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SILICON OXIDATION STUDIES: A REVIEW OF RECENT STUDIES ON THIN FILM

SILICON DIOXIDE FORMATION

Eugene A. Irene

Department of Chemistry CB 3290
University of North Carolina
Chapel Hill, N.C. 273599-3290

ABSTRACT

The formation of thin SiO, films via thermal oxidation on single
crystal Si substrates has been found to depend on the method of Si
cleaning, impurities on the Si surface, the Si crystal orientation, film
stress, and the availability of electrons at the Si surface. Recent
studies on thesge topics are recounted along vith a framevork for
understanding. No fully acceptable model for thin Sid, formaticn yet
exists, but recent studies lead in new directions towards this goal.

INTRODUCTION

From studies of the Si oxidation process in the 1960’s(1-3), has
come the application of the Linear-Parabolic, LP, oxidation model of
Evans(4) to the Si0, film grovth kinetics. A goodly measure of
understanding was afforded to the process as a result of the application
of the LP model, but even from the earliest studies(l) it was recognized
that the LP model did not account for the initial oxidation regime at the
outset of the oxidation of Si and extending to several tens of am.
Furthermore, even prior to oxidation and after some initial cleaning, a
native oxide was observed on the Si surface. This oxide was and still is
difficult to study; it forms relatively instantly, somewhat independent
of ambient conditions and extends to less than 2am in thickness. Ia order
to account for the mysterious initial regime which included the native
oxide, an offset was built into the LP model(l). This entire ofiset
regime extends up to about 30nm in Si0. film thickness, L, and for ease
of discussion ve herein use the label L, for this regime, and similarly
for the SiO, film thickness from Onm to the native oxide thickness of
leas than 2 nm, ve use the symbol L.. The L, regime vas of little
technological cignificance in the 1960’s and early 1570's, but ag device
area vas reduced, in order to increase device density on a chip, the Si0,
thickness vas also decreased. Nov most advanced MOSFET’'s have gate oxides
with L < 30nm, and recently IBM(S) shoved an operating research device
vith L ~ Snm. Thus the L, regime is no longer merely a scientific
curiosity, and it beccmes important to understand the thin film Si0.
formation kinetics and the resultant thin film Si0O, physical properties.
This reviev is aimed at the present understanding of the L, regime.

After the usual cleaning of a Si surface (by a procedure outlined in
ref 6), the 5i vafer undergoes an aqueous HF dip to remove any o»xide that
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is formed during the cleaning process vith concowmitant impurities, and
regsults in a hydrophobic surface(7) upon vhich a native oxide growvs to
about 1-2nm. Typical thermal oxidation experiments commence vith the
native oxide already formed, i.e. at oxidation time, t, and thicknees, L
: t=0 and L=L., and vith oxidation temperatures above 800°C and usually
near 1000*C, and in dry Q. for the highest quality gate oxide or steam to
accelerate oxide grovth for field oxide applications. The rate of growth
is observed to decrease as oxidation proceeds indicating that the growving
oxide is providing a barrier to further oxidation. The Si0, film growvth
from L. to L, is characterized by faster oxidation rates than the LP
regime vhich obtains above L,. Before proceeding with a detailed
discusasion of recent studies on the twvo initial regimes: O to L. and L.
to L., ve briefly formulate the LP model for later use for comparison.
Since this has been done many times previously(1-4,8), only the essential
features are herein repeated. Firstly, ve need consider the twvo essential
procegsses that must occur during the thermal oxidation of Si, One process
is the transport of oxidant across the growing oxide to the $i-Si0,
interface vhere the oxidation reaction has been established to take
place(9). This oxidant flux label-d F, is often approximated by a
diffusive flux vhich at steady state is given by Fick’s first law:

F| = D(Cl‘Cg)/L {11

vhere D is the oxidant diffusivity in Si0,, C; is the oxidant solubility
in Si0., and C, is the oxidant concentration at the Si-Si0, interface. In
gseries with F, is the actual reaction between arriving oxidant and Si
atoms at the Si-Si0, interface. This reaction is represented in its
simplest form by a flux, F., of formation of Si0, as:

