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Transmission Infrared Spectroscopy of Methyl- and Ethyl-Terminated Silicon(111) Surfaces
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Transmission infrared spectroscopy (TIRS) has been used to investigate the surface-bound species formed in
the two-step chlorination/alkylation reaction of crystalline (111)-oriented Si surfaces. Spectra were obtained
after hydrogen termination, chlorine termination, and reaction of theS¢lL11) surface with CEMgX or
C.HsMgX (X = CI, Br) to form methyl (CH)- or ethyl (GHs)-terminated Si(111) surfaces, respectively.
Freshly etched H-terminated Si(111) surfaces that were subsequently chlorinated by immersion in a saturated
solution of PC} in chlorobenzene were characterized by complete loss of thel Stretching and bending

modes at 2083 and 627 cfnrespectively, and the appearance of 8l modes at 583 and 528 cth TIRS

of the CH-terminated Si(111) surface exhibited a peak at 1257'quolarized perpendicular to the surface
assigned to the €H symmetrical bending, or “umbrella” motion, of the methyl group. A peak observed at
757 cn! polarized parallel to the surface was assigned to thédiGocking motion. Alkyl C-H stretch

modes on both the GHand GHs-terminated surfaces were observed near 2900 cithe GHs-terminated

Si(111) surface additionally exhibited broad bands at 2068 and 2089 mspectively, polarized perpendicular

to the surface, as well as peaks at 620 and 627'cnespectively, polarized parallel to the surface. These
modes were assigned to the-$l stretching and bending motions, respectively, resulting from H-termination

of surface atoms that did not form-SC bonds during the ethylation reaction.

I. Introduction CHART 1

Alkylation of silicon(111) surfaces has attracted significant H
recent attention due to the potential for obtaining molecular level H ’c, H
control over the electrical, electrochemical, and chemical \‘-C/

properties of Si surfacés® Hydrogen-terminated Si(111)
surfaces have a very low surface electrtnole recombination |

velocity® but oxidize rapidly in ambient air, forming a large Si

number of surface electronic trap statds.contrast, alkylated Y \\

Si surfaces prepared through a two-step chlorination/alkylation A

procedure show excellent chemical stability and low surface Si(111) surface

charge carrier recombination rates for extended time periods,

even as they are exposed to ambient-aiklethyl moieties are In this report, transmission infrared spectroscopy (TIRS) data

the pnly saturated hydrocarbgn group which can sterically form gre presented for GHand GHs-terminated Si(111) surfaces,

a Si-C bond to every atop site on an unreconstructed Si(111) g \ye|| as for the intermediate H- and Cl-terminated Si surfaces.

surface, because van der Waals interactions between neighboringe cent measurements on Cl-terminated Si(111) surfaces have

methylene units Sh.OU|d prgven&lﬂg— and other aIkyI; _from demonstrated that TIRS can be used to measure surface-

tgrmmatmg every Si qtop sifeFurthermore, the §fhybr|d|zed associated vibrational motions in the energy region between 400

Si—C bond on the Si(111) surface should orient the methyl and 900 cmt, which are obscured by strong silicon crystal
roups on the Ckiterminated surfaces normal to the surface . ’ S . Lo

group bi lattice phonon absorption in traditional multiple internal reflec-

lane, as shown in Chart 1. This orientation should produce = . L
b P tion infrared spectroscopy techniqu€sVibrational modes

diagnostic signatures and polarizations in the vibrational ) ) i - -
spectrum of such surfaces. Recent scanning tunneling micros-corresponding to SiH and Si-Cl stretching and bending

copy? and low-energy electron diffraction studiémve revealed ~ Motions were used to quantify the extent of the surface
both short-range and long-range order ons@&tminated Si functionalization after each step of a chlorination/alkylation
surfaces. However, at present no information is available on reaction. Infrared spectroscopic characterization of the-CH

the structure of surfaces terminated with alkyls such #4s€ terminated Si(111) surface has revealed the chemical structure
that are sterically precluded from terminating every atop site and orientation of the methyl groups on the well-ordered surface
on an unreconstructed Si(111) surface. plane. In addition, TIRS was used to probe the chemical nature
of the bonds to atop Si sites for surfaces functionalized with
* To whom correspondence should be addressed. . .
t California Institute of Technology. alkyls, such as @s-, which are too large to terminate every
* Rutgers University. Si atom on an unreconstructed Si(111) surface.
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Il. Experimental Section surface. An incident angle directly at the surface normal resulted
in large interferences and therefore was not useful for the work
described here. Probing the surface with an incident angle of
30° was primarily sensitive to modes parallel to the surface,
while an incident angle of P4vas sensitive to components both
parallel and perpendicular to the surface, thus providing the same
information as a polarization-dependent measurement. This
strategy is referred to as a “polarization-type” experiment.

