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X-ray photoelectron spectroscopy and ultraviolet photoelectron spectroscopy were used to measure
electronic states as S, was deposited on clean GaB001) surfaces. The-type (2x 10'%) and

p-type (1x10') GaN surfaces were atomically cleaned in Nat 860 °C, and the-and p-type
surfaces showed upward band bending-e0.2+0.1 eV and downward band bending of 1.1
+0.1 eV, respectively, both with an electron affinity of 3.0.1 eV. Layers of S{(~0.2 nm) were
deposited on the clean GaN and nitrided using an electron cyclotron resongptasita at 300 °C

and subsequently annealed at 650 °C for densification intosld,Silm. Surface analysis was
performed after each step in the process, and yielded a valence band offset 6f10e8/. Both
interfaces exhibited type Il band alignment where the valence band maximum of GaN lies below
that of the SjN, valence band. The conduction band offset was deduced to beD214&V, and a
change of the interface dipole of D.1 eV was observed for s§\,/GaN interface formation.

© 2003 American Institute of Physic§DOI: 10.1063/1.1601314

I. INTRODUCTION a heterostructure. This model holds in the case where there is
no change in potential at each surface as the interface is
Gallium nitride has been established as a material oformed. An alternative approach is the interface dipole
choice for high frequency electronic and optoelectronic apmodel, where the structure of the interface causes a shift in
plications. In the fabrication of devices based on heterostructhe entire band lineup relative to the predictions of the EAM.
tures, the interfacial band alignment is of significant interestit is now commonly accepted that gap states induced by
Investigation of heterojunction band discontinuities is impor-interface bonding would lead to such a dipole.
tant for device design because the valence and conduction The main focus of our experiment was to measure the
band offsets determine the transport and confinement propand offsets and to explore the interface dipole at the hetero-
erties at the interface. A fundamental objective for technolstructure interface. The combination of x-ray photoelectron
ogy and basic research would be the control of the bandpectroscopyXPS) and ultraviolet photoelectron spectros-
discontinuities: The use of SiN, as a passivation layer on copy (UPS measurements is a well-established method of
GaN-based high voltage devices and as a gate insulator ietermining band discontinuities at heterojunction
field effect transisto(FET) devices are potential applications interface$® Our basic approach in this study was to obtain
that require knowledge of the band alignment of this interclean GaN surfaces through ammonia exposure at elevated
face. temperatures and to form as8lj, layer by depositing silicon
Recent studies of the electrical properties of theon a clean surface followed by low temperature electron cy-
SisN,/GaN interface by Arulkumaraet al? and Nakasaki clotron resonancéECR) plasma nitridation. The XPS and
et al have reported interface trap densities oP6™ and  UPS measurements are obtained after each step in the pro-
5.0x 10" eV 'cm 2 with clear deep depletion behavior. cess, and yield the band bending from shifts in the gallium
Changet al found that silicon nitride passivation enhances3d and J core levels. The band offsets and electron affini-
light output and increases the reliability of GaN-based lightties are deduced from the UPS spectra, and the contribution
emitting diodes by reducing the leakage current. Electricabf the interface dipole is determined from the XPS and UPS
data in the literature indicate the promise of advanced GaNheasurements.
metal—insulator—semiconductofMIS) devices’™* While
several groups have employed photoemission techniques to
study GaN/metal interfacés/ only Nakasakiet al® report !l EXPERIMENTAL PROCEDURES

band offsets for GaN/gN, interfaces. They report type | The GaN films used in this study were grown via met-
band alignment with a valence band offset of 1.0-1.2 eV foralorganic vapor phase epitax}OVPE) on 50 mm diam
the SiN,/GaN(0001) interface. on-axis @4 (0001) substrates with a conducting AI{0001)

_Application of the electron affinity mode¢EAM) is an  ffer |ayer. The thicknesses of the GaN epilayer and the
initial approach to characterizing the electronic properties ofa|N puffer were 1.1 and 0.Jum, respectively. Silicon was
used as then dopant, and magnesium was used as fthe
3E|ectronic mail: robertnemanich@ncsu.edu dopant. Dopant concentration®{—N,) of 1x 10" cm™3
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and (N,—Ng) of 2x10"¥cm 2 were measured for the |
n-type andp-type samples using capacitance—voltage mea-
surements with a mercury probe. |
Ex situsurface preparation consisted of a series of three a)
1 f)

sequential dips of 1 min in trichloroethylene, acetone, and
methanol, followed by immersion in 49% HCI for 10 min.

