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Transitions regions at Si–SiO2 interfaces contain excess suboxide bonding arrangements which
contribute to interface roughness and also can give rise to electronically active defects. This article
provides insights into the origin and temperature stability of these suboxide bonding arrangements
by studying different interface formation processes, e.g., rapid thermal oxidation and
plasma-assisted oxidation, and then subjecting these interfaces to rapid thermal annealing~RTA!.
The interfacial bonding chemistry has been studied before and after the RTA by Auger electron
spectroscopy and it has been demonstrated that interfacial transition regions with suboxide bonding
are a direct result of thermal and plasma-assisted oxidation at temperatures up to at least 800 °C, and
that the excess suboxide bonding in interfacial transition regions is significantly reduced following
a 30 s, 900 °C RTA. The kinetics of this interfacial annealing process are essentially the same as
observed for the RTA-induced separation of homogeneous suboxide thin films (SiOx , x,2! into
silicon nanocrystals and stoichiometric SiO2 . © 1997 American Vacuum Society.
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I. INTRODUCTION

As channel lengths of field effect transistors~FETs! de-
crease into the deep submicron to 0.1–0.05mm to provide
increased levels of device integration, there must be acc
panying decreases in gate oxide thicknesses (tox) initially to
3 nm and ultimately to,2 nm in order to maintain the drive
currents needed for circuit operation. Once gate oxide th
nesses are reduced to a regime where direct tunneling oc
e.g.,,3 nm, the planarity of the gate oxide interfaces w
both the channel region and gate electrode of the FET st
ture becomes a crucial issue since atomic scale variation
the effective gate oxide thickness can lead to order of m
nitude variations in local tunneling currents. This article f
cuses on excess suboxide bonding arrangements that co
ute to atomic scale roughness at Si–SiO2 interfaces. It is
important to recognize that interface roughness at
SiO2-gate electrode interface must also be addressed s
variations in the tunneling thickness can be induced by
roughness at both interfaces of an ultrathin gate oxide.

At an ideal Si~111!–SiO2 interface with single Si dan
gling bond termination, the bonding arrangements can
characterized as Si–Si4 in the Si substrate~the subscript in-
dicates the number of Si atoms bonded to the referenc
atom!, Si–O4 in the bulk of the oxide, and Si–Si3O at the
metallurgical boundary. The Si–Si3O bonding arrangemen
is one of three suboxide bonding arrangements; the other
are Si–Si2O2 and Si–SiO3 . If the interface between the S
substrate and the SiO2 is not perfectly flat, then there must b
additional or excess suboxide bonding arrangements tha
fine a transition regionbetween the Si substrate and a s
ichiometricbulk oxide. This means that there is inherently
direct relationship betweenexcesssuboxide bonding ar-

a!Electronic mail: gerrylucovsky@nscu.edu
1074 J. Vac. Sci. Technol. B 15(4), Jul/Aug 1997 0734-211X/97/1
-

k-
rs,

c-
in

g-
-
rib-

e
ce
e

e

Si

o

e-
-

rangements, interfacial transitions regions, and interfa
roughness. Assuming that the top surface of the oxide
perfectly flat, localized tunneling~either direct or Fowler–
Nordheim! above an average value will take place at tho
interface locations where these excess suboxide bonding
rangementsextend intothe oxide and reduce the thickne
through which electrons tunnel.

The issue of interfacial roughness and transition regi
with excess suboxide bonding is further complicated by
perimental observations that interfacial nitridation improv
device reliability, at least in N-channel devices.1,2 This
means that interface roughness may involve both Si–O
Si–N bonding arrangements in the nitrided structures. T
article addresses roughness and suboxide bonding at
SiO2 interfaces prepared by~i! remote plasma-assisted ox
dation ~RPAO! using O2 and N2O source gases,3 and ~ii !
rapid thermal oxidation~RTO! in O2 and N2O, and com-
pares results of these studies with thermal oxidation in O2.

