Reactions of substituted aromatic hydrocarbons with the Si (001) surface
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The interactions of toluengara-xylene, metaxylene andortho-xylene with the(001) surface of

silicon have been investigated using Fourier-transform infrared spectroscopy. Infrared spectra show
that these methyl-substituted aromatic hydrocarbons are chemisorbed and oriented ¢80he Si
surface at both 110 and 300 K. Peaks in the Si—H stretching region indicate that some dissociation
occurs upon adsorption. Comparisons of infrared spectra of these molecules with deuterated and
nondeuterated methyl groups reveal that the major source of decomposition is likely from C—H
cleavage of the substituent groups, leaving the ring intact. Additionally, the striking similarity of the
infrared spectra of benzene, toluene and the xylene isomers suggests that the methyl-substituted
aromatic rings interact with the @021) surface in much the same way as benzene. Differences in
relative peak intensity point to the possibility that the methyl substituent groups may steer the ring
into different ratios of specific bonding geometries. 2000 American Vacuum Society.
[S0734-210(100)10404-X]

[. INTRODUCTION It is well known within the field of organic chemistry that

The S{001) surface is the starting point for most micro- substituent groups on an aromatic ring can steer a reaction
electronic devices. Although present microelectronic manutowards a particular produét.This can be accomplished ei-
facturing techniques primarily use inorganic materials, recenther sterically, using large unreactive substituent groups, or
developments in controlling the behavior ofganic mol-  electronically, by making particular sites on the ring more
ecules on 3001) may provide Opportunities for extending susceptible to attack. The reaction Chemistry of aromatic
Si(001)-based microelectronics technology to new areasfings containing a pair of either electron-donating or
such as molecular electronics and biotechnolbgy. electron-withdrawing groups is often very different depend-

Chemical reactions are usually controlled by the highesting on whether these groups are located across from one
occupied and lowest-unoccupied molecular orbitellOMO)  another(para), adjacent to one anothéortho) or separated
and (LUMO), respectively, of the reactants. The HOMOs by one carbon on the ringneta.”” The resulting specificity
and LUMOs of the S001) surface arem-bonding and in bonding often is attributed to differing degrees of stabili-
m*-antibonding levels and are formed through a surface rezation of transient or ionic intermediates.
construction in which adjacent atoms pair together into Studying the interaction of substituted aromatic hydrocar-
“dimers.” ® The silicon dimers have geometric and elec-bons with the S001) surface can be used to elucidate how
tronic structures that are similar to those of organic alkenessubstituent groups may steer the ring into particular configu-
suggesting that their chemistry might be similar. Subtle fearations. Here we report investigations comparing the adsorp-
tures, such as dimer tilting, can complicate the semition and bonding of several substituted aromatic molecules
conductor-organic chemistry analogy. Nevertheless, devePn the S{001) surface. Our studies focus on aromatics in
oping an understanding of how organic molecules interachich methyl groups, as electron-donating substituents, re-
with Si(001) can provide insight into the development of place one or more hydrogen atoms on the benzene ring.
new strategies for the chemical functionalization of dimer-
ized surfaces such as (801, Geg001), and diamond || EXPERIMENT
(002).° o . . .

Benzene is one of the most widely studied compounds in Multiple internal reflectlon-Fourler-_transzrm mfra_red
chemistry because it possesses unusual stability. Recef!IR-FTIR) spectroscopy was used to investigate the inter-
studies have shown that the interaction of benzene with thction of methyl-substituted benzene rings at submonolayer

Si(001) surface is complex, with evidence for multiple bond- @1d monolayer coverages. Infrared light, produced by a
ing configuration® 18 and transformations from one con- Mattson RS-1 FTIR spectrometer, was coupled into an ultra-

figuration to another at room temperatd?é Likewise, Nigh vacuum (UHV) chamber (base pressure<1.0

