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The adsorbed state of benzene on the Si(100) surface at 90 and 300 K has been investigated by
the use of thermal desorption spectroscopy (TDS) and high resolution electron energy loss
spectroscopy (EELS). Benzene is chemisorbed nondissociatively on Si(100) at 300 K, and the
fractional saturation coverage corresponds to 0.27 benzene molecule per surface Si atom. It is
proposed that chemisorbed benzene is di-o bonded to two adjacent Si atoms saturating the
dangling bonds on Si(100). At 90 K, physisorbed multilayers of benzene molecules are formed
in addition to the chemisorbed layer. The multilayers consist of the metastable transition layer
(a, ) and “bulk” multilayers (a; ). These results are markedly different from those of benzene
on the Si(111) (7 X 7) surface, and the origin of the crystal-face specificity is discussed.

1. INTRODUCTION

The interaction of benzene with transition metals has
been studied by the use of several techniques. In particular,
vibrational studies, by using high resolution electron energy
loss spectroscopy (EELS), of benzene adsorbed on transi-
tion metal surfaces have elucidated the adsorbed state of
benzene.'” According to these studies, benzene is chemis-
orbed molecularly bonding being through 7 orbitals. On the
other hand, only a few works have been reported on the
adsorbed state of benzene on semiconductor surfaces.*®

We have studied gas adsorption on the Si surface for
several years, and have shown that the surface chemistry on
Si is different from that on transition metals in many re-
spects.”!? The dangling bonds, in particular, play an impor-
tant role in the gas adsorption on the Si surface, and a gas
molecule tends to form a covalent bond with the dangling
bond on the Si surface. Even unsaturated hydrocarbons, e.g.,
ethylene® and acetylene,'®!! are di-o bonded to two adja-
cent surface Si atoms saturating the dangling bonds. Never-
theless, we have recently found evidence that indicates that
benzene is 7 bonded to the Si(111)(7X7) surface at low
temperature.® Benzene is the only gas molecule adsorbed
through 7 orbitals on the Si(111)(7X7) surface to our
knowledge.

In the present work, we have studied, by the use of ther-
mal desorption spectroscopy (TDS) and EELS, the ad-
sorbed state of benzene on the Si( 100) surface at both 90 and
300 K. Both chemisorbed and physisorbed states of benzene
were studied in detail. The results are compared with ben-
zene adsorption on the Si(111) (7 X 7) surface.

Il. EXPERIMENTAL

The experiments were carried out by the use of an ulira-
high vacuum chamber that housed a high-resolution elec-
tron spectrometer for EELS, a quadrupole mass spectrom-
eter for TDS, a retarding field analyzer with a
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normal-incidence electron gun for low-energy electron dif-
fraction (LEED), and a cylindrical mirror analyzer for Au-
ger electron spectroscopy (AES).

The high-resolution electron spectrometer used for the
present study consists of a double-pass 127° cylindrical de-
flector analyzer (CDA.) for the monochromator and a sin-
gle-pass 127° CDA for the analyzer. For EELS measure-
ments, a primary energy E, of 6.5 eV and an incidence angle
8, of 65° with respect to the surface normal were used. An
electron was scattered along the [011] azimuth. The full
width at half-maximum (FWHM) was typically 8 meV for
the clean Si(100) surface. The off-specular measurements
were made by rotating the monochromator around an axis
that was perpendicular to the incidence plane of the electron
beam.

TDS measurements were made by using a quadrupole
mass spectrometer whose ionizer was enclosed in a glass en-
velope with a 2 mm diam aperture.’ The aperture was locat-
ed 2 mm from the sample surface. The linear temperature
rise (heating rate: 1.5-7 K/s) was performed by using a
home-built temperature controller that was programmed by
an EPSON PC-286 computer.

