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Band offset measurements of the Si 3N4 ÕGaN „0001… interface
T. E. Cook, Jr., C. C. Fulton, W. J. Mecouch, and R. F. Davis
Department of Materials Science and Engineering, North Carolina State University, Raleigh,
North Carolina 27695
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~Received 24 April 2003; accepted 23 June 2003!

X-ray photoelectron spectroscopy and ultraviolet photoelectron spectroscopy were used to measure
electronic states as Si3N4 was deposited on clean GaN~0001! surfaces. Then-type (231018) and
p-type (131017) GaN surfaces were atomically cleaned in NH3 at 860 °C, and then-and p-type
surfaces showed upward band bending of;0.260.1 eV and downward band bending of 1.1
60.1 eV, respectively, both with an electron affinity of 3.160.1 eV. Layers of Si~;0.2 nm! were
deposited on the clean GaN and nitrided using an electron cyclotron resonance N2 plasma at 300 °C
and subsequently annealed at 650 °C for densification into a Si3N4 film. Surface analysis was
performed after each step in the process, and yielded a valence band offset of 0.560.1 eV. Both
interfaces exhibited type II band alignment where the valence band maximum of GaN lies below
that of the Si3N4 valence band. The conduction band offset was deduced to be 2.460.1 eV, and a
change of the interface dipole of 1.160.1 eV was observed for Si3N4 /GaN interface formation.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1601314#
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I. INTRODUCTION

Gallium nitride has been established as a materia
choice for high frequency electronic and optoelectronic
plications. In the fabrication of devices based on heterost
tures, the interfacial band alignment is of significant intere
Investigation of heterojunction band discontinuities is imp
tant for device design because the valence and conduc
band offsets determine the transport and confinement p
erties at the interface. A fundamental objective for techn
ogy and basic research would be the control of the b
discontinuities.1 The use of Si3N4 as a passivation layer o
GaN-based high voltage devices and as a gate insulato
field effect transistor~FET! devices are potential application
that require knowledge of the band alignment of this int
face.

Recent studies of the electrical properties of t
Si3N4 /GaN interface by Arulkumaranet al.2 and Nakasaki
et al.3 have reported interface trap densities of 6.531011 and
5.031011 eV21 cm22 with clear deep depletion behavio
Changet al.4 found that silicon nitride passivation enhanc
light output and increases the reliability of GaN-based lig
emitting diodes by reducing the leakage current. Electr
data in the literature indicate the promise of advanced G
metal–insulator–semiconductor~MIS! devices.2–4 While
several groups have employed photoemission technique
study GaN/metal interfaces,5–7 only Nakasakiet al.3 report
band offsets for GaN/Si3N4 interfaces. They report type
band alignment with a valence band offset of 1.0–1.2 eV
the Si3N4 /GaN(0001) interface.

Application of the electron affinity model~EAM! is an
initial approach to characterizing the electronic properties

a!Electronic mail: robert–nemanich@ncsu.edu
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a heterostructure. This model holds in the case where the
no change in potential at each surface as the interfac
formed. An alternative approach is the interface dipo
model, where the structure of the interface causes a shi
the entire band lineup relative to the predictions of the EA
It is now commonly accepted that gap states induced
interface bonding would lead to such a dipole.

The main focus of our experiment was to measure
band offsets and to explore the interface dipole at the het
structure interface. The combination of x-ray photoelectr
spectroscopy~XPS! and ultraviolet photoelectron spectro
copy ~UPS! measurements is a well-established method
determining band discontinuities at heterojuncti
interfaces.8,9 Our basic approach in this study was to obta
clean GaN surfaces through ammonia exposure at elev
temperatures and to form a Si3N4 layer by depositing silicon
on a clean surface followed by low temperature electron
clotron resonance~ECR! plasma nitridation. The XPS an
UPS measurements are obtained after each step in the
cess, and yield the band bending from shifts in the galli
3d and 3p core levels. The band offsets and electron affi
ties are deduced from the UPS spectra, and the contribu
of the interface dipole is determined from the XPS and U
measurements.

