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The band alignment at the SiO2-GaN interface is important for passivation of high voltage devices
and for gate insulator applications. X-ray photoelectron spectroscopy and ultraviolet photoemission
spectroscopy have been used to observe the interface electronic states as SiO2 was deposited on
clean GaN~0001! surfaces. The substrates, grown by metallorganic chemical vapor deposition, were
n- (131017) andp-type (231018) GaN on 6H-SiC~0001! with an AlN~0001! buffer layer. The GaN
surfaces were atomically cleaned via an 860 °C anneal in an NH3 atmosphere. For the clean
surfaces,n-type GaN showed upward band bending of 0.360.1 eV, while p-type GaN showed
downward band bending of 1.360.1 eV. The electron affinity forn- andp-type GaN was measured
to be 2.960.1 and 3.260.1 eV, respectively. To avoid oxidizing the GaN, layers of Si were deposited
on the clean GaN surface via ultrahigh vacuume-beam deposition, and the Si was oxidized at
300 °C by a remote O2 plasma. The substrates were annealed at 650 °C for densification of the SiO2

films. Surface analysis techniques were performed after each step in the process, and yielded a
valence band offset of 2.060.2 eV and a conduction band offset of 3.660.2 eV for the GaN-SiO2
interface for bothp- andn-type samples. Interface dipoles of 1.8 and 1.5 eV were deduced for the
GaN-SiO2 interface for then- and p-type surfaces, respectively. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1559424#

I. INTRODUCTION

Gallium nitride is being investigated for a wide range of
electronic and optoelectronic applications. In particular, the
interfacial band alignment is of significant interest in the
fabrication of devices based on heterostructures. The hetero-
junction band discontinuities are key parameters of device
design because the valence and conduction band offsets de-
termine the transport and confinement properties at the inter-
face. A fundamental objective for technology and basic re-
search would be the control of the band discontinuities.1 The
deposition of SiO2 on GaN could be important for passiva-
tion of high-voltage devices and for the gate insulator in field
effect transistor devices.2 While the Si-SiO2 interface has
been studied extensively,3–7 little research has been reported
and large uncertainties exist on the band offsets at nitride
interfaces.8–12

Surface preparation is a critical step in controlled hetero-
structure formation. In prior studies Bermudez13 compared
GaN surfaces prepared by sputtering with nitrogen ions fol-
lowed by annealing in ultrahigh vacuum~UHV! and surfaces
prepared byin situ deposition of Ga metal followed by ther-
mal desorption. For the two processes, no significant differ-
ences of the values of work function, band bending, and Ga
3d binding energy were found, which suggests that nitrogen-
ion sputtering and annealing are equivalent for preparation of
ordered GaN surfaces. However, surfaces prepared by these
methods show additional emission at energies above the va-
lence band maximum~VBM ! in photoemission data that has
been attributed to surface states. In our study, GaN is pre-

pared by an in situ ammonia exposure at an elevated
temperature,14 producing atomically clean surfaces without
observable emission above the VB turn-on.

Several groups have reported the electrical characteris-
tics of the SiO2-GaN interface grown by plasma enhanced
chemical vapor deposition. Caseyet al.15 found no observ-
able hysteresis in room temperatureC-V measurements, as
well as an increase of capacitance with incident ultraviolet
light while in deep depletion. These observations are consis-
tent with a low concentration of interface traps. M. Sawada
et al.16 and Arulkumaranet al.17 support this observation,
measuring (1 – 2)31011 and 2.531011 cm22 eV21, respec-
tively, for the minimum interface state density at the
SiO2-GaN interface. T. Sawadaet al.18 investigated the ef-
fect of thermal annealing of the interface. The interface state
density was reduced by 33% to 231011 cm-2 eV-1 after an-
nealing in H2 at 500 °C. Also noted was that the Fermi level
was not pinned and could move within the upper band gap.
The as-deposited sample had a Fermi level 0.2 eV from the
conduction band edge under thermal equilibrium conditions,
and the value increased to 0.5 eV after annealing. The rela-
tively low interface trap density suggests the promise of ap-
plications for this interface. While several studies19–21 have
employed photoemission techniques to explore metal/GaN
interfaces, there has been, to our knowledge, no similar re-
port for the SiO2-GaN interface.