—10 : ..
toluene also chemisorbs in multiple bonding config- <10 = Torn by BaF, windows and, after exiting the cham-
urations!® At the present time, the kinetic and thermody- ber, was collected with a cooled InSb detector. The samples

namic factors controlling adsorption of benzene and othelV€'® cut fromn-type high-rgsistivity waferg>7 Qcm, P
aromatic hydrocarbons on (8D1) remain contro- doped, from Wacker Chemitronicshat were polished on
versig|10:11,13-18,20,21 both large (0.9crk2.0cm) faces. The small edges

(0.9cmx0.5mm) of the samples were polished 45° off the

Author to whom correspondence should be addressed; electronic maif001) facg for use in a mUIti_ple inFemal reflection
rihamers@facstaff.wisc.edu geometry”> The samples were rinsed in methanol and
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cleaned of residual surface carbon contamination by expo- 88 ‘ E

sure to ozone for 15 min. After transferring to vacuum, the [110]
samples were outgassed overnight at 850 K and then an-

nealed at 1400 K to remove the oxide layer, leaving a clean a M &

Si(001)-(2x 1) surface®*

Studies were performed using both “on-axis” and “off-
axis” Si(001) wafers. On-axis samples oriented to (001)
+0.5° consist of large terraces of dimer rows separated by
steps one atomic layer high. Since terraces separated by
monatomic steps have dimer bonds rotated 90° with respect
to one another, these on-axis “two-domain” (@1
samples contain equal amounts of thex(®) and (1x2) |1x10
domains. Off-axis §001) samples were intentionally miscut . Y r
4° off the (001) axis, toward th¢110] direction. This miscut ' I b {
produces surfaces consisting of small terraces separated by 2800 2900 3000 ,3100
bilayer step$>2° Because the dimer bond orientation is re- Wavenumbers (cm )
tai.ned across. a bi!ayer step, all the (_jimer§ in these Of.f_aXisﬁe. 1. Infrared spectra of molecules chemisorbed on single-doméi0Bi
“smg!e-domam” Si(00D samples are in a single ¢21) ori- samples at 300 K, probed with light polarized perpendicular to the dimer
entation. bonds. Spectra df) 10.0 L benzené4.0x 108 Torr for 250 3; (b) 10.0 L

Infrared absorption is controlled by the dot product of thetoluened; (2.5x10°8 Torr for 400 $; (c) 1.0 L p-xyleneds (1.0
electric field vector and the transition dipole correspondingx10 °Torr for 100 9; (d) 2.0 L mrxyleneds (2.0x 10" Torr for 100 $;
to each vibrational mode. Differences between spectra obf® 10 L oxyleneds (1.0< 107 Torr for 100 3.
tained withs-polarized andp-polarized light reveal the ten-

dency of molecules to orient with respect o the surface norgpyaineq in this manner for benzene, toluehe-p-xylene-
mal. For single-domain samples;polarized light with its

electric field vector either parallel or perpendicular to thedﬁ’ m-xyleneds and o-xyleneds adsorbed onto §01) at

Si=Si dimer bond axis can additionally be used to probe the‘?’00 K and are presented in Figs. 1 and 2. Due to technical

orientation of specific molecular vibrations with respect tod'ff'CU|t'eS.' the room temperature spectru.m fmxylenede
the SieSi dimer bond probed withE;;70) light could not be acquired. Figuregd,

The molecules used for this study included benz&986, therefore, is a spectrum afrxyleneds adsorbed to $001)

Aldrich), toluene(99.8%, Aldrich, para-xylene(99+ %, Al- at110 K. . . . .

drich), r)netaxyleer(19(99+%, Arc%s)pand;thox(ylene(97%, Spectra also were obtained usipepolarized light (not
Aldrich). Isotopically labeled molecules, in which the hydro- shown) for benzene, toluend,, p-xyleneds, mxyleneds
gen atoms of the methyl (G groups were replaced with ando-xylenedg. The electric field ofp-polarized light con-
deuterium, were used to distinguish IR absorption of the