The sample used was a Si(100) wafer (p-type, boron-
doped, 5000 €} cm). The Si(100)(2X 1) clean surface was
carefully prepared by several cycles of Ar* -ion bombard-
ment (500eV, 10-20 uA/cm? 30 min) and annealing (1150
K, 2 min).!* No impurities were observed on the clean sur-
face thus prepared within the detection limit of AES and
EELS. Research-grade C4H, (99.0 mol % purity) and
CsD¢ (99.6 at. % D, CEA, France) were used. Benzene was
purified by freeze~pump-thaw cycles, and was checked for
the purity with a mass spectrometer. Benzene was intro-
duced into the vacuum chamber via an 8 mm diam doser
located 10 mm from the sample surface. The chamber pres-
sure was monitored by the use of a nude-type Bayard—Alpert
ion gauge, and was calibrated by the ion-gauge sensitivity
factor of benzene (5.2 relative to N, ). The ultrahigh vacu-
um pumping system consisted of a 500 1/s sputter-ion pump,
a 2000 1/s titanium cryosublimation pump, and a 160 1/s
turbomolecular pump. The base pressure of the vacuum sys-
tem was <5X 10~ Torr.
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lll. RESULTS
A. Thermal desorption spectroscopy

TDS measurements after exposing the Si(100) surface
to benzene at 90 and 300 K showed that C;H, (C4Dg ) was
the only desorption product, and other decomposition prod-
ucts, e.g.,, H,, were not observed. TDS spectra for the
Si(100) (2x 1) surface exposed to an increasing amount of
CH, at 300 K are shown in Fig. 1(a). The heating rate was
4 K/s. The observed peaks can be attributed to the desorp-
tion from the chemisorbed layer, as will be discussed later.
For a small exposure ( <0.01 L), a single desorption peak is
observed at 500 K (1 L = 10~° Torrs). With increasing
exposure, a new desorption peak appears at 460 K along
with the 500 K peak, and for above 1 L exposure, the 460 and
500 K peaks are shifted to 455 and 505 K, respectively. Fig-
ures 1(b) and 1(c) show the area intensities of the 460 and
500 K peaks and the total intensity from the measurements
such as shown in Fig. 1(a) as a function of the C;H, expo-
sure. These figures indicate that the Si(100) (2X 1) surface
is nearly saturated by benzene for ~2 L exposure at 300 K
and that the intensity of the 500 K peak is nearly one-sixth of
the total intensity for > 1 L exposure.

TDS measurements were also made for the physisorbed
layer formed as follows: the Si(100) surface was, at first,
exposed to 2 L benzene (near saturation exposure) at 300 K,
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FIG. 1. (a) TDS spectra of C.H, (mass 78) from the 8i(100)(2X 1) sur-
face exposed to various amounts of C,H, at 300 K. The heating rate was 4
K/s; (b) and (¢) Area intensities of the 460 and 500 K peaks and the total
intensity as a function of the C,H, exposure.
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FIG. 2. TDS spectra of CiH, (mass 78) from the C,H¢-chemisorbed

Si(100) surface exposed to various amounts of C;H, at 90 K. The heating

rate was 1.7 K/s. The inset shows TDS spectra for C,H, physisorbed on
Si(LID(TXT).

and was subsequently cooled to 90 K, and then, the benzene-
chemisorbed Si(100) surface was exposed to benzene at 90
K. Figure 2 shows the TDS spectra for the physisorbed
C¢H, with increasing exposure (heating rate: 1.7 K/s). For
asmall exposure ( <2 L) at 90K, a single peak is observed at
145 K, and the peak intensity is increased with increasing
exposure. For 2 L exposure, a new peak is observed at 153 K
along with the 145 K peak. The intensity of the 153 K peak is
increased and that of the 145 K peak is decreased with in-
creasing exposure above 2 L. The 153 K peak cannot be
saturated and the intensity grows almost linearly with the
benzene exposure. The growth of the 153 K peak is accom-
panied by a common leading-edge character of the zeroth-
order desorption,” and is attributed to the desorption from
the “bulklike” multilayers.

TDS measurements were also carried out for the
Si(100)c(4x2) surface exposed to CoH, at 90 K. The de-
sorption peaks were observed at <200 K along with the 460
and the 500 K peaks. The peaks at <200 K are attributed to
the desorption from the physisorbed layer as discussed
above.

