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Abstract

Thienyl monolayers covalently bonded to a Si(111) surface were prepared by a wet chemical process in whch a
Si(111)-H surface was brominated to form Si(111)-Br and further reacted with lithiated thiophenes. Both A-bromosuc-
cinimide and bromochloroform were found to be effective brominating reagents. The derivatized Si(111) surfaces were
characterized by XPS. AES, ATR--FTIR and NEXAFS. © 1998 Elsevier Science B.V.

1. Introduction

The covalent attachment of an organic monolayer to a semiconductor surface provides a means of passivation
and. more significantly, offers a potentially important new methodology for the incorporation of chemical and
biological functionalitics into solid-state devices. Not surprisingly. therefore. interest in the wet chemistry of
semiconductor surfaces is growing rapidly. Notable recent successes in the controlled chemical maodificaticn of
surfaces include alkyls and aryls on Si(111) [1-4]. carboxylic acids and alcohols on porous silicon [5-10].
alkylthiols on GaAs [11-15]. and aromatic derivatives and thiols on InP [16-18]. In many of these examples.
the surfaces were modified with long-chain alkyl groups which ideally will form densely packed monolayers
that effectively inhibit the transfer of electrons or energy across the interface. The ability to create ordered
organic monolayers that provide control of clectron transport at the interface is an important milestone towards
the fabrication of molecular-scale devices. Such monolayers will have applications in molecular sensing and as
templates for the epitaxial growth of organic or metallo-organic films on semiconductors.,
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In this Letter. we report the chemical derivatization of the Si(111) surface with thiophenes using the
tollowing strategy.

NBS or BrCCl .
Si(111)H ———————  Si(111)Br

radical initiation or h v n

The synthetic surface chemistry of single-crystal Si appears to parallel that of molecular organosilicon
chemistry. Our work demonstrates that organic molecules with extended conjugation can be readily covalently
attached to silicon surfaces by this procedure. Furthermore. it demonstrates one of the basic steps required to
attach spatially discrete molecular wires [19] directly to the Si lattice at the semiconductor surtuce. The method
leads to robust thiophene-based monolayers on Si(111).

2. Experimental section

Si(t11) single crystals (1 € -cm, n-type) were cleaned in 3:1 concentrated H,SO, /30% H,0,, I:]
NH ,OH /30% H,0,. followed by etching with 40% aqueous NH,F (6 min), procedures that ensure atomically
flat surfaces terminated by a monolayer of H atoms [20]. Bromination of the Si surfuce was accomplished by
reaction of Si(111)-H with either N-bromosuccinimide (NBS) for 20 min at 60°C in N, N-dimethylformamide
(DMF) solution with benzoyl peroxide as the radica) initiator, or pure bromochloroform (CCI,Br) under
conditions such as thermolysis (80°C for 30 min), photolysis (300 nm UV for 20 min) or free-radical initiation
(benzoyl peroxide at 60°C for 30 min). Chlorination of the Si(111)H surface was accomplished by reaction with
molecular chlorine (2 Torr) using either thermal (80°C for 10 min) or photochemical (350 nm for 10 min)
initiation. Exposure of Si(111)-Br/Cl to a solution of a lithiated thiophene (2-thienyllithium. 2-lithium-3-meth-
ylthiophene. 5-lithium-2.2"-bithiophene. 5-lithium-2.2":5".2"-terthiophene prepared by the reaction of the thio-
phenc with n-butyllithium except for 2-thienyllithium which was commercially available) for several hours to 2
days depending on the number of thienyl units at 60°C yielded the thienyl-terminated Si surfaces. The
derivatized surfaces were rinsed with THE. ethyl alcohol. and were then sonicated in dichloromethane for 5 min.
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Fig. |. X-Ray photoelectron survey spectra of H-. Br- and terthiophene (T )-terminated SiC111) surfaces. The main peaks observed are O |s
(532 V) C 15 (285 eV). Br (257 eV). Br {183, 189 eV). Br (70 ¢V). Si (151 ¢V). and Si (100 V).
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Fig. 2. High-resolution XPS spectra of the St 2p region of H-o Br- and Ti-terminated Si(111) surfaces. with the same experimental
conditions described in Fig, 1. 8. Data: ----. deconvolutions: and ——————_ resulting {its to the spectrum,