After placing the sample on the angle-controlled sample
holder, the chamber was closed and purged continuously with
N2(g). A spectrum was collected as the sum of 1000 consecutive
scans. Five consecutive spectra were recorded in this manner,
and in general, the fifth spectrum (reported herein) contained
only small amounts of kD vapor and Cgg) from any
remaining air introduced as the sample was placed on the sample
holder. Other than use of a linear background subtraction to
determine integrated areas under each peak of interest, data
processing was performed without manipulation of the sample
“spectrum. For presentation purposes, where noted, the spectra
were processed with an atmosphere background to remove any
residual HO signal, and a linear function was used to correct
the baseline for baseline fluctuations of the spectrum.

The low-energy region of the single beam spectrum of each
surface was dominated by Si lattice phonon vibrations, so each
sample was referenced to the surface of its precursor to subtract
out common components of the signal. Thus, the H-terminated
Si(111) surface was referenced to the native oxide-covered
surface; the Cl-terminated surface was referenced to the H-
terminated surface; and the alkyl-terminated surfaces were
referenced to the Cl-terminated surfaces from which they were
respectively formed. When these difference spectra are displayed
in absorbance mode, positive peaks represent features that
. appeared during a surface reaction, while negative peaks
a vial under N(g) and tgken to the IR spectrometer, where TIR represent chemical features that disappeared during the reaction.
spectra of the Cl-terminated surfface were obtained. Features common to both of the single beam spectra, such as

To perform the surface alkylation reaction, the sample was g;_gj phonon peaks, should cancel and appear as flat regions.
transferred back into theXg)-purged glovebox and immersed  gyiensive experience determined that if the sample was not
in 2 1.0-3.0 M solution of GHan+1MgX, wheren = 1 or 2, placed into the sample holder carefully after sequential surface
and X= Cl or Br, in THF (Aldrich)® Excess THF was added o ification steps, the difference spectrum contained large
to the reaction solution to allow for solvent loss. The reaction g tributions from Si-Si phonon bands in the low-wavenumber
was heated at 75C for 3 h forn = 1 and for 5 h fom = 2. At region of the spectrum. No attempt was made to account for

the end of the reaction, the sample was removed from the ;ygitional contributions to phonon absorption such as variation
alkylmagnesium halide solution and was rinsed with copious i, the sample temperature between spectra.

amounts of THF and C¥DH, then immersed in C4OH and Relative integrated peak areas were used to estimate the

rem.ovctad dffror’r;_)thg !}(g():-puLged g_lovtequ. Th? s.z;\r.rpple was coverage of the various surface species. This required assuming
sonicated for 5 min in CBDH, sonicated in acetonitrile (GH that oscillator strength and orientation variations of the species

CN);\?{ affurtf:grsl_mlr;_, anctihthen d”?d und(teras%trearg .QfN under consideration underwent negligible changes between
(9). After functionalization, the sample was transferred imme- surfaces. While this critical assumption may not have always

diately into the N(g)-purged sample compartment of the IR been completely accurate, it provided a useful tool for com-

spectrometer. parison between surfaces. Peak areas were estimated with the

B. Instrumentation. All TIR spectra were collected inthe 5 nic software package assuming a linear background correc-
N2(g)-purged sample chamber of a Nicolet Nexus 670 FTIR

spectrometer. Spectra were recorded with use of the Omnictlon'
software package between 400 and 4000 tat a resolution
of 4 cnr! in transmission mode with a room temperature
deuterated triglycine sulfate (DTGS) detector. The incident IR A. Background H- and Cl-Terminated Si(111) Surfaces.
beam illuminated the surface at an andleof 74° off of the Figure 1 shows the TIR spectra of the H-terminated Si(111)
surface normal, i.e., at the Brewster angle for Si. At this angle, surface referenced to an oxidized Si(111) reference sample at
p-polarized light is transmitted through the wafer while s- an incident IR beam angl®, of either 74 or 3C° off of the
polarized light is mostly reflected, preventing the use of surface normal. At an incident angle of °/4oth the SH
traditional polarization experiments to determine the orientation stretching ¢, 2083 cnt!) and bending d, 627 cnT!) modes

of the observed surface vibrations. To circumvent this limitation, were clearly observet: 14 The Si-O—Si longitudinal optical
spectra were also recorded by illuminating the sample with an (LO) and transverse optical (TO) motions (1224 and 1058'¢m
incident beam angle of 3®ff of the surface normal, for which  respectively) were seen as negative bands because they dis-
a substantial component of the electric field is parallel to the appeared during etching of the sample in JRt&q).

