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Porous Si is a noteworthy material due to its luminescent
properties and promise of compatibility with current semiconduc-
tor fabrication schemes based on silicorPorous Si forms by
the anodic dissolution of crystalline silicon in a HF-based

electrolyte, and this process produces a hydrogen-terminated Si

surface. Several methods for chemically modifying this surface
have been reported; however, these derivatization reactions are
limited to photo- or electrochemical methods that attach one or
two carbon fragments to the surface (£+6i and RCQ@-Si; R

= H, CHg) and thermal treatments that attach olefins and alcohols.
Grignard reagents have been reported for the functionalization
of Si surfaces by Lewis et 8l.who developed a two-step
procedure where the H-terminated Si surface was first chlorinated
radically by PC§ and subsequently quenched with a Grignard
reagent (80C for 30 min to 8 daysj. On porous Si, Chazalviel
has used electrochemical stimulus to attach methyl groups using
CH3;MgBr.t Our experimental results demonstrate the direct
formation of covalently attached organic layers on porous Si by
Si—C bonds using a variety of Grignard reagents at room
temperature without the intervening chlorination step or the need
for photo- or electrochemical methods that often proceed with
oxidation of the substrate.

Figure 1a shows a diffuse reflectance infrared Fourier transform
(DRIFT) spectrum for a porous silicon sample that was formed
by the electrochemical etching of Si(100) in HF acid/ethanol. The
spectrum exhibits peaks for-SHy stretching mode at 2116 crh
Si—O stretching mode at 1031 ¢ and Si-H, bending mode
at 914 cm'.2® After exposure of porous silicon to 1 M
decylmagnesium bromide in ether ®h at 25°C and subsequent
guench by addition fol M HCI in ether, its spectrum (Figure
1b) contains alkyl stretching and bending absorptions between
2850 and 2950 cmt and 1300 and 1470 cmh respectively, for
the attached decyl chain. In the-Si stretching region, the
absorption for Si-Hs exhibits the biggest decrease compared to
those for Si-H and Si-H; suggesting that the SH; moiety is
the most reactive species and is lost during reaction.

To ensure that the hydrocarbon adsorption bands in Figure 1b
were not the result of adventitious contamination, we performed
additional derivatization reactions using labeled Grignard reagents.
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Figure 1. Diffuse reflectance infrared spectra for (a) underivatized porous
silicon and porous silicon derivatized at room temperature with (b)
decylmagnesium bromide f@ h and quenched with HCI in ether, (c)
4-fluorophenylmagnesium bromiderf@ h and quenched with HCI in
ether, (d) decylmagnesium bromide fioh and quenched with GBO,D,

and (e) decylmagnesium bromide fb h that was quenched with acetyl
chloride and subsequently exposed tosCB,D. The peaks marked with
asterisks £) in c are for the 4-fluorophenyl species.

Figure 1c shows the IR spectrum for porous silicon that was
exposed to 0.5 M 4-fluorophenylmagnesium bromide in THF for
2 h at 25°C and subsequently quenched by additibd & HCI

in ether. The spectrum contains phenyl peaks at 1591, 1498,
1245, and 1165 cmt that correspond to a 4-fluorophenyl
species? The XPS spectrum for the derivatized surface displayed
peaks due to two types of fluorine and three types of carbon and
no detectable magnesium and bromide signals (Figute Zhe
intensities of the carbon and fluorine peaks in the XPS spectrum
were roughly those expected based on stoichiometry €FIC7

vs 1:6; G/Cs/Ciot = 1:1:9 vs 1:1:6). The spectral characteristics
of the Si(2p) region revealed little (or no) formation of silicon
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fluorine atoms bonded to silicon and carbon, respectively, and the peaks at
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highest and lowest binding energies are carbon atoms bonded to fluorine and
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experiments when porous Si was treated only withsCELD for

similar periods of time. That SiD species did not form by

exposure to just CECO,D but required reaction with Grignard

b Sizp reagents previous to this exposure suggests that the formation of

a o b o1s the covalently attached organic layer does not proceed by a

- reaction that substitutes-SH bonds with Si-C bonds (as for a
692 690 688 686 684 682 292 290 288 286 284 282 280 . . . N !
Binding Energy (eV) hydrosilation procegsbut instead proceeds by opening new sites
o1 on the Si surface (eq Pthat are then available for substitution

Fis (eq 2a). This mechanism would proceed with attachment of

organic species to the surface and relatively little change in the

amount of Si-H termination, as seen by IR (Figure 1).

