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Adsorption of phenylacetylene on Si100-2X1: Reaction mechanism and formation
of a styrene-like r-conjugation system
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The interactions of phentylacetylene and phenylacetyterth-with Si(100)-2x 1 have been studied as a
model system to mechanistically understand the adsorption of conjugagtgttron aromatic substitutions on
Si(100)-2x 1. Vibrational signatures show that phenylacetylene covalently binds to the surface thrpgh a
+2]-like cycloaddition pathway between the externa=C and Si=Si dimer, forming styrene-like conjuga-
tion structure which was further supported by the chemical-shift o6 €dke level. These experimental results
are consistent with the density-functional thepB3LYP/6-311// G(d)] calculations. The resulting styrene-
like conjugation structures may possibly be employed as an intermediate for further organic syntheses and
fabrication of molecular architecture for modification and functionalization of Si surfaces, or as a monomer for
polymerization on Si surfaces.
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[. INTRODUCTION Previous studies showed that simple organic molecules
containing G=C can be covalently bound to Si(100)<A
Organic functionalization of semiconductor surfdc@s by a so-called “asymmetrig2+ 2] cycloaddition.”**=*°The
has great potential applications in the development of sensksymmetric geometry of ground-state dimers allows[the
tive Si-based nanosensttand synthesis of ultrathin organic +2] reaction to proceed through an asymmetric pathway,
flms for advanced optical, electronic, and biorelatedwhere alkene approaches the titlee=S8i dimer from one
devices’ 10 side[Fig. 1(c)]. This asymmetric approach is of lower sym-
To successfully incorporate molecular functionalities intoMetry and can occur with a lower energy barrier. Conjugated
device fabrication, the most important step is to gain a thordienes or multienés™* can _be covalently bonded to
ough understanding for the formation mechanisms and bindSi(100)-2<1 through[4+2]-like or/and [2+2]-like cy-
ing structure of multifunctional organic molecules on Si sur-¢loaddition strategies. FgZSIX-membe_red aromatic molecules
faces and create precursor templates with desired reactii!d their substitutionS;™ their binding mechanisms are
functionalities for further developing multilayered Si-based
molecular systems. Most of the previous work in this area
focused on the studies of attachment chemistry of some §\s d \Si:Si/

i—Si; ;

- - At % electron-rich
simple unsaturated hydrocarbons on Si surfddswever, § \s > \S > +” electron-deficient
in order to extend the organic modification and functional- P W 2o
ization to allow for the next-layer growth, multifunctional ! \S._ e \S._ . . ®

ar e 1 Si=Sil _Si—Si y .
molecules are preferred for initial binding. Upon covalent ! \ \ 1 Si—_¥
binding, this layer acting as a precursor, in turn, should retain ;/\Si:Si/ /\sl—‘sl// /\ ..,,§‘
or newly produce(during the interaction with Si surfaces \ *\\6 .
one or more reactive functional groups for the further bind-
ing of other organic molecules. The formation of surface (a) (b)

intermediates containing delocalizedelectron structures is
of particular interest due to the possibility of synthesizing
larger oligomers and polymers known as semiconductors or
metal$!1? through their conjugated structures in vacuum. *xK2
Si(100)-2x 1 is a semiconductor surface of technological ok n:>
importance. In its (X 1) reconstructed structulé adjacent
Si atoms pair into S&Si dimers, shown in Fig. (). The ”’”he»rfcs, Four-membered
bonding within a surface dimer can be formally described in lQSidI},]er heteroatomic ring
the terms of ar bond coupled with ar bond, analogous to
the C=C double bonds of alkenes, suggesting a possible
similarity of chemical reactivities between them. Due to the (©)
large Si-Si distance and bending back bonds that connect the
surface dimer with the bulk atoms, thebond in a Si=Si FIG. 1. (8 The surface structure of Si(100)x2L, (b) the
dimer is quite weak. In fact, the SiSi dimer might be re-  scheme of buckling SSi dimer andc) the schematic presentation
garded as di radical as schematically presented in Fih)1  of asymmetrid 2+ 2] cycloaddition for alkene to Si(100)>21.
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more complicated. It was suggested that benzene can bind to Phenylacetylene/Si(100)-2x1
Si(100) through both[ 4+ 2]-like or/and tight-bridgetetra- 11

sigma binding mode&. For pyridine on Si100),* dative- § 8 WC%H)
bonded pyridine via Si:N anfi4+ 2]-like cycloadduct in- g § &
volving both N* and C' are coexistent at low temperatures. b B '8 wce0) (G H)
At 350 K, dative-bonded molecules possibly converdto LB -2 A §

- 996

- - 2128

sigmabinding configuration.

