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Dimethyl Sulfoxide as a Mild Oxidizing Agent for Porous Silicon and Its Effect on
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Dimethyl sulfoxide acts as a mild room-temperature oxidant of luminescent porous silicon. The oxidation reaction
is accompanied by a loss in photoluminescence intensity from the silicon nanocrystallites, indicating that the
oxide formed under these conditions is electronically defective. The rate of oxidation is reduced if the reaction

is carried out in the presence of the radical traps 2,&dibutyl-4-methylphenol (butylated hydroxytoluene,
BHT) or cumene. In addition, photoluminescence intensity is preserved if the DMSO oxidation reaction is carried
out in the presence of high concentrations of BHT. The BHT is proposed to form a more electronically passive
oxide layer by hydrogenating the surface radicals (dangling bonds) generated during the oxidation reaction.

Introduction oxidations have been shown, in some cases, to provide good
electronic surface passivation, to allow chemical functionaliza-
tion, and to improve the stability against environmental aging,
without burying the sample in a thick oxide lay&¥ In this
paper, we report that dimethyl sulfoxide acts as a mild self-
limiting oxidizing agent for porous Si which generates a stable
by its potential for application in optoelectronics, displays, and oxide layer at room temperature. The oxidation reaction Is
’ ’ proposed to produce radical surface traps (dangling bonds)

che_mlcal or b'0|Og'qu sensofs.The .S.‘tab'“ty.Of tl_1e photo- which reduce the intensity of the steady-state photoluminescence
luminescence properties of porous Si is a serious issue for these

L . Spectrum significantly. We additionally show that these surface
applications. It has been found that very stable material can radicals can be passivated by treatment with butylated hydroxy-
be generated by a rapid thermal oxidation in an oxygen toluene (BHT) IOor cumeney which resumab)I/ deliv)t;rs a)ll
atmosphere at high temperature§, although there is an . ' ' P y
. . . . ) L . hydrogen atom to the Si surface radical. The radical traps serve
increasing desire to find milder oxidation reactions that do not e L
. . - . two functions: they suppress the rate of oxidation, and they
isolate the luminescent chromophore behind an electronically enerate a more electronically passive oxide
insulating thick SiQlayer1® A number of groups have reported 9 yp )
room-temperature chemical oxidation of porous Si with hydro-
gen peroxidél~13 nitric acid!! or halogeng? The chemical

Porous Si is comprised of a high surface area network of Si
nanocrystallited™2 The most commonly used hypothesis to
explain light emission in the visible range from porous Si is
the confinement of charge carriers in quantum-sized nano-
crystallites*® Current interest in porous Si has been stimulated

Experimental Section

Sample Preparation and Treatment. Luminescent porous Si

* To whom correspondence should be addressed. samples were prepared by galvanostatic photoetch of polished crystalline
(1) Bomchil, G.; Halimaoui, A.; Herino, RAppl. Surf. Sci1989 41/42 n-Si (phosphorus doped; 0.58-cm resistivity; (100) orientation)
604-613. supplied by International Wafer Service. The etching solution was

2) Fauchet, P. MJ. Lumin.1996 70, 294—309. ;
E3g SgﬁgreM. J; HeinL:irgrlln J. L.E'i Lauerhaas, J. M. Luminescent Porous prepared by adding an equal volume of pure ethanol (Quantum

Silicon: Synthesis, Chemistry, and Applications. Semiconductor Chemicals) to an aqueous solution of HF (48 wt %; Fisher Scientific).