An approach to describing a heterostructure interface is
to apply the electron affinity model~EAM!. This model
holds in the ideal case, assuming there is no potential created
as the heterostructure is formed. The alternative model is the
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interface dipole model, where the structure of the interface
causes a shift in the entire band lineup relative to the predic-
tions of the EAM. The well-known occurrence of reconstruc-
tions, chemical reactions, dislocations and strain at the inter-
face may result in contributions to the so-called structural
interface dipole.22 The focus of our experiment is to measure
the band offsets and to compare the results to this dipole at
the heterostructure interface.

The charge neutrality level~CNL! model has been used
to describe the band alignment of a heterojunction interface
between two semiconductors. Tersoff23 suggested that the
band alignment between two semiconductors is controlled by
the charge transfer across the interface and the resulting in-
terface dipoles in a fashion similar to Schottky barrier mod-
els. Recently, Robertson24 employed the S parameter, which
reflects the dielectric screening, to relate the relative contri-
bution of the electron affinity model and the dipole from the
charge neutrality levels. In this study, the correlation between
the CNL model and experimental data will be presented.

In this study, in situ x-ray photoelectron spectroscopy
~XPS! and ultraviolet photoemission spectroscopy~UPS!
measurements are used to determine the band discontinuities,
or band offsets, at the GaN-SiO2 interface. This process is a
well-established method that has been reported in the
literature.22,25,26 After achieving an atomically clean
GaN~0001! surface, care is taken to avoid oxidation during
the process. Our basic approach in this study is to obtain a
clean GaN surface through an ammonia exposure at an el-
evated temperature and to form a SiO2 layer by depositing
silicon and to employ low temperature oxidation to minimize
disruption of the interface. XPS and UPS measurements are
obtained after each step of the process, and the band bending
is deduced from the shifts of the gallium and nitrogen core
levels. The band offsets and electron affinities are determined
from the UPS spectra, and the formation of the oxide and the
value of the interfacial dipole are determined from the XPS
and UPS measurements.

II. EXPERIMENTAL PROCEDURES

The GaN films used in this study were grown via met-
allorganic chemical vapor deposition~MOCVD! on 50 mm
diameter on-axis Si-face, 6H-SiC~0001! substrates with a
conducting AlN~0001! buffer layer. The thicknesses of the
GaN epilayer and the AlN buffer were 1.1 and 0.1mm, re-
spectively. Prior research has established that MOCVD
growth of GaN on Si-face SiC~0001! results in Ga-face
GaN~0001!.27,28 Silicon was used as then dopant, and mag-
nesium was used as thep dopant. Dopant concentrations
(Nd2Na) of 131017 and (Na2Nd) of 231018 cm-3 were
measured for then- and p-type samples using capacitance-
voltage measurements with a mercury probe.

Raman spectroscopy was employed to characterize the
residual strain in the GaN film. TheE2 mode, which is em-
ployed to characterize the biaxial strain,29 was found at 564.4
cm-1. TheE2 mode is found at 567.2 cm-1 for a free standing
film, and this value is used as the reference. Therefore, we
deduce a residual tensile strain of 1.4310-3 and a residual
tensile stress of 0.6 GPa.30

Ex situ preparation of the GaN consisted of a process
where the films were cleaned sequentially in trichloroethyl-
ene, acetone, and methanol baths for 1 min each, followed by
immersion into 49% HCl for 10 min. The samples were then
rinsed for 10 s in deionized water, and blown dry using ni-
trogen. The samples were mounted to molybdenum plates,
secured by tantalum wires, and then placed in the load lock
for entry into the transfer line that interconnects several
analysis and processing chambers. The total time between
the completion ofex situcleaning and inserting into the sys-
tem was about 10 min.

Initial surface analysis was performed, and the sample
was moved to the gas source molecular beam epitaxy cham-
ber for in situ cleaning. The cleaning process consists of
annealing at 860 °C for 15 min in an NH3 atmosphere. Am-
monia was introduced into the chamber when the tempera-
ture reached 500 °C via a needle valve and a chamber pres-
sure of 1310-4 torr was obtained. The distance between the
ammonia doser and sample was;5 cm, and the partial pres-
sure of ammonia at the sample surface is expected to be as
much as an order of magnitude higher than the system pres-
sure. After allowing 5 min for the pressure to stabilize, the
heater was ramped to 860 °C at a rate of 30 °C per min. The
temperature and ammonia flow were maintained for 15 min.
Subsequently, a ramp rate of240 °C per min21 was used to
achieve a heater temperature of 500 °C; the sample was held
at this temperature while the needle valve was closed. The
pressure decreased to the low 10-8 torr range, during which
the sample cooled to;200 °C, and was transferred out of the
system.