As a typical substitution of aromatic hydrocarbons, phe-
nylacetylene is made of phenyl ring and conjugates=C
group. Investigating its interaction with Si surfaces will pro-
vide the correlation of reaction selectivity and binding con-
figuration with the individual functional groups in a multi-
functional molecule, offering the necessary flexibility in
functionalization and modification of silicon surfaces.

In this experiment, high-resolution electron-energy-loss
spectroscopyHREELS and x-ray photoelectron spectros-
copy (XPS were employed to characterize the vibrational
and electronic properties of phenylacetylene and
phenylacetylenex-d; on Si(100)-2<1, respectively. Den-
sity Functional TheoryDFT) calculations were commanded
to optimize the chemisorption geometries and calculate their g1 2 HREELS spectra of phenylaceetylene-exposed
adsorption energies. Our results show that phenylacetylene &100)-2x<1 at 110 K as a function of exposure.
covalently bound to Si(100)-21 through g 2+ 2]-like cy-

cloaddition of the &C with a Si=Si dimer, forming a The samples with a dimension of&L8x 0.38 mn? were
styrene-like conjugation structure. The resulting conjugationcut from n-type S{100 Wafers(Phosphorsdoped with a
structures may be considered as a precursor for further Syrllésistivity of 1-300 cm, 99.999%, GoodfellowA 'Iia-sheet
thesgs, modificatipp, and creation of multilayer mOIGCU|arheater(0.025 mm thick, ’Goc.)dfeIIO\’)wvas sandwiched tightly
architectures on silicon surfaces. between two $1L00) crystals held together by two Ta clips. A
0.003-in W-5% Re/W-26% Re thermocouple was attached to
Il. EXPERIMENT the center of the one of the silicon samples using a high-
. . temperature ceramic adhesi¢&remco 516 for temperature
The experiments were performed in two separate UHVieaqrement and control. Uniform heating of the samples
charrjt:l)oers. Both of them have a base pressure<@ .5 achieved by passing current through the Ta heater. This
< 10" Torr, achieved with turbomolecular and sputtered-g4nje-mounting configuration allows us to resistively heat

ion pumps. The investigation of vibrational properties Wasihe sample to 1400 K and conductively cool them to 110 K
carried out in a HREELS chamber with a high-resolutionqing jiquid nitrogen. The temperature distribution on the

electron-energy-loss spectrome(BiREELS, LK-2000-14R  gamples is within=10 K at 1000 K, determined using a
and a quadruple mass spectromét¢fI-100) for gas analy- yrometer ¢=0.74, TR-630, Minolta
sis. HREELS spectra were taken in a specular geometry o% The sample was carefully cleaned by cycles of Aput-

both the clean and phenylacetylene adsorbed samp[tals Wi{Ering and annealing to 1300 K for 15-20 min. Phenylacety-

primary beam energy of 5.0 eV. A resolution &50 cmi lene (99%, Aldrich and Phenylacetylene-d, (99 at. % D,

[full width at half maximum(FWHM) for the elastic peak  a|qrich) were further purified by several freeze-pump-thaw

can be routinely achleved.'The.off—specular spectra were als&/cles before being dosed onto the silicon surface through a
collected at off-specular directions afg, where theAdre-  yjrian adjustable leak valve. Exposures were calculated and

fers to the angle ob anayzery O(speculary r ; ; 6 . .
. . . eported in Langmuir (1 £10™° Torrs) without ion gauge
The second UHV chamber was mainly equipped with anse?]sitivity calibr%\tion. ( ) gaug

x-ray gun(both Mg and Al anodesand hemispherical elec-
tron energy analyzelCLAM 2, VG) for XPS. In the studies
of C 1s photoemission, the Mg-anode x-ray sourdev ( IIl. RESULTS AND DISCUSSION

