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Room temperature oxidation kinetics of Si nanoparticles in air, determined
by x-ray photoelectron spectroscopy

D.-Q. Yang, Jean-Numa Gillet, M. Meunier, and E. Sacher®
Regroupement Quebeécois des Matériaux de Pointe and Déepartement de Génie Physique,
Ecole Polytechnique Case Postale 6079, succursale Centre-Ville, Montréal, Québec H3C 3A7, Canada

(Received 28 June 2004; accepted 26 October 2004; published online 23 December 2004

The air oxidation kinetics of low coverages b nm Si nanoparticles, deposited by pulsed excimer
laser ablationtKrF, 248 nm) in He, have been characterized by x-ray photoelectron spectroscopy. A
simple model, based on the evolution of the ispectral components during oxidation, has been
developed to determine the nanoparticle oxide thickness. It is found that the short-term oxide
thickness is greater, and the long-term room-temperature air oxidization rate of these nanoparticles
is less, than those reported for budkSi andc-Si. The results are also consistent with an earlier
transmission electron microscope observation of the oxidation of larger Si particles at higher
temperatures. The greater short-term oxide thickness may be attributed to surface defects on the
prepared Si nanoparticles, and lower long-term oxidation rate is due to the nonlinear decrease of
oxygen diffusion in spherical systems. ZD05 American Institute of Physics
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INTRODUCTION ~5 nm®°158 The time-dependent behavior of the PL in-
. . : duced by the air oxidation of Si nanostructures has prompted
Nanostructured Si layers, including porous and nano-

structured Si thin films, have been intensely studied over th%s to explore the oxidization behavior of the Si particles

last decade because of their potential applications in Si-basetHecause such a study will be useful in better understanding

. ) T : eir oxidation-related PL properties, as well as in estimating
devices for optical communications and biosensdéiene of . . S L .
the dimensions of any remaining Si in the nanoparticle core.

their interesting properties is the intense red photolumines- We previously used x-ray photoelectron spectroscopy

cen_ce(PL) of the nanostructured Si Iaygr, which has been(XPS) to study the oxidation of planar samples of balSi
attributed to size-related quantum confinement effeots : - T
and c-Si under similar conditiont’ Here, we use XPS to

oxidized defects related to the formation of the J& o ) . .
interface*® These effects have also explained the strong de(_explore Fhe OX|dat|o.n pgrameters of nanopart|cles, mcludlng
pendencé of the PL on aging time in air. The instability OfOX|de thickness, oxidation states, reaction rate because dif-

. T . . . ferent oxidation states, from both Si nanopatrticle shell and
this PL in air is one of the most important factors hmde”ngcore can easily be distinguished from the Bispectrum; as
- a'll?ﬁgfeatiftx erimental evidence that the PL behavior iwell, the XPS information depth, three times the i &-
both wet and df oxyge(in ain,® is related to the size 011 Yenuation length, is larger than dimensions of the Si nanopar-
. é@ Y9 L in film&® ticles considered here. We intentionally choose to study low
;hsar;j:%?i[]tgjgi (’Qtlgeepr%osgéesitgftthrzg tmg fc')l:ln i’nac:‘dPtlr_]?s coverages of Si nanoparticles on highly oriented pyrolytic
still under debate yer. P ' 9 graphite(HOPG), a relatively nonreactive surface, so as to
: provide the greatest free surface exposure to air, without

While the oxidation kinetics of Si have been followed in . . S
. -~ ._screening effects, such as those found in the oxidation of
pure oxygen, it has been more common to follow the kinetics

20 - . .
in air, since that is what the Si is normally exposed to, and idorous Si” without fear of substrate interaction.
of more interest to the PL applications community. Oxida-

tion, in both media, follows the same log oxidation-log time EXPERIMENT
11,12

plots,“although the rates are slightly greater in air and wet  gj particles were deposited in a high vacuum laser abla-
oxygen than in dry oxygen. tion deposition system. The particles were produced by the
The deposition of nanostructured Si thin films, by laserkg |aser ablatior(GSI Lumonics, Inc., PulseMaster™ PM-
ablation in rare gas ambients, has been accepted as one g ) =248 nm of a Si target in high purity He. The laser
most attractive methods of nanostructured thin filmSoperated at a repetition rate of 20 Hz, with a 20 ns full width
preparatiofi”*° because it produces high purity Si nanopar-at half maximum(FWHM). The laser radiation fluence at the
ticles. Such particles are ideal for studying surface oxidatiorg; target surface was 2 J/cn?, and the target was rotated at
and other gas phase reactions. The average particle dimejiyee revolutions per second. The base pressure in the prepa-
sions, dependent on preparation parameters such as gas prggion chamber was below>s10°7 Torr and the He pressure
sure, laser fluence, the distance between target and substrafgys maintained at 2 Torr during Si nanopatrticle deposition.
etc., can be controlled to give a typical diameter ofrpe gistance between target and substrate was 6 cm.
ZYA grade HOPG, 10 mnx 10 mm, 1 mm thick, was
¥Electronic mail: edward.sacher@polymtl.ca obtained from Advanced Ceramics and used as the deposi-