Fe = kC, (21}

vhere k is a reaction rate constant and F, is linear in oxidant
concentration. [t is easy to shov that a steady state wvwill obtain for the
geries fluxes F, and F., as these fluxes are self regulating. This steady
state flux situation is represented in Figure 1 (10, 11) in which the
fluxes are plotted ag linear functions of C,. F,(max) is at C = 0, and
Fe(max) is at Co = C,. The intersection of these flux lines yields the
observed oxidation flux, F, which can be converted to an oxidation rate,
dL/dt by:

dlL/dt = F/Q (3]
vhere (I is the conversion factor for the number of O.'s in a mole of 0O,
gas to the number in a mole of solid SiO; wvwhich yields Q = 2.3x10**. The
resulting integrated rate equation has linear-parabeolic form as:

t-t, = (L-Le)/k, + (L*-L,%)/k, {41
vhere t,,L, represent the initial regime offset to the LP model up to L,

of 30nm. The linear and parabolic rate constants k, and k, respectively
are defined by the folloving:

ki = kCi/00 = k’C,[S11/Q; k, = 20C, /9 (51

vhere the linear rate constant is vritten in terms of C, and is explicit
in the Si atom concentration(12).
Using the LP model as the basis for discussion, several points are
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Figure 1. A representation of the diffusive flux, F,, and reaction
flux F, as a function of the concentration at the Si-SiQ,

interface, Ce. F is the steady state point (adapted from ref
1.

made which form the basis for the discussion of the Si oxidation kinetics
in the initial regime of oxidation. First i1t must be recognized that
there is no commonly accepted model for SiO, growth up to L,. Secondly,
the growth regime belov L, is comprised of tvwo regimes: O + L, and L, ~
L.. Thirdly, for thin Si0. films it is likely that the transport of
oxidant is less important than the interface reaction. From Figure 1 vith
F, >> F., the steady state point will lie on the F, line at a much lower
value than F, (max). Since the observed rate can never exceed the smaller
flux, which is thought to be F, for the initial regime, F. is said to be
rate limiting. Therefore, experimental studies are aimed at parameters
that affect F,. From this, one may be tempted to argue that the
dependence of the observed oxidation rate on D is nil for the initial
regime, vhere the interface reaction is the slov step. Hovever, Figure 1
teaches that there is a coupling betveen the series fluxes F, and F, as
given by:

F=F =F, (6]

/"\
. o |
from vhich the observed rate F depends on both fluxes even if the .

variation of one of the fluxes is dominant. Notice from Figure 1 that a For

change in either F, or F, will ghift the position of F irrespective of &l E?
vhich flux is larger. With F, rate limiting as determined abcve, ve nov 0
focus on specific studies of the parameters vhich affect F,, but without .3 O
forgetting entirely about transport. ton—

THE VERY INITIAL REGIME: O TO L. ton/

Since moet Si oxidation experiments commence with the native oxide tity Codes |
already present as a result of the cleaning process, and since oxidation ‘1l and/or
proceeds at the Si-Si0, interface, thus the native oxide ie replaced on aecial
the Si surface vith the first formation of grovn oxide, the grown oxide
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is much more technologically relevant than the native oxide. Hovever, the
formation of the first oxide on the Si surface represents a regime rich
‘in information about the mechanism of oxidation.