C-D stretches of the methyl groups from IR absorption of ——

the C—H stretches on the ring. Compounds with deuterated w E.=

methyl groups included toluerd; (98%, Cambridge Iso- (110]
topes, paraxylenedg (99+ %, Aldrich), metaxylenedg
(98%, CDN Isotopesandortho-xylenedg (98%, Cambridge
Isotope$. Each compound was further purified by at least
three freeze-pump-thaw cycles. Purity was verified with an
in situ mass spectrometer. The chemicals were introduced to
the UHV chamber through a variable leak valve directed
towards the surface. Exposures reported here are nominal
exposures based on the background pressure in the chamber.
Due to the geometry of the vacuum system, the actual expo-
sures at the sample are higher.

Absorbance
!o (o)

-3

Absorbance

Y
R

1x10°

Ill. RESULTS 2800 2900 3000 3100

Polarized infrared spectra were obtained on single-domain Wavenumbers (cm ')

$|(001) .samples. V_V'th an apprqprla}te ch0|c§ of Qeom.e”% ItF|G. 2. Infrared spectra of molecules chemisorbed on single-domé0 Bi
is possible to obtain spectra using infrared light in which thesamples at 300 K, probed with light polarized parallel to the dimer bonds.
electric-field vector lies completely in the surface plane,Spectraofa) 10.0 L benzeng2.5x 10”8 Torr for 400 $;(b) 10.0 L toluene-

. . . . . —8 . —8
aligned selectively along either tfi@10] direction (perpen- ~ 9s (2.5<10°"Torr for 400 §; (©) 1.0 L p-xyleneds (1.0x10 “Torr for
— 100 9; (d) 2.0 L mxylenedg (2.0x 107 ° Torr for 100 $ [Due to technical

dicular t_O the dimer bondsor the.[llol] direction (parallel gifficulties, this spectrum was acquired on 408il) sample at 110 K (e)
to the dimer bonds*’ The s-polarized infrared spectra were 1.0 L o-xylened, (1.0x 10~ Torr for 100 .
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tains two components: one oriented along[tb@1] direction 3 k\

and a second oriented along either [&0] or [110] direc- a 1x10 . 3
tion. In all cases, the-polarized spectra of benzene and the A e I 1x10
methyl-substituted rings appeared to be dominated by vibra- M i\

tional modes parallel to the surface plane, indicating that
there are no strong vibrational modes with transition dipoles
oriented directly in thé001] direction.

The spectral region between 3000 and 3100 tim nor-
mally associated with the C—H stretching vibrations of
sp?-hybridized, or unsaturated, alkene-like carbons. Each of
the five different spectra in Fig. 1 shows absorption peaks
between 3000 and 3100 crhwhen probed with light polar-
ized in the[110] direction. The position of the main peak
decreases in frequency from 3043 chin benzene to 3037
cm ™ tin toluened; to 3035 cm* in o-, m-, andp-xyleneds.

This small shift in frequency occurs because the methyl
groups donate electron density to the ring, thereby decreas-
ing the force constant associated with the C—H bonds on thBe. 3. Infrared spectra of nondeuterated and deuterated methyl-substituted

ring. While the main peak has nearly the same shape foRromatic rings chemisprped on single-domai0&1) samples at 300 K.
benzene[Fig. 1(a)], toluened3 [Fig. l(b)] and p-xylened6 Tlrl1e sa(;nples were re5|st|ve_ly heated to the tenjp_efrature shown for 2 min and

allowed to cool to 300 K prior to spectral acquisition. Spectr&apfl2.0 L

[Fig. 1(c)], mxylenedg [Fig. 1(d)] shows two rather strong p-xylene (6.0x10 8Torr for 200 §; (b) 1.0 L pxyleneds (1.0
peaks at both 3035 and 3021 ¢hwhile the o-xylenedg X 1078 Torr for 100 $; (c) 1.0 L m-xylene (1.0x 1078 Torr for 100 3; (d)
peak[Fig. 1(e)] is much broader, with a high-frequency tail. igoggn;;(yl?gefgo(;% ioc;:o”l;ﬂ:ejoc()l%;x(fgrggoL ?;X)ilggi)-(%?