II. EXPERIMENTAL PROCEDURES

The GaN films used in this study were grown via me
alorganic vapor phase epitaxy~MOVPE! on 50 mm diam
on-axis 6H ~0001! substrates with a conducting AlN~0001!
buffer layer. The thicknesses of the GaN epilayer and
AlN buffer were 1.1 and 0.1mm, respectively. Silicon was
used as then dopant, and magnesium was used as thp
dopant. Dopant concentrations (Nd–Na) of 131017 cm23
9 © 2003 American Institute of Physics
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3950 J. Appl. Phys., Vol. 94, No. 6, 15 September 2003 Cook et al.
and (Na–Nd) of 231018 cm23 were measured for the
n-type andp-type samples using capacitance–voltage m
surements with a mercury probe.

Ex situsurface preparation consisted of a series of th
sequential dips of 1 min in trichloroethylene, acetone, a
methanol, followed by immersion in 49% HCl for 10 min
The samples were then placed in the loadlock for entry i
the transfer line that interconnects several analysis and
cessing chambers. After the initial surface analysis,
sample was moved to the gas source molecular beam ep
chamber ~GSMBE! for in situ chemical vapor cleaning
~CVC!. Thein situ cleaning process consisted of annealing
860 °C for 15 min in a NH3 atmosphere, the details of whic
were previously reported.5,10,11

After cleaning and other process steps, the samples w
transferred under UHV to the surface analysis chambers.
XPS, a dual anode source was used to generate magne
~1253.6 eV! or aluminum~1486.6 eV! x rays. The resolution
of the analyzer was determined from the full width ha
maximum~FWHM! of a gold 4f 7/2 spectral peak to be ap
proximately 1.0 eV; however through curve fitting, spect
peak positions could be resolved to60.1 eV.

UPS with He I ~21.2 eV! radiation was employed to
measure the electronic states near the valence band a
determine the electron affinity. A negative 4 V bias was a
plied to the sample to overcome the work function of t
analyzer.

To form the silicon nitride layer, silicon was deposite
via MBE, and nitrided by an ECR N2 plasma. The plasma
conditions were 300 W of microwave power for 30 s, pre
sure of 7.531024 Torr, and sample temperature of 300 °C

The XPS and UPS spectra were measured to obtain
formation about the core levels and valence band after e
of the following steps: 4 Å Si deposition, N2 plasma of the Si
layer at 300 °C, 2 Å Si deposition~6 Å total! and N2 plasma
at 300 °C, 650 °C anneal for 15 min, final 3 Å Si deposition
~9 Å total! and N2 plasma at 300 °C, and a 15 min 650 °
final anneal. XPS allows chemical bonding and band bend
to be discerned by following the relative peak position sh
during evolution of the experiment. Valence band inform
tion, as well as the electron affinity of each material, a
determined from the UPS spectra. A combination of XPS a
UPS provides information about the band discontinuities
the interface, as well as allows observation of a change in
interfacial dipole.

III. RESULTS

The evolution of the UPS spectra from the clean G
through nitridation and final anneal of deposited 9 Å Si for
the n-type experiment is shown in Fig. 1. The valence ba
maximum~VBM ! of the clean GaN surface was determin
from extrapolation of a line fit to the leading edge of t
spectrum~Fig. 2!. The VBM of the GaN and the Si3N4 sig-
nals were measured at 3.160.1 and 2.360.1 eV ~referenced
to the Fermi level!, respectively. Because the deposited la
ers obscure the VBM, it is necessary to detect a more inte
bulk GaN spectral feature to reference the position of
VBM. A feature at 13.4 eV in the spectra shown in Fig. 1 h
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been attributed to GaN bulk excitation.12 This feature shifts
towards lower binding energy by 0.260.1 eV with the depo-
sition of 4 Å of Si and thenitridation that followed, and is
ascribed to an increase of the band bending by 0.2 eV.
lowing the peak movement is only possible when the s
strate emission is observable, therefore when the layer th
ness obscures this emission, further information about b
bending cannot be obtained. In our UPS measureme
emission from the substrate was not detected for the final
~9 Å total! silicon deposition and nitridation. With an in
crease in thickness, the valence band turn-on and signa
peaks for Si3N4 remained unchanged.