=1253.6 eV) was used. The binging ene(8¥f) scale of all , ,

the spectra presented in this paper is referenced to the peak A High-resolution electron-energy-loss spectroscopy
maximum of the Si p line (99.3 eV calibrated for Au #,) Figure 2 shows the high-resolution electron-energy-loss
(Ref. 36 of Si(100)-2x< 1 with a FWHM lower than 1.3 eV. spectra of phenylacetylene-exposed Si(10812at 110 K
The C 1s photoemission spectra of physisorbed multilayeras a function of exposure. The vibrational frequencies and
and saturated chemisorption monolayer were fitted withtheir assignments for physisorbed and chemisorbed mol-
VGX900 (VG Scientific, UK. During the fitting, the full ecules are summarized in Table I. Vibrational signatures at
width at half maximum(FWHM) of each peak was kept at 345, 408, 528, 660, 756, 996, 1178, 1295, 1428, 1480, 1588,
1.25 eV which is the typical resolution of GTore-level for 2128, 3065, and 3315 cm can be clearly identified in the
our XPS system spectrum of physisorbed molecules. Table | shows that the
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TABLE I. The assignments of HREELS spectra of physisorbed and saturated chemisorption phenylacety-
lene on Si(100)-X 1. All frequencies are in cit. Phys.: physisorbed molecules; Chem.: Chemisorbed

molecules.
Designation Description Liqgufd  Phys. Chem. Isotofe  Phys. Chem.
v, y=C-H(D) 3332 3315 2609 2578
v=C-D 2218
Vs »C-H 3096 3096
vy vC-H 3078 3078
V3 vC-H 3067 3065 3060 3066 3067 3052
Vog »C-H 3058 3058
vy vC-H 3047 3046
Vg vC=C 2120 2128 1984 1984
vC=C 1630 1618
Vg vC-C 1601 1588 1589 1600 1582 1588
Vor vC-C 1573 1573
vy vC-C 1488 1480 1484 1488 1485 1480
Vog vC-C 1447 1428 1426 1447 1429 1425
Voo 1C-C 1330 1329
V3 BC-H 1282 1295 1298 1278 1288 1288
Vg vC-CCH 1192 1193 1206
Vg BC-H 1175 1178 1168 1175 1165 1160
Va1 BC-H 1157 1157
Vap BC-H 1070 1065 1070
V1o BC-H 1028 1025
V11 ring breath 998 996 988 998
. yC-H 985 985 1002
V14 yC-H 968 968 963
V1g ¥C-H 915 916
Vis ¥C-H 842 841
V1o aC-C-C 760 756 745 758 758 752
V1o ¥C-H 756 758
Voo #C-C 689 660 691 695 687
Va3 BCC-H(D) 649 482
Vay aC-C-C 613 623
Vo yCC-H(D) 613 482
Voo ¢C-C 530 528 531 523
Vas B(C-C=C) 513 531
1Si-C 510 515
V13 aC-C-C 465 459
Vig $C-C 418 408 396 419
Vo3 yC-CCH 349 345 340 350
vag BC-CCH 349 340
Vos yC-C=C 162 154
%Reference 37.
vibrational features of physisorbed phenylacetyl¢Rags. The vibrational features of chemisorbed phenylacetylene

2(c) and(d)] are in excellent agreement with the IR spectrumat low exposure$Fig. 2(a)] are obtained by annealing the
of liquid phenyacetylen&’ Among these vibrational signa- multilayer phenylacetylene-exposed sample to 300 K to
tures of physisorbed molecules, the peak at 3315%cim  drive away all the physisorbed molecules and only retain the
assigned to the ¥-H (-C=CH) stretching mode; the loss chemisorbed moleculefFig. 3(b)], however, are signifi-
feature at 3065 cim' is attributable to the stretching mode of cantly different. Losses at 396, 510, 745, 988, 1065, 1168,
CSP2-H on phenyl ring; the E=C stretching mode can ac- 1298, 1426, 1484, 1589, 1630, and 3060 ¢wan be readily
count for the feature at 2128 crh vibrational features resolved. The absence of observable Si-H stretching around
around 1588, 1480, 1428, and 1295 crare associated with 2000—2100 cm* (Ref. 40 suggests the nature of molecular
the characteristic vibrational modes of monosubstituted phechemisorption for phenylacetylene on Si(100%2. Com-

