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Abstract

The covalent attachment of a pyrrolyl monolayer has been efficiently achieved by directly exposing pyrrole molecules to
Ž . Ž . Ž .the clean Si 100 - 2=1 surface. The high-resolution electron energy loss spectroscopy HREELS , and X-ray photo-

Ž . Ž .electron spectroscopy XPS studies show that the robust pyrrolyl monolayer is directly bonded to the Si 100 surface via the
Si–N linkage with the preservation of the pyrrolyl ring structure. The as-prepared pyrrole-modified silicon surfaces can serve
as templates for further electrochemical polymerization of polypyrrole thin films onto silicon substrates, providing new
opportunity for fabrication of new polypyrrolersilicon heterojunctions with improved performance. q 2000 Elsevier Science
B.V. All rights reserved.

1. Introduction

Recently, the use of conducting polymer thin
films as active components in various microelec-
tronic applications has attracted increased attention
w x1,2 . Compared to conventional inorganic devices,
the conducting polymers offer unique combinations
of electrical, mechanical and physical properties in

w xthe fabrication of composite devices 3 . Further-
more, the chemical modification provides additional
opportunities for fine-tailoring the important electri-
cal properties. Of all conducting polymers, polypyr-
role is most attractive due to its high conductivity

w xand interesting mechanical properties 4 . In particu-
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lar, it is considered to be the promising candidate for
the fabrication of various current-control composite
devices. For instance, electropolymerized polypyr-

w xrole thin films on either p-type silicon 5 or n-type
w xInP 6 have recently been investigated for their

potential use as Schottky diodes. However, the adhe-
sion between the polymer and semiconductor ob-
tained from electro-polymerization is quite poor due

w xto the weak physical interaction 7 . As a result, the
stability and performance of most of the composite
devices are still much lower than that of the conven-
tional inorganic devices. For practical device appli-
cations, high-quality junctions with good adhesion
between the polymerrsemiconductor are essentially
required.

To enhance the binding between polypyrrole thin
film and semiconductors, various surface modifica-
tion strategies employing wet-chemistry methods
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w xhave been reported 8 , where functionalised pyrroles
assembled on semiconductor substrates were widely
used as templates or ‘molecular glues’ for subse-
quent polymerization of thin films onto semiconduc-
tors. For instance, conducting polypyrrole thin films
have been prepared by chemical polymerization on a
silane-bearing pyrrole modified SiO –Si surface by2

w xWu et al. 9 , and a high conductivity up to 1.6
SPcmy1 was achieved. More recently, the pre-mod-
ification of surfaces by reacting pyrrole-terminated
alkylithium reagents with hydrogen passivated sili-
con surfaces was shown to greatly improve the elec-

w xtrical properties in device performance tests 10 .
However, the use of organolithium reagents may not
be compatible with some semiconductor processes
where metal contamination of the surface should be
avoided.

In the present work, we report for the first time
the covalent attachment of pyrrole molecules onto
the silicon substrates. High-resolution electron en-

Ž .ergy loss spectroscopy HREELS and X-ray photo-
Ž .electron spectroscopy XPS have been employed to

investigate the structure and thermal stability of the
Ž .pyrrole assembly on the Si 100 surfaces. Our results

show that the ordered pyrrolyl-assembly is cova-
lently bonded to the silicon substrates via a Si–N
linkage. The aromatic ring structure is retained in the

Ž .robust pyrrolerSi assembly Scheme 1 , allowing
the further formation of polypyrrole thin films on the
pyrrole modified silicon surfaces. This capability can
lead to the development of new polypyrrolersemi-
conductor heterojunctions with improved perfor-
mance.