The valence band turnon was measured to be
60.1 eV for thep-type GaN material. From the doping con
centration of 231018 in thep-type GaN, the bulk Fermi leve
was determined to be;300 meV above the valence ban
maximum. This indicates significant downward band ben
ing of 1.1 eV for the cleanp-type GaN surface.

The electron affinity can be obtained from the UPS
determining the width of the spectra, using 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. Using 3.4 eV as the band g
the electron affinity was determined to be 3.160.1 eV for
both then- and p-type GaN. As we repeated these expe
ments, there was some variation in the low energy cut
which we attribute to variation in the electron affinity due
surface adsorbates. The value of 3.1 eV employed here
obtained from our cleanest surfaces, but it may yet reflect
presence of H or N adsorbates. As verification that our m
sured turnon is indeed the VBM, we note that our resu

FIG. 1. UPS spectra of the valence band maximum of~a! CVC clean
n-GaN,~b! 4 Å Si, ~c! 4 Å Si and N2 plasma,~d! 6 Å Si and N2 plasma,~e!
6 Å Si, N2 plasma and 650 °C anneal,~f! 9 Å Si and N2 plasma, and~g!
650 °C anneal.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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3951J. Appl. Phys., Vol. 94, No. 6, 15 September 2003 Cook et al.
indicate that the Ga 3d is 17.7 eV below the VBM, which is
consistent with results of Waldrop and Grant.13

The same approach is used to determine the elec
affinity of the Si3N4 layer. Although the band gap of Si3N4

has a range of reported values,14,15 we will use the value of
5.3 eV and consequently obtain an electron affinity of
60.1 eV. While this value is similar to that in prio
reports16,17 of 2.1 eV, the uncertainty of the band gap of t
material, as well as the60.1 eV measurement uncertaint
can account for the 0.3 eV deviation.

The ionization energy,Ei , which is the difference be
tween the VBM and the vacuum level energies, will al
prove useful in the analysis. As determined from the U
spectra,Ei5hn2W. Therefore the ionization energy of th
n-type GaN is 6.560.1 eV, and that of the Si3N4 is 7.1
60.1 eV.

The evolution of the gallium 3d peak during then-type
GaN experiment is shown in Fig. 3. The initial peak positi
for the clean surface was determined to be 20.6360.1 eV.
Spectra observed after the Si deposition showed shifts
were smaller than 0.1 eV. For the final surface, which c
sisted of accumulated 9 Å of Si,which was nitrided, the peak
was observed at 20.4360.1 eV, indicating a shift of 0.2
60.1 eV for the entire experiment. This shift is consiste
with movement of the bulk peak located at;13.4 eV in the
UPS spectra shown in Fig. 1.

Figure 4 presents the evolution of the gallium 3p and
silicon 2p core levels during then-type experiment. The Ga
3p core levels are consistent with the Ga 3d core levels in
that they shift to a lower binding energy by 0.2 eV during t
course of the experiment. This shift to lower binding ene
is ascribed to an increase in the band bending by 0.2
during interface formation. The Si 2p peak position after the
initial deposition of Si is found to be 100.0360.1 eV. After
nitridation, this core level shifts towards a peak position
102.4460.1 eV, and remains essentially constant through
the remainder of the experiment. This large 2.44 eV shift
the Si 2p core level is indicative of a chemical shift due