Several UHV studies(13-1S) using optical techniques, AES and EELS
have determined that the surface electronic states on the Si surface
greatly decrease in number as a result of exposure to O.. The first step
at lov temperatures and exposure is the adsorption of 0, wvhich then
converts to atomic species vwith increased temperature and exposure. These
studies utilize Si surfaces vith the oxide removed by vacuum annealing.
Actual oxidation processes utilize a Si surface that hag been cleaned
using various but quite similar aqueous cleaning procedures(&) involving
a sequence of acidic and basic H,0, exposures folloved by an HF exposure
to remove any contaminated native oxide. It has been confirmed that these
cleaning stepa have a measurable effect on the oxidation kinetics(16-19}).
Figure 2 showvs some oxidation data(18) that demonstrates that the
greatest difference in oxidation rates is seen between the HF treated
samples vhich shov the largest oxidation rate and NH.OH treated samples
vhich shov the smallest rate. Recent studies(20,21) utilized the
techniques of contact angle measurement and ellipsometry, both employed
in-situ in the cleaning solution media, in order to directly monitor the
changes that take place during vet chemical treatments. It was found that
the contact angle for a Si0, covered Si surface in aqueous HF changed
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Figure 2. Comparison of S5i oxidation data for various wvet chemical
cleaning procedures (data from ref 18)
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from being hydrophilic vith Si0O, exposed to the solution, to strongly
hydrophobic near the Si surface. This behavior, viz. the production of a
strongly hydrophobic Si surface, has been reported(7) and is concordant
vith the common experience of anyone vho has treated a Si surface vith
HF. Hovever, based on simple thermodynamics this kind of behavior cannot
be due to the bare Si surface as it has been commonly portrayed. In fact
both Si0., and Si have high surface energies greater than 1000 dynes-
cm(22), and therefore both should be strongly hydrophilic vhen in contact
wvith a lov energy liquid such as aqueous media vith surface energies
about 30 dynes-cm. The usual cobservation that the Si surface is
hydrophobic in aqueous solutions after HF exposure is clear evidence that
the HF is profoundly altering the surface of the Si. In order to
investigate this alteration, the limiting contact angle technique
pioneered by Zisman(23) wvas employed. This technique uses a homologous
gseries of solutionsg with differing surface tension, and the contact angle
is measured wvwith the surface under study. The resulting data is usually
found to be linear, and is extrapolated to a contact angle value of zero,
which is indicative of complete wetting. The surface tension
corresponding to this contact angle is called the critical surface
tension and has been found to be representative of the surface structure
of the solid. For HF treated Si a critical contact angle indicative of
either a fluorocarbon or hydrocarbon covered Si surface was found(20).
There is analytical evidence for C, H, and F on the Si surface(24-26),
but at the present time we cannot unambiguously determine the chemical
nature of the surface "layer.

PSI vs. DELTA FOR HF ETCH EXPERIMENTS
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Figure 3. In-situ ellipsometric analysis of the Si-Si0, system exposed
to a) HF-H,0 and b) NH,0H-H:0 solutions.

In order to further elucidate the HF interaction with Si, in-situ
ellipsometry vas performed in HF-H,0 media on Si0, on Si and vith some of
the results shovwn in Fig. 3a(20). The initial Si0, thicknegs of 85nm 1s
etched by the HF-H.0, and the thinning is easily followed by in-situ
ellipsometry wvith the data falling nearly identically on the theoretical
4, ¢ curve calculated for SiO. on Si. Hovever, rather than the SiO, being
etched to the bare Si surface, a minimum of about 2 nm is attained
vhereupon evidence is seen for layer growth, viz. A decreases and w
increases (slightly). Presumably the HF removes the Si0O.,, but it is
replaced vith a nev film vhich renders the Si surface strongly
hydrophobic. This result is contrasted with the effects of NH,OH-H,O on
Si0e on Si as shown in Fig. 3b(21). In this case, the Si0, etching, much
slover than in HF-H.0, results in an apparently bare Si substrate vith no
film formation. It is believed that the scatter in the A,y data about the
bare Si surface point is due to the observed roughening of the Si surface
vhen exposed to NH,OH. It then appears that the hydrophobic Si surface,
for reasons not yet established, enhances the Si oxidation rate over the
bare surface.

The very initial oxidation regime is fast, i.e., the native oxide
forms virtually instantly at room temperature and to a thickness of about
i nm. After this formation, further grovth to 2 nm is relatively slov.
It appears that the native oxide film formation may be due to surface
electronic effects and related to the charge available in surface
electronic states, but a discussion of this is delayed until electronic
effects are discussed in the next section. Recently, a number of
studies(16-21) have revived earlier work(27-29) that:shoved that
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impurities have a profound effect on the initial oxidation kinetics.
Indeed most impurities increase the propengity and speed of oxidation.