After cleaning and other process steps, the samples were
transferred in UHV for surface analysis. For XPS, a dual
anode x-ray source was used to generate magnesium~1253.6
eV! or aluminum~1486.6 eV! x-rays, and the photoemitted
electrons were analyzed with a Fisons Clam II. The resolu-
tion of the analyzer was determined from the full width at
half maximum~FWHM! of a gold 4f 7/2 spectral peak to be
;1.0 eV; however through curve fitting, spectral peak posi-
tions could be determined to61.0 eV. UPS with HeI ~21.2
eV! radiation was employed to measure the electronic states
near the valence band and to determine the electron affinity.
The photoemitted electrons were analyzed with a VSW 50
mm mean radius hemispherical analyzer operated with a
resolution of 0.1 eV. A negative 4 V bias was applied to the
sample to overcome the work function of the analyzer.

The XPS and UPS spectra were obtained after each pro-
cess step in a sequence of experiments to follow the shifts of
the XPS peaks and the evolution of the valence band spectra.
The spectra were measured to track the peak shifts and dis-
cern the band bending and band offsets after each of the
following steps: 2 Å Si deposition, a second 2 Å Si deposi-
tion ~4 Å total!, O2 plasma at 300 °C, 2 Å Si ~6 Å total Si!
and O2 plasma at 300 °C, 650 °C anneal for 15 min, a final 3
Å Si deposition~9 Å Si total! and O2 plasma at 300 °C, and
a 15 min 650 °C final anneal. Throughout the manuscript,
references to the Si thickness in the processing steps refer to
the total amount of Si deposited up to that particular step.
The ultimate thickness of the oxide film was calculated to be
;18 Å using a density comparison method. This thickness
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was measured experimentally to be;17 Å by examining the
XPS core level intensities for the clean and final process
steps.

III. RESULTS

The evolution of the UPS spectra from the clean GaN
through oxidation and anneal of the deposited 9 Å Si for the
n-type experiment is shown in Figs. 1 and 2. The VBM of
the clean GaN surface was determined from an extrapolation
of a line fit to the leading edge of the spectrum. A turn-on of
the GaN signal was measured at 3.060.1 eV ~referenced to
the Fermi level!. From the doping concentration of 131017

in the GaN, the bulk Fermi level was determined to be
;100m eV below the conduction band minimum. Because
the deposited layers obscure the valence band maximum, in
order to follow the position of the VBM, it is necessary to
detect a more intense bulk GaN spectral feature to reference
the position of the VBM. A feature at 13.4 eV in the spectra
shown in Fig. 1 has been attributed to a GaN bulk

excitation.31 Note that this feature shifts to a higher binding
energy by 0.360.1 eV with the deposition of 4 Å of Si and
the oxidation that followed. This shift is an indication of a
reduction of the band bending by 0.3 eV and is consistent
with essentially flatband conditions after the oxidation.
Tracking the peak movement is only possible when the sub-
strate emission is observable; therefore when the layer thick-
ness obscures this emission, no further information can be
obtained. In our UPS measurements, emission from the sub-
strate was not detected for the 9 Å silicon deposition and
oxidation. With increased thickness, the turn-on and signa-
ture peaks for SiO2 remained unchanged.

The spectra shown in Fig. 1 were used to determine the
electron affinity of GaN, as well as the deposited SiO2. The
electron affinity can be determined by the relation

x5hn2W2Eg , ~1!

where W is the spectral width from the VBM to the low
energy cutoff,hn is the photon energy~21.2 eV!, andEg is
the band gap of the material. For different cleaning proce-
dures the VBM is sometimes obscured by surface states,13,32

but for this study we will employ the method noted above,
assuming it is representative of the VBM. For the clean GaN
surface, the width of the spectrum was measured to be 14.9
and 14.6 eV for then- andp-type surface, respectively. Us-

FIG. 1. UPS spectra of~a! CVC n-type GaN,~b! 2 Å Si, ~c! 4 Å Si and O2

plasma,~d! 6 Å Si, O2 plasma, and 650 °C anneal,~e! 9 Å Si and O2 plasma,
and ~f! 650 °C anneal.