The samples were then placed in the loadlock for entry into 3 e)
the transfer line that interconnects several analysis and pro- L;— d)
cessing chambers. After the initial surface analysis, the €

sample was moved to the gas source molecular beam epitaxy § o

chamber (GSMBE) for in situ chemical vapor cleaning
(CVC). Thein situ cleaning process consisted of annealing at ] b)
860 °C for 15 min in a NH atmosphere, the details of which
were previously reportet:®!!

After cleaning and other process steps, the samples were
transferred under UHV to the surface analysis chambers. For a)
XPS, a dual anode source was used to generate magnesium L
(1253.6 eV or aluminum(1486.6 eV x rays. The resolution -20 15 -10 S
of the analyzer was determined from the full width half Fermi Level Referenced Energy (eV)

maximum (FWHM) of a gOId 4f7/2 spectral peak to be ap- FIG. 1. UPS spectra of the valence band maximum(af CVC clean

proximately 1.0 eV; however through curve fitting, spectralp.gan, () 4 A Si, (c) 4 A Si and N, plasmay(d) 6 A Si and N plasmay(e)
peak positions could be resolved 1.1 eV. 6 A Si, N, plasma and 650 °C annedf) 9 A Si and N plasma, andg)

UPS with Hel (21.2 eV} radiation was employed to 650 °C anneal.
measure the electronic states near the valence band and to
determine the electron affinity. A negative 4 V bias was ap-

plied to the sample to overcome the work function of thepeen attributed to GaN bulk excitatidhThis feature shifts
analyzer. towards lower binding energy by 0:0.1 eV with the depo-

_ To form the silicon nitride layer, silicon was deposited gjtion f 4 A of Si and thenitridation that followed, and is
via MBE, and nitrided by an ECR Nplasma. The plasma ,qcrined to an increase of the band bending by 0.2 eV. Fol-

conditions Wer?4300 W of microwave power for 30 s, pores'lowing the peak movement is only possible when the sub-
sure of 7.5¢10"" Torr, and sample temperature of 300°C. gate emission is observable, therefore when the layer thick-
The XPS and UPS spectra were measured to obtain inhess ghscures this emission, further information about band
formation about the core levels and valence band after ea nding cannot be obtained. In our UPS measurements,
of the following steps4 Asi deposition, N plasma of the Si ¢ ission from the substrate was not detected for the final 3 A
layer at 300 °C2 A Sideposition(6 A total) and N, plasma (9 A tota) silicon deposition and nitridation. With an in-

at 3;&00 °C, 650°C anneal for 15 nlin, firg A Si depositiono crease in thickness, the valence band turn-on and signature
(9 A total) and N, plasma at 300°C, and a 15 min 650°C peaks for SiN, remained unchanged.

final anneal. XPS allows chemical bonding and band bending  the valence band turnon was measured to be 1.4
to be discerned by following the relative peak position shift. 5 1 v/ for thep-type GaN material. From the doping con-
during evolution of the experiment. Valence band informa-.aniration of 2« 10%in the p-type GaN, the bulk Fermi level
tion, as well as the electron affinity of each material, are, .5 getermined to be-300 meV above the valence band

determined from the UPS spectra. A combination of XPS ang5yimum. This indicates significant downward band bend-
UPS provides information about the band discontinuities a]:ng of 1.1 eV for the cleap-type GaN surface.