4. The older vork shoved that Na, the ubiquitous impurity that plagued the
early development of the technology, increased the oxidation rate. Even
trace amounts by chemical analysis standards had measurable effects. No
real mechanism vas deduced but effects on the interface reaction and the
diffusion of oxidant vere deemed likely from the analysis of the
oxidation data in terms of the LP model. Systematic studies vith H,0
additions to an O, oxidation ambient(30) have demonstrated that trace
amount effects on the oxidation rate vere proportionately larger than for
substantial H,0 additions to 0,, and that both the interface reaction and
the transport of oxidant through the film vere enhanced by the present of
H: 0 as obtained from applications of the LP model. More recent UHV
studies with sub monolayers of Ag and Au on Si(31) report that the
electronic nature of the impurity and surface interaction is important.
In particular both Ag and Au vere found to be deposited on (111) Si in a
disordered state, and appeared to form a metal like surface on Si, as
evidenced by a high density of electron states at the Fermi level. This
kind of surface vas found to oxidize readily vhen exposed to O,. On the
other hand, when heated, these metal-like digsordered surfaces became
ordered and semiconductor-like vith a lov density of states at the Fermi
level, and under these conditions hardly oxidized at all. Similar
oxidation enhancement effects were found for Cs and Na(32) and wvere
attributed to metallization of the surface and a tendency towvards
producing atomic oxygen., Other wvork with K(33) alsoc shows an oxidation
enhancement, but the effect vas thought to be due to an efficient
transfer of O atoms to the Si surface, since the formation of K oxides
vas found and the Si0, formation vas found to occur below the K layer. Si
oxidation enhancement effects were also recently reported for Cu(34),
Pd(33), Cr(36) and Cs(37), and other older reports are in the literature.
W2 return to these ideas later after other enhancement effects are
introduced.

THE INITIAL REGIME: L. TO L.

This regime extends to about 30 nm in 5i0. film thickness, and due
to device scaling considerations has recently become the focus of
technological importance for gate oxide applications in MOS technology
(38). Also, this regime is characterized by fast oxidation rates,
relative to the L-P regime vhich follows, but not 2o fast as to be
difficult to measure, as is the case for the very initial regime, 0 > L..
Hence, there exists a goodly number of careful oxidation kinetics
investigations yielding copious film growth data for study(8,39-42).

From the data, it is clear that this regime, wvhich is sometimes
referred to as the "linear” regime never displays purely linear film
grovth kinetics. The oxidation rate decreases in time similar to the L-P
regime, but more slovwly. There have been numerous attempts to fit the
data to one kind of oxidation model or another. Rather than reviev these
attempts vhich are technologically important for process models, but
vhich are not usually scientifically rewvarding, some of the important
physical processes are identified through the use of a variety of
experimental techniques.

Figure 4a shovs oxidation data for the three low index Si
orieantations and for the entire L. regime. The non linearity is clear as
is a pronounced orientation dependence(12,40-42) over the temperature
range studied of 600 to 1100°C. From a comparison of Figs. 4a and 4b
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vhich in the same data but vith only the first 10 am platted in 4b, we
observe the folloving orientation behavior for the oxidation rates, R:

0 to 1S5S nm: R(110) > R(111) > R(100)
S nm upvards: R(111) > R(110) > R(100)

From this data, two questions arise: why the initial order and vhy the
crossover between the (111) and (110) orientations as the oxide grovs?
The first question is ansvered by reference to equation (5) for k,, vhich
is a function of the Si surface concentration. It has been
established(41-43) that the order for the Si atom areal density is as
follovs:

(110) > (111) > (100}

Thus the initial rates scale at least qualitatively according to egn. (5]
vith [Si). More complete recent work(41,42) on the Si orientation effect
vhich included the (311) and (511) as wvell as the three major
orientations also shov that the initial oxidation rates up to at least
10nm scale with the Si surface atom density, (Sil]. The second question is
ansvered vith less confidence. If it is considered that there is a
compressive stress in the Si0O, wvhich can reduce D, then the orientation
vhich 2xhibits the lovest Si0, compressive stress might be expected to
exhibit the largest oxidation rate vhen the Si0. is sufficiently thick
for the stress to be efficacious(42).