FIG. 2. UPS spectra of the valence band maximum of~a! CVC n-type GaN,
~b! 2 Å Si, ~c! 4 Å Si and O2 plasma,~d! 6 Å Si, O2 plasma and 650 °C
anneal,~e! 9 Å Si and O2 plasma, and~f! 650 °C anneal.
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ing the generally accepted band gap of GaN, 3.4 eV, the
electron affinity was determined to be 2.9 and 3.2 eV for the
n- andp-type surface, respectively. While the electron affin-
ity differs by 0.3 eV between the two samples, this is within
the experimental error and in agreement with prior reports of
3.0 eV for GaN.13,20,33

We employ the same approach to determine the electron
affinity of the SiO2 layer. The turn-on for the SiO2 is ob-
served at;5.1 eV below the Fermi level, and the spectral
width is measured to be 11.1 eV. Assuming a bandgap of 9.0
eV, we obtain an electron affinity of 1.1 eV, which is consis-
tent with prior reports.24

The scans shown in Fig. 3 represent the evolution of the
UPS spectra from the clean GaN through the final surface for
the p-type substrate. Figure 4 presents an expanded scan of
the clean surface, which indicates a VBM at 1.6 eV~refer-
enced to the Fermi level!. Based on the 231018 cm23 dop-
ing of the Mg, the bulk Fermi level is calculated to be

;300m eV above the VBM. The GaN bulk feature observed
at 12.2 eV is in agreement with values reported elsewhere.19

This feature shifts to a higher binding energy by 0.960.1 eV
with the formation of the SiO2 layer.

The evolution of the gallium 3d peak during then-type
GaN experiment is shown in Fig. 5. The initial peak position
and width of the peak for the clean surface were determined
to be 20.460.1 and 1.3560.1 eV, respectively. This peak
position minus the VB turn-on is 17.4 eV, and is close to the
value of 17.7 eV reported by Waldrop and Grant.34 In some
data sets we have found values consistent with the 17.7 eV

FIG. 3. UPS spectra of the valence band maximum of~a! CVC p-type GaN,
~b! 4 Å Si and O2 plasma,~c! 6 Å Si and O2 plasma,~d! 6 Å Si, O2 plasma,
and 650 °C anneal,~e! 9 Å Si and O2 plasma,~f! 650 °C final anneal.

FIG. 4. UPS spectra of the valence band maximum of CVCp-type GaN,
with valence band maximum indicated by a dashed line.

FIG. 5. Gallium 3d XPS spectra for~a! CVC n-type GaN, ~b! 2 Å Si
deposition,~c! 4 Å Si deposition,~d! 4 Å Si and O2 plasma,~e! 6 Å Si, O2

plasma,~f! 6 Å Si, O2 plasma, and 650 °C anneal,~g! 9 Å Si and O2 plasma,
and~h! 650 °C final anneal. The peak positions of the initial surface as well
as the final surface are indicated with dashed lines.
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found by Waldrop and Grant.34 In our case the core level and
valence band measurements are made with two separate in-
struments and variations in calibration are likely responsible
for the small differences. The primary considerations of our
measurements are about relative peak shifts, so these small
variations do not affect our analysis.

Spectra observed after the first and second 2 Å Si depo-
sitions showed shifts that were smaller than 0.1 eV. After an
anneal following the third 2 Å Si deposition~6 Å total! and
oxidation, the peak shifted to 20.6560.1 eV, while the width
increased to 1.460.1 eV. For the final surface, which con-
sisted ofa 9 Å Si layer that was oxidized, the peak was
observed at 20.7660.1 eV, indicating a shift of 0.3660.1 eV
for the entire experiment. There are no indications of a reac-
tion between the GaN and the SiO2, therefore suggesting that
this shift is due to a change in the band bending.35

Similar behavior was observed for the evolution of the
nitrogen 1s core level. The N 1s peak position for the clean
n-type GaN surface was observed at 397.960.1 eV, and the
width was measured to be 1.160.1 eV. As in the case of the
Ga 3d, the N 1s shifted a discernible amount after the third 2
Å Si deposition~6 Å total! and oxidation, to 398.260.1 eV,
with a width of 1.260.1 eV. For the final surface, the peak
shifted to 398.360.1 eV, with a width of 1.160.1 eV. This
difference of 0.3760.1 eV is again consistent with values
obtained for the gallium core level peaks.

Figure 6 displays the evolution of the oxygen 1s core
level. As measured by XPS, the as-loaded GaN sample con-
tains ;14 and 8 at. % of oxygen and carbon, respectively.
The chemical vapor clean~CVC! reduces the oxygen and
carbon below the XPS detection limits~, 1 at. %!.