A. Materials and Methods. All solvents used in alkylation
reactions were anhydrous, stored undefglN and used as
received from Aldrich Chemical Corp. Nanopure deionize®H
with a resistivity of >18.2 MQ cm was obtained from a
Millipore system.

Samples were>450 um thick, float-zone grown n-type Si-
(111) (Silicon Valley Microelectronics, San Jose, CA), which
had been doped with phosphorus to a resistivity8D Q cm.

The samples were polished on both sides. Wafers were cut into
rectangular samples of approximately 2 cm by 4 cm and were
cleaned by sequential rinsing in a flowing stream of deionized
H,O, CH;OH, acetone, CEDH, and HO, and were then dried
with a stream of Mg).

To remove the native Sikbverlayer, the Si wafer was etched
for 20 min in a solution of 40% NkF(aq) (Transene, Inc.) that
had been degassed by bubbling with(dy for at least 1 h.
During the etching process, the wafers were agitated occasion
ally to remove bubbles that formed on the surface. After removal
from the etching solution, the sample was rinsed thoroughly
with H,0 and dried under a stream ob(g). The sample was
then immediately inserted into thex(d)-purged TIRS sample
chamber.

After TIR spectra of the H-terminated surfaces had been
collected, the sample was taken into gdy-purged glovebox,
and immersed in a saturated solution of £(819.999%, Alfa
Aesar) in chlorobenzeneA few grains of benzoyl peroxide
were added as a radical initiator, and the reaction solution was
heated at 98C for 45 min. The sample was then removed from
the reaction solution, rinsed with tetrahydrofuran (THF) and
CH30H, and then finally rinsed again with THF, which was
allowed to evaporate off the wafer. The sample was sealed in

I1l. Results
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02— 00l TABLE 1: Integrated Areas of Si—H and Si—CI TIRS
[ 1 Peaks on H- and Cl-Terminated Si(111) Surfaces Assigned to
Si—H and Si—Cl Vibrational Modes

oois [ ] oo0s TIRS peak area (cr)
—R  6,deg v (Si—H) 5 (Si—H)
—H 74 (1.48+0.03)x 102 (3.31+0.08)x 102

L 30 (1.36+0.1) x 10°3 (4.2+0.2) x 102
—~Cl 74  (-1.45+£007)x 102 (-3.7£0.3)x 1072

300 (~1.35+£0.03)x 10°% (—4.440.6)x 102

001 |

Absorbance
9 douequosqy

aNegative areas identify features on the H-terminated surface that
appear as negative peaks in the difference spectrum of the Cl-terminated
surface.

0.005 - -0.00:

o B2 l WL 001 rinated surfacé>1® The negative component observed around

VEHD 3(H 610 cm! was assigned to SiSi phonon vibrational modes,
1 and made it difficult to determine the sharpness of the@Si
0005 v 0 oy ™ T bos stretching motion. The assignment of the-8ll stretching mode
2000 1600 1200 800 is consistent with previous high-resolution electron energy loss
vavenmber (em ) spectroscopy (HREELS} and Fourier transform IR (FTIR)

Figure 1. TIRS data and peak assignments of the H-terminated t,die<l®-20 and both the SiCl stretching and bending modes
Si(111) surface. Spectra were collected at an incident beam angle thave b,een identified by previous TIRS studies on the Cl-

74° (bottom) and 30 (top) off of surface normal. The spectra are on . . .
the same scale of absorbance (absorbance units), but they are offsei€rminated Si(111) surfacé*The assignment of these modes

for ease of viewing. Spectra are shown after subtraction ,6f kind is also supported by the absence of any other elements on this
flattening of the baseline. surface other than Si, Cl, and O, as seen by both survey scan

and high-resolution X-ray photoelectron spectroscopy (XPS).
The relative integrated area under each peak (Table 1) was
used as a qualitative measurement of the extent of surface

v
' bl A y 0 coverage. On the freshly etched, H-terminated surface with an
L\’—\AVJ’ incident IR beam angle of 74the area of the SiH stretching