Nanoclusters: Physical, Chemical, and Catalytic Aspei¢tmat, P. The etching cell was constructed of Teflon and was open to air. Si
V., Meisel, D., Eds.; Elsevier Science B. V.: Amsterdam, 1997; Vol. wafers were cut into squares with a diamond scribe and mounted in
103, pp 209-235. o the bottom of the Teflon cell with a Viton O-ring seal, exposing 1.1
(4) Canham, L. TPhys. Status Solidi B995 190 9—14. cn? of the Si surface. Electrical contact was made to the backside of
®) gﬂgf R.T.; Fauchet, P. M.; Tischler, M. Rhys. Todayl997 50, the Si wafer with a strip of heavy Al foil. A loop of Pt wire was used
(6) Cullis, A. G.; Canham, L. T.; Calcott, P. D. J. Appl. Phys1997, as a counterelectrode. Samples were illuminated during the etch with
82, 909-965. a 300-W tungsten lamp in order to supply a photocurrent for the
(7) Tsybeskov, L.; Vandyshev, J. V.; Fauchet, P.Riys. Re. B 1994 corrosion reaction. Samples were etched at an anodic current density
49, 7821-7824. of 50 mA/cn? for 5 min. After the etching, the samples were rinsed

(8) Li, K.-H.; Tsai, C.; Campbell, J. C.; Hance, B. K.; White, J. Appl. ; 0, ; ;
Phys. Lett1993 62, 35013503, in 95% ethanol or methylene chloride, dried under a stream of dry

(9) Petrova-Koch, V.; Muschik, T.; Kux, A.; Meyer, B. K.; Koch, F.: N2(g), and then dried in vacuo for 30 min prior to use. From this point

Lehmann, V.Appl. Phys. Lett1992 61, 943-945. on, standard inert atmosphere (nitrogen) techniques were used to avoid
(10) Lauerhaas, J. M.; Sailor, M. Sciencel993 261, 15671568. introduction of air or watet®
(11) Nakajima, A.; ltakura, T.; Watanabe, S.; NakayamaAppl. Phys. Anhydrous dimethyl sulfoxide (Aldrich Chemical Co., 99.8%) was

Lett. 1992 61, 46—48.
(12) Rao, B. V. R. M.; Basu, P. K.; Biswas, J. C.; Lahiri, S. K.; Ghosh, S;
Bose, D. N.Solid State Comn1.996 97, 417—418.

freeze-pump-thaw degassed three times and handled under dry N

(13) Morita, M.; Ohmi, T.; Hasegawa, E.; Teramoto,Jn. J. Appl. Phys., (15) Sailor, M. J.; Lee, E. JAdv. Mater. 1997, 9, 783-793.
Part 2199Q 29, L 2392-2394. (16) Shriver, D. F.; Drezdzon, M. AThe Manipulation of Air-Sensite
(14) Lauerhaas, J. M.; Sailor, M. Mater. Res. Soc. Symp. Prat993 Compounds2nd ed.; John Wiley and Sons: New York, 1986; pp
298 259-263. 7—44.
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2,6-Di-tert-butyl-4-methylphenol (BHT, 99%) and cumene (99%) 4
were used as received from Aldrich Chemical Co. Phenot-(@9

was used as received from ACROS Chemicals. BHT was deuterated

at the 1-hydroxy position (D-BHT) by dissolutiori 8 g of BHT in 12

mL of CH;CH,OD (Aldrich Chemical Co., 99 ato % D at thehydroxyl 3.5
position) and evaporation of the ethanol solvent. The extent of
incorporation of D was checked B NMR in de-benzene and was
found to be 95%. All solutions were handled under drfd) in a
glovebox or by using conventional Schlenk and syringe vacuum line 3 \ V(si-D

techniques® The DMSO oxidation reactions were carried out (under F k‘
dry N(g)) in the same spectroelectrochemical cell used for the DMSO/D-BHT
electrochemical etchin§. After the reaction, the dimethyl sulfoxide
solvent was removed from the cell, and the porous Si surface was rinsed 2.5
thoroughly with toluene (Aldrich Chemical Co., 99.8%) or meth-
ylene chloride (Aldrich Chemical Co., 99.6%) before spectroscopic
analysis.
Photoluminescence Measurements.Steady-state photolumines- 24
cence spectra were obtained with an Acton 0.275-m monochromator, DMSO/BHT
a 450-nm cutoff filter, and a UV-enhanced Princeton Instruments liquid
nitrogen-cooled charge coupled device (CCD) detector. The excitation 1.5
source was the 435-nm emission line (filtered through two identical ’
narrow-band-pass interference filters) from an Oriel 250-W Hg arc k
lamp. Incident power at the sample was always below 1.25 m#/cm