FIG. 2. UPS spectra of the valence band maximum of CVC cleann-type
GaN and the Si3N4 final surface, with the valence band maximum indicat
by dashed lines.
Downloaded 03 Mar 2008 to 152.1.211.43. Redistribution subject to AIP
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Si–N bonding, and is consistent with reported values
Si3N4 .18,19 In an additional approach to explore the comp
sition of our films, we measured the energy difference
tween the N 1s and Si 2p core levels. For the thin films in
this study the N 1s core level was obtained, but the Si–
peak was not resolvable due to the dominance of the ne
Ga–N peak. We prepared thicker films of Si3N4 on GaN
using the same techniques, as well as thin films on silicon
both cases, the energy difference between the N 1s and Si
2p core levels was found to be 295.6560.1 eV. Literature
values for this difference are 295.7 eV for Si3N4 films, while

FIG. 3. XPS Ga 3d core level spectra of~a! CVC cleann-GaN, ~b! 4 Å Si,
~c! 4 Å Si and N2 plasma,~d! 6 Å Si and N2 plasma,~e! 6 Å Si, N2 plasma
and 650 °C anneal,~f! 9 Å Si and N2 plasma, and~g! 650 °C anneal. The
peak positions of the initial surface as well as the final surface are indic
by dashed lines.

FIG. 4. XPS Ga 3p and Si 2p core level spectra of~a! CVC cleann-GaN,
~b! 4 Å Si, ~c! 4 Å Si and N2 plasma,~d! 6 Å Si and N2 plasma,~e! 6 Å Si
and N2 plasma,~e! 6 Å Si, N2 plasma and 650 °C anneal,~f! 9 Å Si and N2

plasma, and~g! 650 °C anneal. The peak position of the Si 2p core level
after silicon deposition as well as the final surface are indicated by das
lines.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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3952 J. Appl. Phys., Vol. 94, No. 6, 15 September 2003 Cook et al.
for SiNx (x,1.33) films a value of 295.4 eV wa
observed.19–21 Moreover, analysis of the integrated areas
the N 1s and Si 2p core level peaks yielded a N/Si ratio o
1.3260.01. These results are consistent with the format
of stoichiometric Si3N4 .

The evolution of the gallium 3d peak for thep-type GaN
experiment was also measured. The initial peak position
the clean surface was observed at 18.8860.1 eV. After the
4 Å Si deposition and nitridation, the peak shifted to a va
of 19.3860.1 eV, a difference of;0.5 eV. After each pro-
cess with 650 °C, the Ga 3d core level shifted from the value
of the as deposited film by an additional;0.2 eV, as evi-
denced by the peak positions of the Si3N4 formed from 6 Å
total Si and plasma/650 °C anneal and the 9 Å total Si and
plasma/650 °C anneal treatments shown at 19.6160.1 and
19.5860.1 eV, respectively. The purpose of the anneal is
allow reconstruction and densification of the nitride film a
ter deposition, thereby improving the quality of the film f
device fabrication.22,23 During the course of the experimen
we observed a shift in the Ga 3d peak of 0.7060.1 eV. This
shift is consistent with the gallium 3p core level, suggesting
that the change in core level is due to a change in b
bending.

IV. DISCUSSION

The method used for determining the valence band of
is similar to that of Waldrop and Grant and of Krautet al.24

Their basic approach was to reference the VBM to a c
level in the XPS spectra of each semiconductor and to
the measured difference between the core level energie
discern the band discontinuities. In our study, we use UP
measure the energy of the VBM relative to the Fermi lev
and XPS is used to obtain band bending information by m
suring the shift in core level energy relative to the Fer
level. A combination of these two photoemission techniqu
provides band alignment at the heterojunction interface.

Figure 5 shows the proposed band lineups for then-type
GaN/Si3N4 interface. Valence band offset~VBO! determina-
tion is the measured UPS turnon for GaN~3.1 eV!, minus the
Si3N4 turnon ~2.3 eV!, minus the band bending~0.2 eV!.