0021-8979/2005/97(2)/024303/6/$22.50 97, 024303-1 © 2005 American Institute of Physics

Downloaded 28 Dec 2004 to 132.207.44.32. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.1835566
http://dx.doi.org/10.1063/1.1835566

024303-2 Yang et al. J. Appl. Phys. 97, 024303 (2005)

1 L 1 n 1 N { L 1 N T T T T T T T v T

Si2p

3
&
2
[7:]
o
2
[=4
/T —_—
S
©
N
=
(2]
c
[
z T T T T T T T d T g
= 108 106 104 102 100 98
Binding energy (eV)

FIG. 2. Si 2 peak deconvolution for Si nanoparticles after 24 h exposure to
air at room temperature.

as-deposited

reaction between the HOPG surface and the Si nanoparticles;
1Mo 108 106 104 102 100 98 further, the oxidation of Si nanoparticles does not affect the
HOPG surface, despite the fact that the defect-relatec C 1
peaks in HOPG285.6 and 286.5 elare quite sensitive to
FIG. 1. XPS high resolution spectra of $ for Si nanoparticles on HOPG, reactionz” We attribute the asymmetrical broadening and
on exposure to air at room temperature. peak changes of the SipZspectrum in Fig. 1 to the com-
monly accepted superposition of five peaks, corresponding to
tion substrate; its surface was parallel to the target surface. i€ Si P core levels of Si 3”93_§$‘Ch of the Si-Pbasic
was cleaved with adhesive tape just prior to each experimeftonding units in the-SiO, layer™ " Based on our previous
and immediately inserted into the preparation chamber. ~ Measurements on Si wafers on Ar sputtering and thermal
Ex situXPS analysis was carried out in a VG ESCALAB Oxidation, and in agreement Wlth4 previous treatments of Si
3 Mark 11, using nonmonochromated Mg, x rays(1253.6 2P spectral deconvolutions of Si0™“"we have used afixgd
eV). The base pressure in the analysis chamber was less thRfak FWHM value for all the component peaks. The i 2
10720 Torr. High-resolution spectra were obtained at a per-SPectrum was thus separated into its component peaks, as
pendicular take-off angle, using a pass energy of 20 and 0.0810wn in Fig. 2. The superscripts in the figure indicate the
eV steps. The instrument resolution wasd.7 eV. After ~Number of Si-O, as opposed to Si-Si, bonds, froft&Br";
Shirley background removal, the component peaks werdus, S, with Si bonded to four other Si, indicates bulk Si,
separated by the VG Avantage program: symmetricaW_h"e S|4 with Si bonded to four O, indicates totallly.oxr
Gaussian/Lorentzian peak shapes, and widths previousized Si(i-e., SiGy). All the component peaks are similarly
found by us for Si particles, were used. Air aging was carriechifted to slightly higher binding energies; the” $ieak is
out at 22+2 °C and 35% relative humidity. The peaks werdound at 100.5 eV, which is-1.0 eV higher than that previ-
calibrated to the HOPG Cslpeak at 284.6 eV. ously reported for bulk and thin film $~99.5 eV "~ and
for other Si nanoparticle studiés?2although it is essentially

identical to the 100.3 eV recently reported for Si nanopar-
ticles on silver surfacés and to our ownin situ results on
The average coverage was estimated at 82%, using oltHV-deposited, unoxidized Si nanoparticf€she higher Si
previously described methddwith spherical nanoparticles, 2p binding energies in these cases may be attributed to
5 nm in diametef:>!®'® XPS survey spectra of both as- initial- and final-state effect®*! or related to an increase of
deposited and long-term air oxidized Si nanoparticles filmsthe band gap in the Si nanoparticles due to quantum size
with no HOPG preseninot shown, indicate the presence of effects. The binding energies of the!Sind S? chemical
Si, O and, even after six months, less than 3 at. % contamieomponents, during air oxidation, are shown in Fig. 3. Be-
nant C from the atmosphere. Thus, extensive C contaminaause the energy separation of the various chemical compo-
tion does not occur in the present case. nents is constant, the %iS¥, and St components, which
Figure 1 shows the evolution of the Sp 3pectrum on show similar trends, are omitted. The binding energies in-
oxidation. The envelope maximum shifts from101.3 eV crease rapidly over the first 8 days of air oxidation, followed
for the as-deposited materiébllowing ~30 min exposure by stabilization and a slight decrease on further oxidation.
during sample transfgto ~105 eV after 42 days. The evolution of the Si components, on oxidation in air,
The chemical state of these Si nanoparticles changes seen in Fig. 4. With oxidation time, Sand St are found
with exposure to air, while the Cslpeak(not shown shows to decrease rapidly, Siand Sf to increase, and 5ito in-
no change during this period. This indicates that there is narease slightly. Both the Si oxidation produ¢tee sum of