and the photoluminescence measurements were performed with the DMSO
samples exposed to air. The excitation source was blocked between

photoluminescence measurements to avoid possible photoinduced
degradation of the porous Si samplés® The reported photolumi-
nescence intensities were corrected for fluctuations in excitation source 0.5

Absorbance

intensity and for variations in optical alignment by comparison with
an external standard Cu:ZnS green phosphor, whose spectrum was run
immediately before collection of the sample spectrum, using the same

collection geometry. The intensity values of each sample spectrum 0

were divided by the value of the integrated intensity of each corre- Fresh

sponding phosphor standard spectrum. T T T T T T
Infrared Spectroscopic Measurements.Fourier transform infrared 28002400200016001200 800

spectra were collected on a Nicolet Magna 550 operating in transmission

mode. Spectral resolution was 4 thhand typically, 128 interfero-

grams were acquired per spectrum. The sample chamber was flushedFigure 1. Transmission FTIR spectra of porous Si samples showing

with dry N,. the important vibrational assignments. As-formed (fresh) porous Si
Gas Chromatographic Measurements. A Hewlett-Packard 5890 displays bands as_soci_ated with surf_ace hydrides_. The spectrum of the

Series Il Plus gas chromatograph with a GasPro GSC column (porousS@mPple treated with dimethyl sulfoxide for 40 min (DMSO) displays

layer open tubular, PLOT) and a flame photometric detector (FPD) ©Xide-related bands in the 2260 and 1100 émegion, indicating a

was used to detect the dimethyl sulfide product of the DMSO reactions. significant amount of oxidation has occurred. The spectrum of the

The head gas from a DMSO/porous Si reaction was transferred from sample exposed to DMSO containing 3.2 M BHT for 75 min (DMSO/
19 P! ; BHT) displays the same oxide-related peaks with comparable intensities,
the reaction vessel to a sampling chamber on a vacuum line, and the

A - 3 . ~ © “indicating that the rate of the oxidation reaction has been reduced by
sample was then introduced directly into the GC inlet through a gastight 1o added BHT. If D-BHT is used in the reaction. deuterium is
valve. Under these conditions, dimethyl sulfide comprised 98.2% of incorporated into the surface as-% (DMSO/D-BHT). %he DMSO/

the collected gas. D-BHT sample was treated with the DMSO/D-BHT solution for 300
min, and the concentration of D-BHT was 2.2 M. The top three spectra
are offset along thg-axis by 1.2, 1.8, and 2.75 au for clarity.

Wavenumber (cm 1)

Results and Discussion

o o . (Figure 1). The photoluminescence from this sample is strong
Oxidation of Porous Si with Dimethyl Sulfoxide. After and centered around 650 nm (Figure 2). Treatment of the
the electrochemical etch, the surface of the resulting porous Sisample in liquid dimethyl sulfoxide for 40 min results in an
layer is H-terminated and is characterized by infrared absorptionsyigized surface which displays bands in the infrared spectrum
assigned to SiH, Sikl and SiH V(SifH)lfggetCh”?g modes at  characteristic of avsi-o) Stretching vibration at 1100 crh
2085, 2110, and 2140 crh respectively; 2*an Si-Hz SCissOr  (Figure 1). In addition to the SiO stretching band, new bands
mode at 915 cmt, and no detectable surface oxide absorptions assigned to/osi-n, are observed around 2260 ch These

higher energy StHy vibrations are characteristic of -SH

(17) Harper, J.; Sailor, M. Langmuir1997, 13, 4652-4658. ; i ;