The surface termination of the GaN after the CVC has
not been determined. The Si 2p and N 1s core levels were
examined for evidence of Si-N bonding immediately after

the first silicon deposition. For the Si 2p, the nearby location
of the Ga 3p core level, as well as the subtle difference in
peak location for Si-O and Si-N bonding limited the ability
to detect Si-N bonding. Similarly, we found that the N 1s
core levels in GaN and in Si3N4 deposited on GaN essen-
tially overlap. With these considerations, we cannot exclude
the possibility of Si-N at the surface even though no direct
evidence was found in our measurements.

After deposition of 4 Å Si and the O2 plasma, the initial
peak position was observed at 532.260.1 eV. Through the
course of the experiment, the peak shifted to 533.1 eV, for a
total of 0.960.1 eV. This peak only slightly deviates by 0.2
eV from the 533.3 eV value reported in the literature for
SiO2 on silicon substrates.36,37The final peak position for the
O 1s core level of the SiO2 on p-type GaN is at 532.5 eV,
which is also generally consistent with the prior value.

The oxide quality is an important issue because it affects
the band gap of the material. Careful comparisons were made
of the oxide grown on the GaN surface with SiO2 grown on
silicon. The difference in energy between the O 1s and Si 2p
core levels was found to be 429.5 eV in the oxide grown in
our experiment, which is equivalent to the value found in the
literature.38 This finding suggests that the quality of our film
is consistent with SiO2 grown on Si.

Figure 7 shows the O 1s core level forp-type GaN CV
cleaned, oxidized, and SiO2 surfaces. The oxidized GaN sur-
face has a peak position of 530.2 eV. The SiO2 surface
shown is that of the final surface of thep-type experiment,
and has a peak position of 532.5 eV. The Ga-O bond found in
the oxidized case could not be resolved in the SiO2 spectra.
The Ga 3p core level has a higher surface sensitivity than the
Ga 3d core level, and is shown in Tables I and II for the n-
andp-type experiments. The Ga 3p core level displays shifts

FIG. 6. Oxygen 1s XPS spectra for~a! CVC n-type GaN,~b! 2 Å Si depo-
sition, ~c! 4 Å Si deposition,~d! 4 Å Si and O2 plasma,~e! 6 Å Si, O2

plasma,~f! 6 Å Si, O2 plasma, and 650 °C anneal,~g! 9 Å Si and O2 plasma,
and~h! 650 °C final anneal. The peak positions after the initial oxidation as
well as the final surface are indicated with dashed lines.

FIG. 7. Oxygen 1s XPS spectra for~a! CVC p-GaN,~b! O2 plasma, and~c!
final SiO2 surface. Dashed lines indicate the peak positions for the oxidized
GaN as well as the final SiO2 surface.
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that are consistent with those of the Ga 3d and N 1s core
levels, without indication of a chemical shift due to Ga2O3

formation. As mentioned previously, the SiO2 formed on the
surface is shown to have a limited reaction with the GaN and
is below the detection limits in XPS.

Further evidence of SiO2 formation can be detected in
the silicon 2p peak spectra. After Si deposition, the initial
peak position was observed at 101.5960.1 eV. This peak
shifted to 103.6160.1 eV after oxidation and subsequent an-
nealing of the substrate. This peak position, as well as the
shift of 2 eV, is consistent with SiO2 on Si substrates,39

which we attribute to a chemical shift due to the formation of
SiO2 .

The evolution of the gallium 3d peak for thep-type GaN
experiment is shown in Fig. 8. The initial peak position for
the clean surface was observed at 19.1860.1 eV. After the 4
Å Si deposition and oxidation, the peak shifted to a value of
19.460.1 eV. While the peak shifted;0.2 eV during the
oxidation, the largest shift occurred after each anneal of the
sample, as evidenced by the peak positions of the 6 Å total
Si/O2 plasma/650 °C anneal and the 9 Å total Si/O2 plasma/
650 °C anneal treatments shown at 19.9560.1 and 20.05
60.1 eV, respectively. Annealing is a well-documented pro-
cess for densification of the deposited oxide, which enhances
the quality of the film.40–42 During the course of the experi-
ment we observed a shift in the spectra of 0.8760.1 eV. The
lack of a Ga-O peak in the spectra once again suggests a very
limited reaction between the GaN and the SiO2, implying
that this shift is due to a change in the band bending.

