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ABSTRACT

The thermal reaction of ethyl undecylenate with a hydrogen-terminated porous silicon surface takes place at 85 °C to yield an organic monolayer
covalently attached to the surface through Si—C bonds. The presence of traces of water in ethyl undecylenate induces a partial oxidation of
the surface and leads to a surface that is composed of alkylated and oxidized regions. A PSi surface with a comparable chemical composition
was prepared by the direct reaction of an electrochemically anodized PSi surface (in 1 M H,SO,) with anhydrous ethyl undecylenate. The
physical and chemical properties of the functionalized surfaces have been characterized using photoluminescence, transmission infrared, and
X-ray photoelectron spectroscopies. The derivatized surfaces proved to be very stable in boiling CCl, and water, and against corrosion when
exposed to 100% humidity in air.

Organic derivatization of semiconductor surfaces is a very porosity are active in vivo and that hydroxyapatite could be
active field of research because of the role of these materialsgrown on the PSi matrik—13

in modern technology. Controlling the electronic properties  psj surfaces are prepared in HF-based solutions by
and understanding the reactions at the surface of silicon iselectrochemical or chemical etchif@he as-prepared PSi
crucial for developing new devices. Several methods have grface is terminated by SH, bonds. This monolayer reacts
been proposed in the literature for chemical modification of gjowly in air to form an oxide submonolayer. For some
both single-crystal silicon (c-Si) and porous silicon (PSi) appjications, the PSi matrix is deliberately oxidized in order
surfaces under various conditiofis. Porous silicon is of g achieve a higher stability and better passivation. Oxidation

particular interest following the first report on its bright  gjther under thermal, chemical or electrochemical conditions
photoluminescence (PL) at room temperature, as a result ofis the most studied route for surface passivatibithe

quantum confinement within the nanostructures composing yjqation reaction offers some advantages regarding the
this materiaf. A significant volume of work has been devoted - ggctronic and chemical stability, but presents some disad-
to studying its properties ranging from fundamental aspects  4ntages associated with exploitation in devices. The elec-
of its formation to device applicatiorts. The most sought . chemical oxidation retains the integrity of the porous layer,

after applications so far are based on using the PSi layersy, i it i self-limited and thus leaves oxidized-{SiH,) and

for integration into optoelectronic devices. Potential applica- non-oxidized (Si-Hy) domainsis The native Si-Hy bonds

. . . X, . X

tions based on electrical and/or optical measurements foroxidize slowly in air and introduce surface defects, which

sentsmtg ghemlcalpzr;)dl\;nochemlcallspeC|e§ havte bteer: demélre responsible for the PL quenching. In the case of samples
onstrated using - viore recently, an important SIep — igized thermally, the nanostructure matrix is consumed

towgrd utilization of PSi for biomedical appllcatlt_)ns has been by the process and only some crystallites remain in the oxide
achieved. Canham et al. have shown that PSi layers of low . 4
layer, which can affect the PL yield.

* To whom correspondence should be addressed. Tel (1) 613-990-0954; Recently, chemical strategies have been developed for