. When the sample; W.er? probed Wit.h light with its eleCtriclO.O L t0|J;n;§3 (2.5;< 10"8 Torr)%/r 400 g; (H) same a$gr)r, hel;ated t(’J 320
field parallel to the Si=Si dimer bondFig. 2), all molecules  k: (i) 5.0 L toluene(5.0x 108 Torr for 100 ¢: (j) same asi), heated to 490
had significantly decreased absorption above 3000'cm K; (k) same agi) heated to 670 K.

The apparent splitting of the-xylenedg alkene-like peak in

Fig. 2(e) is actually due to absorption interference from at-

mospheric water as a result of increased humidity duringience for dissociation of toluene and the xylene isomers.

Absorbance

T T
2000 2100 2200 2050 211 00 2150
Wavenumbers (cm )

acquisition of the background spectrum.
The spectral region between 2800 and 3000 tis as-
sociated with C—H stretching vibrations sp*-hybridized,

Figures 3a)—3(f) show the spectra in the Si—H stretching
region of p-xylene, p-xylenedg, m-xylene, m-xylenedg,
o-xylene and o-xylenedg adsorbed on the two-domain

or saturated, alkane-like carbons. When the electric field isi(001) at 300 K, probed wittp-polarized light with compo-

perpendicular to the dimer bondsig. 1), the spectra exhibit

nents in both th¢ 110] and[001] directions. While a Si—H

only weak features. In contrast, when the electric field isyiprational peak at 2070 cnt is clearly visible for the non-

parallel to the dimer bondg-ig. 2), two strong clusters of
peaks emerge in this region and dominate the spectra. Agai

deuterated xylenes in Fig(&, 3(c) and 3e), the analogous
Bompounds in which the methyl groups alone are deuterated

the absorption features are shiftec_j downward in frequency d¥igs. 3b), 3(d) and 3f)] show little evidence of dissocia-
methyl groups are added to the ring. The more intense peakon. By comparing the Si—H peak areas of the nondeuterated

shifts from 2944 cm? for benzene in Fig. @), down to a
broader peak at 2930—2951 cinfor toluene in Fig. b).
Each of the xylenes has two peaks, at 2919 and 2933'cm
for p-xyleneds and at 2913 and 2934 crh for m-xylene-
de¢. The intense peak foo-xylenedg is located at 2938
cm ! with a smaller shoulder at 2921 ¢rh Similarly, the

xylene isomers with the peak area of a fully hydrogenated
surface, we estimate that surface hydrogen coverage was ap-
proximately 0.03, 0.18 and 0.20 monolaye(sIL) for
p-xylene,m-xylene ando-xylene, respectively. A broad peak
near 2220 cm' is present in Figs.®), 3(d) and 3f) and is
associated with the C-D stretches of the deuterated methyl

second major grouping of peaks in Fig. 2 decreases frongroups.

2899 cm?! for benzene to 2890 cnt for toluened; and
2880 cm'? for the deuterated xylene isomers.

To investigate possible further decomposition at elevated
temperatures, spectra were obtained of tolugng-igs. 3g)

Previous studies have shown that benzene chemisorkd 3h)] and nondeuterated toluen&igs. 3i)—3(k)] on

molecularly to the surfac¥'’ We found no indication of

Si(001) after annealing to successively higher temperatures.

