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Conducting polymers offer an attractive tailorability for use
in various electronic and photonic applicatidriBhe integration
of these materials with inorganic semiconductors is challenged
by the need to intimately contact the organic and inorganic phases
for efficient electrical and optical couplirig® In the formation
of conducting polymer/semiconductor junctions, the polymer is
often deposited on the semiconductor by spin-coating or electro-
chemical polymerization. The resulting polymer/semiconductor
junctions are generally beset by poor interfacial interactions that
diminish their physical and electrical performarice Simon et
al® reported the use of a pyrrole-terminated alkylsiloxane
monolayer on silicon to provide a covalent link between an
inorganic semiconductor and an electropolymerized organic
polymer! The resulting polypyrrole/silicon junction exhibited
improved adhesion and offered protection to n-type silicon against
photoanodic decomposition. An oxide surface was required for
formation of the siloxane monolayer, and precluded investigation
into the electrical properties of these polypyrrole/silicon contacts.
The formation of conducting polymer films directly onto silicon
without an intervening layer of oxide would be highly desirable
for both fundamental studies of such hybrid polymer/silicon
junctions and their practical use.

In this paper, we report the direct covalent junction between a
conductive polypyrrole film and silicon using a reaction that
attaches pyrrole units directly to the silicon surface. In particular,
the reaction between an organolithium reagent and a hydrogen
terminated silicon surface allows direct attachment of pyrrole
moieties to the silicon surface and does not require the presenc
of an intervening oxide layer. The use of an organolithium
reagentto modify hydrogen-terminated silicon proceeds on both
porous and crystalline silicon substrates and produces films with
higher coverages than those obtained by reaction with Grignard
reagents.

Figure la shows a diffuse-reflectance infrared spectrum for
porous silicon that was formed by electrochemically etching Si-
(100) in HF acid/ethanol. The spectrum exhibits peaks fofr Si
H,, Si—O, and Si-Si stretching at 2117, 1067, and 670 ¢m
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Figure 1. Diffuse reflectance infrared spectra for (a) native porous silicon
and after derivatization at room temperature 2oh with (b) methylLi
and (c) 5-N-pyrrolyl)pentylLi and quenched with HCl in ether. The peaks
with asterisks (*) in (c) are for the pyrrole ring.
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respectively, and SiH, bending at 914 crt. After exposure to
1.6 M CHsLi in THF at room temperature f@ h and a subsequent
guench by additionfdl M HCI in ether, the porous silicon exhibits
peaks for methyl stretching at 2963 and 2897 &nmethyl
bending at 1406 and 1248 chand Si-C stretching at 779 cnt
(Figure 1b)'° The presence of the SC absorption reveals that
CHgsLi forms a covalent bond to the silicon surface. When porous
silicon is sequentially treated with GH and quenched with CH
CO.D, its spectrum displays a peak at 1513 ¢énfor Si—D
stretching in addition to the peaks in Figure 1b; in contrast, we
observed no SiD peak when porous silicon was exposed only
to CH;CO.D. As the general spectral changes mirror those for
the reactions of porous silicon with Grignard reagénts, suggest
that the reaction with RLi to form SiC attachments is likely to
proceed similarly by breakage of surfaciat-Si bonds.

We observed related spectral changes for reactions of porous
and crystalline silicon substrates with organolithium reagents such
as butyl-, hexyl-, and phenyll} Derivatized samples exhibited
no change in their IR spectra after exposure to ultrahigh vacuum,
HF (aqueous) in ethanol, or sonication in toluene, further
suggesting formation of a robust, covalent attachment to the
silicon surface. The derivatization of these hydrogen-terminated
silicon surfaces by organolithium reagents yielded a higher
coverage of attached species than reactions using Grignard
reagents (For a comparison of samples derivatized by hexyILi
and hexylMgBr, see the Supporting Information). The higher
coverages were suggested by IR spectroscopy, where-tfé C
stretching intensity was greater for a sample modified by an
organolithium reagent than by a corresponding Grignard reagent
and likely reflected the more reactive nature of an organolithium
reagent. The greater reactivity of an organolithium reagent was
also evident by a more significant decrease in thetgistretching
intensity than after reaction with a Grignard reagent. This
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difference suggests that the organolithium reaction occurs with a
greater degree of SiSi bond cleavage than with Grignard
reagents.

