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Oxide-cluster nucleation, growth, and saturation on S(001)-(2x 1) surfaces:
Atomic-scale measurements and models
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Nucleation rates for oxide clusters on(®1)-(2x 1) surfaces have been determined as functions of tem-
perature(600—650 °Q, pressure (X 10 8-1.2x10 7 torr), and dose £ 1200 L) by counting oxygen related
pinning sites in scanning tunneling microscopy images. The low-dose temperature dependence indicates that
the nucleation mechanism is related to thermally activated processes. At high doses, the nucleation rate was
suppressed, while the vertical etch rate remained constant. Simulations of these high-dose experiments indicate
good agreement with a dual-species oxidation model, but not with a single-species FRQES3-
182996)01923-4

The nucleation and growth of oxide films on Si surfaces atwhile a dual-species diffusional modé&uch as that pro-
elevated temperatures is of critical importance for a varietyoosed by Engstronet a|.5)_ is consistent with the observed
of applications, ranging from the controlled growth of ultra- data. This provides the first direetomic-scalesupport for

thin, high-quality oxide films used as gate dielectric materi-Such a dual-species model. ,
als in field-effect transistor devices, to the prediction and All scans were measured at room temperature following

control of surface roughening during transient exposure 1@Xygen exposure at elevated temperatures. Two oxidation

residual oxygen and/or water vapor in modern imegrate(%)rocedures were used. For procedure “A,'{@1) samples

. , : n-type, 0.05Q cm, miscut 0.25° toward110]) were (1)
processing chambet$.However, despite extensive study of resistively “flashed” at 1250 °C(2) quenched to room tem-

e ey . . wye -15 [

gcl:iulen lecﬁglgizx)snu%fdzlrl:;i%rg sugr]r?o;uorllg;enr]%T(%Iearfaglltlacatioﬁerature’(3) characterized with STM) heated to tempera-
! . ure and exposed to £ and(5) quenched to room tempera-

and growth are still not well established. A number of P 2 g P

; | dels h b d and d ture and scanned. For some experiments, a temperature
atomic-scale models have been proposed and compare W'gﬁadient was established across the satfiglaring oxida-

macroscopicmeasurements of Si surface omdaﬂon OVEr &ion and the temperature-vs-position profile was measured
range of temperatures and oxidation pressErFel_Q; but 0 \ith an infrared pyrometer. We could then scan different
date little’ has been done to directly compargcroscopic  areas of the sample to directly monitor the temperature de-
predictions of these models with microscopic measurementsendence of the oxide nucleation. For procedure “B,” a
of oxide nucleation and growth kinetics. Such a direct com-pre-etch” was used to further clean the surface. Samples
parison would be an important test of the validity of compet-were (1) flashed at 1250 °C(2) pre-etched by cooling to
ing atomic-scale models. 900 °C and exposing t0>6108 torr of O, for 14 min, (3)

We have used an ultrahigh vacuum scanning tunnelingooled further to the oxidation temperatu{@00—650 °G
microscope(UHV STM) to examine submonolayer oxide- and exposed to @ (at 3x10 8-1.2x10"7 torr), and (4)
cluster nucleation on §01) surfaces after oxidation at quenched to room temperature and scanned. The
sample temperatureSg, in the range 600—650 °C, oxygen temperature-pressure conditions during s@groduceonly
pressuresP,,, in the range X 10 8-1.2x10 7 torr, and  surface etching;'® which removes the top two to three Si
O, exposuresD,,, as high as 1200 L, where 1=£10°° layers. Occasionally, samples would be quenched directly
torrs. Under these conditions oxidation-induced surfacdollowing the 900 °C etch and scanned, verifying that this
etching is the dominant process, but oxide-cluster nucleatiostep doesot itself nucleate oxide clusters. Both oxidation
also occurs and produces “pinning sites,” which can be di-procedures yielded cluster densities within a factor of 2 from
rectly counted***We find that(1) the initial oxide-cluster each other, with the pre-etch procedutesed to measure
nucleation rate is temperature dependent, consistent with dose dependengeesulting in slightly fewer pinning sites.
nucleation mechanism that is related to thermally activated We have previously shown that characteristic defects oc-
processes2) oxide nucleation is strongly suppressed at highcur after oxidation at elevated temperatures, and argued
O, doses D ,>~200 L), even though the @ coverage (based on strond,, dependence and annealing behavior
remains much less than one monolayer; &)dthe vertical ~ that these defects are in fact small oxidized regfohsVe
surface etch rate at locationsbetweemucleation sites re- find that these oxidized sites evolve into complex disordered
mains roughly constant. Taken together, these observatiomegions at higher doses, pin step edges during surface etch-
impose rather restrictive constraints on possible atomistiing, and eventually develop into isolated island structures.
models. We have used rate equation analysis and Montdere, we refer to these structures as simply “oxide clus-
Carlo simulations to check different models, and find that aers.”