Section II presents new experimental data obtained
on-line Auger electron spectroscopy~AES! that demon-
strates changes in bonding at Si–SiO2 interfaces after inter-
faces formed by RPAO and RTO at temperatures of 300
800 °C, respectively, and subjected to 30 s RTAs at 900
The aspect of the present work that distinguishes it from p
studies is the systematic control or processing conditions
particular the separate and independent control of interf
formation by RPAO and RTO at temperatures<800 °C and
interface relaxation by RTA at 900 °C. Section III compar
the results of this study with recent results of other stud
that have addressed the thermal stability of bulk homo
neous suboxides,4,5 as well as x-ray photoelectron spectro
copy ~XPS! studies that have directly addressed chemi
bonding in the interfacial transition regions.6–8 Interfacial
roughness and suboxide transition regions have also b
10745(4)/1074/6/$10.00 ©1997 American Vacuum Society
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studied by x-ray scattering,9 medium energy ion scatterin
~MEIS!,10 and transmission electron microscopy~TEM!
imaging.11 This paper also includes experimental resu
from second-harmonic generation~SHG! studies that bear on
the issue of suboxide bonding~see Ref. 3 and Refs. therein!.

II. EXPERIMENTAL RESULTS

The new AES results presented in this article have b
obtained using an ultrahigh vacuum~UHV! compatible mul-
tichamber system that has separate chambers for re
plasma processing~RPP!, rapid thermal processing~RTP!,
and on-line AES. This system provides for~i! fabrication of
Si–SiO2 interface structures by either RPAO or RTO, a
then~ii ! structural and chemical relaxation of these interfa
by RTA. Two different oxygen/nitrogen atom source gas
have been used: O2 and N2O.3 For both the RPAO and RTO
processes, the surfaces of high resistivity;10 V cm p-type
Si wafers were prepared by a two-stage process: high t
perature~;900 °C! thermal oxidation to grow a sacrificia
oxide layer that is subsequently removed by rinsing in dil
HF. Wafers were then inserted into the plasma proces
chamber of the system via a load lock sample introduct
chamber. For the RPAO process, they were heated to 30
at the chamber base pressure,;1028 Torr, and then sub-
jected to plasma-assisted oxidation. The RPAO process
been previously used as the first step of a two step pro
for the formation of gate oxides.12 In addition to forming a
superficially thin oxide,;0.5 nm, the RPAO process re
duces levels of interface contamination, e.g., residual C
F concentrations are at the 1012 cm22 range.2 In the applica-
tion of RPAO to gate oxide fabrication,;0.5– 6 nm of oxide
is grown at 300 °C by remote plasma excitation of either H
O2 or He/N2O mixtures~rf power of;30 W at 13.56 MHz!
and this is followed by remote plasma enhanced chem
deposition~RPECVD! of the remainder of the oxide film.2,12

Thicker films with tox to ;1.5 nm, have also been grow
directly by the RPAO process by extending the oxidat
time.3 The oxidation process kinetics have been charac
ized by a power law relation; e.g., for growth in O2,
tox;0.7t0.28, where t is the time in minutes. The power la
representation means that the oxidation is very fast initia
when plasma-generated excited O species interact with
atoms that are not bonded to other O atoms, but then
oxidation rate slows down significantly when the oxidati
involves Si atoms that are bonded to O as well as othe
atoms. The RTO process was performed at 800 °C wit
source gas flow rate of 2,000 sccm.

Figures 1~a! and 1~b! indicate oxide growth in using re
mote plasma excited mixtures of He/O2 or He/N2O, respec-
tively, as monitored by on line AES. The oxide thickness
determined from the ratio of the relative amplitudes of t
Si–Si AES feature at;92 eV and the Si–O feature a
;76 eV.12 Films prepared using the He/N2O source gas
show nitrogen atom incorporation localized in the immedi
vicinity of the Si–SiO2 interface, as evidenced by a NKLL

AES feature and confirmed by secondary ion mass spectr
etry ~SIMS! and optical SHG.2,3 There is an AES spectra
JVST B - Microelectronics and Nanometer Structures
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feature at;83 eV in the SiLVV region that has a contribution
from Si–N bonding as well as an additional contributio
from suboxide bonding arrangements. The contribution fr
suboxide bonding is identified by studies of the initial stag
of oxidation before monolayer coverage has been obtain
whereas the contribution from Si–N has been verified
studying the interface between Si3N4 and Si. It is difficult to
quantify the contribution to derivative AES spectra for t
case in which both Si–N and suboxide bonding are presen
the same time. However, as we show later on in the arti
the relative changes in the derivative AES spectra after R
are self-consistent, and are in agreement with the result

FIG. 1. Oxide growth in using remote plasma excited mixtures of~a! He/
O2 or ~b! He/N2O, respectively, as monitored by on line AES.
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other experimental probes of interface roughness before
after a 900 °C RTA or equivalent thermal exposure.