Using this strategy for modifying the silicon surface, we
derivatized various H-terminated silicon samples withN5-(
pyrrolyl)pentylLi. Figure 1c shows the IR spectrum for porous
silicon after treatment with 0.2 M S\tpyrrolyl)pentylLi in THF,
as produced by reaction between 1-bromdNgpyrrolyl)-pentané
and the lithium-naphthalene radicaf. The peaks between 1100
and 3100 cm! agree well with those for a S\N¢pyrrolyl)pentyl
species by comparison to the IR spectrum for neat 1-bromo-5-
(N-pyrrolyl)-pentane (see Supporting Information). The modifica-
tion of p-type Si(100) was supported similarly by IR and also by
XPS where the samples displayed a new peak for nitrogen and
increased peak intensity for carbon after derivatization (see
Supporting Information). As the spectral region for Si(2p) showed
no change in position or shape and the O(1s) signal exhibited
only a slight increase after reaction, the organolithium reaction
appears to proceed with no (or little) oxidation of the surface.
By XPS, we estimated a surface coverage-60% for the pyrrole
film by comparing its N(1s) intensity to that for a SAM of HS-
(CH,)10CONH, on gold.

Using both native and modified H-terminated Si(100) as
electrodes, we electrochemically deposited polypyrrole films on
their surface$? For galvanostatically controlled polymerizations,
the deposition potentials exhibited less temporal variation for the
modified silicon, suggesting a more uniform growth of the
polymer’¢ The polypyrrole film on H-terminated silicon was black
and had a visibly rough texture, while the polymer on the modified
silicon was dark blue and had a mirrorlike finish by eye. Figure
2 shows optical and AFM images for the polymers on these silicon
surfaces. The differences in surface morphology are readily

apparent, where the unmodified substrate (Figure 2a) shows a

rougher surface than the modified one (Figure 2b). By AFM, the
polymer on the modified surface was typically-70 times
smoother than that on the native hydrogen-terminated sutface.
The surface modification with S\-pyrrolyl)pentylLi also im-
proved the adhesion of polypyrrole to silicon. For example, on
the native H-terminated silicon, the polymer often peeled from
the surface upon rinsing with ethanol or drying under a stream
of N, and could be completely removed in a single application
of Scotch tape. In contrast, polypyrrole on the modified silicon
was not removed by these conditions or the repeated application
of tape. We could only remove the polymer film from silicon as
fragments by scratching with a metal stylus.

We attribute the above morphological and adhesional differ-
ences in the polymer films to changes in the nucleation and growth
on the two substratésThe substrate modification provides organic
sites on the silicon surface for polymer attachment that aid the
electrodeposition process. This change to a more regular and
uniform growth is supported by the greater constancy of the
deposition potential during electrochemical polymerization onto
the modified samples. We excluded the possibility that the
difference was due simply to the alkyl chains of theNs-(
pyrrolyl)pentyl film, as polypyrrole deposited onto silicon de-
rivatized by CH(CH,)sLi exhibited similar characteristics as on
native H-terminated silicoi We conclude that the incorporated
pyrrole units on the silicon surface are responsible for the quality
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Figure 2. Optical (a,b) and AFM (c,d) images for polypyrrole filtds
on native (a,c) and modified (b,d) hydrogen-terminated silicon. (e,f) cross-
sectional views for the dashed line in (c) and (d), respectively.

of these conducting polymer thin films by providing a covalent
link between the polymer and silicon. This procedure should be
general for other silicon/conducting polymer junctions. Our
present investigations are examining the curremitage char-
acteristics of these junctions on substrates of various dopant
densities. By cyclic voltammetry, the junctions to both p- and
n-type silicon exhibit rectification, with the junctions on the
modified silicon exhibiting up to 100 times higher current densities
in forward bias than those on the native H-terminated silicon (see
Supporting Information). Presently, the presence of the pyrrole-
containing film on the surface of silicon appears to improve the
electrical properties of the polypyrrole/silicon junction by enhanc-
ing interfacial charge transfer between the two phases. A detailed
analysis of the electrical characteristics of these junctions has been
recently reported®
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