“single-oxide-species” diffusional model is insufficient to ~ We first address the temperature dependence of the initial
account forboth suppressed nucleation and constant etchingoxide-cluster nucleation ratk, . Figures 1a) and Xb) show
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FIG. 2. Top-view gray scale and 3D perspective views of
FIG. 1. Oxide-cluster nucleation on a(®01) sample with a  sj(001) surface after oxidation at 600 °C 6108 torr, and doses
~50 °C temperature gradient exposed to 150 L&D6X 10" ®torr.  of (a) 400 L and(b) 800 L. Both doses result in approximately the
(@ STM top-view gray scale image of “hot” part of sample same number density of oxide clustéisdicating that new cluster
(Te~646 °Q. (b) Image of “cold” part (Ts~611°Q, showing  nycleation has been suppressedhile the clusters are roughly
more oxide clusters than the hot paft) Dependence 08, on  twice as high at the larger dosidicating a roughly constant ver-
inverse temperature for entire sample. The best-fit (gwdid) indi- tical etch rate between clustgrs

cates an effective activation ener§ys=—3.5 eV (see text The

dashed line is the dual-species model predictihR.is in units of . . . . .
em—2sL tives to make two specific points. The first point, seen most

clearly from the top view, is that doubling the exposures still

top-view gray scale images of two different 8.5 uwm? results in approximately the same number of clusters on the
areas of a sample, which had-e50 °C temperature gradient surface[77 each in Figs. @ and 2b)]. This indicates that,
across it during oxidation atP,,=6x10"% torr and at high doses, the oxide-cluster density saturafé® second
D =150 L. Since these measurements were both made fopoint, evident from the perspective view, is that Hegghtof
lowing asingle oxidation, they permit us to directly monitor the clusters at 800 L has increased to roughly twice the
the temperature dependencelgf with all other experimen- height at 400 L. We find that the height increases almost
tal variables(e.g., Py, Doy, initial surface defect density, linearly with dosé indicating that the vertical etch rate
etc) held fixed. The number of oxide cluste(gisible as remains roughly constant on the clean terrace areas between
small raised bumps at the ends of pinned step fifigeis  the clusters. Close-up scans of the areetsveerthe islands
clearly greater at the low-temperature side of the sample. (not shown indicates that the 1 dimer reconstruction is

Figure 1c) shows a semilog plot od,, versus inverse still intact and isnot covered with an oxide layer.
temperature determined by counting oxide clusters at differ- This saturation behavior was examined as a function of
ent positions across the sample and dividing by the oxidatiotemperature and pressure. Figure 3 shows the number density
time. The solid curve shows the best-fit straight line, with aof oxide clusters as a function of layers etched for discrete
slope consistent with aneffective activation energy temperatures at a constant pressure-@x 108 torr [Fig.
E.+=—3.5 eV. As we discuss below, this temperature de-3(a)] and for discrete pressures at a constant temperature of
pendence is not due tosingle thermally activated process 650 °C[Fig. 3b)]. Note that an Q dose of 25 L etches
with a negative energgwhich is unphysical but rather re- approximately one layer of silicof® In general the cluster
sults from acombinationof activated processesncluding  density increases with dose up+b layers etched, at which
desorption, nucleation, diffusion, exé:* Many such experi- point it saturates at a level, which increases with lower tem-
ments have been done at doses ranging from 50 to 200 perature and higher pressure. The data points were measured
over a similar temperature range, and in all cases the resulexperimentally, and the fits are explained below.
ing data were approximately linear on such a semilog plot, Previously, we considered a simple model for oxide-
with —4.0<E.s<—3.3 eV.2 The dashed curve shows the cluster nucleatiori; which assumed that reacted-oxygen dis-
prediction of the dual-species model, which will be discussedociates on the surface to form diffusing “oxide mono-
later. mers.” These could either etch the surfadeia the