2. Experiment

The experiments were carried out in stainless-
w xsteel UHV systems 11,12 equipped with HREELS

Ž . Ž .LK-2000 , XPS VG Microtech , and a mass spec-
Ž .trometer UTI-100 . The base pressure of the UHV

chambers was maintained below 2=10y10 Torr. An
Ž . Ž .n-type P-doped silicon wafer 1–30 VPcm with a

size of 16=8=0.38 mm3 was used as the sub-
Ž . Ž .strate. The clean Si 100 - 2=1 substrate was pre-

q Žpared by cycles of Ar bombardment 2.0 KV, 30
.min and subsequent annealing to 1300 K. The clean-

Ž . Ž .liness of Si 100 - 2=1 was confirmed by the ab-
sence of adsorbate-related features in XPS and

ŽHREELS. Prior to surface reaction, pyrrole 98%,
.Aldrich was further purified by several freeze–

pump–thaw cycles. The HREEL spectra were
Ž .recorded with a primary electron beam energy Ep

Žof 6.0 eV in a specular scattering geometry u sui s
.s608 . The XPS spectra were acquired using Al Ka

Ž .radiation hns1486.6 eV from an anode source
Ž . w xVG operated at 300 W 12 . Photoelectrons were
detected by a concentric hemispherical analyser
Ž .CHA, VG100 with a 20 eV pass energy. The

Ž .binding energy BE scale was referenced to the
substrate Si peak at BE of 99.3 eV.2p

3. Results and discussion

Fig. 1 shows the vibrational spectra obtained after
Ž y6annealing the pyrrole-exposed 4.0 L, 1 Ls10

.TorrPs silicon surface to various temperatures. Upon
adsorption at 300 K, the absence of the N–H stretch

Scheme 1. A schematic model for covalent attachment of a pyrrolyl group via the Si-N linkage onto one silicon atom of a Si5Si dimer on
Ž . Ž .Si 100 - 2=1 . Note that the dissociated hydrogen atom is bonded to the neighboring silicon atom in the same dimer.
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Ž . Ž .Fig. 1. HREELS spectra for pyrrole 4.0 L assembly on Si 100 -
Ž .2=1 at room temperature and the surfaces annealed at indicated
temperatures.

y1 w xat 3400 cm 13 and the observation of the Si–N
y1 w xstretch at 517 cm 14 together with the XPS

Ž .results see below indicate that pyrrole reacts with
Ž . Ž .Si 100 - 2=1 through the cleavage of the H–N

group, forming a Si–N linkage between the substrate
Ž .and the pyrrolyl ring Scheme 1 . Meanwhile, the

appearance of the vibrational loss at 2107 cmy1

w xcorresponding to Si–H stretch mode 14 demon-
strates the binding of the dissociated hydrogen atom
to one of the neighboring dangling Si bonds. The
presence of vibrational features at 1454, 1181, 1076
and 723 cmy1 clearly shows that the pyrrolyl ring

w xremains intact upon chemisorption 13 . The peaks at
1454 and 723 cmy1 can be attributed to ring
stretchrdeformation and C–H out-of-plane bending
modes, respectively. The loss features at 1181 and
1076 cmy1 are related to the C–H in-plane bending

w xmodes 13 . The observation of the intense features

corresponding to the C–H in-plane bending modes
suggests that the chemisorbed pyrrolyl ring stands
almost upright on the substrate surfaces. In addition,
the loss features corresponding to the C–H stretch
Ž y1 . w x Ž y1 .3113 cm 13 and Si–H bending 621 cm
w x15 modes are also resolved. In the thermal desorp-

Ž .tion experiments, only H mres2 and HCN2
Ž .mres27 were detected around 850 K. The ab-

Ž q.sence of molecular desorption mres67, C H N4 5

excludes the formation of pyrrole multilayers on
silicon substrates at room temperature under UHV
conditions.

Annealing the pyrrole assembled silicon surfaces
to 500 K leads to a significant enhancement of the
EELS elastic beam intensity, indicative of the forma-
tion of a highly ordered pyrrolyl monolayer. How-
ever, the characteristic aromatic ring structures are
still retained even at 700 K. This observation dis-
plays the remarkable thermal stability of the pyrrole