Binding Energy (eV)

RESULTS
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FIG. 3. St and S? binding energies as a function of air oxidation time, Time (s)

obtained by Si p peak deconvolution.
FIG. 5. Oxidation reaction kinetics of Si nanoparticles in air at room

Sit, S?, SP, and St ) and the oxygen concentratiodeduced P

from the O &: Si 2p peak intensity ratipare plotted in Fig.
5, as a function of oxidation time. They are seen to vary in _ Bip?+ Bop+ 1
the same fashion but at different rates.

, ere , o P+ Bap+ 1
The magnitude of the %iSt* separation varies with ex- ~ - ~
tent of oxidation, as found in Fig. 6. Its meaning will be With p=r/X\, and the fitting constanis,=0.00289, B,
discussed in the following section. =0.051 35, ang3;=0.459 82. For a partially oxidized spheri-

cal particle,r, in Eq. (1), denotes the unoxidized core radius
DISCUSSION andd, the oxidized shell thickness. Furtharijs the effective
o ) ) ] . attenuation length in the core-shell nanoparticle, which de-

The oxidized Si p spectrum is composed of five chemi- pends on the photoelectron kinetic energy and-&5 nm
cal states, whose relative concentrations change with the o) for SiO, and ~3.0 nm (Ag) for gj 19 Although the
tent of oxidation. In order to compare our results with thosecorhplete mathematical demonsltration of Et). is beyond
previously reported on bulk samples, we develop a simplegy,o scope of this paper and will be given elsewlérae
model to describe the dependence of the relative concentrie that whend is set to 0 in Eq(1), the equation used by

«(p) (2)

tion, as measured by XPS, on the oxide thickness. Wertheim and DiCenzo, for unoxidized spherical particfes,
Consider a nanoparticle made up of a spherical core and ooptained.
a uniform shell. The photoelectron signal intenditpf the The relative SiQ concentration from the oxidized shell

core, with a radius, surrounded by a shell with a thickness .o then be computed as
d can be expressed by the general fornfula

I shel
wk(ri)d+N Cso=7"7" —, ()
0ndn) = = ——e P m{(r/n)? = Ishert #lcore
where lege=l(Ag;,d,r) and lghe=l(Agio,d=0,r+d)
2N _ Core Si Shell Sio
+[(2r/h+1De 11/23, @) —-1(\gio,d,r) are the respective core and shell intensities,
where computed from Eq(l); ©=2.185 is the ratio of the densities
54 — T T T T T T
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FIG. 4. Si peak components as a function of oxidation time in air at roomFIG. 6. The chemical shift between®Sand St states as a function of
temperature. oxidation time.
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of Si (4.96x 1072 cm™®) and SiQ (2.27X 10?2 cm™3), which
takes into account the density change froi8i to ¢c-SiO,. It
is not at all certain that the densities of the crystalline mateand c-Si.'°. The oxide thickness variation with time clearly
rials may be used here, so thag,; may, in fact, be slightly

larger.

FIG. 7. Oxidation(thicknessd) kinetics of Si nanopar-
ticles in air at room temperature. Data on bulk material
have been obtained frog;=1,e ¥ sio,

the oxidation timet, as shown in Fig. 7. For comparison, we
also plot our previous oxide thickness data for bati:H

follows a log-log dependence, as previously reported for
c-Si anda-Si oxidation in wet or dry @, at both room tem-

Further, from an expression based on the conservation gferature and highéf;*2**~*%his indicates that the oxidation
the number of Si atoms during oxidatidhwe obtain the
following relation between the core radiugnd shell thick-

nessd:

d + 3r,df + 3ridy - w(1-r3) =0, (4)

whered;=d/ry andr,=r/r, are the respectivd andr nor-

malized by the initial core radiusg=2.5 nm. Note that the
maximum value ofd is dya=ut’® ro=3.24 nm because

=0 in Eq. (4) when the nanoparticle is fully oxidized. The surface free radicals that may easily react with theo©H,0
relationshipd=d(r) is then obtained by solving the third- present in air, both leading to the production of Si@i
order polynomial in Eq(4), whenr, varies from 0 to 1,
taking the real root. Based on Eq4)—(4) and the data in
Fig. 4, we plot the oxidized Si thicknesk as a function of

TABLE I. A comparison of oxidation slopes.

of Si nanoparticles follows an equation similar to that of bulk
Si at all temperatures.