nyl ring 383° pared to physisorbed molecules, the vibrational peak around
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Phenylacetylene/Si(100)-2x1 Phenylacetylene-a-d /Si(100)-2x1
a: Physisorption o § a: Physisorption
b: Chemisorption ] , b: Chemisorption
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FIG. 4. HREELS spectra of the physisorbed multilay@rand
saturated chemisorption monolay@) of phenylacetylenx-d; on
Si(100)-2x 1.

FIG. 3. HREELS spectra of the physisorbed multilay@rand
saturated chemisorption monolayéb) of phenylacetylene on
Si(100)-2x 1.

3315 cm?! associated to ©-H (in -C=CH) stretching Vibrational features of physisorbed and saturated chemisorp-
mode is absent in chemisorbed molecules, demonstrating tH®n phenylacetylene-d; on Si(100)-2< 1, respectively. In
rehybridization of carbon atoms of thes&C group and their  Fig. 4(@), vibrational peaks at 350, 523, 695, 758, 1002,
involvement in binding with the Si surface. This is further 1165, 1206, 1288, 1429, 1485, 1582, 1984, 2578, and 3067
supported by the absence of€C stretching mode around are clearly resolved. Their assignments listed in Table | show
2128 cm t in the vibrational signatures of chemisorbed phe-that the vibrational features of physisorbed molecules are in
nylacetylendFigs. 2a) and 3b)]. In addition, a new peak at good accordance with the IR spectrum of liquid
1630 cni * attributed to G=C double bond can be identified Phenylacetylene-d, .>” Among these vibrational signatures,
although its relative intensity is low possibly due to its nearlythe two peaks at 2578 and 1984 Chare assigned to
parallel orientatiorf® Another change is the appearance of aC**P-D (-C=CD) and G=C stretching modes, respec-
new peak at-510 cmi ', ascribed to Si-C stretching moffe. tively. The feature at 3067 cm is ascribed to the ¥?-H
Furthermore, the characteristic vibrational mopg€-C)] of ~ stretching of phenyl ring. For chemisorbed molecules, both
monosubstituted phenyl ring around 1580-1650 tm C®CP-D and C'=CF stretching modes at-2578 and
1450-1525 cmt, and 1280-1350 citt are preserved in the ~1984 cm ! respectively, are absent. However, a new peak
HREELS spectra of chemisorbed phenylacetyldifégg. appears around 2218 cm attributable to the &?2-D
3(b)], indicating the retention of aromaticity of phenyl ring. stretching modé® Indeed, these changes occurred at C-D
The fact of no observable intensities around 2900tsug- and C-H stretching regions upon chemisorption of
gests that there are no carbon atoms rehybridizing @  phenylacetylene-d; strongly support the conclusion that
or sp into sp® after chemisorption, further supporting the only C=C bond directly participates in the covalent binding
preservation of phenyl ring upon chemisorption. with the silicon surface.

The absence of ®-H and G=C stretching modes in Figure 5 presents seven possible binding modes of pheny-
chemisorbed molecules indicates the direct involvement ofacetylene on Si(100)-2 1. Among them, modes |, II, llI,
C=C group in the reaction with SiSi dimer. The negli- IV, and V are the cycloadducts between phenyl ring and Si
gible vibrational feature for &3-H stretching mode at surface dangling bonds Hy + 2]-like or [4+ 2]-like reac-
<3000 cm ! together with retention of the characteristic vi- tion schemes. Their C-H stretching features would present
brational moded »(C-C)] of monosubstituted phenyl ring two separate peaks corresponding t®%cH and CP-H
demonstrates that the chemical binding occurs mainlyogether with CP-D stretching remaining at the similar
through the external €C group. Thus th¢2+2]-like cy-  frequency (at ~2578 cm?®) to that of physisorbed
cloaddition between £C group and Si dimer is the pro- phenylacetylene-d;. However, our experimental results
posed binding mode. (Fig. 4 exclude the occurrence of these possibilities. In

For further understanding the reaction mechanism andnode VI, both external -&=CH and its conjugated internal
clarifying binding structure for phenylacetylene on C=C of phenyl ring take part in the covalent attachment
Si(100)-2x 1, phenylacetylene~d; was also employed in with the Si=Si dimer through 4+ 2]-like addition strategy.
our HREELS experiments. Figuresajt and (b) present the In the resulting configuration, the*Gehybridizes frormspto
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FIG. 6. C 1s experimental spectra and their deconvoluted re-

sults of physisorbed multilayefa) and saturated chemisorption
monolayer(b) on Si(100)-2x 1.