Fax: (1) 613-991-4278. E-mail: rabah.boukherroub@nrc.ca. covalent attachment of organic monolayers on PSi surfaces
*ﬁ]tsetﬁﬁlti 'frésrt',f,ﬁ’ifr;g{rm?&?gf’g‘égﬁgg‘fes' based on the chemical reactivity of the silieemydrogen
SDERA. bonds of the PSi layefslt has been demonstrated that
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organic derivatization of PSi surfaces passivates effectively implies that the ester function does not react with either the
the surface and retains the intrinsic structural and physical Si—Si or Si—Hy bonds. This is in agreement with previous
properties of the surface. Replacing the-Hi bonds by observations on the thermal reaction of Si(to8)with ethyl
Si—C and Si-O—C bonds under thermal conditions pre- undecylenatéd The same observation applies when a freshly
serves the PL and enhances the stability of the PSi surfaceprepared PSi sample was heated in deoxygenated decane at
in aqueous solutions of HF and KOH. Thermal reaction of 100°C for 22 h® When the reaction was carried out in the
hydrogen-terminated PSi surfaces with alkenes, alkynes, andoresence of TMSCI a similar infrared spectrum (Figure 1c)
aldehydes has been achieved at elevated temper&fiifes. was obtained, but this time the intensity of the peak centered
This paper describes a chemical route for organic func- at 1050 cm is smaller and the peak at 2243 chis absent.
tionalization of PSi layers using ethyl undecylenté? The This is consistent with a chemical process taking place
presence of traces of water in the chemical reagent induceswithout any surface oxidation. The silicenydrogen peak
in a competitive process with the hydrosilylation reaction, a becomes broad and featureless. This is due to electronic
partial oxidation of the PSi surface. If the traces of water effects and steric interactions between the remaining-i
were removed by adding 5% volume of chlorotrimethylsilane on the surface and the adjacent alkyl chain attached to the
(TMSCI), an oxide free surface can be prepared. A deliberate surface. The absorption intensity ofsiy, and Jsi-n,
partial oxidation of the PSi surface using a post-anodization decreases substantially after the reaction, indicating that a
of the freshly prepared PSi surface 1 M sulfuric acid significant fraction of the siliconhydrogen bonds has
produces after derivatization a surface with oxidized and reacted with the unsaturated=C bond. This makes the
alkylated regions. The presence of oxidized regions on thethermal route very suitable for surface passivation and the
surface along with organic molecules offers novel properties introduction of functional groups (ester group) onto the
to the surface. The chemical properties of the surfaces havesurface.
been characterized using transmission Fourier transform X-ray photoelectron spectroscopy (XPS) was used as a
infrared (FT-IR¥° and X-ray photoelectron spectroscopies. tool to analyze the composition of the surface before and
The derivatized PSi surfaces were stable in boilinga@t after derivatization. An XPS survey of the as-anodized PSi
water. The effect of the surface composition on the photo- surface shows signals due to silicon Si 2p and Si 2s at 99
luminescence was examined, and the stability against cor-and 151 eV, respectively, and small peaks due to carbon,
rosion in 100% humidity was studied using chemography. oxygen, and fluorine. The latter signals could result either
Thermal reaction of the hydrogen-terminated PSi surface from hydrocarbon contamination or from small amounts of
with ethyl undecylenate at 8% offers a surface bearing an fluorine and ethanol attached to the surface during the
ester function at the end of the organic layer (Scheme 1). electrochemical preparation of the PSi sample (Figure 2a).
As shown by FT-IR spectroscopy, a freshly prepared PSi After reaction with ethyl undecylenate, an increase of the
surface exhibits peaks due to-iy stretching at 2112 cnt carbon and oxygen signals was observed (Figure 2b). The
(vsi-n,) and Si-H; scissor at 908 crt (dsi-n,) (Figure 1a). oxygen signal was more intense than expected in comparison
A small peak at 1066 cr is present in the freshly prepared with the elemental composition of the organic molecules
sample, due to interstitial oxygen in the original silicon composing the monolayer. In fact, the XPS high-resolution
substrate lattice. After reaction with ethyl undecylenate, new spectrum of silicon showed a silicon peak at 103 eV
absorption peaks appear between 2850 and 2960' cm attributed to the oxidized surface. Part of the oxygen signal
associated with €Hy stretching, and features at 1464 and is associated with oxide formation on the surface during the
1373 cnt due to methylene and methyl bending of the alkyl thermal reaction. When the surface was prepared under
chain. Intense bands due to the carbonyl function at 1740 conditions that scavenge the traces of water present in the
cm ! accompanied by €0 and Si-O—Si stretching near  chemical reagent, a similar spectrum (Figure 2c) was
1050 cmt were observed. The silicerhydrogen band  obtained but with a much reduced signal of oxygen. In
intensity decreased substantially, and a new band centeredddition, the complete absence of a peak at 103 eV confirms
at 2243 cm! was obtained. The shift to higher energy of that the hydrosilylation reaction occurred in this case without