We next address the dose dependence of the oxide-clustdesorption of SiQ) join with another monomer to nucleate
nucleation. Figures (@) and 2b) show 0.3 0.3 um? scans  an oxide cluster, or attach to an existing cluster. Rate equa-
of two oxidations done at the same temperat6@0 °Q and  tion analysis and Monte Carlo simulations were used to ex-
O, pressure (& 108 torr), but for a total G dose of 400 amine the evolution of oxide clusters in time as a function of
and 800 L, respectivel§.The data sets are shown as top- P, and T¢.* At low doses 100 L), predictions of this
view gray scales, as well as three-dimensig8&l) perspec- simple single-species model were consistent with the mea-
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! FIG. 4. Schematic of a two-species oxidation model, adapted
20| E _J_i _____ . from Ref. 5. Oxygerisilicon) atoms shown as empffilled) circles.

See text for parameter values.

interdependence ak,, and » by assuming that twdifferent
oxide-monomer species are responsible for SiO desorption
and oxide-cluster nucleation, respectively. In fact, such a
model has already been proposed by Engstedl.> based
entirely on macroscopic measurements of oxide growth and
SiO desorption. This modéshown schematically in Fig.)4
assumes that reacted-oxygen atoms first dissociate to form a
“desorption precursor” configuratior(top-center Fig. %
Layers Etched which can either desorb from the surface as %D rate
Kg4e9, OF convert(at ratek,,) to a bridge- or back-bonded
FIG. 3. Oxide-cluster saturation curves as a function of layersconfiguration(bottom-center Fig. % which in turn can dif-
etched. Dashed lines are generated from Monte Carlo simulatiorfsise across the surfacat rateky;) and lead to oxide-cluster
and solid lines from integrated rate equations, both using the twohucleation(at ratek,,) or growth (at ratekg,). Clusters of
species model described in the text.(&#), oxidations were done at two were allowed to break uat rateky.,), while clusters
a constant pressure 0b&L0 "8 torr and 600, 625, and 650 °@p  of three or more were assumed stabke necessary require-
to bottom. In (b), oxidations were done at a constant temperaturement for this type of model to account for the observed be-
of 650 °C and 12, 6, and>310 8 torr (top to bottom. havior is thatkyes>Keon. In this case,n remains roughly
constant since most reacted-oxygen atoms simply desorb as
sured pressure dependehcand temperature dependence si0 before they convert to the back-bonded form. However,
(Fig. 1 and Ref. Bof the initial nucleation ratd,,, assum-  the population of theminority) back-bonded species that
ing reasonable values for parameters controlling SiO desorgioes form shows large variations with time, and becomes
tion, monomer diffusion, and cluster nucleation. depleted when a sufficient oxide-cluster density develops.
However, we find that this single-species model cannoHence, cluster nucleation is suppressed at higher doses with-
account for the observed high-dose suppressiod@fto-  out significantly affectings.
gether with the observed constant vertical etch tdtethe Rate equation modelinsolid lines in Fig. 3 was done
single-species mod&t J,,~Dnlexp(- BE,), wheren, is the  for this system and a qualitative consistency could be ob-
density of diffusing monomerg, is an activation barrier for  tained with the measured data using reasonable values for the
two monomers to “nucleate” a cluster, amlis the surface various parameters. The model's predictions show the cor-
diffusion coefficient for the monomers. According to con- rect temperature and pressure dependencies for the saturation
ventional nucleation modef§, growing clusters suppress cluster density, and the saturation onset at approximately five
nucleation of new clusters by acting as efficient sinks for thdayers etched. Monte Carlo simulatiof@ashed lines in Fig.
diffusing monomers. This reduces,, which in turn sup- 3) with similar parameter values also show the correct quali-
pressesly,. In the single-species model, however, desorptative behavior. Simulations of this dual-species model are
tion of the diffusing monomers also produces surfacealso reasonably consistent with tlgitial nucleation rate
etching®* with the etch rate dependent onn, as J, measured for doses150 L, as shown by the dashed
n~n./7, where r the desorption lifetime for monomers. curve in Fig. 1c). These simulations also do result in a
Hence the nucleation rate,Jand the etch rate; should be  nearly constant vertical etch raigover the duration of the
directly linked since a reduction im; should suppressoth  simulations(not shown).
Jox and 5. Experimentally, however, we measure a strong Since most reacted-oxygen atoms desorb as SiO, the
suppression id o, but no measurable changen Several reacted-oxygen flux rat®, [equal to the incident oxygen
extensions to the single-species model were considergd flux times a sticking coefficient of about 4¢Ref. 2)] could