the interface, as well as allows observation of a change in the ™ 1o electron affinity can be obtained from the UPS by
interfacial dipole. determining the width of the spectra, using the relation

o

IIl. RESULTS x=hv—W-Eg, @

The evolution of the UPS spectra from the clean GaNwhere W is the spectral width from the VBM to the low

through nitridation and final anneal of deposit® A Si for  energy cutoffhv is the photon energy21.2 eV}, and Egis

the n-type experiment is shown in Fig. 1. The valence bandhe band gap of the material. Using 3.4 eV as the band gap,
maximum(VBM) of the clean GaN surface was determinedthe electron affinity was determined to be 3A.1 eV for
from extrapolation of a line fit to the leading edge of the both then- and p-type GaN. As we repeated these experi-
spectrum(Fig. 2). The VBM of the GaN and the @, sig- ments, there was some variation in the low energy cutoff,
nals were measured at 3:0.1 and 2.30.1 eV (referenced  which we attribute to variation in the electron affinity due to
to the Fermi level respectively. Because the deposited lay-surface adsorbates. The value of 3.1 eV employed here was
ers obscure the VBM, it is necessary to detect a more intensebtained from our cleanest surfaces, but it may yet reflect the
bulk GaN spectral feature to reference the position of theresence of H or N adsorbates. As verification that our mea-
VBM. A feature at 13.4 eV in the spectra shown in Fig. 1 hassured turnon is indeed the VBM, we note that our results
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FIG. 2. UPS spectra of the valence band maximum of CVC cteype  F|G. 3. XPS Ga & core level spectra of8) CVC cleann-GaN, (b) 4 A Si,

GaN and the SN, final surface, with the valence band maximum indicated (¢) 4 A Sj and N, plasmayd) 6 A Si and N plasmay(e) 6 A Si, N, plasma

by dashed lines. and 650 °C annealf) 9 A Si and N, plasma, andg) 650 °C anneal. The
peak positions of the initial surface as well as the final surface are indicated
by dashed lines.

indicate that the Ga@®is 17.7 eV below the VBM, which is

consistent with results of Waldrop and Grant.

The same approach is used to determine the electrogi

affinity of the SgN, layer. Although the band gap of 8, SisN,. 2819 1n an additional approach to explore the compo-

5 .
has a range of reported valués? we will use the value of sition of our films, we measured the energy difference be-

5.3 eV and cqnsquently Obt‘?"” e_m.electron aﬁ'mty Of. 1'8tween the N % and Si 2 core levels. For the thin films in
+0.1eV. While this value is similar to that in prior

. this study the N & core level was obtained, but the Si—N
6,17 ’

reporté of 2.1 eV, the uncertainty of the band gap OT the peak was not resolvable due to the dominance of the nearby
material, as well as thec0.1 eV measurement uncertainty,

t for the 0.3 eV deviati Ga—N peak. We prepared thicker films of;/Sj on GaN
can account for the .5 eV deviation. . using the same techniques, as well as thin films on silicon. In
The ionization energyf; , which is the difference be- both cases, the energy difference between theshid Si

tween the VBM and the vacuum level energies, will also ’

. : . p core levels was found to be 295:68.1 eV. Literature
prove useful in the analysis. As determined from the UP alues for this difference are 295.7 eV fogBj films, while
spectraE;=hv—W. Therefore the ionization energy of the '
n-type GaN is 6.50.1eV, and that of the §\, is 7.1
+0.1leV.

The evolution of the gallium & peak during then-type
GaN experiment is shown in Fig. 3. The initial peak position
for the clean surface was determined to be 26.63 eV.
Spectra observed after the Si deposition showed shifts that
were smaller than 0.1 eV. For the final surface, which con-
sisted of accumulate9 A of Si, which was nitrided, the peak
was observed at 20.43).1 eV, indicating a shift of 0.2
+0.1 eV for the entire experiment. This shift is consistent
with movement of the bulk peak located-afl3.4 eV in the
UPS spectra shown in Fig. 1.

