for 5 min and annealing
UHV at 900 °C for 5 min. This method of cleaning has be
shown to leave a clean and well-ordered surface, altho
faceting has been reported.13,17,18Cleanliness of the sampl
was verified by Auger electron spectroscopy~AES!, which
detected no oxygen or carbon to the instrument sensitivity
;5% of a monolayer.

A dynamic backfill of H2 was used for both molecular an
atomic hydrogen dosing. Atomic hydrogen production w
accomplished using a W filament heated to 1500 °C as pr
4816 ©1999 The American Physical Society
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PRB 60 4817ELECTRONIC STRUCTURE OF H/GaN~0001!: AN . . .
viously described.15 Exposures using the heated W filame
will be referred to as H* since the sample is simultaneous
exposed to molecular and atomic hydrogen. Exposures
given in Langmuirs~L! of H2, where 1 L5131026 Torr sec.
The sample temperature during H* dosing remained a
;60 °C. Even after a large dose of 3000 L of H* , no carbon
or oxygen was detected by AES.

EELS was performed using an incident electron energy
90 eV, which has been reported to result in electro
stimulated desorption~ESD! of hydrogen from GaN.13,15 A
more detailed study of hydrogen ESD from GaN~0001! will
be published elsewhere.19 In order to minimize ESD effects
the incident current density was reduced as much as pos
~;50 mA/cm2! while still yielding sufficient resolution
~modulation amplitude50.25 V! and signal to noise. For al
of the spectra shown, between four and twelve data sets
been normalized at a loss energy of 30 eV and average
achieve improved signal to noise. The scan time was m
mized ~;30 s! and each spectrum was acquired from a s
not previously irradiated. Scans begin at a loss energy o
eV and end at 2 eV. Although we have minimized t
amount of hydrogen removed by ESD during acquisition o
spectrum, we have not eliminated it and none of the spe
presented should be taken as representative of a
hydrogen-saturated surface. Auger electron spectra were
quired with a 3 keV incident electron beam and a modulat
amplitude of 1.0 eV.

EELS data reported in the literature have often been
quired with a cylindrical mirror analyzer and lock-in amp
fier which collects a signal proportional tod„EN(E)…/dE.
Although this does separate the loss-related features from
smooth background, the positions of peaks ind„EN(E)…/dE
data do not correspond with energy states determined
other probes of electronic structure. Since peaks in inve
second derivative@2d2

„EN(E)…/dE2# spectra are expecte
to occur at the same energies as peaks inN(E) and corre-
spond more directly with other determinations of electro
structure, EELS data have sometimes been reported in
way. We have acquired EELS data using the retarding fi
method with a lock-in amplifier which yieldsN(E). In addi-
tion to N(E), we also report d„EN(E)…/dE and
2d2

„EN(E)…/dE2) spectra for comparison to previous
published work.

RESULTS AND DISCUSSION

After sputtering and annealing, a hexagonal 131 pattern
with sharp spots and low background intensity was obser
by low-energy electron diffraction~LEED! from GaN~0001!
as previously reported.15 Although the LEED exhibited good
contrast, faceting of the surface was quite evident.

Figure 1 shows the first-derivative EELS@d„EN(E)…/dE#
after sputtering and annealing, after 200 L of H2 exposure,
and after 200 L of H* exposure. We have verified usin
HREELS and AES that the sputtered and annea
GaN(0001)-(131) surface is free of hydrogen and oth
adsorbates. The EELS spectrum of the clean surface is s
lar to the spectrum reported by Bermudezet al.4,13,17 After
molecular hydrogen exposure, EELS shows little differen
from that of the clean surface. We interpret this as indicat
that H2 does not readily react with GaN~0001! near room
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temperature. This conclusion is consistent with HREELS
periments performed on the same sample15 and also with
results from other researchers.20,21 In contrast, significant
changes are observed following H* exposure. In the first-
derivative spectrum shown in Fig. 1, the double peak c
tered near 20 eV merges into a single peak with H adso
tion. A leveling of the entire region from 9 to 15 eV is als
seen, with reductions of the peak between 9 and 11 eV
the dip between 13 and 15 eV.

Figure 2 shows first-derivative EELS spectra followin
various H* exposures. These data show the beginnings o

FIG. 1. First-derivative electron-energy-loss spectra of~a! sput-
tered and annealed GaN~0001! and following exposure to~b! 200 L
of H2 and~c! 200 L H* . During H2 exposure the ion gauge was sh
off after an initial pressure measurement. H* denotes molecular
hydrogen in the presence of a hot W filament.