Figure 5 shovs the Si0, intrinsic film stress as a function of
oxidation temperature and for four orientations(44). Germane to the
orientation dependence of the oxidation rate discussed above, it is seen
that the (111) Si exhibits the lovest stress at all oxidation
temperatures and should be expected to yield the largest oxidation rate,
as is osbserved. However, while this interesting correlation provides a
starting hypothesis, it remains to be conclusively established whether
intrinsic stress really effects oxidation. One recent study suggests such
a relation{43) by comparing the oxidation rate for 100Onm Si0, covered
sampl=3, half of which have an intrinsic and half have had the stress
relievad, vith the finding of a higher rate for the stress relieved

samples.
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Figure 5. Measured intrinsic Si0, film stress as a function of
oxidation temperature for four Si orientations (from ref 44
and vith permisgsgion of the Am. Inst. Physics).
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Two additional factors relative to stress effects on oxidation are
vorthy of further attention. One is the temperature dependence of the
gtress as is seen in Figure S, and the other is the possible effect an
the interface reaction. The considerable increase in intrinsic stress
for lover oxidation temperatures suggests that the oxide viscosity vhich
algso increases sharply vith decreasing temperature may be implicated. A
vigcous flow model for oxidation was proposed(46) based on earlier
similar research(47). Figure 6 shovs that according to the viscous {low
model the Si0, formed flows normal to the Si surface in response to the
lateral compression vith a rate of flov proportional to the ratio of
stress to viscosity. This relationship arises from considering the Si0.
to be a Maxwell solid. Also, an oxidation model was proposed(l2, 48) for
the initial regime vhere the rate of oxidation may scale with the rate at
which the $i0, can relax. Very recent stress measurements(49) vhich
compared as-grown Si0, film from 10 to 100 nm with similar thickness2s of
Si0, but etched back from a starting 100 nm Si0, film revealed the same
stress distribution, stress levels, and the same limiting value for
stress at zero oxide thickness. The stress distribution showvs a modast
increase of less than a factor of two in intrinsic stress near the $:0; -
Si interface. The fact that the same values for the intrinsic stress are
obtained from the tvo experiments means that once the oxide is formed,
there is only very slow S5i0, relaxation even with the vastly different
oxidation rates for the formation af the thin Si0, films in the two
experiments. The limiting stress value of between 4-5 X 10' dynes/cm?® is
more than an order of magnitude less than the maximum stress(46), and
strongly suggests that there exists a lov viscosity for the initially
grovn Si0,, but this lowv value relaxes to a much higher viscosity value
vhen the Si0, netwvork is wvell formed. In this way a rapid initial
relaxation lowvers the stress, but then is folloved by a slower relaxation
rate in conformity with the equilibrium 5i0, viscosity.

The possible effect of this stress an the interface reaction has
been modeled(12, 46, 48) under the assumption that Si0, is a Maxwell sc!
The essential idea is that the large molar volume change which attencs
the conversion of Si to Si0,, and is responsible for the intrinsic
stress, also couples into the interface reaction rate constan:t. To
accompligh this, equaticon (5] is rewritten as follows:

id.

ke = K'C,(Si11/0 = k*C, [3i*1/Q {61

vhere (Si*] is the effective Si concentration and given by (Si), the
areal densgity of Si atoms reduced by multiplying by the rate at which the
Si0, flovs away from the Si surface during oxidation. For a Maxwell salid
this fraction is the strain rate, E, vhich is given as:

[
€ = ao/n (71

vhere o is the intrinsic stress as usual, and n is the oxide viscosity.
Then k, becomes:

ki = k'C,{Sila/n (81l

and the initial regime dominant rate process is a function of the rate of
relaxation of the as-iorming SiC,.

There appears to be a groving body cf experimental evidence that
indicates that the electronic nature of the Si surface determines the
initial Si oxidation rates. The evidence to be discussed herein is based
on photonic effects, metallic Si surfaces and impurities.
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Figure 6. Viscous flow model for 3i oxidation (from ref 46 and vith
permission of the Electrochemical Soc. Inc.