—N bonding, and is consistent with reported values for

SisNs

20
(i

Figure 4 presents the evolution of the galliurp and MM
silicon 2p core levels during the-type experiment. The Ga
3p core levels are consistent with the Gd 8ore levels in a)
that they shift to a lower binding energy by 0.2 eV during the . A L

course of the experiment. This shift to lower binding energy
is ascribed to an increase in the band bending by 0.2 eV
during interface formation. The Sip2peak position after the
initial deposition of Si is found to be 100.@3.1 eV. After  FIG. 4. XPS Ga  and Si 2 core level spectra dfe) CVC cleann-GaN,
nitridation, this core level shifts towards a peak position of(®) 4 A Si,(c) 4 A S'Aa”‘_’ N plasmay(d) 6 A Si and N P'ast'(e_) 6ASi
102.44+0.1 eV, and remains essentially constant throughouf™ ™ Plasma,e) 6 A Si, N, plasma and 650 °C anned) 9 A Si and N

. . . . fnlasma, andg) 650 °C anneal. The peak position of the $i 2ore level
the re_mamder of the_ experiment. This Iarge_ 2.44 ?V shift Ofafter silicon deposition as well as the final surface are indicated by dashed
the Si 2o core level is indicative of a chemical shift due to lines.

107 105 103 101 99
Binding Energy

«©
~
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FIG. 5. Bands deduced for the cleartype GaN surfacdleft) and the FIG. 6. Bands deduced for the clegriype GaN surfacdleft) and the

interface betweem-type GaN and $N,. The valence band offseE, , interface betweerp-type GaN and Si@. The valence band offseE, ,
conduction band offseE, , band bending, and interface dipolis, are pre-  conduction band offseE,, band bending, and interface dipolk, are pre-
sented. sented.

for SiN, (x<1.33) films a value of 295.4 eV was This value, along with knowledge of the band gap of the
observed®-?* Moreover, analysis of the integrated areas formaterial, allows the CBO to be deduced. The VBO is found
the N 1s and Si 2 core level peaks yielded a N/Si ratio of to be type Il band alignment, where the valence band of the
1.32+0.01. These results are consistent with the formatiorSisN, is 0.6=0.1 eV above the GaN VBM, and the CBO is
of stoichiometric SN, . 2.5 eV. Figure 6 shows the proposed band lineups for the
The evolution of the gallium & peak for thep-type GaN  p-type GaN/SiN, interface. The UPS turnon for the clean
experiment was also measured. The initial peak position foGaN and the 3N, was observed at 1.4 and 2.2 eV, respec-
the clean surface was observed at 18:881 eV. After the tively. XPS spectra showed a change in downward band
4 A Si deposition and nitridation, the peak shifted to a valuebending of~0.7 eV during formation of the interface. The
of 19.38+ 0.1 eV, a difference of-0.5 eV. After each pro- VBO is again found to be type Il band alignment 0.4
cess with 650 °C, the Gad3core level shifted from the value =*=0.1 eV above the GaN VBM, and the CBO is 2.3 eV.
of the as deposited film by an additional0.2 eV, as evi- The measured electron affinities for GaN angN\giare
denced by the peak positions of thgMj formed from 6 A represented in Figs. 5 and 6. The electron affinity model of
total Si and plasma/650 °C anneal aneé $ A total Si and  heterojunction formation assumes that the vacuum levels
plasma/650 °C anneal treatments shown at 19®1 and would align at the interface. Our results show a deviation
19.58+ 0.1 eV, respectively. The purpose of the anneal is tdrom the EAM of 1.1 and 1.0 eV for the-type GaN and
allow reconstruction and densification of the nitride film af- p-type GaN substrates, respectively. Note that this deviation
ter deposition, thereby improving the quality of the film for is determined directly from the difference in measured ion-
device fabricatiorf??% During the course of the experiment ization energy minus the measured band offset. The EAM
we observed a shift in the GalJeak of 0.7&:0.1 eV. This model is based on the premise that the interface is formed
shift is consistent with the galliumBcore level, suggesting without disruption of the surface electronic states of either of
that the change in core level is due to a change in banthe two materials. The measured difference between the pre-
bending. diction of the EAM and the experimentally observed band
offset represents a change in the interface dipole.
As an alternative to the electron affinity model, it may be
considered that the heterojunction band offsets are deter-
The method used for determining the valence band offsemined by alignment of the charge neutrality levegI3\Ls) of
is similar to that of Waldrop and Grant and of Kraftal?*  the two materials. The charge neutrality levels represent the
Their basic approach was to reference the VBM to a cordranch point of the surfader interface states since they are
level in the XPS spectra of each semiconductor and to useelated to the valence or conduction band. Charge can trans-
the measured difference between the core level energies fer between the interface states of the two materials, which
discern the band discontinuities. In our study, we use UPS twill cause an interface dipole. The band offset will be deter-
measure the energy of the VBM relative to the Fermi levelmined by the relative position of the CNL of the two mate-
and XPS is used to obtain band bending information by mearials if the density of states is high or if the CNL of the two
suring the shift in core level energy relative to the Fermisemiconductors is similar in relative energy.
level. A combination of these two photoemission techniques  Robertsof adapted the Schottky barrier interface defect
provides band alignment at the heterojunction interface. model presented by Cowley and $%é employ CNLs as
Figure 5 shows the proposed band lineups forrtfigpe  the pinning levels at a heterojunction interface. This model
GaN/SiN, interface. Valence band offsé/BO) determina-  was used to analyze silicon/oxide interfaces, and the model
tion is the measured UPS turnon for G&N1 eV), minus the  seems consistent with most experimental results. This model
SisN,4 turnon (2.3 eV), minus the band bendin@®.2 eV). s given by