(18) Collins, R. T.; Tischler, M. A.; Stathis, J. bppl. Phys. Lett1992 species that have oxygen atoms bound to the Si &tofigure
61, 1649-1651. 1 also shows that the loss in intensity of thg-+, band is

(19) Mauckner, G.; Thonke, K.; Sauer, R.Phys.: Condens. Mattéi993 offset by increased intensity in thgosi-+, band. A plot of
5 L9-L14 the areas of thesi—n,), v(osi-Hy, andy(si-oy bands as a function

(20) glseeé't'rgh; k/llétﬁ'r_Té;ggaanpgse&gélc'; Hance, B. K.; White, J. 8. of DMSO reaction time is presented in Figure 3A. The plot

(21) Dillon, A. C.; Gupta, P.; Robinson, M. B.; Bracker, A. S.; George, S. Shows that the area of thgsi-p, peak decreases, while the

M. J. Electron Spectrosc. Relat. Phenat®9Q 54/55 1085-1095. areas of the'osi-n, andvsi-oy bands increase during the course
(22) Dilon, A C- SE&%BZ"{%QM{%;?:JS”’ M. Y. George, S. M. of reaction, but that the combined area of thesi-n, and
(23) Gupta, P.; Dillon, A. C.; Bracker, A. S.; George, S.$dirf. Sci1991, V(si-ny bands stays roughly constant. Thus, although the amount

245, 360-372. of oxide grows, the total concentration of H species on the
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Figure 2. Photoluminescence (PL) spectra (435-nm excitation) from
a porous Si sample after soaking in DMSO for the indicated times.
The PL spectra were obtained after removing the samples from DMSO,
rinsing them thoroughly with CkCl,, and drying them under a stream
of dry nitrogen. Intensities are all normalized to an external standard
phosphor spectrum as described in the Experimental Section.
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Figure 3. Evolution of the areas of the infrared absorption peaks
associated with the stretching vibrations of-8l (open circles), OSiH
(squares), StH + OSi—H (diamonds), and SiH (solid circles) species
during the course of a DMSO reaction (A) or a DMSO/3.2 M BHT
reaction (B). The areas were measured by integration; th©iand
was integrated between 990 and 1236 &nthe Si-H band was
integrated between 2048 and 2160 émthe OSi-H band was
integrated between 2309 and 2160¢pand the Si-H + OSi—H band
was integrated between 2048 and 2309 trithe O-Si areas (open
circles) were divided by 4 in A and B for clarity of presentation. At
each time interval, the sample was removed from the DMSO solution,
rinsed with methylene chloride (sample A) or toluene followed by
methylene chloride (sample B), and blow-dried in a stream of dry N
before measurement of the spectrum.
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Figure 4. First-order rate law plots of the loss of intensity of thg-n,

band in the infrared spectrum, showing the rate of porous Si oxidation
by DMSO (squares). The rate of oxidation is suppressed if the porous
silicon sample has been pretreated with a 0.82 M solution of the radical
trap BHT in toluene (triangles). The rate of oxidation is even further
suppressed if 3.2 M BHT is included in the DMSO solution during the
oxidation reaction (circles). Data are presented assing/l(si-wj,) VS
time, wherel s is the integrated intensity of the band assigned to
V(si-ny in the infrared spectrum (between 2048 and 2160%¢nand
I(si-H), IS the value ofl s at timet = 0 min.