Figures 2~a! and 2~b! indicate derivative SiLVV AES spec-
tra for oxide layers prepared by RPAO using~a! He/O2 and
~b! in He/N2O, respectively. These layers are;0.5 nm thick
as grown at 300 °C and after a 30 s 900 °C RTA. From
traces shown in Fig. 2 and the results in Table
it is observed that the relative amplitude rati
@ I(83 eV)/I(76 eV)#after RTA /@ I(83 eV)/I#(76 eV)]before RTA,
decreases after the anneal. Figures 3 and 3~b! indicate similar
spectra for films prepared by RTO in O2 and N2O at 800 °C,
and after a 30 s 900 °C RTA. Smaller decreases in the

FIG. 2. Derivative SiLVV AES spectra for oxide layers grown in~a! He/O2

and~b! in He/N2O, respectively, by RPAO that are;0.5 nm thick as grown
at 300 °C and after a 30 s 900 °C RTA.
J. Vac. Sci. Technol. B, Vol. 15, No. 4, Jul/Aug 1997
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plitude ratio occur for these samples. To confirm th
changes in the amplitude ratio were not due to oxidat
during the RTA, the relative amplitudes of the Si–Si SiLVV

feature at;92 eV, and the OKLL feature at;510 eV were
also monitored and found to be the same before and afte
RTA. Table I contains normalized amplitude ratio
@ I(83 eV)/I(76 eV)#after RTA / @ I(83 eV)/I(76 eV)#before RTA,
for the results presented in Figs. 2~a!, 2~b!, 3~a!, and 3~b!.
Since these ratios are all less than one, this means that
is a relative decrease in the amplitude of the 83 eV feat
after the anneal.

III. DISCUSSION

Consider first the spectra in Figs. 2~a! and 2~b! for the as
grown films. The feature at 76 eV is associated with Si–
bonding, in particular Si atoms with four oxygen atom neig
bors. The AES results indicate that the feature at 83 eV
two contributions:~i! from Si–N bonds and~ii ! from sub-
oxide bonding arrangements, where the Si atom has one,
or three O atom neighbors. For example, AES results
films that display a relatively weak OKLL feature, as in Fig.
2~a!, also display a suboxide bonding feature at;83 eV. In
a more direct way, Taoet al.6 have shown significant reduc
tions in suboxide bonding arrangements for films prepa
by thermal oxidation at 600 °C, and then annealed at 925
consistent with changes in the AES features in films prepa
by RTO and RPAO before and after 900 °C annealing.
particular, the concentration of suboxide bonding arran
ments as determined from analysis of XPS data is redu
from ;3 monolayers by more than a factor of 2 after
925 °C anneal. These changes in XPS are consistent with
AES intensity changes presented in Table I.

The effect of the 900 °C anneal in reducing suboxi
bonding also helps to explain previously reported resu
from optical SHG measurements on oxidized vicinal Si~111!
wafers off-cut in the 112 bar direction~Ref. 3 references
therein!. For the geometry of the measurements discusse
Ref. 3, the SHG signal comes predominantly from the S
SiO2 interface. These results are included in Table II whi
presents the results of experiments in which the azimu
asymmetry has been addressed. The exciting source for t
measurements is a Nd:YLF laser at 1.17 eV, and the Si~111!
off-cut angles are approximately 5°. Experiments perform
on thermally grown oxides subjected to rapid thermal a
nealing at 900 °C indicated a significant change in the re

TABLE I. Changes in the relative intensities of the SiOx and SiO2 AES at
;83 eV and 76 eV, respectively.

Interface formation
@ I(83 eV)/I(76 eV)#after RTA /
@ I(83 eV)/I(76 eV)#before RTA

Plasma O2 0.8860.02
Plasma N2O 0.7960.02

RTO O2 0.8060.02
RTO N2O 0.8660.02
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tive phase of the SHG signals associated with the steps
terrace regions.13 The SHG signal for the vicinal wafers i
given by

E~2v!5~A1 cosF1A3 cos 3F!@exp~2 iD13!#, ~1!

whereA1 andA3 are the amplitudes of the harmonic sign
components atF and 3F, F is the angle between the 11
direction and the incident electric field, andD13 is the rela-
tive phase. The relative phase is related to the differenc
resonance energies between the two harmonic componen
the second harmonic signal. From Table II, the relative ph
of the as-grown thermal oxide is 72°, and decreases sig