IV. DISCUSSION
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®ceo=(®cnLa— SDCNL,b)_(Eg,a_ Eg,b)+S{(Xa_Xb) _A_O_S_V_L___E_\’_i _______________ G?_'\l __________
ST i
+(Ega—Egn) — (¢®cnL,a— Ponup) b 2 1 J:F“ v iy f—— l%”-“"

where ¢cgo is the CBO,x and ¢y are the electron affini- 440 oV ; ——
ties and charge neutrality levels of each semicondugor
andb), respectively, an@® is a pinning factor based on the

dielectric properties of the materials. Hekggy, is defined E=116v E 536y E a4y E 53 e
relative to the VBM of each semiconductor. A value $f I - 522370 ’

=1 represents the EAM while a value of O represents pin- VBo=1‘aeVAI; $ TSV ' N Fe15ey
ning at the CNL levels. To our knowledge, the CNL 0£1Sj o VB0=08 oV

has not been reported. Using the valuesdbr the SgN,— Si si o oan | sin

£}

interface(0.51) and the measured band offset from previous
work,'*# we can deduce the CNL of i, to be 1.5 eV
above the valence band maximum. While more research i - )

. | f it ble ine at the top corresponds to the electron affinity of theNgisurface,
necessa}ry to qsagn a QNL value fogl$), it is reasona which is common in both interfaces. The deviation from the electron affinity
to consider this prediction of the valence band offset formodel is shown byA, and the charge neutrality level is indicated by a
comparison to our experimental results. Moffchas re- dashed line With_in the band gap. The VBOs are determined from the mea-
ported the CNL of GaN to be 2.37 eV above the valencg®!rements and is the averaged values.
band maximum. Although the dielectric screening parameter