Si—Si (53 kcal/mol); surface SiSi bonds are expected to be
weaker than surface SH bonds?*

o 9 Noon
llllii*S{I" * /S\ klii/O\Si"' - Hic/S\CH3

H,C~ CH, " '

Porous Si Porous Si

(1)

The oxidation process significantly degrades the photolumi-
nescence of porous Si. The intensity of the steady-state
photoluminescence spectrum of DMSO-oxidized porous Si is
reduced to around-12% of the original (freshly etched) porous
Si after 30 min of exposure to DMSO (Figure 2). The data
indicate that DMSO oxidation introduces interfacial defects
which act as nonradiative traps. This result is somewhat
surprising, considering that thermally grown Si@ually is an
excellent electronically passive layer in Si microelectronic
circuits and thermal or chemical oxidation reactions have been
employed to stabilize photoluminescence of porousSi.
However, there are also examples of chemically or photochemi-
cally grown oxides that degrade photoluminescence from porous

porous Si surface remains almost constant during the reaction,Si117:1920.2527 As in the present work, the degradation is most
suggesting that H atoms are not removed from the surface duringoften attributed to the introduction of nonradiative surface states.

the oxidation process. The rate of disappearance of thélSi
vibrational bands between 2048 and 2160 ¢follows a first-

Although the thickness of the oxide layer produced by DMSO
oxidation could not be quantitatively determined, a relative

order rate law dependence at reaction times greater than 5 minmeasure of oxide thickness can be estimated by comparison of

with an apparent rate constant of410.3) x 102 min~! (Figure
4). The reaction rate is significantly larger at earlier times (
5 min), which is attributed to the presence of a small number

of more reactive surface Si atoms. The fit of the rate data to a

second-order rate law (1/area of hgsi-n, andv(si-n, bands
vs time) is much worse than the first-order fit.

The data are interpreted to indicate that oxidation of porous
Si by dimethyl sulfoxide occurs by cleavage of-Si, rather
than Si-H bonds (eq 1). This is reasonable considering the
difference in bond enthalpies betweenr-&i (76 kcal/mol) and

the intensity of the StO band relative to the intensity of the
Si—H bands in the infrared spectrum. Using this criterion, the
oxide thickness on a sample after 90 min of room-temperature

(24) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistryith ed.;
John Wiley & Sons: New York, 1980; pp 374106.

(25) Zheng, X. L.; Chen, H. C.; Wang, W. Appl. Phys1992 72, 3841~
3842.

(26) Shih, S.; Jung, K. H.; Yan, J.; Kwong, D. L.; Kovar, M.; White, J.

M.; George, T.; Kim, SAppl. Phys. Lett1993 63, 3306-3308.

Tischler, M. A;; Collins, R. T.; Stathis, J. H.; Tsang, JAppl. Phys.

Lett. 1992 60, 639-641.

@7
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Figure 5. Plot of the pseudo-first-order rate constattsg for porous
Si oxidation in DMSO as a function of concentration of the radical
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Figure 6. Integrated intensity of the steady-state photoluminescence
spectrum from two porous silicon samples exposed to DMSO as a

function of time. The squares represent a sample that was exposed to

trapping reagents phenol (solid circles), BHT (open circles), and cumene e liquid DMSO, and the circles represent a sample that was exposed

(diamonds). The initial rate of oxidation in pure DMSO is somewhat

to DMSO containing 3.2 M BHT. The intensities were integrated

less if the porous Si sample has been treated with BHT prior to exposure petyeen the wavelength values of 500 and 800 nm, and the samples

to DMSO (triangle).

were excited with 435-nm light. Measurements were all made in air
after removing the sample from the DMSO solution, rinsing with

DMSO exposure is comparable to that of a sample which has cp,c), and drying under a stream of,NTo allow an accurate

been thermally oxidized in air at 20@ for 15 min.