FIG. 3. Derivative SiLVV AES spectra for oxide layers grown in~a! He/O2

and~b! in He/N2O, respectively, by RTO that are;0.5 nm thick as grown
at 300 °C and after a 30 s 900 °C RTA.
JVST B - Microelectronics and Nanometer Structures
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cantly to ;23° after the 900 °C anneal.13 In a similar way
the relative phases for interfaces formed by 300 °C RP
also change markedly after a similar 30 s 900 °C RTA. Th
are no significant differences betweenD13 for RPAO inter-
faces formed in N2O and O2, even though SIMS and on-line
AES show a nitrogen terminated interface for the N2O pro-
cess. However, after the RTA, there are significant diff
ences inD13. D13 is equal to 23° for the oxygen terminate
interfaces, the same value as obtained after annealing a
mally grown interface, but is reduced to 11° for the nitrog
terminated interface. The SHG results are then consis
with a significant change in interface bonding. Combini
the SHG results with the XPS and AES results we conclu
that theD13 values of 67°–72° are then characteristic of su
oxide bonding arrangements, whereas the smaller value
D13 of 23° and 11° are indicative, respectively, of mo
nearly idealized interface bonding arrangements.

We have also studied the stability of suboxide films p
pared by RPECVD at low temperatures~250–300 °C! and
then subjected to RTA.4,5 The as-deposited films are hydro
genated suboxides. The local order in these films has b
studied by infrared~IR! by analyzing the spectroscopi
changes in the Si–H bond-stretching mode as a function
the oxygen concentration, x, as in SiOx , 0<x,2.14,15 This
analysis indicated that the as-deposited films were rand
chemically-ordered alloys with statistically determined bon
ing of Si and O atoms in Si–Si4 , Si–Si3O, Si–Si2O2 , Si–
SiO3, and Si–O4 local arrangements. Films for the annealin
studies were prepared by RPECVD and then subjected
30 s RTAs at 900 °C.4,5 Characterization of these films by IR
indicated significant changes in the local bonding. Prior
the anneal, the films displayed a Si–O bond-stretching m
frequency between;1010 and 1040 cm21 characteristic of
homogeneous SiOx alloys,14,15 and after the anneal the film
displayed an Si–O bond-stretching mode frequency
;1075 cm1, characteristic of stoichiometric SiO2 . Studies
of the same films by TEM showed a homogeneous, nonc
talline character as-deposited, and a separation into Si n
crystals~typical dimensions;10 nm! embedded in a homo
geneous amorphous matrix which was identified by IR
SiO2 .

The as-deposited homogeneous films showed strong
toluminescence at 80 K in a broad band extending fr
about 1.4 to 2.0 eV with the peak photon energy increas
as the x increased. This type of luminescence has been
viously reported for homogeneous suboxide films.16,17 The
annealed films displayed no detectable photoluminescenc
the same spectral range. The absence of this type of lumi
cence in the annealed films is consistent with there being
significant suboxide regions at the interfaces between th
nanocrystals and the encapsulating oxide films. Nanocrys
exposed to atmospheric oxygen and water vapor disp
characteristic suboxide bonding.18

Finally, recent studies of the kinetics of the process
which bulk suboxides, SiOx , convert to Si nanocrystals en
capsulated in SiO2 or SiOx8 ~x.x8! has been studied.5 These
studies have demonstrated that the separation process is
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TABLE II. Summary of results from studies of vicinal Si~111! surfaces off-cut;5° in the 112 bar direction.

Surface treatmenta Phase,DFb A1/A3
c

Plasma processing
O2 - 15 s - 300 °C 68 0.2060.02
O2 - 15 s - 30 s 900 °C RTA~0.5O2/Ar!* 23 0.3560.03
N2O - 15 s - 300 °C 67 0.2160.02
N2O - 15 s - 30 s 900 °C RTA~Ar! 11 0.3760.04
N2O - 30 s - 300 °C 65 0.1760.02
N2O - 30 s - 30 s 900 °C RTA~Ar!* 11 0.3560.03

Thermally grown interfaces
Furnace oxidation at 850 °C 72 0.1960.02
Post-oxidation anneal@30 s at 950 °C (0.5%O2/Ar# 23 0.3360.03

aPre-deposition RPAO step.
bSee Eq.~1!.
cProcessing conditions for optimum electrical properties~see Ref. 2!.
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ited by reaction kinetics, and that the time constants for
bulk separation at temperatures of the order of 900 °C
essentially the same as those for the interface relaxation
cess, e.g., complete separation takes place in;30 at 900 °C.