The inset of Fig. 2 shows the TDS spectra for C;Hg
physisorbed on Si(111) (7X7). Three desorption peaks are
observed at 135, 140, and 150 K. The characteristic behavior
of these peaks with increasing exposure is similar to that for
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benzene multilayers on some transition metals [Ru(0001),
etc.].21*+17

B. Electron energy loss spectroscopy

Figures 3(a) and 3(b) show EELS spectra in the specu-
lar and off-specular (A€ = 12° see the inset of Fig. 3 for the
definition of the off-specular angle Af) modes for the
Si(100)(2x 1) surface exposed to 2 L C Hg at 300 K, re-
spectively. Essentially, little change was observed in the vi-
brational spectra for different exposures except for the inten-
sity variation. Similar spectra were obtained as the
Si(100)c(4 % 2) surface was exposed to C;Hg at 90 K and
subsequently heated to 200-300 K. Losses are observed at
615, 790, 910, 1075, 1170, 1635, 2935 and 3065 cm ~ !; the
910 cm ~! loss was observed only by the off-specular mea-
surement. Angle-dependent measurements were carried out
in detail, and the results indicate that, with increasing the off
angle A, only the 615 and 790 cm ~ ! losses are reduced in
intensity nearly at a similar rate as the elastic-peak intensity.
It is, thus, considered that these losses are predominantly
excited by the dipole scattering mechanism, and that the
other losses by the impact mechanism.'®

Figures 3(c) and 3(d) show EELS spectra in the specu-

lar and off-specular (A6=12°) modes for the
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FIG. 3. EELS spectra (a) in the specular mode of Si(100) (2X 1) exposed
to 2 L CoH, at 300 K; (b) in the off-specular mode (A6 = 12°); (c) in the
specular mode of Si(100) (2 X 1) exposed to 2 L C,Dy; (d) in the off-specu-
lar mode (A& = 12°). The inset shows an EELS spectrum of CgH, chemis-
orbed on Si(111)(7X7) (A8 =0"). The off-specular angle A8 is also
shown in the inset.

Taguchi et al.: Adsorbed state of benzene on Si(100)

Si(100) (2 1) surface exposed to 2 L C;Dy at 300 K, re-
spectively. Losses are observed at 550, 660, 785, 860, 1080,
1595, 2190, and 2300 cm ~; the 660 and 1080 cm ~! peaks
were observed only by the off-specular measurement. Angle-
dependent measurements indicated that the 550 cm ~! loss
was predominantly excited by the dipole mechanism; the
other losses by the impact mechanism.

The EELS spectrum for C;H, chemisorbed on the
Si(111)(7 X 7) surface is shown in the inset of Fig. 3. The
spectrum is attributed to the chemisorbed benzene which is
7 bonded to the Si(111) (7 X 7) surface.®

As the Si(100) (2 1) surface exposed to 2 L C;H, at
300 K was heated to <500 K, little change was observed in
the EELS spectrum, except for the intensity. After 600 K
heating, the chemisorbed benzene desorbed completely, and
the spectrum for the clean Si(100) (2 X 1) surface was recov-
ered.

EELS measurements were also carried out in order to
investigate the property of the physisorbed layer. The physi-
sorbed layer on Si(100) was prepared similarly to that used
for the TDS measurement. Figure 4(a) {4(b)] shows an
EELS spectrum in the specular mode for the physisorbed
layer formed by the exposure of the C¢Hy (Cy Dy )-chemis-
orbed Si(100) surface to 2 L CoH, (CgDg ) at 90 K. As the
C,H, exposure was changed, little shift of the loss energies
was observed. The loss energies of the spectra are very simi-
lar to the vibrational energies of gas-, liquid-, or solid-phase
C¢H, (C¢Dg)."®

C. Low-energy electron diffraction and Auger electron

spectroscopy

LEED observations for Si(100) exposed to benzene
both at 90 and 300 K were carried out. For the
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FIG. 4. EELS spectra in the specular mode of (a) the C,H¢-chemisorbed
Si(100) surface exposed to 2 L C,H, at 90 K; (b) the C,D,-chemisorbed
Si(100) surface exposed to 2 L C;D,.
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Si(100) (2% 1) surface exposed to benzene at 300 K, a sharp
(2X1) LEED pattern was observed with a slight increase of
the background intensity. The chemisorption on
Si(100)c(4X2) induced the ¢(4X2) — (2% 1) conversion.
These results indicate that the Si-Si dimers on the Si(100)
surface are preserved after the benzene chemisorption.