X-ray photoelectron spectra (XPS) were recorded on a Kratos Axis Instrument, using monochromated Al Ko
(1486 eV) radiation with detection on the surface normal, The pressure during analysis was about 5 X 10™°
Torr. Auger spectra were obtained using a commercial (Perkin—Elmer) spectrometer. The electron beam was
unmodulated and directed normal to the sample surfacc. Back-scattered electrons were analyzed with a
cylindrical mass analyzer. During the loading process the samples (which were prepared in an inert atmosphere)
were exposed to air for about 5 min. Attenuated total internal reflectance (ATR)-FTIR spectra were recorded
using a Nicolet MAGNA-IR 860 spectrometer at 4 cm ! resolution. The ATR element was mounted in a purged
sample chamber with the light focused normal 1o one of the 45° bevels. Background spectra were obtained using
a freshly oxidized Si(111) ATR element. Sulfur L, ;-edge near edge X-ray absorption fine structure (NEXAFS)
spectra were measured using the Grasshopper monochromator beamline at the Canadian Synchrotron Radiation
Facility (CSRF) at the University of Wisconsin at Madison (Madison, WI). Dala were obtained using (otal
clectron yield detection [21].

3. Results and discussion

The starting Si(111)-H surface was shown to consist solely of monohydride normal to the surface from the
single narrow absorption at 2083.4 cm ' in the p-polarized attenuated total internal reflection (ATR) infrared
(IR) spectrum. The absorption was not observed in the s-polarized spectrum. Exposure of Si(111)-H 10 a
N.N-dimethylformamide solution of NBS using dibenzoyl peroxide as initiator generated the bromo-terminated
surface. The NBS bromination of Si(111)-H is believed to be analogous to the allylic or benzylic free-radical
bromination of alkanes or alkylbenzenes which is known to propagate by the generation of a low steady-state
concentration of molecular bromine (Br,) [22]. XPS confirmed the formation of Si(111)-Br through the peaks
at 257 ¢V (Br 3s). 183 and 189 ¢V (Br 3p). and 70 ¢V (Br 3d) (Fig. 1). High-resolution XPS of the Si 2p of the
modified surface showed. in addition to the substrate Si signal. a peak located at ~ 0.90 ¢V higher in bincling
cnergy (Fig. 2) the position and intensity of which are consistent with the formation of surface Si—Br boncs. *
Similar observations have been made for surface Si—Cl bonds [3.23]. The presence of O and C peaks in the XP
survey spectra for H-Si and Br-Si (Fig. 1) are likely due to carbonaceous contamination since the Si 2p
high-resolution XPS spectra of Si(111)-H and Si(111)-Br (Fig. 2) do not indicate the formation of Si oxides

* Both H-terminated Si and thiophenes-terminated Si produced Si 2p spectra that were well-fit to a spin-orbit doublet of Si 2p, ., ard Si
2p; > in the expected 2:1 arca ratio, 0.60 ¢V energy separation. and the peak position for lattice Si. However, bromination yielded an XPS
spectrum which could only be well-fit by including a third peak at about 0.90 ¢V higher energy than the Si 2p;, . peak. while holding the

parameters of the substrate doublet constant. This is consistent with the formation of surfuce Si-Br bonds.
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Fig. 3. Auger spectra of () Si(11 =T and (b) Si(111)-T,. Both samples were prepared as described in the text from a chlorine terminated

surface. The peaks observed: Si (92 V) S (152 eV). CHUKE3 ¢V C (278 ¢V). N (392 ¢V) and O (522 ¢V). Plot (b) has been arbitrarily
scaled. Incident electron beam encrgies were 3 keV for ) and | keV for (h).