Si—H vibrational modes upon benzene adsorption, at eitheThe toluene samples in Figs(g3—3(k) were probed with
110 K or room temperature. Furthermore, after heating tq-polarized light with components in thel10] and [001]

550 K (above the desorption temperatyreeither C—H nor

directions. Although toluends; has a small absorption near

Si—H stretching vibration modes were detectable. These ot2070 cm ! when adsorbed on a 300 K(801) surface[Fig.
servations confirm that benzene molecularly adsorbs to thg(g)], this absorption does not increase significantly when

Si(001) surface and desorbs as an intact molecule, leavin
behind a clean surfadé!” In contrast, we find some evi-
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the temperature is increased to 42(Qg. 3(h)]. In contrast,
the Si—H peak of normali.e., nondeuterated toluen-
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Si(001) at 300 K than to the spectra of benzene and toluene-
Aa /\ } L d; on Si(002) at 110 K.

IV. DISCUSSION

b
M/\Mﬂj\r/” A comparative analysis of the spectra of the methyl-
substituted aromatic systems addresses several fundamental
issues, including the reversibility of adsorption, the possible
pathways to dissociation from the (801) surface and the
c ability of the methyl substituents to direct the ring into par-
ticular bonding geometries.
d
e

Absorbance

The presence of peaks in the alkane-like C—H stretching
region (2800—3000 cm?) for benzene, toluend; and the
deuterated xylene isomers indicates that at least one af the
bonds in the ring system is broken upon adsorption. When an
unsaturated carbon atom bonds to the Si surface, the trans-

1x10'3 formation fromsp? to sp® hybridization and the donation of
T T ] electron density from the silicon atom lower the force con-
stant associated with the C—H bond. The low-frequency

2800 2900 3000 4 3100 alkane-like vibrations in the 2800—3000 chregion almost
Wavenumbers (cm”) certainly arise from carbon atoms that have been strongly

Fie. 4. Unnolarized i _ ,rperturbed by bonding to the silicon surfatédditionally,

. 4. polarized infrared spectra of molecules adsorbed on two-domai . . ; _ .

Si(001) samples at 110 K. Spectra @ 0.5 L benzeng5.0x 10~ ° Torr for absorption in the region above 3060 dnnormally assocl-

100 9; (b) 1.6 L tolueneds (1.0x 107 Torr for 160 §; (c) 5.0 L p-xylene-  ated with the C—H stretching of an aromatic ring, is absent in

dg (2.5% 1078 Torr for 200 §; (d) 5.0 L mxyleneds (2.5x10 8 Torr for  Figs. 1-4*4?829The absence of these high-frequency modes

200 9; (e) 5.5 L o-xyleneds (2.5x 10 ° Torr for 220 3. and the absorption in the alkane region indicate that both
benzene and the methyl-substituted compounds are chemi-
sorbed onto $001) through their rings. Furthermore, the
multiplicity of peaks in Figs. 1, 2, and 4 suggests that ben-

creases significantly with increasing temperature, yieldingzene, toluene and the xylenes might bond to the surface in

hydrogen coverages of 0.09 ML at 300 K, 0.21 ML at 490 Kmore than one configuration or into a singular bonding con-

and 0.28 ML at 670 K. figuration of low symmetry.