Ž . Ž .assembly on Si 100 - 2=1 . Subsequent annealing
to temperatures above 800 K gives broad features
around 790 cmy1, associated with Si–carbide or
Si–nitride species due to the complete decomposi-
tion of the Si–N linked pyrrolyl groups on silicon

w xsurfaces 16 .
The structure and thermal stability of the surface

assembly are further investigated with XPS. Fig. 2
presents the C1s and N1s spectra for the pyrrole-as-
sembled silicon surfaces annealed to different tem-
peratures. At 300 K, the BE of the N1s peak is
located at 399.3 eV, much lower than the value of
400.4 eV corresponding to the pyrrole condensed at
110 K on the same surface 1. In contrast, the BE of
C1s in the pyrrole assembly is 284.4 eV, shifting
only slightly from the C1s value of 284.8 eV for the

Ž .physisorbed pyrrole molecules see footnote 1 . This
observation provides strong support for the proposed
model based on the HREELS results, in which the
pyrrolyl group is attached to the surface via the Si–N
linkage. Based on the XPS peak area analysis, the
relative surface coverage of the pyrrolyl groups is

Ždetermined to be ;0.46 ML molecule to surface Si

1 For comparative purposes, the HREELS and XPS experi-
ments were also conducted at temperatures well below 300 K. Our
results show that only the physisorbed multilayer pyrrole was

Ž . Ž .present on Si 100 - 2=1 upon pyrrole adsorption at 110 K.
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Ž . Ž . Ž .Fig. 2. XP spectra of C1s and N1s core levels for pyrrole 4.0 L assembled on Si 100 - 2=1 annealed at the indicated temperatures.

.atom ratio , corresponding to each molecule attached
to one silicon dimer, as illustrated in Scheme 1.

Upon annealing, the peak positions and intensities
for both N1s and C1s regions remain identical from
300 to 700 K, suggesting no significant chemical
changes occurring in this temperature range. How-
ever, both the peak position and intensity of N1s
change significantly upon progressive annealing at
above 800 K; for C1s, only a large shift in peak
position is observed. This observation suggests the
further decomposition of the pyrrole assembly
on silicon surfaces occurs upon annealing at above
800 K. The N1s binding energy of 397.7 eV, ob-
tained after annealing at 1000 K, is close to that of

Žnitride species 396;398 eV; 397.4 eV for bulk
. w xsilicon nitride 17 , while C1s BE shifts to 283 eV,

w xtypical for carbides 18 . This result clearly suggests
the complete decomposition of the carbon-containing
pyrrolyl ring and subsequent formation of the silicon
carbide and nitride on the surface.

Our results demonstrate a novel approach for
facile and efficient attachment of a robust pyrrole
monolayer through the covalent Si–N linkage be-
yond those based on the Si–C linkage to the silicon
surfaces. Although the pyrrole molecule possesses
the C5C–C5C group that may lead to the di-s

Ž .attachment of the pyrrole molecule to the Si 100
surface with the formation of Si–C bonds through a

w xcycloaddition reaction 19–21 , our experiments show
that the N–H cleavage reaction operates in the pre-
sent pyrrolerSi system. The unexpected N–H cleav-
age reaction results in the subsequent covalent bond-
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ing of pyrroyl species and the corresponding H
atoms to the reactive silicon dangling bonds, leading
to the direct attachment of the pyrrolyl ring group to
the silicon surface via a Si–N linkage. Our approach
is different from previous assembly reactions of
amine molecules on a silicon surface using the Si–N

w xlinkage reported by Bergerson et al. 18 , where the
covalent attachment was achieved by the reaction of
the –NH group in amines with the pre-chlorinated2
Ž .Si 100 surface.

4. Summary

In summary, our results show clearly that a robust
pyrrole monolayer with the Si–N linkage can be
efficiently achieved by vapour deposition of pyrrole

Ž .molecules to the clean Si 100 surface in UHV. The
present approach is clean and facile. The pyrrolyl
species in the organic monolayer stand nearly verti-
cal on the silicon substrate, and preserve the aro-
matic ring structure. In addition, the as-prepared
organic monolayer displays a high thermal stability
upon annealing. The pyrrole monolayer directly ex-
tending from the silicon lattice can be used as a
promising ‘molecular glue’ or a template for devel-
opment of electrochemically derived polypyrroler
silicon heterojunctions with intimate contact between
the two phases.
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