The peak position of the nitrogen 1s core level on the
cleanp-type GaN surface was observed at 396.6560.1 eV,

while the final position was 397.560.1 eV. This difference of
0.8560.1 eV is in excellent agreement with values for the Ga
3d levels.

The spectral peak positions and the FWHM for Ga 3p3/2

, Si 2p, O 1s, Ga 3d, and N 1s have been summarized in
Tables I and II for bothn- and p-type GaN, respectively.
From the results, two important properties of the interface
can be stated. First, there does not appear to be a significant
reaction at the GaN-SiO2 interface. If this reaction were sig-
nificant, there would be additional peaks reflecting the re-
acted environment, and/or changes in the widths of the
peaks. Second, the observed shift for the Ga 3p3/2, Ga 3d,
and N 1s core levels are essentially the same, allowing the
inference that the shifts are a result of band bending.

IV. DISCUSSION

The method for determining the valence band disconti-
nuity is similar to that of Waldrop and Grant34 and Kraut
et al.43 Their basic approach is to reference the VBM to a
core level in the XPS spectrum for each semiconductor and
to use the measured difference between the core level ener-
gies to discern the band discontinuities. In our study, we have
employed UPS to measure the energy of the VBM from the
Fermi level, and XPS is used to measure core level energies
relative to the Fermi level.

Care was taken to avoid oxidation of the clean GaN
surface after the CVC. A significant Ga2O3 layer at the in-
terface can be a source of deep acceptors and interface states
that can be detrimental to device fabrication.44 Although gal-
lium oxide was not observed within our detection limits, we

TABLE I. XPS core level curve fitting results for then-type GaN experiment.~Oxygen plasma is represented as O-Pl.!

Ga 3p3/2 Si 2p O 1s Ga 3d N 1s
Process step Center~eV! FWHM ~eV! Center~eV! FWHM ~eV! Center~eV! FWHM ~eV! Center~eV! FWHM ~eV! Center~eV! FWHM ~eV!

CVC 105.71 2.69 — — — — 20.41 1.35 397.90 1.10
2 Å Si 105.71 2.67 101.59 3.72 — — 20.48 1.35 398.02 1.12
4 Å Si 105.71 2.68 100.90 2.87 — — 20.46 1.35 398.01 1.13
O-Pl 105.73 2.66 102.71 2.26 532.19 1.94 20.45 1.40 398.01 1.29
6 Å Si, O-Pl 105.89 2.68 102.95 2.06 532.37 1.85 20.56 1.44 398.05 1.26
Anneal 106.01 2.65 103.54 2.15 532.81 1.76 20.65 1.41 398.16 1.14
9 Å Si, O-Pl 106.03 2.68 103.59 1.92 533.10 1.77 20.74 1.37 398.25 1.11
Final 106.10 2.54 103.61 1.98 533.10 1.77 20.76 1.37 398.27 1.14
Difference 0.39 2.02 0.91 0.35 0.37

TABLE II. XPS core level curve fitting results for thep-type GaN experiment.

Ga 3p3/2 Si 2p O 1s Ga 3d N 1s
Process step Center~eV! FWHM ~eV! Center~eV! FWHM ~eV! Center~eV! FWHM ~eV! Center~eV! FWHM ~eV! Center~eV! FWHM ~eV!

CVC 104.53 2.81 — — — — 19.18 1.64 396.65 1.34
4 Å Si 104.8 2.91 99.8 3.81 531.34 2.57 19.55 1.66 396.93 1.31
O-Pl 104.74 2.51 102.42 2.45 531.83 2.02 19.4 1.61 396.8 1.33
6 Å Si, O-Pl 104.86 2.70 102.84 2.46 531.94 1.92 19.42 1.63 396.82 1.36
Anneal 105.37 2.77 103.3 1.74 532.36 1.58 19.95 1.66 397.35 1.37
9 Å Si, O-Pl 104.72 2.98 102.68 1.90 532.0 1.80 19.48 1.61 396.9 1.27
Final 105.41 2.85 103.34 1.95 532.53 1.52 20.05 1.72 397.5 1.36
Difference 0.88 3.54 1.19 0.87 0.85
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expect that Ga-O bonding exists at the SiO2-GaN interface.
Therrienet al.45 reported the significance of an ultrathin Ga2

O3 layer formation, which allowed a redistribution of elec-
tronic charge and reduction of the interfacial defect density.