One should note that the oxidation rate for baHSi is
dependent on temperature, with higher temperatures giving
higher oxidation rate5:*23*% However, there is an obvi-
ously difference in the case of Si nanoparticles: first, the
initial oxidized thickness of the Si nanoparticles is greater
than that of bulk Si, possibly due to a higher concentration Si

+0,— SiO, or Si+2H,0— SiO,+2H,. These reaction sites
in the Si nanoparticles surface present no barrier to react with
oxygen‘?‘7 Second, the slope of the oxidation thickness with

Larger Si Si
c-Si anda-Si particles nanoparticles Si nanopatrticles
Authors (bulk) (20-500 nm (6-33 nm (~5nm) References
Deal-Grové 0.5 34
Blanc® 0.5-0.7 35
Vidal et al” 0.7-0.9 36
Lu, Sacher, and 0.61° 19
Yelor? 0.7
Okada and Lower raté 38
Lijima®
Hofmeister, Oxidation thickness 39
Huisken, and decrease with
Kohr? particles sizk
This work 0.27

*High temperature, dry oxidation, for thicker oxidation layérs20 nm. The value can be as high as 0.9 for

thin layers.

PRoom temperature, dry oxidation, for thin oxidation layers.

°For a-Si:H, room temperature, wet oxidation, estimated friggr 1 ,e¥*sio, for thin oxidation layers.

9For c-Si, room temperature, wet oxidation, estimated friggr | e 9sio, for thin oxidation layers. The slope is

0.9 for Ar*-bombardment treated-Si surface, as reported in Ref. 19, which may be caused by high density
defects or dangling bonds in the treated Si surface.

®The specific value is not available, the results indicating that the oxidation rate of the particles decreased with

decreasing particle dimensions.

‘Room temperature air oxidation. No specific oxidation rate value is available.
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Further, the data in Fig. 5 and E) permit the calculation

of the radius of the unoxidized Si core of the particle with an
initial diameter of 5 nm, and this is found, as a functiort,of

in Fig. 8. It is seen that the concentration of Sktrapolates

to zero in~10" ~1(® s, or around 4 months. This is sub-
stantially shorter than the time at which our system still
shows photoluminescence, which is usually attributed to
guantum confinement in Si nanocrystals. This question will
be explored in a subsequent article.

The variation of the $iSi* separation, in Fig. 6, is also
found for ultra thin anodic silicon films during higher tem-
perature annealing in oxygéfi** Lau and Wd* have sug-
gested that such changes in the peak separation are due to

0.1 +rrr—— charging of the oxide film under the influence of the ionizing

10° 10° 10° 10° 10° x rays, but Clarket al*® suggest that the shift may result
Time (s) from the occupancy of traps and defect levels by photoge-
FIG. 8. Unoxidized core radiusand oxidized shell thicknes$ as a func- nerat?d holes, giving rise to a stat|c_ charge, Ca.usmg the
tion of oxidation time, as determined using Eq§)4) and data from F€rmi level to move closer to the oxide conduction band
Fig. 5. edge. In this case, nonbridging oxygen, associated with in-
corporated OH and §D, are known to dominate in the de-
fects as hole traps.

d, r (nm)

Shell thickness: d

time, in Fig. 7, is lower for nanopatrticles. Although our re-
Sl_JIts indicate the same QX|d|zat|on reaction kinetics for bOthCONCLUSIONS

Si wafers and nanoparticles, we found that the slaepef

oxidation in Si nanoparticlegsee Fig. 7 is 0.27, which is A simple model has been developed to determine the
smaller than that ot-Si and a-Si oxidations(«=0.4-0.9, oxide thickness and oxidation rate of Si nanoparticles. The
Table )).1*219333%Because the slope is associated with theXPS determination of the oxidation and diffusion kinetics of
reaction rate and the diffusion coefficient of oxygen in Si, thesupported Si nanopatrticles, in air at room temperature, dem-
smaller slope value in Si nanoparticles indicates weaker oxyenstrated that the oxidation and diffusion processes are simi-
gen diffusion and reaction in nanoparticles. This conclusiorar those in bulkc-Si anda-Si for long term. However, the

is also consistent with the reported oxidation of 20-500 nnreaction rate and diffusion are lower than in these bulk ma-
Si particles during high temperature oxidatnhand the terials, which is consistent with previous TEM measurements
room temperature oxidation of 6—33 nm Si nanoparticlespn larger Si particle oxidation at high temperatures.
determined by transmission electron microsca@gM).*
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