the Si-Hy stretch and the intense band observed at 1050 any apparent oxidation of the surface.
cm ! are due to partial oxidation of the surface (Figure *#b). Steady-state room-temperature PL of the hydrogen-
A control experiment was carried out by reacting hydrogen- terminated surface (Figure 3a) shows a peak centered at 1.8
terminated PSi with deoxygenated ethyl acetate for 18 h ateV, which is consistent with 70% porosity PSiThe surface
90 °C. There was no change in the IR absorption, which modified with ethyl undecylenate (in the presence of TMSCI)
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2.4 N HCI at 70°C for several hours, and only the ester
hydrolysis was observed. An organic monolayer with acid
terminal groups was formed during this treatment. Surfaces
that contain alkylated and oxidized regions are stable in
Figure 1. Transmission infrared Fourier transform spectra of the boiling CCl, and water (there was no decrease of thethi
(a) as-anodized PSi before derivatization and PSi functionalization IR-intensity after boiling in CGl and water for 1 h). For
\F/)vrl‘tek;e(rk:])gee(t)?y_ln\;lg%?cylenate, and (c) ethyl undecylenate in the comparison, under the same conditions, the native siticon
' hydrogen (StHy) bonds of a freshly prepared PSi surface
exhibits a similar peak in shape, intensity and energy were completely transformed to-SCI bonds?® However,
maximum (Figure 3b). Since there was neither a shift of the in our samples the silicenhydrogen bonds with oxidized
PL maximum nor a PL quenching after chemical modifica- back-bonds (OSiH,) were not converted, in the similar way,
tion of the surface, this implies that the structural integrity to Si—Cl bonds. The lack of reactivity is thought to result
and the physical properties of the PSi layer are unaffectedfrom the lower reactivity of siloxanes versus silanes and/or
and thus makes this process highly efficient for PL preserva- a high passivation of the organic monolayer. We believe that
tion. The partially oxidized PSi surface produces a PL at the density of organic molecules on the surface is high
the same peak position with an intensity 10 times higher enough to protect the remaining unreacted 3j, as seen
than the intensity of the freshly prepared surface (Figure 3c). in the case of derivatized samples without any oxide film
This effect has been observed when a decyl terminated PSipresent on the surface.
surface was subjected to a steam treatment and was attibuted When a surface that had been partially oxidized was
to partial oxidation of the surfaceA similar effect has been  immersed in 15% HF aqueous solution for 15 min, the
reported by Campbell et al. when the PSi surface was oxidized regions were completely dissolved (shown by the
oxidized at high temperatures using dry oxygéen. disappearance of the-SHy stretching at 2243 cni and the
When stored in air for several weeks, the treated surfacesstrong Si-O—Si stretching at 1050 cm) and new Si-Hy
did not show any apparent degradation. They are stable tobonds were formed. The modified regions with the alkyl
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Scheme 2
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chain remained, however, unchanged. This is in agreementof oxidation is related to the optical density of the corre-
with a surface that is composed of patches of separatesponding spots formed on the photographic plates. Our
alkylated and oxidized regions rather than a random distribu- samples were exposed to 100% humidity in air. A€l h
tion of the oxide on the surface. The treated surface in HF exposure, the functionalized surface with ethyl undecylenate
was chemically derivatized using 1-decene to yield a surfacein the presence of TMSCI shows a light circular spot,
that is covered with an organic monolayer with different end whereas the hydrogen-terminated surface has been heavily
groups (methyl and ester). This step is very important to reduced (Figure 5a). The optical density of the spot corre-
control the wetting properties of the surface and also the sponding to the modified surface with ethyl undecylenate
distribution of functional groups on the PSi surface. (without TMSCI) increases aftea 4 h exposure to 100%
Finally, we have used electrochemical post-anodization of humidity in air, but the oxidation rate is much slower when
the freshly prepared PSi surfaced M H,SO, to produce a  compared to the as-anodized surface under the same condi-
surface that contains native silicehydrogen bonds (Si tions (Figure 5b). This implies that the alkyl chains of the
H,) and silicor-hydrogen bonds with oxidized back bonds monolayers prevent hydrolysis of the-Si bonds. The high
(OSi—H,).*®> This method is known to induce a selective density of organic molecules attached to the surface through
oxidation of the walls of the PSi layers. Figure 4a displays the hydrosilylation reaction and the hydrophobic character
an IR spectrum of a PSi sample that has been electrochemi-of these chains protect well the surface from oxidation in
cally oxidized h 1 M H,SQ;, for 5 min at 3 mA/cm. Two ambient air. Amazingly, the surface modified with ethyl
peaks are visible in the region of the silicehydrogen undecylenate containing oxidized domains on its surface did