(i.e. absence of the peak at binding energy 102-104 eV). The brominated surfaces were only mildly
moisture-sensitive and could be handled in air for several minutes without hydrolysis.

We find that CCl,Br also is an effective brominating agent for Si(111)~H. The bromination reaction can be
initiated by thermolysis, photolysis or free-radical initiation. Within the limits of detection of XPS, Br is the
only halogen bound to the Si(111) surface (i.c. no detectable CI). The Si(111) bromination chemistry is very
similar to the molecular reaction of the structurally related tris(trimethylsilyDsilane with BrCCl,, which takes
place spontaneously at room temperature yielding tris(trimethylsilyDbromosilane and chloroform {24].

Exposure of the Si(111)=Br or Si(111)-Cl 10 a solution of lithiated thiophene (T) or lithiated terthiophene
(T,) yielded thienyl-terminated Si surfaces. XP survey spectra of these surfaces showed only Si. S, C, and O
peaks, with no detectable Li or Br/Cl signals. The position ot the S 2s signal from the derivatized surface was
found to be virtually the same for all thiophene derivatives having a binding energy of 228.6 ¢V: almost
identical to that from free molecules. ' suggesting that the chemical structure of the thienyl rings is retained
upon attachment to the surface. The C/Si and S /Si ratios in the XPS measurements increased monotonically
with increasing number of thienyl units. It is expected that such attachment is between the surface Si atoms and
the «-C of the thienyl rings. Estimation of the organic layer thickness, based on the attenuation of the Si signals
arising from the Si(111)—H and thiophene-terminated Si surtface was consistent with monolayer thickness of the
thiophenes. * Control experiments with non-lithiated thiophenes did not lead to surfaces with detectable
amounts of sulfur, establishing the importance of the reactive lithiated reagents in the functionalization of the
Si—-Br/Cl surface.

Auger spectra of the T and T, modified surfaces are shown in Fig. 3. Using sensitivity factors appropriate for
a 3 keV beam energy [26] the relative C 1o S surface coverage for the T and T, samples were found to be 4.0
and 5.1, respectively, in rcasonable agreement with the relative abundance in the thiophene ring (4 Q). The

: Unpublished data. The S 2p binding energy tor thiophenes is near 164 ¢V which overlaps with one of the plasmon peaks of the substrate
Si.

* The thickness of thienyl films was estimated from the attenuation of the Si 2p peak intensities. expressed as I = Jiexp( = / Asin#).
with /, the intensity of the Si 2p on the H-terminated surfuce. o the film thickness. A the escape depth of photoelectrons taking as 40+ 5 A
[3.25]. 4 and # = 90° (the take-off angle of detector on the surface normal). For example, the film thickness for terthiophene-terininated Si
surface was estimated o be 145+ 1.8 A based on the experimental value / /7, = 0.70 (Fig. 2a.c). As dimension of Si(1H1)-=T along its
long axis is about 12.5 A. the terthiophene adlayer is within the monolayer range.
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Fig. 4. ATR-FTIR spectra of (@) Sit111D-T. prepared by reaction of lithued terthiophene with Si(HHD-Br and (b) polycrystalline T,
deposited on a freshly oxidized Si ATR element by evaporation of a dilute solution of terthiophene in dichloromethane.

higher value in the T, samples suggests a small amount of organic contamination. Both samples contain oxygen
and small amounts of unreacted chlorine. Some evidence for surface oxide formation also was observed in the
high-resolution of Si 2p spectra of the T, modified surface (weak signal centered at ~ 103 eV in Fig. 2).