In order to estimate the fractional C coverage 6, {(num-
ber of C atoms per surface Si atom) corresponding to the
total amount of the chemisorbed benzene, AES measure-
ments were made for the CiHg- and C,H,-saturated
Si(100)(2x1) surfaces. The 6, for C,H,-saturated
Si(100)(2x1) is estimated to be ~0.8.>%° The Auger-
peak-height ratio C(KLL)/Si(LVV) for C,H,-saturated
Si(100) (2 X 1) was compared with that for C, H, -saturated
Si(100) (2 1). The 8, for C4H,-saturated Si(100) (2 1)
was estimated to be ~ 1.6, which indicates that the fractional
saturation coverage of benzene 0C6H6 on Si(100)(2x 1) is
~0.27.

V. DISCUSSION

A. Chemisorbed state of benzene on Si(100)(2 1) at
300K

TDS spectra for C,H, chemisorbed on Si(100) show
two desorption peaks at 460 and 500 K [Fig. 1(a) ], which
indicates the existence of two chemisorbed states of benzene.
The heats of desorption for the 460 and 500 K peaks are
estimated to be 28 and 32 kcal/mole, respectively, using the
Redhead formula,®! assuming a first-order desorption and a
preexponential factor of 10" s~ 1.

Area intensities of the desorption peaks from the che-
misorbed layer are shown in Figs. 1(b) and 1(c) with in-
creasing C, H, exposure. The figures indicate that benzene
associated with the 500 K peak is adsorbed first for a small
exposure, and that, with increasing exposure, the amount of
benzene associated with the 460 K peak is increased. The
area intensity for the 500 K peak is about 17% of the total
(460 and 500 K) peak intensity for CqHg-saturated
Si(100). It is noted that the Si(100) surface has structural
defects whose density is 109%~25%.% The desorption peak
at 500 K may be, therefore, attributed to the desorption of

benzene chemisorbed on the defect sites of Si(100). The
heats of desorption estimated above indicate that the defect
sites are thermodynamically more favorable for benzene ad-
sorption than the terrace sites.

Nevertheless, Fig. 1(b) shows that the 460 K peak
grows before the 500 K peak is saturated. These results are
interpreted to indicate that, due to the low mobility of ben-
zene arriving at the Si( 100) surface at 300 K, benzene on the
terrace sites coexists with that on the defect sites even at low
coverage. Hereafter, benzene chemisorbed on the defect sites
will not be discussed, as the corresponding losses were not
clearly observable by EELS due, probably, to the low con-
centration.

B. Assignments of the EELS peaks for benzene
chemisorbed on Si(100)

Assignments of the EELS peaks shown in Fig. 3 can be
made by comparison with the vibrational energies of gas-,
liquid-, or solid-phase CHy (C4Dg),'® benzene chemis-
orbed on transition metals'~* and semiconductors,>*# and
also by examining the energy ratio v, /vy for C¢Hg on
Si(100) and the deuterated counterpart.

Assignments of the EELS peaks that are associated with
chemisorbed benzene on Si(100) (2 X 1) are summarized in
Table I, and can be carried out as follows.

The 3065 (2300) and 2935 (2190) cm ™! peaks can be
readily assigned to the CH (CD) stretching vibrations. The
1635 (1595) cm ~ ' loss can be ascribed to the CC stretching
vibration. The 1170 cm ! loss observed for C4H, on Si is
associated with the 860 and 1080 cm ~ ! losses for C,Dg on
Si, which are ascribed to the CD in-plane bending and CC
stretching modes, respectively; the assignments are made by
examining the energy ratio vy /vp (1.36 and 1.08, respec-
tively) and by comparison with EELS spectra for benzene
chemisorbed on transition metals.'* The 1075 (785) and
910 (660) cm ! losses are ascribed to the CH (CD) in-
plane-bending modes by examining the energy ratio vy /vy,
(1.37 and 1.38, respectively). The 790 and 615 cm ~! losses
for C¢Hg on Si are ascribed to the CH out-of-plane bending
and SiC stretching vibrations, respectively. The deuterated

TABLE 1. Vibrational energies (¢m ~ ') and their assignments of Cy H,, (C, D ) chemisorbed on Si{100) (2% 1) at 300K along with thoseon Si(111)(7X7)
(Ref. 8). The energy ratio v, /vy, and the dominant electron scattering mechanism are included.