Mode VII

substituted phenyl ring upon chemisorption shows that phe-

FIG. 5. The schematic diagram of seven possible binding mode8Y! ring does not directly interact with the Si surface. Based
of phenylacetylene covalently bound to Si(100)2. on these experimental evidences, it is reasonable to propose
that phenylacetylene covalently binds to Si(100%-2

sp? and one carbon atom of phenyl ring changes fephto thr:gugihz[szizizr%—h:(e cycloaddition between the=2C group
sp’. Thus the disappearance of botfPGH stretching feature a et
and the characteristic vibrational peaks of monosubstituted
phenyl ring would be expected in chemisorbed molecules. B. X-ray photoelectron spectroscopy
The CM-H stretching at<3000 cm® would be concur- XPS was employed to investigate the chemical shifts of C
rently observed with the ¥2-H stretching around 3050 1s core level of phenylacetylene on Si(100)<2. C 1s

. In fact, our major experimental evidences (0f the  photoemission feature for physisorbed multilayer on
dlsappearance of both®€H and G=C stretching modes, Si(100)-2x1 is presented in Fig.(6). Figure &b) is the C
(i) only C-H stretching mode around 3050 ¢h(C5"-H  1s spectra for saturated chemisorption monolayer on
stretching, and (iii) the preservation of characteristic vibra- Si(100)-2< 1 obtained by annealing the multilayer pheny-
tional modes of monosubstituted phenyl ring, eliminate theacetylene covered sample to 300 K to drive away phys-
possibility of mode VI. In addition, due to the absence ofisorbed phenylacetylene and only remain chemisorbed mol-
C°P-H(D) stretching mode in Figs.(B) and 4b), atetrac  ecules. For both systems, the experimental € spectra
binding mode, similar to acetylene on Si(100)2, can be display an asymmetric peak shape, possibly due to the exis-
ruled out~*" Our experimental spectra can be well inter- tence of inequivalent carbon atoms. In order to assignsC 1
preted with the proposed mode VII, the+ 2]-like cycload-  peaks of physisorbed and chemisorbed phenylacetylene, soft-
dition pathway involving the &C group and one SESi warevcx900 (vVG) (Ref. 48 was commanded to deconvolute
dimer. In this binding mode, due to the rehybridization 6f C the XPS spectra. The fitting results presented in Fig. 6 show
and @ atoms fromsp to sp?, all the carbon atoms in the that the C & peak for physisorbed phenylacetylene can be
chemisorbed molecules have g? configuration, resulting in  reasonably deconvoluted into two peaks at 285.85 and
a single C-H stretching peak around 3060 ¢rin the spec-  285.05 eV with an area ratio of1:3, assigned to the C
tra of chemisorbed phenylacetylene. Th& D stretching in  =C group and phenyl ring, respectively. Similarly, G 1
phenylacetylenex-d; will significantly down-shifts from photoemission feature of chemisorbed molecules can be fit-
2578 cm ! ascribed to @°-D for physisorbed molecules to ted into two peaks at 284.95 and 284.05 eV with an intensity
2218 cm ! attributed to the €7-D stretching mod® due to  ratio of ~3:1. According to the HREELS results, chemi-
the direct involvement of €C in the surface reaction. This sorbed phenylscetylene has a styrene-like skeleton. In this
binding configuration is further supported by the absence oftructure, six C atoms of phenyl ring maintain thep? hy-
C=C stretching modes at 1984 ¢h[Fig. 4(b)]. Moreover,  bridization upon chemisorption; the other two C atoms with
the retention of characteristic vibrational features of monothe hybridization ok p? are covalently linked to surface sili-
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TABLE Il. Adsorption energies of the local minima in the phenylacetylengdSimodel system from B3LYP/6-31.G(d). All energies
are in kcal mor™.