Effect of Added Radical Traps on the Rate of Oxidation.
The above data indicate that dimethyl sulfoxide is a mild
chemical oxidant for porous Si. In organic and biological
oxidations, DMSO is known to deliver an O atom to the
substraté® For example, DMSO reductase converts DMSO
to dimethyl sulfide, generating a molybdenum oxo species in
the process (eq 2J. In the present system, it is postulated that

H3C\S/CH3
S S, I
N 17 °
IYIO H ~
s/o S
\
DMSO Reductase
CH;,
H,C CH N
3 \|S|/ 3 \CH3
o) o)
S. .S S
} NP4
I Mo I__j]:i My I 2)
76 s 75 s

\

comparison, the spectra were all normalized to the intensity of a standard
phosphor as described in the Experimental Section.

spectrum as(si-p) and v(osi-p) Stretching vibrations at 1537
and 1633 cm!, respectively (Figure 1). The rates of oxide
growth and (Si-Hy) loss are reduced in the presence of BHT,
and a plot of the apparent first-order rate constant fert&i
disappearance versus concentration of BHT clearly shows that
the rate of oxidation decreases with increasing [BHT] (Figure
5). The plot of Figure 5 is not linear, indicating that the effect
of added BHT cannot be interpreted as a simple second-order
process. In addition, in the presence of BHT, there is a net
increase in total surface hydride coverage—({8i and OSi-

Hy) during the course of the DMSO oxidation reaction (Figure
3B). The fact that the total H atom concentration increases as
the oxidation reaction proceeds suggests that the dimethyl
sulfoxide reaction produces radical species on the surface of
porous Si which then abstract H atoms from the BHT donor.
This interpretation is also consistent with the observation that
surface Si-D species appear on the porous Si surface when
deuterated BHT is used (Figure 1). If a freshly etched porous
Si sample is pretreated with a solution of BHT in toluene and
then exposed to pure DMSO, the rate of oxidation is also
suppressed (Figure 4), indicating that the residual surface
radicals generated during the electrochemical etch that produces

decomposition of DMSO oxidizes silicon and produces radicals porous Si also play a role in the DMSO oxidation reaction.
at the porous Si surface. Experiments designed to test this The effect on the rate of oxidation of porous Si by DMSO in
hypothesis were performed using the radical-trapping reagentsthe presence of other radical scavengers was also investigated.

2,6-ditert-butyl-4-methylphenol (butylated hydroxytoluene, BHT),

The rate of oxidation is suppressed if either BHT, cumene, or

phenol, and cumene. BHT is a well-known radical scavenger phenol are present in the DMSO during treatment (Figure 5).
that produces a very stable, structurally hindered phenoxy Phenol suppresses the oxidation rate the least, consistent with

radical3® In DMSO solutions that contain BHT, the infrared

the poor ability of this reagent to retard radical reacti¥ns.

data indicate that the rate of surface oxidation is reduced (Figures Effect of Added Radical Traps on Photoluminescence.

1, 3,and 4). When a 2.2 M DMSO solution of D-BHT is used,
slight incorporation of deuterium is observed in the infrared

(28) March, JAdvanced Organic Chemistryth ed.; John Wiley & Sons:
New York, 1992; pp 11931194.

(29) Schindelin, H.; Kisker, C.; Hilton, J.; Rajagopalan, K. V.; Rees, D.
C. Sciencel996 272, 1615-1621.

(30) Gray, H. B.; Simon, J. D.; Trogler, W. Braving the Elements
University Science: Sausalito, CA, 1995; p 148.

The intensity of photoluminescence from porous Si is preserved
if the DMSO oxidation reaction is carried out in the presence
of BHT. Thus, a plot of the integrated photoluminescence
intensity from porous Si as a function of DMSO exposure time
shows a rapid drop when pure DMSO is used, but it is

(31) Odian, GPrinciples of Polymerizatior2nd ed.; John Wiley & Sons:
New York, 1981; p 246.
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essentially constant when the DMSO solution contains 3.2 M proposed that there are two oxidation pathways available, both
BHT (Figure 6). The data are consistent with the interpretation involving cleavage of a SiSi surface bond. The pathways
that BHT acts to hydrogenate surface dangling bond statesinvolve two different types of SiSi surface bonds; one type
during oxide formation. These surface radicals are expectedcontaining a Si dangling bond (radical) state (Scheme 1) and
to be very efficient nonradiative recombination centers, causing the other a normal hydrogenated surface Sibond (Scheme