Benzene chemisorbed on Si(100)(2x 1)

On Si(111)(7X7)

Energy (ecm ') Energy Dominant Energy (cm ™)
ratio mechanism Mode
C.H, C,D, Yu/ Vo C.H, C,D,
615 550 112 Dipole SiC stretch 540 510
790 550 1.44 Dipole CH bend 790 630
910 660 1.38 Impact CH bend
CC stretch 965 930
1075 785 1.37 Impact CH bend 1075 805
1170 860 1.36 Impact CH bend 1190 930
1170 1080 1.08 Impact CC stretch
1635 1595 1.03 Impact CC stretch 1440
2935 2190 1.34 Impact CH stretch
3065 2300 1.33 Impact CH stretch 2985 2195
3050 2260
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counterparts of both peaks are overlapped, and are observed
at 550 cm .

It is noted that no peak is observed at ~2100 cm ™!
associated with the SiH stretching mode.?® This indicates
that benzene is not dissociated on the Si(100)(2x 1) sur-
face.

C. Structure of benzene chemisorbed on Si(100)

There are noticeable differences in the energies of the
CH, CC, and SiC stretching modes between chemisorbed
benzeneon Si(100) and Si(111)(7 X 7) (Table I). Thus, the
bonding state of chemisorbed benzene on Si(100) seems dif-
ferent from 7 bonding.

(1) Generally, the CH (CD) stretching energies for the
gas-phase hydrocarbons are observed at ~ 3300, 3100, and
3000 (~2600, 2300, and 2200) cm ! for sp, sp? and sp
bonding of the carbon atom, respectively.’®!® The CH
stretching mode for benzene 7 bonded to the transition-met-
al surfaces is observed above ~ 3000 cm ~ .- For benzene
which is rbonded to Si(111) (7 X 7), the CH (CD) stretch-
ing modes are observed at 2985 (2195) and 3050 (2260)
cm~1.® The CH stretching modes of chemisorbed benzene
on Si(100) are observed (more separately) at 2935 (2190)
and 3065 (2300) cm ™. From the above general rule, the
2935 (2190) cm ™! loss is ascribed to ~sp® bonding and the
3065 (2300) cm ! loss to ~sp* bonding. One might at-
tribute the relatively low energy [2935 (2190) cm ~!] of the
CH stretching mode to the hydrogen-bonding interaction.
In this case, the CH stretching mode is expected to be ob-
served at 2600-2800 cm ~ ! accompanied with the broaden-
ing.'® However, this possibility can be excluded, as the
broadening is not observed.

(2) Typical CC stretching energies are ~ 950, 1600, and
2100 cm ~ ! for CC single, double, and triple bonds, respec-
tively.'®!® Thus, the 1635 (1595) cm ~ ! loss is attributed to

(a) (b)

TS
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the CC double bond and the 1170 (1080) cm ~! loss to the
CC single bond. The CC stretching modes of the 7-bonded
benzene are observed at 840-1000, 1410-1480, and 1580
cm ~ ! for transition metals,’”> and at 965 and 1440 cm ~ ! for
Si(111)(7X7).

(3) The (symmetric>!') SiC stretching mode for
Si(100) is observed at an energy much higher than the SiC
stretching mode for Si(111) (7 X 7).

Information for the chemisorbed state of benzene on
Si(100) obtained by the TDS, EELS, LEED, and AES mea-
surements is summarized as follows: (1) Benzene is ad-
sorbed nondissociatively on Si(100); (2) chemisorbed ben-
zene has C atoms which are rehybridized to have a ~sp’
hybridization state; (3) the saturation coverage of benzene
(8¢ g1, ~0.27) indicates that nearly one benzene molecule
corresponds to two Si—Si dimers; and (4) the Si-Si dimers on
Si(100) are preserved after the benzene chemisorption.