The Ga-face GaN~0001! is a polar surface, and the spon-
taneous polarization will lead to a negative bound charge at
the GaN film surface and a positive bound charge at the back
substrate interface. The GaN is also piezoelectric, but be-
cause the films are grown above the critical thickness there is
only a small residual strain, and the piezoelectric induced
polarization (Ppz 50.002 C/m2) is small in comparison to

the spontaneous polarization (Psp 50.033 C/m2).46 The pi-
ezoelectric polarization for biaxial tensile strain contributes
in the same direction as the spontaneous polarization. The
negative surface bound charge is compensated by surface
states and screened by ionized donors while the positive
bound charge at the substrate interface is screened by the free
carriers. The polarization bound charge screened by the ion-
ized donors would lead to upward band bending at the GaN
surface. We note that the XPS measurements of the Ga and N
core levels would be shifted by the polarization fields, but all
measurements of the band offsets are made relative to these
values, and thus the measured band offsets should not be
affected by polarization induced band bending. Moreover,
since the strain is relatively small, the effect of strain on the
band offsets is anticipated to be less than the experimental
uncertainties in our measurements.47

Figure 9 shows the proposed band lineups for then-type
GaN-SiO2 interface. The decrease of 0.3 eV band bending
from the clean surface indicates that essentially flatband con-
ditions are achieved. The valence band offset determination
is the measured UPS turn-on for SiO2 ~5.3 eV!, minus the
GaN turn-on~3.0 eV!, minus the band bending~0.3 eV!.
With this value and the knowledge of the band gap of the
material, the conduction band offset is obtained. The band
gap of SiO2 has been widely reported to be 9.0 eV,48–50 and
this value was used for the conduction band offset and elec-
tron affinity calculations. From our experiment, the valence
band offset is deduced to be 2.0 eV, and the conduction band
offset is 3.6 eV.

The p-type GaN-SiO2 band lineup is represented in Fig.
10. For the clean surface, the measured downward band
bending and electron affinity were calculated to be 1.360.1
and 3.260.1 eV, respectively, assuming that the Mg acceptor
level lies ;300 meV above the VBM and that the room
temperature band gap is 3.4 eV.51 Using the considerations
mentioned above, the valence band offset was calculated to
be 2.0 eV, and the conduction band offset of 3.6 eV.

FIG. 8. Gallium 3d XPS spectra for~a! CVC p-type GaN, ~b! 4 Å Si
deposition,~c! 4 Å Si and O2 plasma,~d! 6 Å Si, O2 plasma,~e! 6 Å Si, O2

plasma, and 650 °C anneal,~f! 9 Å Si and O2 plasma, and~g! 650 °C final
anneal. The peak positions of the initial surface as well as the final surface
are indicated with dashed lines.

FIG. 9. Deduced bands for the clean
n-type GaN surface~left! and the in-
terface betweenn-type GaN and SiO2.

The valence band offset, conduction
band offset, band bending, and inter-
face dipole are represented.
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The electron affinity levels for GaN and SiO2 are repre-
sented in Figs. 9 and 10. The electron affinity model of het-
erojunction formation predicts these levels to align at the
interface. Our results show a deviation from the electron af-
finity model of 1.8 eV for then-type GaN substrate and 1.5
eV for thep-type GaN substrate.

The electron affinity model is based on the premise that
the interface is formed without disruption of the surface elec-
tronic states of either of the two materials. All reference is to
the vacuum levels of the two materials. The measured differ-
ence between the prediction of the electron affinity model
and the experimentally observed band offset represents a
change in the interface dipole. In general, it is not possible to
assign a specific interface dipole to the heterostructure, but it
is reasonable to consider the change in interface dipole from
that deduced by the electron affinity model. However, the
relation to the vacuum level in the first place is somewhat
arbitrary. While the electron affinity of a surface can be de-
termined following the approach employed in this study, it is
dependent on the details of the surface structure where sur-
face reconstruction, steps, and adsorbates can cause changes
of the electron affinity by several eV. Moreover, after inter-
face formation, the vacuum level of the materials at the in-
terface is not defined or measurable, and the interface struc-
ture may have little relation to the specific bonding of the
free surface that was responsible for the value of the electron
affinity.

As an alternative to the electron affinity model, it has
been proposed that heterojunction band alignments are deter-
mined by alignment of the charge neutrality levels of the two
materials. The charge neutrality levels represent the branch
point of the surface or interface states related to the valence
or conduction band. Thus a neutral interface would have a
Fermi level at the branch point. The presumption is that
charge can transfer between the interface states of the two
materials, which will cause an interface dipole. If the density
of states is high or if the CNL’s of the two semiconductors
are at similar relative energies, then the band offset will be
determined by the relative position of the CNL’s of the two
materials.