There are three other recently reported studies that h
addressed surface roughness/interfacial transition reg
and changes that take place on annealing. Gibsonet al. have
used TEM interference techniques and demonstrated sig
cant interfacial smoothing for thermally grown oxides su
jected to a 900 °C anneal.11 Downer and co-workers hav
used optical SHG to study Si–SiO2 interfaces formed on
Si~100! and have observed irreversible changes in the
sponse from interfaces formed at low temperatur
;800 °C, that were subsequently subjected to 900 °C th
mal exposure.19 Finally, Matsumura and co-workers showe
that ultrathin oxides (;3 nm thick! prepared by thermal oxi
dation at 650 °C and annealed at 850 °C showed impro
performance with respect to stress-induced increases in
neling currents.20 They also found that oxides grown a
850 °C showed improved stress resistance after an anne
850 °C. These improvements were correlated with reducti
in interface roughness as measured by x-ray scattering t
niques.

IV. SUMMARY

The results presented in this article have demonstra
that for interfaces formed by conventional thermal oxidatio
RTO and RPAO at temperatures below 800 °C show sign
cantly reduced suboxide bonding after a relatively short R
at 900 °C. Reductions in suboxide bonding, or equivalen
increased interface smoothness, have been observed by
riety of different experimental techniques including~i! AES,
~ii ! XPS,6,7 ~iii ! optical SHG,3 ~iv! x-ray scattering,9 and
TEM.1 Comparisons between the annealing of homogene
bulk suboxide films, which results in the formation of
nanocrystals encapsulated in SiO2 , and the interface relax
ation process, suggest that both processes are limited
similar reaction kinetics.

The results presented in this article, combined with
results of other studies cited above indicate that the for
tion of suboxide bonding is inherent in the oxidation of cry
l. B, Vol. 15, No. 4, Jul/Aug 1997
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talline Si independent of the oxidation process for oxidat
processes that are performed at temperatures up to at
900 °C. This has previously been reported for thermal oxi
tion, and the results in this article extend this observation
other oxidation mechanisms.21,22 If this is indeed the case
then the chemical and structural relaxations that take p
during the 900 °C RTAs, or equivalent thermal exposur
will determine the limiting values of interface smoothne
attainable. For example, suppose that oxidation takes p
on an atomically smooth surface and that this process res
in some degree of suboxide bonding. After the oxidati
process is concluded there will be some degree of subo
bonding/interface roughness. Following a 900 °C anne
there will be interface smoothing accompanied by a red
tion of suboxide bonding arrangements. However, since
roughening that takes place during oxidation, and
smoothening that takes place during the anneal are cau
changes in atomic scale structure, it is more than likely t
completesmoothing will not take place; i.e., that there w
always be some degree of suboxide bonding above and
yond what is ideal for the particular crystallographic orie
tation of the Si substrate, independent of the initial state
the Si surface prior to oxidation. This explains an experim
tal observation that interfaces formed on smooth Si surfa
in different ways, e.g., by thermal oxidation, RTO, an
RPAO, and then subjected to thermal exposures at 9
1000 °C after interface formation, show essentially the sa
degrees of interface roughness as monitored by the field
pendence of the channel mobility in FETs.23 Finally, the re-
sidual surface roughness and associated suboxide bon
arrangements may also be the origin of the limiting values
midgap interface defect states (Dit) of about 1010

cm22 eV21. The lack of distinct spectral feature in this mid
gap region suggests that the states contributing to Dit are not
silicon atom dangling bond states. This has been confirm
by the recent experiments of Stathis and co-workers
IBM.24 We suggest that the midgap Dit may be derived from
changes in local dipoles that are induced by the applied e
tric fields as the bias voltage is swept from depletion to
cumulation in the capacitance-voltage measureme
Clearly more work is necessary in this area.
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This article has not addressed oxidation processes
formed at temperatures in excess of 900 °C. For exampl
would be interesting to determine whether high tempera
thermal or rapid thermal oxidations at temperatures.950 °C
induces roughness, i.e., excess suboxide bonding in inte
cial transition regions, and to determine the extent to whic
900 °C RTA is effective in reducing any roughness p
duced.
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