Angle-dependent EELS measurements for C,Hq-che-
misorbed Si(100)(2X 1) show that losses associated with
the CH stretching modes have little component excited by
the dipole mechanism. Therefore, we did not make an ex-
amination of the ratio of the intensity of the CH out-of-plane
bending mode and that of the CH stretching mode. The loss
energies of the CH out-of-plane bending mode were ob-
served at 675-910 cm ~ ! for 77-bonded benzene on some tran-
sition-metal surfaces, and it is well known that the vibration
energy of the CH out-of-plane bending mode of the adsorbed
benzene is very sensitive to the deformation of the carbon
ring that is induced by the adsorption.'~® Thus, it is difficult
to determine the adsorbed structure by using the vibrational
energy of the CH out-of-plane bending mode.

The results obtained by the present experiments are in-
terpreted to indicate that chemisorbed benzene is di-o bond-
ed to the Si(100) surface, and the structural models are
shown in Fig. 5. Asbenzene is di-o bonded to the Si-Si dimer

[011]
O H
® c FIG. 5. Structural models of benzene
chemisorbed on Si(100): (a) the CC
[o111] O . double bonds are between carbon atoms
51 1 and 2 and between 4 and 5; (b)
between carbon atoms 1 and 2 and
O s i between 3 and 4.
O s
[100]
[ot11] A
Q
5 A
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TABLEII, Vibrational energies (cm = ') and their assignments of C;H, (C,D; ) physisorbed on $i(100) and 8i(111)(7X7) (Ref. 8) at 90K together with
those of gas-, liquid-, or solid-phase C,H, (CsDs) (Ref. 19). The mode number and surface subgroup of D, symmetry are included.

Physisorbed benzene Gas-, liquid-, or solid-phase benzene
Si(100) Si(111)(TXT)

mode no. and

C,H, C¢D, C.H, C.Dg C,H, C¢D¢ representation
425 365 420 365 410 352 Vo (E)
695 525 695 520 673 497 Vv {4,.)
860 685 865 670 849 662 Vi, (Ey)
1005 850 1010 840 995 827 vy (By,)
1040 850 1040 840 1038 814 Via (E.)
1180 850 1180 840 1150 824 Vio (B,,)
1178 867 viy (E;)
1355 1326 1037 A (4;,)
1500 1340 1490 1345 1486 1335 Yis (E,,)
1610 1585 1620 1580 1596 1552 Vie (Ey)
3075 2300 3070 2295 3047 2265 s (Ey)
3062 2293 v (4y,)
3063 2287 iz (E.)
3068 2292 Vs (B,,)

on Si(100), six CC bonds of the carbon ring are not equiva-
lent, and four CC single bonds and two CC double bonds are
made. These two CC double bonds can be between carbon
atoms 1 and 2 and between 4 and 5 [Fig. 5(a)] or between
carbon atoms 1 and 2 and between 3 and 4 [Fig. 5(b)].
These structures correspond to 1,4-and 1,3-cycrohexadiene,
respectively. In Fig. 5, we have assumed that the Si~C bond
length is 1.85 A,?* and the Si-Si distance of the (symmetric)
Si-Si dimer is ~2.5 A.2%2% We have also assumed, in Fig. 5,
that the benzene molecule is bonded to a Si-Si dimer, how-
ever, benzene can also be located between two dimers. We
can not uniquely determine the best model by the present
study.

D. Physisorbed benzene on Si(100)

The loss energies of physisorbed benzene (Fig. 4) are
very similar to those of gas-, liquid-, or solid-phase C¢Hg
(C¢Dys ), and also are similar to those for physisorbed ben-
zene on Si(111)(7x7).% Their proposed assignments are
summarized in Table II together with the vibrational ener-
gies of benzene physisorbed on Si(111) (7 7) and those of
free benzene. The numbering system of Herzberg?®’ is used in
the table.