Recently, Robertson24 adapted the interface defect model
presented by Cowley and Sze52 to employ the CNL’s as the
pinning levels. The model was applied to analyze the band
alignment of a range of oxides on silicon, and the model
seems consistent with most experimental results. In this
model, charge transfer across the interface creates a dipole,
which modifies the band lineup given by the electron affinity
rule and is described by the relation

fCBO5~fCNL,a2fCNL,b!2~Eg,a2Eg,b!1S$~xa2xb!

1~Eg,a2Eg,b!2~fCNL,a2fCNL,b!%, ~2!

wherefCBO is the conduction band offset,x andfCNL are
the electron affinities and charge neutrality levels for each
semiconductor~a andb!, andS is a pinning factor based on
the dielectric properties of the materials. Here, thefCNL are
defined relative to the VBM of each semiconductor. A value
of S51 represents the EAM while a value of 0 represents
pinning at the CN levels. To our knowledge, the CNL of
SiO2 has not been reported, and because of the high value of
S for the SiO2-Si interface~0.86!,24 we cannot use the ex-
perimental results of the Si/SiO2 interface to reliably place
the SiO2 CNL.

In an attempt to understand the relation of our measured
band alignment and the different models for heterostructure
band alignment, we have compared our measured interface
alignments to experimental results for SiO2 on Si and SiO2
on SiC in Fig. 11. In each case the diagrams are aligned to
the vacuum level at the SiO2 , which has been measured to
be at the same energy relative to the oxide bands. The band
gap of each material is indicated, as is the VBO. The position
of the vacuum level of the clean surface of the semiconduc-
tor is indicated, and the difference between these values and
the surface vacuum level is the deviation from the EAM.
This difference represents the change in the interface dipole,
and was found to be 0.5, 1.1, and 1.6 eV for SiO2 on Si, SiC,
and GaN, respectively.

Also indicated in Fig. 11 are the CNL’s of the semicon-
ductors based on prior reports.24,53We find that the CNL’s of
Si and GaN are in relative alignment with respect to the SiO2

FIG. 10. Deduced bands for the clean
p-type GaN surface~left! and the in-
terface betweenp-type GaN and SiO2.

The valence band offset, conduction
band offset, band bending, and inter-
face dipole are represented.
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band gap, but the CNL of SiC falls substantially below these
values. The variation of the CNL model for these three inter-
faces may be anticipated by the wide band gap and the high
value ofS of the SiO2.

The progression of the interface dipole deduced from the
deviation from the EAM is most likely related to the changes
at the semiconductor surface since the oxide is the same in
all cases. For the SiO2/Si interface, the surface reconstruc-
tion of the Si is not expected to survive the bonding and this
effect alone could account for the change in the interface
dipole. The same might be true for the SiO2/SiC interface
where the increased interface dipole could also represent the
charge transfer from the Si to the nearest neighbor C atoms.
For both Si and SiC, the oxide interface layer is expected to
contain Si-O bonding. For the SiO2 /GaN interface, Ga-O
bonding is expected at the interface. With the Ga atomic
layer more positive and the O layer more negative, the inter-
face dipole would be expected to lower the GaN electronic
levels with respect to the SiO2 levels, which is consistent
with our observations.

V. CONCLUSIONS

The band alignment of a SiO2 layer on 131017 cm-3

n-type and 231018 cm-3 p-type GaN has been investigated.
Annealing in ammonia at 860 °C provided atomically clean,
stoichiometric GaN surfaces with 0.360.1 eV upward band
bending and 1.360.1 eV downward band bending for then-
andp-type surfaces, respectively. The electron affinity for the
cleann- and p-type GaN surfaces was measured to be 2.9
and 3.2 eV, respectively. After careful formation of the GaN-
SiO2 interface, flatbands were observed in then-type experi-
ment, while an additional 0.9 eV downward band bending
was observed for thep-type experiment. For both measure-
ments, a valence band offset of 2.060.1 eV was obtained,
while the conduction band offset was determined to be 3.6
60.1 eV ~assumingEgSiO2

59.0 eV!. The interface dipole

deduced from comparison with the electron affinity model
was 1.8 and 1.5 eV for then- and p-type surface, respec-
tively.
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