FIG. 5. Bands deduced for the cleann-type GaN surface~left! and the
interface betweenn-type GaN and Si3N4 . The valence band offset,Ev ,
conduction band offset,Ec , band bending, and interface dipole,D, are pre-
sented.
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This value, along with knowledge of the band gap of t
material, allows the CBO to be deduced. The VBO is fou
to be type II band alignment, where the valence band of
Si3N4 is 0.660.1 eV above the GaN VBM, and the CBO
2.5 eV. Figure 6 shows the proposed band lineups for
p-type GaN/Si3N4 interface. The UPS turnon for the clea
GaN and the Si3N4 was observed at 1.4 and 2.2 eV, respe
tively. XPS spectra showed a change in downward ba
bending of;0.7 eV during formation of the interface. Th
VBO is again found to be type II band alignment 0
60.1 eV above the GaN VBM, and the CBO is 2.3 eV.

The measured electron affinities for GaN and Si3N4 are
represented in Figs. 5 and 6. The electron affinity mode
heterojunction formation assumes that the vacuum lev
would align at the interface. Our results show a deviat
from the EAM of 1.1 and 1.0 eV for then-type GaN and
p-type GaN substrates, respectively. Note that this devia
is determined directly from the difference in measured io
ization energy minus the measured band offset. The E
model is based on the premise that the interface is form
without disruption of the surface electronic states of either
the two materials. The measured difference between the
diction of the EAM and the experimentally observed ba
offset represents a change in the interface dipole.

As an alternative to the electron affinity model, it may
considered that the heterojunction band offsets are de
mined by alignment of the charge neutrality levels~CNLs! of
the two materials. The charge neutrality levels represent
branch point of the surface~or interface! states since they ar
related to the valence or conduction band. Charge can tr
fer between the interface states of the two materials, wh
will cause an interface dipole. The band offset will be det
mined by the relative position of the CNL of the two mat
rials if the density of states is high or if the CNL of the tw
semiconductors is similar in relative energy.

Robertson16 adapted the Schottky barrier interface defe
model presented by Cowley and Sze25 to employ CNLs as
the pinning levels at a heterojunction interface. This mo
was used to analyze silicon/oxide interfaces, and the mo
seems consistent with most experimental results. This mo
is given by

FIG. 6. Bands deduced for the cleanp-type GaN surface~left! and the
interface betweenp-type GaN and SiO2 . The valence band offset,Ev ,
conduction band offset,Ec , band bending, and interface dipole,D, are pre-
sented.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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3953J. Appl. Phys., Vol. 94, No. 6, 15 September 2003 Cook et al.
wCBO5~wCNL,a2wCNL,b!2~Eg,a2Eg,b!1S$~xa2xb!

1~Eg,a2Eg,b!2~wCNL,a2wCNL,b!%, ~2!

wherewCBO is the CBO,x andwCNL are the electron affini-
ties and charge neutrality levels of each semiconducto~a
and b!, respectively, andS is a pinning factor based on th
dielectric properties of the materials. Here,wCNL is defined
relative to the VBM of each semiconductor. A value ofS
51 represents the EAM while a value of 0 represents p
ning at the CNL levels. To our knowledge, the CNL of Si3N4

has not been reported. Using the value ofS for the Si3N4– Si
interface~0.51! and the measured band offset from previo
work,16,23 we can deduce the CNL of Si3N4 to be 1.5 eV
above the valence band maximum. While more researc
necessary to assign a CNL value for Si3N4 , it is reasonable
to consider this prediction of the valence band offset
comparison to our experimental results. Monch26 has re-
ported the CNL of GaN to be 2.37 eV above the valen
band maximum. Although the dielectric screening parame
S has not been determined for the GaN/Si3N4 interface,
within the limits of S50 and 1 the valence band types a
offsets would be type II 0.9 eV and type I 0.9 eV, respe
tively. If the assumption is made that the parameterS is
similar to that for the Si/Si3N4 interface ~0.51!, the CNL
relation given in Eq.~2! predicts the valence band offset
be ;0.1 eV ~essentially no offset! for the GaN/Si3N4 inter-
face. Conversely, the dielectric screening parameter ca
deduced for the interface using our results and the CNL
GaN and Si3N4 . A value of S50.26 is obtained for the
GaN/Si3N4 interface.