Because previous experiments have shown that the distri- While our studies and previous studies show that benzene
bution of bonding geometries for benzene is temperatureadsorbs and desorbs with no detectable dissociafibmur
dependent? additional studies were performed to identify data indicate that substituting one or more methyl groups
whether toluene and the xylenes exhibited different behavioonto the ring leads to some dissociation when the molecule
at lower temperatures. Figure 4 compares the unpolarizeddsorbs to the $01) surface. At elevated temperatures, this
spectra of benzene, toluedg; p-xylenedg, m-xylenedg  dissociation becomes more significant. Surprisingly, com-
ando-xylenedg adsorbed on two-domain, on-axig@1) at  parison of deuterated and nondeuterated methyl-substituted
110 K. When benzene was adsorbed onto a cool€@®$i  rings demonstrates that the major dissociation channel arises
surface, as in Fig.(@), the resulting spectrum is substantially almost entirely from cleavage of C—H bonds of the methyl
different from spectra of benzene on a room-temperaturgroup.
sample. In particular, the spectrum obtained on a cold sub- Aromatic hydrocarbons typically interact with reactants in
strate shows no absorbance at 2899 traven after 3 h. one of two ways. In “substitution reactions,” a C—H bond
Similarly, when tolueneat; was adsorbed onto @01) at 110  on the ring is cleaved as the reactant attacks one of the aro-
K, as in Fig. 4b), its corresponding room-temperature peakmatic carbon atoms. In “addition reactions,” the reactant
at 2890 cm? in Fig. 2(b) is not present. After heating the bonds directly to the ring through the system without
benzene and the toluemig-samples(not shown, the peaks cleavage of the C—H bonds. For aromatic hydrocarbons, sub-
at 2899 cm* for benzene and at 2890 crhfor toluened;  stitution reactions preserve the aromaticity of the benzene
increased in intensity until the spectra were identical to thaing while in addition reactions, the aromaticity of the ring is
spectra at 300 K exposure. In contrast, the spectra dbst. Since the aromatic nature of benzene results in high
p-xylenedg [Fig. 4(c)], mxylenedg [Fig. 4(d)] and stability, we might expect that benzene and related molecules
o-xylenedg [Fig. 4(e)] adsorbed on $001) at 110 K appear would bond to the surface with cleavage of a C—H bond
nearly identical to the xylene @01 spectra obtained with from the aromatic ring. In contrast, our results show that
the S{(001) samples at 300 KFigs. 1c)-1(e) and Zc)- benzene adsorbs molecularly, and that the dissociation that is
2(e)]. Surprisingly, the xylene/8)01) spectra at 110 K are observed for toluene and xylenes arises almost exclusively
more similar to the spectra of benzene and tolugn@n  from the methyl groups, not from the ring. These observa-
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tions suggest that the interaction of these aromatic systemeules likely share similar types of bonding configurations
and the Si001) surface more closely mimics addition reac- on the surface.
tions.

For simple alkenes, it has been proposed that the surfacé. CONCLUSION

reactions are facilitated by the interaction of the electron-rich  oyr studies demonstrate that the bonding of methyl sub-
m system of the alkene with the normally unoccupiedl  stituted aromatic molecules, such as toluene and xylene, are
orbital of the silicon dimef.***Tilting of the dimers leads strongly controlled by the directional nature of the dimer
to a charge transfer and zwitterion-like behavior, helping tobonds. This anisotropy results in oriented vibrational modes
facilitate the overall reactioff:*** Aromatic systems un- that were detected using polarized light. The similarity of the
dergo substitution reactions through similar ionic intermedi-spectra for benzene, toluene apd m- and o-xylene ad-
ate pathways. In these type of reactions, the location of sulsorbed on $D01) suggests that, spatially, the methyl-
stituent groups will often direct reactants to specific sites orsubstituted molecules bond in much the same way as ben-
the ring. This propensity to react at specific positions is azene. The presence of additional vibrational features,
result of how well transient intermediates are stabilized afowever, indicates more than one bonding geometry is
the molecule undergoes a reactfdrThe differences in the present on the surface. Dissociation of substituted aromatic
spectra ofp-xyleneds, m-xylenedg and o-xylenedg in molecules arises almost entirely by C—H bond cleavage of
Figs. 1 and 2 indicate that the methyl substituent groups mathe functional groupexternalto the aromatic ring. It is not
exert some influence on the distribution of bonding configu-clear from the FTIR data that the additional methyl groups
rations. Differences in the overall symmetry of the final Strongly steer the ring into unique bonding configurations.
bonding geometries may also influence the noted differenceknese substituent groups, however, may work to influence
in peak shape. the distribution of the different geometries.
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