S has not been determined for the GaNMyi interface, g gifference represents the change in interface dipole, and
within the limits of S=0 and 1 the valence band types and,, 5 tound to be 0.5 and 1.2 eV forsSi; on Si and GaN
offsets would be type Il 0.9 eV and type | 0.9 eV, reSpeC-raspectively. ’

tively. If the assumption is made that the parameleis Also indicated in Fig. 7 is the CNL of the
similar to that for the Si/SN, interface (0.51), the CNL semiconductor&®?® Additionally, the predicted CNL of

relation given in Eq(2) predicts the valence band offset to gj N, (1.5 eV) deduced as described above is also presented.
be ~0.1 eV (essentially no offsgtfor the GaN/SiN, inter-  \ye ghserve that the CNLs nearly align for the GaNGi
face. Conversely, the dielectric screening parameter can Qo tace suggesting correlation of this interface with the
deduced for the interface using our results and the CNL ofn model with low dielectric screening parame®@rThe
GaN and SiN,. A value of S=0.26 is obtained for the qression of the interface dipole deduced from the devia-
GaN/SgN, interface. o tion from the EAM is most likely related to changes at the

_ This prediction, as well as our results, are significantlysemiconductor surface since the silicon nitride is the same in
different from the results of Nakasakt al.” who reported i1y cases. For the Sif®l, interface, the Si surface recon-

type | band alignment with an offset of 1.0-1.2 eV for the s ction is expected to change during the formation of the
GaN/SgN, interface. A factor that could play a major role in iyige |ayer. This effect alone could account for the small

this difference is the cleaning method used for GaN. Theiloh a6 in interface dipole, and the same could be true for the
studies used a NYDH etch and a combination ofand N, gan/siN, interface. For GaN/SN,, we expect GaN—Si
plasmas forin situ surface preparation. While the oxygen ,nqing exists within the initial few monolayers at the het-
content was greatly reduced from that in the as-loaded casgqjnction interface. Because of the similarity in bonding at

a significant amount remained gfter surface preparatic_)n, SU%e interface we may expect a smaller interface dipole than
gesting Ga—O bondingin a previous stud} the GaN/SiQ that of the GaN/SiQinterface. This indeed is the case where

interface was examined via photoemission, and showed typ®q find an 1.1 0.1 eV interface dipole for GaN/gil, and a
| alignment and a VBO of-2 eV. We suggest that Ga—-O 1 7+ 1 eV one for the GaN/SiQinterface.

bonding exists at the GaN/SjOnterface and contributes to
the large offset and interfacial dipole change. Our study be-
gins with a clean GaN surfageontamination levels 0&1% V. CONCLUSIONS
for oxygen and carbgrthat allows the GaN/gN, interface The surface and interface properties ref and p-type
to be measured more precisely. GaN/SiN, were systematically investigated by photoemis-
In an attempt to understand the relationship between ofion techniques and band alignment information was ob-
our measured band alignment and the different models forained. Annealing in ammonia at 860 °C provided clean sto-
heterostructure band alignment, in Fig. 7 we compare ouichiometric GaN surfaces with~0.2 eV upward band
measured interface alignments to experimental results fdoending and-~1.1 eV downward band bending for thetype
SisN, on Sile?223|n both cases the diagrams are aligned toand p-type surfaces, both with an electron affinity of 3.1 eV.
the vacuum level at §N,, which has been measured to be atFor GaN/SiN,, type Il band alignment was observed and
the same energy relative to the silicon nitride bands. Theralence band offsets were measured to#5+0.1 eV for
band gap of each material is indicated, as is the VBO. Thdéoth n type andp type. The interface dipole deduced by
position of  comparison with the electron affinity model was 1.1
the vacuum level of the clean semiconductor surface ist0.1 eV. The charge neutrality model provided a reasonable
indicated, and the difference between these values andescription of the band alignment of the GaNj inter-
the surface vacuum level is the deviation from the EAM.face. It is suggested that the presence of oxygen at

IG. 7. Band alignment of Si/g\, and GaN/SjN, interfaces. The dashed
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the interface could substantially change the band offsets. Lucovsky, R. F. Davis, and R. J. Nemanich, J. Appl. Pt§&. 3995

These results indicate that,;8i, should passivata-type sur- llgOOC‘)- . o . ]
; ot . W. King, R. F. Davis, C. Ronning, M. C. Benjamin, and R. J. Neman-
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