Reactive functionality Phenyl ring  Phenylring  Phenylring  Phenyl ring  Phenyl ring =8=C=C- c=C

Binging mode in Fig. 5 | I Il \% \% VI VI
Reaction mechanism [2+2]-like [2+2]-like [2+2]-like [4+2]-like [4+2]-like [4+2]-like [2+2]-like
Adsorption energy -0.4 5.3 3.8 15.8 20.9 27.0 54.9

Adsorption energy is calculated by subtracting the energy of clusigi{(SigH,,) from the total energy of free substrate clusteryt5h)
and gas phase phenylacetylengiig).

con atoms. Thus the peaks at 284.95 and 284.05 can be rdaFT studies are single point energy calculation of
sonably assigned to the C atoms of phenyl ring and those @3LYP/6-311+ G(d) on the fully optimized geometry of
external groug - (Si)C*=CF(Si)H], respectively. Compared B3LYP/6-31GQd). The calculated adsorption energies of
to physisorbed molecules, the G tore level of phenyl ring  binding modes I1-VII are listed in Table Il. It is unambiguous
does not display obvious chemical shift, which also suggestthat the product of 2+ 2]-like cycloaddition reaction occur-
that phenyl ring is not directly involved in the binding with ring between the external=£C group and Si=Si dimer

Si surfaces. However, the binding energy of &d & sig-  (mode VII) has the largest adsorption energy. Its value is also
nificantly shifts down by 1.8 eV due to their rehybridization much higher than that ¢# + 2]-like cycloadductmode VI
from spto sp? and covalent binding to Si atoms with a lower involving both G=C and its conjugated-€-C bond on phe-
electronegativity. Thus our XPS results are consistent witmyl ring. The calculation result clearly shows that the ener-
vibrational analyses and further confirm the direct participa-getically preferred reaction mechanism for phenylacetylene

tion of C=C in the cycloaddition with Si=Si dimers. is distinctly different from thd 4+ 2]-like cycloaddition for
typical conjugated dienes on Si(100)<2, such as
C. DFT calculations 1,3-cyclohexadierfé=2% and 1,3-butadien®’ However, this

ferablg 2+ 2 loadditi hanism for phenylacety-
In general, there are seven possible binding modes f [?re erabld | cycloaddition mechanism for phenylacety

phenylacetylene chemically binding on(80), schemati- ene is similar to benzonitrile on Si(100)>2L via the[2

L ) 4 . +2]-like approach occurring at =N group to form a
cally presented in Fig. 5. The direct interaction between phebenzoimine-like conjugation skeletdhin both cases, the
nyl ring and Si dimer is presented in modes I-V. In addition :

O . ; 'cycloaddition results in an energetically stable aromatic skel-
there are other two possibilities including thé+ 2]-like Y g y

cyclic addition involving both the external==C group and eton on surfaces.
its conjugated €=C on phenyl ringmode V) and the direct
participation of the external ==C group via a2+ 2]-like
cycloaddition pathwaymode VII). Our DFT studies focus Our experimental results together with DFT calculations
on the geometric optimization and adsorption energy calcuhave shown the formation of styrene-like conjugation struc-
lation for further understanding our experimental results. tures for phenylacetylene on Si(100)<2 through the[2

We performed DFT calculations usirgpussian 94 (Ref. 4 2]-like addition reaction scheme between the external C
49) for a phenylacetylene molecule adsorbed onto a starting=C group and S=Si dimer. The formed styrene-like skel-
cluster of S§H;,. This cluster with one exposed=SiSi  eton may possibly be employed as a precursor for further
dimer was successfully used in several previous stiiés. chemical modification and functionalization of silicon sur-
Based on the possible binding modes shown in Fig. 5, sevefaces, an intermediate for organic syntheses in vacuum, or as
phenylacetylene-bonded calculation clustéret shown  a monomer for fabrication of conductive polymer thin films
were built to model their corresponding cycloadducts. Allon semiconductors-—1%54

IV. SUMMARY
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