The absolute surface coverage can be estimated by comparing the Auger electron peak intensities with the Si
substrate peak intensity. The strength of the Si Auger signal is characterized by the escape depth of 92 eV
electrons through Si us well as the escape depth through the overlayer. Since these escape depths are not well
known we assume both to be the same and choose a reasonable estimate of 0.6 nm [27]. 1f it ts assumed that the
reactions lead to uniform organic layers. the fraction of surface atoms that have reacted with the organic reagent
is estimated to have an upper limit of 0.7 + 0.2 and 0.3 £ 0.1 for T and T;. respectively. The size of the
thiophene molecule precludes reaction with cvery surface atom (the dangling bond density on the unrecon-
structed surface is 7.83 X 10" c¢m 7). Thus. it is not surprising to find some oxygen (from hydrolysis of
Si(11 DX, X =Cl or Br) and halogen on these surfaces. The unreacted halogen will eventually hydrolyze to
form oxide during the cleaning process. In the case of the reaction with Si(111)CL some residual chlorine was
observed owing to the lower reactivity of the chlorinated surface towards water compared to the brominated
surface. © 1t has been suggested by Chidsey and coworkers that even alkyl chains are too large to pack m a
1 X 1 structure on the Si(111) surface and a 2 X | structure was proposed with the remaining sites occupied by
Si—OH groups [1.2]. The thienyl group is actually more closely related in structure to phenyl which also has
been proposed to form a 2 X | adlayer on Si(111) [4].

XPS and Auger provide only confirmation of the elemental composition of the modified surface and provide
little in the way of proof that the thiophene ring structure has remained intact. Reasonable proof that the
thiophene molecule is intact comes from ATR-FTIR and NEXAFS spectroscopy. Reactions were carried out as
described above on a Si(111) ATR clement (50 X 10 X | mm™). The spectrum of the T, modified surface in the
aromatic C—H stretch region is shown in Fig. <4a. For comparison. the spectrum of T deposited on a clean ATR
element by evaporation of a dilute dichloromethane solution is shown in Fig. 4b. The excellent agreement
between these two spectra provides convincing evidence that the ring structure of the molecule is intact on the
Si(111) surface. Based on a recent reflectance FTIR study of 2-thio-T, on gold [28]. the peuak intensity at 3070
cm Uinour study (= 1 X 10 * A /reflection) is consistent with the coverage estimated by AES.

* The presence of the Cl peaks indicates incomplete hydrolysis of the unreacted Si€111)—Cl. The estimated coverage ol the Cl was .08
tor the Si(111)-T. This likely underestimates the Cl coverage since we find that the electron heam desorbs Cl from the Cl terminated Si
surface.
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Fig. 3. Sulfur L, -edge NEXAFS spectra of 3-methylthiophene (T)- and terthiophene (T -terminated SiCH 1) surtaces, The background has
been subtracted.

Examination of the derivatized Si(111) surtace with SL, ; NEXAFS provides further evidence for retention
of the thiophene structure on the Si surface. Fig. 5 shows the S L, ;~NEXAFS data from both Si(111)-T and
Si(111)-T, samples. The intramolecular transitions from S2p core level to the lowest unoccupied molecular
orbitals appear to be the same in both samples, i.c. independent of the number of thienyl units. This is in good
agreement with the observation that both thiophene [29] and poly(3-methylthiophene) [30] have the same
transitions. The spectra contain peaks assigned to the S2p, ., — w+ at 163.5 eV (labeled * 1" in Fig. 3). to the
2py = o (C=S)and 2p = 7= at 1647 ¢V (labeled "27) and to the 2p, . = g+ (C-8) at 166.2 ¢V
(labeled *37) transitions. respectively. Transitions attributed to the o+ (C-C) shape resonance at 170.4 ¢V
(labeled *4) and to the atomic S resonance in the continuum due to excitation to d-like final states at 172.5 ¢V
(labeled *3°) are not casily distinguished.

4. Conclusion

We have prepared thiophene-based monolayers covalently bonded to a Si(111) surface using a wet chemical
approach. A two-step reaction sequence was employed: bromination or chlorination of Si(111)—H followed by
reaction with a lithiated thiophene. This general approach should permit the discrete attachment of thiophene
oligomers with longer thienyl units (molecular wires) to Si semiconductor surfaces. We expect that covalent
bonding of thiophenes to the Si surface followed by chemical or electrochemical polymerization will improve
electron transport between organic layers and the semiconductor. These experiments are in progress.
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