H,Si—SiH, + RMgBr— H,Si—R + SiH,~MgBr (1)
SiH,—MgBr + CH,CO,D — SiH,—D (2a)
SiHMgBr + R'C(O)CI— SiH,~C(O)R  (2b)

F(1s) C(1s)
Si2s

Counts (a.u.)

Counts (a.u.)

a The formation of surfacial silyl anions by the Grignard reagent
VJ\ was further suggested by the observation that porous silicon

sequentially treated with decylmagnesium bromide, THF as wash
at —78 °C (3 x 2 mL), acetyl chloride (neatral M in THF),
T I T I T I T I i and CHCO,D shows peaks at 1648 and 1750 ¢rand no Si-D
1000 800 600 400 200 0 peak at 1515 cmt (Figure 1e). We assign the 1648 chpeak
i g to the formation of surfacial acylsilyl species that were produced
Binding Energy (eV) by reaction between the acyl chloride and the generated surfacial
Figure 2. X-ray photoelectron spectra for porous Si (a) before and (b) silyl anions (eq 2b}2 no peaks in the carbonyl region were
after derivatization with 4-fluorophenylmagnesium bromide at room gpserved when porous silicon was treated with acetyl chloride
temperature fo2 h and quenched with HCl in ether. Dotted lines are nder these reactions conditions without an immediately preceding
based on deconvolution of the spectra into their component péaks. exposure to a Grignard reagent. When porous silicon was reacted
with decylmagnesium bromide and quenched with undecenoyl
oxides during the reaction of porous silicon with the Grignard chloride, the DRIFT spectrum (see the Supporting Information)
reagents. Derivatized samples exposed to ultrahigh vacuum, HFexhibited a peak at 1643 cthdue to the acylsilane €0 and
acid/ethanol, and/or sonication in toluenex2 min) exhibited vinyl C=C stretching modes and at 3080 ¢for the vinyl C—H
no change in the IR and XPS characteristics for the adsorbedstretching mode that are not present in Figure 1b. The assignment
species from those before these treatments. This stability suggestsf the 1643 cm® mode to the acylsilane €0 stretching was
the formation of robust, covalently attached species to the silicon pased on its enhanced integrated intensity in this sample when
surface. The resistance of the layers to 48% HF acid(aq)/EtOH compared to a porous silicon sample derivatized by undecylenic
(1:1) provided further indication that the Grignard reagents form magnesium bromide and quenched with déidlhe reaction of
Si—C (and not SOR) linkages at the surface. The reactions Grignard-treated porous silicon with acid chlorides produced
proceeded to a saturation coverage and exhibited no further changgamples that consistently exhibited a peak#645 cnt! in their
upon extended exposure to the Grignard solution. The Grignard |R spectra regardless of the Grignard reagent used. The genera-
derivatization of porous silicon has the advantage over the usetion of the surfacial silyl anions is an interesting result of the
of alcohols to derivatize porous silicon as the latter method Grignard reaction, and these reactive intermediates may provide
requires elevated temperatures 4% °C), and it degrades the  sjtes for attaching other types of electrophiles onto the silicon

surface during extended exposure to the reagents. surface.
Figure 1d displays the IR spectrum for porous Si treated with  As interest in porous silicon is largely due to the ability of
decylmagnesium bromide (1 M in THF)rf@ h atroom temper- this material to photoluminesce, we have begun examining the

ature and quenched with GEO,D. The spectrum is similar to  photoluminescent properties of these modified porous silicon
that in Figure 1b with the notable addition of a peak at 1515 samples. After derivatization, the porous silicon samples con-
cm® due to the formation of Si-B* We rationalize the tinued to exhibit photoluminescent behavior, with only small
generation of the SiD species as a result of silyl anions formed changes in the resulting photoluminescent intensities being
from the breakage of SiSi bonds by the attacking Grignard rea- observed for derivatizations with decyl and 4-fluorophenylmag-
gent; for comparison, SiD species were not produced in control nesium bromides (see the Supporting Information). The origin
of these changes and the relationships between the chemical
(12) This reaction is proposed by analogy to the breakage-e6Bbonds structure of attached species and the photoluminescent properties

that occurs during the etching of silicon by weak nucleophiles such as alcohols i ii ; i ;
at elevated temperaturés. of the modified porous silicon are currently being investigated
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