FIG. 2. First-derivative electron-energy-loss spectra of~a! clean
GaN~0001! and following exposure to~b! 5 L, ~c! 25 L, ~d! 50 L,
~e! 100 L, and~f! 200 L of H* .



he
a
e
k
t-

L
r a

rg
se
-
d
l b
o

d
d

uc
1
6
s
o
H
e
r

th
n

tru
e

a
i

ev
t

a
ea

gen
of
b-
x,
sity
gen
ow
ted

so

n
,
has

in
rg-

pon-
in
ed
e in
een

s a
nd
s-

e to

the

and
We
ap-

ion
ase

on
ase.

rved

c

ctra
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flattening of the region from 9 to 15 eV and a merging of t
double peak centered at 20 eV after exposures as small
L. These changes progress continuously with increasing
posure and are nearly complete after 50 L. Spectra ta
after 100 and 200 L H* exposures appear identical, indica
ing that saturation occurs between 50 and 100 L of H* ex-
posure. These EELS results agree with previous HREE
results showing Ga-H vibrational features appearing afte
little as 5 L and saturating near 50 L of H* exposure.15

In order to understand the changes induced in the ene
loss spectrum by the adsorption of hydrogen, we next pre
both N(E) and 2d2

„EN(E)…/dE2 spectra of clean and hy
drogenated GaN~0001!. It must be noted that inverte
second-derivative spectra emphasize changes in smal
sharp features while minimizing broader changes easily
served inN(E) data.

Figure 3~a! shows theN(E) energy-loss spectra obtaine
from GaN(0001)-(131) after sputtering and annealing an
after 200 L of H* exposure. Figure 3~b! shows the difference
of hydrogenated and clean spectra. Hydrogenation prod
large and broad intensity increases centered at 11.7 and
eV while somewhat sharper decreases occur at 3.5 and
eV. For comparison to previous EELS work on GaN, GaA
GaP, and GaSb, we present in Fig. 4 the inverted sec
derivative of energy-loss spectra for clean and 200 L*
exposed GaN(0001)-(131). The inverted second-derivativ
spectrum of the clean surface reported here is very simila
previously published data.22,23

Previous HREELS work on this same sample showed
exposure to atomic hydrogen produced only Ga-H with
evidence of surface N-H.15 In conjunction with HREELS, we
attribute the changes observed in the energy-loss spec
after exposure to H* to the formation of a Ga-H surfac
species.

Both N(E) and inverted second-derivative EELS show
peak at;3.5 eV for the clean surface, which decreases
intensity upon hydrogenation. The peak at 3.5 eV has pr
ously been assigned to the interband transition across
band gap.17,22,23Bermudezet al. reported that even though
submonolayer coverage of O essentially eliminated this p

FIG. 3. Electron-energy-loss spectra of~a! clean GaN~0001!
~solid line! and following 200 L of H* exposure~dotted line! and
~b! difference of spectra from hydrogenated and clean surfa
~35!.
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from the energy-loss spectrum, exposure to atomic hydro
had no observable effect.13 They suggested that a high rate
ESD removed the hydrogen within the time required to o
tain the spectrum. By minimizing the incident electron flu
we are able to observe a significant reduction in the inten
of the band-gap transition. However, since some hydro
removal occurs during data acquisition, we do not kn
whether or not this peak is present on the fully satura
surface.

Both N(E) and inverted second-derivative EELS al
show a loss of intensity at;6.6 eV upon atomic hydrogen
exposure. Bermudezet al. have previously reported a
H-induced change in single-derivative EELS near 7 eV13

however the transition associated with the peak at 6.6 eV
not previously been assigned.

In Fig. 3, theN(E) spectrum shows a broad increase
intensity at loss energies between 9 and 15 eV with the la
est increase at 11.7 eV. This intensity increase is also res
sible for the flattening occurring between 9 and 15 eV
first-derivative spectra shown in Figs. 1 and 2. Invert
second-derivative spectra in Fig. 4 also show an increas
intensity in this region. No previous assignments have b
made for losses in this region from GaN.