The behavior of the desorption peaks for benzene physi-
sorbed on Si(100) (Fig. 2) is similar to that on some transi-
tion—-metal surfaces [Ni(111),'* Ni(100),’* Mo(110),'¢
and Ru(0001)?!7 ], except for the disappearance of the de-
sorption peak at the highest temperature (o, ) (which will
be discussed in Sec. IV E). Following the labels used by
Polta and Thiel,'” the two desorption peaks in Fig. 2 are
associated with the a, (low-temperature peak) and o;
(high-temperature peak) layers. According to Jakob and
Menzel,? the o, layer is a metastable transition layer and the
a; layer is “bulk” multilayers; benzene molecules in the a,
layer has a high mean tilt angle.

When benzene molecules are adsorbed on the @, layer,

the bulklike a; layer is formed on the a, layer. The a; layer
disturbs the desorption from the underlying e, layer; a part
of the , layer is converted into the a; layer upon adsorption
or during heating for TDS measurements.”> Therefore, the
a, peak intensity is decreased with increasing exposure
above 2 L, as shown in Fig. 2.

E. Comparison of benzene on Si(100) and Si(111)(7X7)

Chemisorbed benzene is 7bonded tothe Si(111) (7 X 7)
surface® and is o bonded to the Si(100) surface, as discussed
in Sec. IV C. This is, to our knowledge, the first clean obser-
vation of the crystal-face specificity of chemical bonding of a
gas molecule on Si. It is difficult to explain why the differ-
ence of the bonding property occurs for the benzene adsorp-
tion. It is noted that benzene molecule is much larger than
the gases which have been studied previously. The face speci-
ficity is probably caused by the difference of distance
between the dangling bonds. On the Si(111) (7X7) surface,
the dangling bonds that can be di-o bonded to benzene are
Iocated at the neighboring rest atom and adatom according
to the DAS (dimer—adatom-stacking fault) model.”® How-
ever, benzene cannot be di-o bonded to the neighboring rest
atom and adatom because of the steric hindrance. The dis-
tance between two neighboring rest atoms or between two
adatoms is too large for the di-o bonding. It is noted that
theoretical studies on the interaction between acetylene and
the Si surface have been made by a few research groups.?*
Weiner et al.*° suggested that a significant restructuring of
the Si surface took place for C, H, -adsorbed Si(111). To our
knowledge, the interaction of benzene with Si has not been
studied theoretically yet.

The difference of the physisorbed state of benzene is also
observed between Si(100) and Si(111)(7X7) in the TDS
measurements, as shown in Fig. 2. The a, layer is formed on
the Si(111) (7 X 7) surface as on some transition-metal sur-
faces.>®'*"" It is noted that the @, layer is the first physi-
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sorbed layer on top of the chemisorbed layer and is oriented
parallel to the surface; the corresponding desorption peak is
observed at the highest temperature.? The stronger bonding
of benzene in the a; layer is considered to be caused by the
electrostatic interaction with the polarized chemisorbed
benzene which is 7 bonded to the substrate. Thus, the disap-
pearance of the &, layer on Si(100) may be caused by the
small polarization of chemisorbed benzene which is o bond-
ed to the substrate.

V. SUMMARY

A combined TDS, EELS, LEED, and AES study has
been carried out on the interaction of benzene with the
$i(100) surface. Some of the important results are as fol-
lows.

(1) Benzene is chemisorbed nondissociatively on the
Si(100) surface both at 90 and 300 K. The chemisorbed
benzene has carbon atoms that are rehybridized to have a
near sp® hybridization state. It is proposed that benzene is di-
o bonded to two adjacent Si atoms on Si(100). Models for
the chemisorbed benzene are shown in Fig. 5.

(2) As the Si(100) surface is exposed to benzene at 90
K, physisorbed benzene is formed on the chemisorbed ben-
zene layer. The physisorbed benzene consists of the o, and
a; layers. By comparison with physisorbed benzene on tran-
sition-metal surfaces, the a, layer is identified as a metasta-
ble transition layer and the a, layer as “bulk” multilayers.

(3) Marked differences were observed in the adsorbed
states of chemisorbed and physisorbed benzene on Si(100)
and Si(111)(7X7), and the reasons are discussed in Sec.
IVE.
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