A number of studies(S50-55) attest to the Si oxidation enhancement
effects of intense liight, usually laser light, on the oxidation of Si.
Very recent results(53) estimate a 20-25% enhancement of the oxidation
rate for 800°C oxidation using the 514.5 and 488 nm lines from an Ar ion
lager. A number of models have been proposed, in order to explain the
results. In one model the flux of excited electrons in Si over the Si-
Si0. barrier is compared with the enhanced oxidation rate(54) and
reasonable agreement is found. The photonically excited electrons are
thought to assist in the decomposition of molecular oxygen and thereby
accelerate the reaction. A similar mechanism but without photon
enhancement of electrons was considered as a possibility to occur for the
thermal oxidation of Si(56). In order to carefully test this model for
thermal oxidation, oxidation data in the very initial oxidation regime of
up to 5 nm was obtained and compared with the calculated thermionic flux
of electrons(56). The agreement was found to be quite good for oxide
grovwth less than S nm and for ozidation temperaturss from 600 to 1000°C.
Essentially, the thermionic oxidation model for the very initial thermal
oxidation regime is as follovs:

1. In the Si conduction band: Si + Si* =« e

2. At the Si-Si0, barrier: e  (Si C.B.) =+ e-(Si0, C.B.)
3. In Si0,: 0O:(at the 5i-Si0, interface) + e~ =+ 0 +« 0
4. The Interfacial Reaction: Si* « 0- +« 0 = S10,

with step 2. being rate limiting. We will return to this model to attempt
correlation vith the other oxidation effects wvhich seem to effect the
barrier, and thus affect the oxidation rate. For thicker films the
transport of oxidant and other parameters discussed above cannot be
ignored, as vas discussed above. Also in this study(56) the role of
electrons in intrinsic Si surface electronic states wvas found to be about
the correct number to explain the initial very rapid formation of lnm of
native Si0, on Si, the L. layer vith the assumption that one electron in
a surface state could be available for the oxidation reaction without the
need for thermionic emission over the Si-Si0, barrier. Other models have
used the idea of surfaces states or dangling bonds but these models have
usually been used to explain the formation of oxide thicker than

L. (55, 57).
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The previously mentioned reports(31-37) shov that metallic
impurities of less than a monclayer accelerate the Si oxidation rate,
strongly support the notion that the metallicity of the Si surface is ot
crucial for the observed oxidation enhancements. In further support of
this idea are recent reports(58,59) that a vide variety of metal
gilicides exhibit decidedly different oxidation behavior according to the
electronic nature of the silicide surface. The oxidation of the variety
of metal silicides vas performed such that there vas an ample supply of
Si from the Si substrate underneath the silicide, and under oxidaticns
conditions that yielded only Si0, on the silicide surface and the
thickness of the silicide wvas preserved. In effect it 18 Si oxidation but
on a silicide nurface. Figure 7 summarizes these experimental results in
vhich three bands of oxidation behavior is identified vhich correlate
vith the optical absorbtion of the silicide surfaces. The fastest
oxidizing silicides exhibit the largest optical absorbtion as measured by
ellipsometry, and the slovest oxidizing silicides oxidize at about the
same rate as Si and these silicides are thought to be semiconducting
silicides(58). The optical absorbtion in the visible is another measure
of the gurface metallicity vith the greatest absorbtion attributed to a
greater free electron concentration. These silicide oxidation experiments
enable the oxidation of Si to occur on surfaces vwith decidedly different
electronic properties.

Impurities on the Si surface usually increase the initial Si
oxidation rate. Without impurities the initial rate is accounted for by
the thermionic emigssion of electrons over the Si-S5i0, interface. For
consistency vith this model, it is argued that the impurities alter the
barrier, usually resulting in a lowver barr:i:er as would be expected for
impurities on any surface and some precedent for this exists(60).

1000°f
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Figure 7. Oxidation behavior of a variety of metal silicides on Si
oxidized at 750°C in dry 0, and compared vith pure Si (data

from ref S59). .
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CONCLUSIONS

The initial Si oxidation regime remains vithout an accepted physical
model. Nev experimental studies implicate impurities, cleaning
procedures, the electronic nature of the Si surface, the crystallography
of the surface, and mechanical stress as possible phenomena bearing on
the physical processes that take place for the initial thin Si0,
oxidation regime. Both the number and barrier for surface electrons
appear to be important. These recent studies provide nev paths for future
Si oxidation research.
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