N (10" em™)

cluster coalescence and “two-cluster” break*ypbut still  be estimated directly from the measured etch rate for each
we could not find a set of conditions that suppressed nuclecurve? The activation energyH .= 3.3 eV) and prefactor
ation without also suppressing etching. (4x 10 s71) for kges Were taken from Ref. 5. The other

We now consider a different model, which lessens theactivation energies in the rate equation analysis were
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Econ= Efon=2.8 €V, Eqi+ Enue=2.6 eV,Eg+Eqo=2.2 6V, Species model with a single set of reasonable parameter val-

andE,e.= 2.25 eV. For simplicity, all prefactor@xcept for ~ Ues shows very good qualitative consistency, with the pres-

kee) Were set equal to 5:010'2 s~ L. Note that the rate for SUT® and temperature dependencies of initial oxide-cluster

cluster nucleation is assumed equal to fweduct of a  nucleation, growth, and saturation. This lends stromigro-

monomer diffusion term times a reaction probability scopic support for a dual-species oxidation model such as
_ . that proposed by Engstroet al>

Pruc=exp(—En/ksgT) (with analogous terms for cluster . .

growth, so that only thesum energiesE g+ E . and Finally, we note that these STM measurements can give

Eqi+ Eqro @ppear in the rate equations. HeEzy. and Eg, direct information about typical diffusion lengths for surface

would presumably correspond to a bond-breaking energy rXxygen. In order for existing clusters to suppress the nucle-

. ation of new clusters, the surface diffusion lengtfy must
quired to form a cluster. The capture number for a stabl e at least as long as the tvpical cluster spadi For
cluster was proportional to the cluster perimeter. We shoul L amole. we se?a from ﬁ) @ that gt seaqcstljration
also note that the “precursor” species may diffuse as well, p'e, 9.

o — —8 H
but since it does not directly lead to nucleation or growth, itsL clus™ 190 nm at 650°C an@q,=6x10"" to, Wh'Ch.S.etS
diffusion rate has no bearing on the model predictions. a lower limit of ~100 nm for thel 4 under these conditions.

Admittedly, this model contains a number of adjustabIeTh'S limit is well within the simulated diffusion lengths with

parameters, which are not known accurately from indepent-he parameter values assumed above.
In summary, we have observed temperature-dependent

dent measurements. However, the values do appear reason-

able. We expect that the surface oxygen diffusion energ)QX!de nucleation on.m01)—(_2><1) surfaces, .W'th distinct
E4¢ should be less than tHaulk diffusion energy of 2.4 eV OXIdG-C|US"[€I‘ saturation at high doses, and with a nearly con-
(Ref. 17, so the energy Sum&g+Eq =25 eV and stant vertlcal_t:]tch rate Ibetvyeeln clusters. ;fr;ese da}ta arde I|n-
Egir+ Ego=2.1 €V can easily be satisfied with moderate consistent with a simple single-species diffusional model,

nonzero values foE,; and Eqo. In fact, these values are but show good qualitative agreement with a dual-species dif-

roughly consistent with reported values for surface oxyger%cUSIOnaI modef

diffusion Eg=1.0 eV (Ref. 18, and oxide growth This work was supported by NSF Grant Nos. DMR-
Egro=1.6 eV (Ref. 11). The main point here is that this dual- 9357535 and DMR-9406936, and PRF Grant No. 26647-G5.
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