This prediction, as well as our results, are significan
different from the results of Nakasakiet al.,3 who reported
type I band alignment with an offset of 1.0–1.2 eV for t
GaN/Si3N4 interface. A factor that could play a major role
this difference is the cleaning method used for GaN. Th
studies used a NH4OH etch and a combination of H2 and N2

plasmas forin situ surface preparation. While the oxyge
content was greatly reduced from that in the as-loaded c
a significant amount remained after surface preparation,
gesting Ga–O bonding.3 In a previous study,10 the GaN/SiO2

interface was examined via photoemission, and showed
I alignment and a VBO of;2 eV. We suggest that Ga–O
bonding exists at the GaN/SiO2 interface and contributes t
the large offset and interfacial dipole change. Our study
gins with a clean GaN surface~contamination levels of,1%
for oxygen and carbon! that allows the GaN/Si3N4 interface
to be measured more precisely.

In an attempt to understand the relationship between
our measured band alignment and the different models
heterostructure band alignment, in Fig. 7 we compare
measured interface alignments to experimental results
Si3N4 on Si.16,22,23In both cases the diagrams are aligned
the vacuum level at Si3N4 , which has been measured to be
the same energy relative to the silicon nitride bands. T
band gap of each material is indicated, as is the VBO. T
position of
the vacuum level of the clean semiconductor surface
indicated, and the difference between these values
the surface vacuum level is the deviation from the EA
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This difference represents the change in interface dipole,
was found to be 0.5 and 1.2 eV for Si3N4 on Si and GaN,
respectively.

Also indicated in Fig. 7 is the CNL of the
semiconductors.16,26 Additionally, the predicted CNL of
Si3N4 ~1.5 eV! deduced as described above is also presen
We observe that the CNLs nearly align for the GaN/Si3N4

interface, suggesting correlation of this interface with t
CNL model with low dielectric screening parameterS. The
progression of the interface dipole deduced from the de
tion from the EAM is most likely related to changes at t
semiconductor surface since the silicon nitride is the sam
both cases. For the Si/Si3N4 interface, the Si surface recon
struction is expected to change during the formation of
nitride layer. This effect alone could account for the sm
change in interface dipole, and the same could be true for
GaN/Si3N4 interface. For GaN/Si3N4 , we expect Ga–N–Si
bonding exists within the initial few monolayers at the he
erojunction interface. Because of the similarity in bonding
the interface we may expect a smaller interface dipole t
that of the GaN/SiO2 interface. This indeed is the case whe
we find an 1.160.1 eV interface dipole for GaN/Si3N4 and a
1.760.1 eV one for the GaN/SiO2 interface.

V. CONCLUSIONS

The surface and interface properties ofn- and p-type
GaN/Si3N4 were systematically investigated by photoem
sion techniques and band alignment information was
tained. Annealing in ammonia at 860 °C provided clean s
ichiometric GaN surfaces with;0.2 eV upward band
bending and;1.1 eV downward band bending for then-type
andp-type surfaces, both with an electron affinity of 3.1 e
For GaN/Si3N4 , type II band alignment was observed an
valence band offsets were measured to be;0.560.1 eV for
both n type andp type. The interface dipole deduced b
comparison with the electron affinity model was 1
60.1 eV. The charge neutrality model provided a reasona
description of the band alignment of the GaN/Si3N4 inter-
face. It is suggested that the presence of oxygen

FIG. 7. Band alignment of Si/Si3N4 and GaN/Si3N4 interfaces. The dashed
line at the top corresponds to the electron affinity of the Si3N4 surface,
which is common in both interfaces. The deviation from the electron affin
model is shown byD, and the charge neutrality level is indicated by
dashed line within the band gap. The VBOs are determined from the m
surements andD is the averaged values.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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3954 J. Appl. Phys., Vol. 94, No. 6, 15 September 2003 Cook et al.
the interface could substantially change the band offs
These results indicate that Si3N4 should passivaten-type sur-
faces, but may not be appropriate for passivation ofp-type
surfaces.
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