a significant drop in photoluminescence intensity as they are 2). Oxidation by DMSO is expected to occur faster at the
generated during the DMSO-oxidation reaction. Hydrogenation radical center (Scheme 1) than at the hydrogenate®Sienter

of the surface radicals passivates them and leads to preservatioScheme 2). Both pathways ultimately produce dimethyl
of the photoluminescence intensity. The intensity of photo- sulfide, which was identified as the main volatile product of

luminescence from a freshly etched porous Si sample increaseshe reaction by gas chromatography, and a surface silicon oxide
slightly if the sample is treated with BHT in toluene, suggesting species.

that the radicals present on native porous Si also act as
recombination centers, as has been concluded from previou%S
EPR studieg®27:32.33 Similarly, the intensity of photolumines-
cence from DMSO-oxidized porous Si increases slightly after
treatment with a toluene solution of BHT, consistent with the
hypothesis that DMSO oxidation generates radical centers in
the oxide which can be passivated by hydrogenation. The
radical species are also thought to be important to the mechanis
of oxidation, as outlined below.

Proposed Oxidation Mechanisms and the Effect on Pho-
toluminescence. A reaction mechanism consistent with the
above observations is outlined in Schemes 1 and 2. It is

In the radical pathway of Scheme 1, a surface silicon radical
attacked by DMSO, transferring an O atom to the surface
and producing dimethyl sulfide. The surface-bound O atom
radical rapidly rearranges, adding across aSibond and
regenerating the surface silicon radical. Thus, the radical
pathway is catalytic. Termination of the radical reaction can
occur ly a H atom transfer from solvent, impurities, or added
"BHT. The observation that pretreatment of porous Si with BHT
suppresses the observed rate of oxidation by DMSO is consistent
with this interpretation.

The second pathway (Scheme 2) involves attack by DMSO
across a normal SiSi bond, eliminating dimethyl sulfide and
(32) Meyer, B. K.; Petrova-Koch, V.; Muschik, T.; Linke, H.; Omling, P.; geqeratlng a Surf.ace.-bound O radical a.md a sur]‘ace-bound Si

Lehmann, V.Appl. Phys. Lett1993 63, 1930-1932. radical. Recombination of the two radical species generates
(33) Laiho, R.; Vlasenko, L. S1. Appl. Phys1995 78, 2857-2859. the silicon oxide. If, instead of radicaladical recombination,
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the O surface radical attacks a-Si bond, a new Si radical The above radical generation process also accounts for the
can be formed, eq 3. observation that DMSO oxidation produces very nonluminescent
porous Si unless BHT is added to the reaction mixture. As has

. been observed previously, the intensity of photoluminescence

}II (1) H from porous Si is inversely proportional to the concentration

Si—si_ . T > Sli’O\Si' (3) of surface radicald2” implying that the surface radical states
Si Si/ \51\51 Si/./ \ Si are highly efficient nonradiative recombination centers. Pre-
Si Si sumably, radicals present in the oxide layer near the Si/oxide

interface also act as recombination centers. As outlined in

To be consistent with the observed data, the rate constantScheme 1, BHT removes these radicals in the growing oxide
for the reaction of DMSO with a surface radick{, should be layer, resulting in material that is more luminescent than material
larger than the rate constant for the reaction of DMSO with a that would be obtained if BHT were not included in the reaction
normal surface SiSi bond, k, (the observed rate constants mixture.
measured in this work correspondiiot k, — ks[BHT], where
ks is the rate constant for the radical trapping reaction with
BHT). In addition, it is assumed that the number of-Si
bonds with a radical nature is a small fraction of the total
available Si-Si bonds at the surface. In the presence of BHT
or if the surface has been pretreated with BHT, the radicals on
the porous Si surface absttacH atom from BHT to make a
Si—H surface species, resulting in a net slower rate of oxidation. 1C971587U
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