bonds: 2127 cmt (Si—Hy stretching) and 2250 cm (OSi— not show any changes afta 4 hexposure, and even after
Hy stretching). A very intense peak at 1065 ¢mvas also 16 h only a slightly darkened spot is noticeable (Figure 5c).
present (not shown on the spectrum) due te-GiSi This is an unprecedented effect, since even when the surfaces

stretching resulting from the electrochemical oxidation of are heavily oxidized by extended storage in ambient air they
Si—Si back-bonds. Further reaction of the anodized PSi did not show such a strong prevention against corro$ion.
sample with ethyl undecylenate in the presence of TMSCI This result is in accordance with a high stability of the
at 120 °C for 21 h gives a surface bearing an organic alkylated regions and a low reactivity of the oxidized
monolayer with an ester terminal group (Figure 4b). A net domains. The chemographs in Figure 5 show that the edges
decrease of the intensity of the non-oxidized-Bj, was of the PSi sample in the case of the hydrogen-terminated
observed, which is consistent with a thermal hydrosilylation surface (comprising c-Si) are completely corroded, whereas
that consumes preferentially the native-8i, bonds rather  in the case of the modified samples with ethyl undecylenate,
than the oxidized ones (OSH,). The modified PSi surface  the edges were not affected by the treatment. The hydrolysis
showed a comparable stability in 15% HF solution and in reaction occurs only in the porous area. To understand this
boiling CCL, and water, as the one prepared from the freshly behavior, we have used XPS to evaluate the elemental
anodized (without electrochemical oxidation) PSi surface that composition of the c-Si edges. The XPS survey showed a
had been derivatized with ethyl undecylenate in the absencesimilar surface composition of the porous area and the c-Si
of TMSCI. Again this proves that the oxidized silicon edge of the sample, indicating a similar chemical modifica-
hydrogen bonds (OSiH,) are less reactive than the native tion. The difference in the behavior may result from a higher
Si—H,, and the surface produced during this process is density of organic molecules at the sample surrounds due to
comparable to the one formed during the thermal function- the physical structural differences in the surfaces of the c-Si
alization of the PSi surface (without post-anodization) with and the porous regions.
ethyl undecylenate in the presence of traces of water. The In conclusion, we have shown that organic functionaliza-
chemical nature and the electronic properties of the two tion of PSi surfaces under thermal conditions offers an
regions are different. It is, however, difficult to explain this excellent method for the surface passivation and PL pres-
observation, and to propose a rational mechanism, at thiservation of PSi. This route is easy to carry out and is tolerant
stage of the research. of different functional groups, which allow further chemical
Recently, Canham et al. have developed a new method tomanipulations to achieve more complex structures on the
monitor the degree of oxidation of the porous surface basedsurface. The surface is protected against corrosion when
on silver halide (present in photographic emulsion) reduction exposed to 100% humidity in air. The presence of small
by gaseous silane, SiHresulting from the chemical hy- amounts of oxide formed during the chemical process, when
drolysis of the silicor-silicon back bond$*?® This same no special precautions were taken in order to eliminate the
method was used to previously monitor the behavior of traces of water present in the chemical reagent, increases
modified PSi surfaces (formed through a catalytic route using remarkably the surface resistance against corrosion. A surface
EtAICI, as a catalyst) in air at 100% humidity(Scheme with a similar composition was obtained when a PSi surface
2). The chemography reveals the extent to which the organicelectrochemically anodizedhil M H,SO, was thermally
monolayer protects the surface against corrosion. The degreenodified with ethyl undecylenate in the presence of TMSCI.
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Figure 4. Transmission FT-IR spectra of (a) a freshly prepared
PSi sample anodically oxidized iL M H,SO, for 5 min at 3 mA/
cn¥ and (b) the same sample functionalized with ethyl undecylenate

in the presence of TMSCI.
c

Figure 5. Chemography studies of H-terminated (lower spots) and
modified PSi surfaces (upper spots) with ethyl undecylenate in the
presence of TMSCI after exposure to 100% humidity for (a) 1 h

and (b) 4 h, and (c) PSi modified with ethyl undecylenate after 16
h exposition to 100% humidity.
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The oxidized regions can be selectively dissolved in 15%
HF solution to form new SiHy bonds and thus allow a
further chemical transformation of these new-8li bonds.
The stability of the surface to hydrolysis is, in this case,
comparable to that of heavily oxidized PSi surfaces in which
the semiconducting nature is heavily degraded. Such a high
surface stability augurs well for in vivo sensing. Finally, the
presence of regions of different chemical composition
(oxidized regions and organic modified regions or organic
regions with different terminal functional groups) on the
surface is of interest for controlling the wetting properties

Nano Lett., Vol. 1, No. 12, 2001

of the surface. This is an important step toward applications
of the PSi matrix for DNA and protein microarray processing.
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