Using photoemission, both Dhesiet al.14 and Bermudez
et al.13 have reported that hydrogen adsorption produce
reduction in intensity near 1 eV below the valence-ba
maximum ~VBM !. This decrease in intensity has been a
signed to the reaction of hydrogen with a surface state du
dangling bonds withspz character.14 Both groups have also
reported a broad increase in intensity near 6 eV below
VBM upon H atom exposure.13,14 In this study, we observe a
decrease in intensity in an energy-loss feature at 6.6 eV
a broad increase around 12 eV upon H atom exposure.
note that the separation between the EELS features is
proximately the same as for the photoemission peaks~5 eV!.
Upon H adsorption, the lower-binding-energy photoemiss
peak and the lower-loss-energy EELS feature both decre
in intensity while the higher-binding-energy photoemissi
peak and the higher-loss-energy EELS feature both incre
We suggest that the EELS features at 6.6 and;12 eV are
associated with transitions from the occupied states obse

es

FIG. 4. Inverted second-derivative electron-energy-loss spe
of clean GaN~0001! ~solid line! and following 200 L of H* expo-
sure~dotted line!.
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PRB 60 4819ELECTRONIC STRUCTURE OF H/GaN~0001!: AN . . .
in photoemissions near 1 and 6 eV below the VBM. Th
would imply that they share a final state lying about 2 e
above the conduction-band minimum~CBM!. Calculated
band structures for GaN show a peak in the density of sta
lying about 2 eV above the CBM.24,25 A recent inverse pho-
toemission study on GaN~0001! also shows an unoccupie
band lying 2 eV above the conduction-band minimum at
G point.26

TheN(E) EELS spectrum of the clean surface has a la
peak near 16.5 eV and a small peak near 20 eV. As Fig
shows, H* exposure produces an increase in intensity at
eV along with the disappearance of the peak near 20
Similar behavior is observed in the inverted secon
derivative spectrum where the sharp peak at 20.3 eV is
most eliminated. The reduction in intensity of the peak at
eV results in the merging of the double peak centered at
eV in the first-derivative spectrum as seen in Fig. 1. Berm
dez et al. reported similar changes upon reaction wi
hydrogen.13 The peak at 20 eV was previously assigned
coupled Ga 3d–to–conduction-band transitions and bu
plasmon excitations22,23 as well as overlapping volume plas
mon and N 2p excitations.17 A loss peak at 20 eV has als
been observed in EELS from the~110! surfaces of
GaAs,22,23,27–31 GaP,31 and GaSb.31 Coverages of
hydrogen,29,30 oxygen,27,29 and nitrogen22,23 on GaAs~110!
have been shown to remove the 20 eV peak, which w
attributed to an excitonic Ga 3d core-level–to–dangling-
bond transition22,23,28–32 as well as a Ga intra-atomic
transition.33,34 Since our HREELS study demonstrates th
hydrogen reacts with surface Ga atoms to form Ga-H,15 we
suggest that the peak at 20 eV is due to a Ga 3d core-level–
to–dangling-bond transition. Although hydrogen adsorpt
nearly eliminates the 20 eV loss peak, oxygen adsorption
GaN~0001! has been reported to shift this peak 0.5 eV high
in loss energy.17

Next we discuss the increase in EELS intensity at 18
in N(E). A volume plasmon has been predicted near 18.5
based on optical data,17,24 however the adsorption of hydro
gen onto surface Ga sites would not be expected to sig
cantly alter the volume plasmon loss intensity. A surfa
.
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plasmon is calculated from optical data to occur near
eV.17,24 A peak in the2d2

„EN(E)…/dE2) spectrum from
clean GaN~0001! near 16 eV has previously been assigned
a surface plasmon.22,23 Examination of theN(E) and in-
verted second-derivative spectra in this region suggests
the peak near 16 eV previously assigned to a surface p
mon may shift to higher loss energy upon hydrogen adso
tion.

Since HREELS from this sample has shown that hyd
gen bonds only on Ga sites and that GaN~0001! is Ga-
terminated, we conclude that each of the changes obse
here following H* exposure is due to Ga-H formation
Therefore, titration with atomic hydrogen followed by EEL
is a possible method for researchers to check the termina
of GaN surfaces. Further work to identify signatures of N
formation on GaN surfaces is still needed.

CONCLUSION

We have used surface-sensitive electron spectroscop
examine the electronic structure of both clean and hydrog
atom exposed GaN~0001!. We have interpreted changes
the energy-loss spectrum in light of the result of HREE
work showing that after exposure to atomic hydrogen, s
face Ga-H is present but N-H is not. Following adsorption
hydrogen onto Ga surface sites, we observe reductions in
EELS intensity for the band-gap transition at 3.5 eV and
Ga 3d core-level–to–dangling-bond transition at 20.3 eV.
adsorption is also seen to produce a broad intensity incre
at 11.7 eV and a decrease at 6.6 eV. We suggest the
peaks at 6.6 and 11.7 eV are associated with occupied s
near 1 and 6 eV below the valence-band maximum and s
a common final state at;2 eV above the conduction-ban
minimum. A broad increase is also observed at;18 eV.
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