0.002

[ —— 77— 77— (S’i-Cl_
0.004 |
130°

0.002 |-

mode at 2083 cm! was (1.48+ 0.03) x 102 cm™%, while the
-0.002 area of the bending mode at 627 thwas (3.314 0.08) x
1072 cm~L. When this surface was chlorinated, the area of the
negative SiH stretching peak in the difference spectrum,
I attributed to S+H bonds that had been removed from the
0002 - surface by the chlorination reaction, wasl(454 0.07) x 1072
1 o0 cm™L. The corresponding value for the-Sil bending motion
at 627 cm! on this surface was«3.7 + 0.3) x 102 cm™L.
] Within the error of the experiment and the area determination
- o008 technique, the same relative amount of-Hi present on the
] freshly etched surface disappeared on the Cl-terminated surface,
1 supporting the hypothesis that-Si#l species on the freshly
e T I (V)| s . .
2000 1600 1200 400 etched surface are quantitatively replaced by @i species
wavenumber (em ™) when the surface is exposed to the P€dlution, in agreement
Figure 2. TIRS data and proposed peak assignments of the Cl- with previous XPS observatiorisThe integrated areas of both
terminated Si(111) surface. Spectra were collected at an incident beamSj—H vibrational modes when scanned at an incident IR beam
angle of 74 (bottom) and 30 (top) off of the surface normal. Spectra  gngle of 30, given in Table 1, confirm these observations, in
are sho_wn_ after subtraction o8 an_d flattening of the baseline. The accord with the behavior of surfaces prepared by a gas-phase
inset highlights the low-energy region of the spectrum. S
chlorination method®
As previously determined, the dependence of both modes on B. CHsz-Terminated Si(111) SurfacesFigure 3 shows the
the incident angle is consistent with the—$1 bond being TIRS spectra of a Cgiterminated Si(111) surface that had been
oriented perpendicular to the surfadeThe Si-H stretching prepared by treating the Cl-terminated surface withsK2giX.

Toﬁ,

Absorbance
=
i=3
£
20UBQIOSqY

Fe
-0.004
=

0006 L -0002E b1,
700 650 600 550 500
i ) wavenumber(cm‘:)

motion (2083 cm?) and the LO Si-O—Si motion (1224 cm?) Because these spectra are referenced to the Cl-terminated
decreased in intensity when the incident IR beam was moved Si(111) sample, negative peaks in the absorption spectrum
from the Brewster angle to 30off of the surface normal, represent features of the Cl-terminated surface that disappeared
whereas the SiH bending (627 cm!) and the TO Si-O—Si during the alkylation reaction. On the Cl-terminated Si surfaces
modes (1058 cmt) displayed approximately equal intensities shown in Figure 2, the integrated areas of the Gl stretching

at both incident angles. and bending modes at 583 and 5287 ¢énrespectively, when

The vibrational modes associated with Cl-termination of examined at an IR incident angle of °74vere (1.0+ 0.6) x

Si(111) are shown in Figure 2, using the H-terminated surface 102 and (3.7+ 0.9) x 1072 cm™%, respectively (Table 2).

as the reference. This spectrum was characterized by two peaksSimilar areas were observed at the same incident angle for the
at 583 and 528 cmi, with similar dependence on the incident corresponding negative-SCl features in the spectra of the gH

IR beam angle to the SiH stretching and bending mode, terminated surface (Figure 3, Table 2). At an incident angle of
respectivelyt®> These two modes are assigned to the-Gi 30°, the measured integrated areas under theCSibending
stretching mode and to a local mode involving the parallel mode at 528 cm! were also similar for the Cl-terminated
motion of the top silicon atom associated with the monochlo- (positive peak, Figure 2) and GHerminated (negative peak,
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TABLE 2: Integrated Areas of TIRS Peaks on Cl- and CHs-Terminated Si(111) Surfaces Assigned to SiCl and C—H
Vibrational Modes

TIRS peak area (crm)

-R 0, deg ¥(Si—Cl) 5(Si—Cl) 8{C—H) p(C—H)
-l 74 (1.0+ 0.6) x 102 (3.7+0.9)x 1073
30 (3.84+0.6) x 1073
—CHs 74 (~7+2)x 1073 (—2.34+0.01)x 10°3 (2.2+0.2) x 103 (1.84+0.2) x 1072
30 (—2.84+1.6) x 103 (1.74+0.3) x 1072
—CHs 74 (-5+1) x 103 (—3+1) x 1073
30 (—3.64 0.5)x 1073

aNegative areas identify features on the H-terminated surface that appear as negative peaks in the difference spectrum of the Cl-terminated
surface.

0.0025 0.001 00025

— 0.0007

0.002 1 0.0005

0.0024 0.0006

0.0015

0.0023 0.0005

o
8
T
1
s
g
\4

Absorbance

=)
g
URQIOSqQY

20UBQIOSq
Absorbance

1 0001

0.0022 - 0.0004

-0.0015

Vv (Si-H) 8(C-H) TO

v (CHy)

0.0021

0.0003

-0.0005 | -0.002 I
Si-Cl4 L v (CHy
-0.001 ' ' L ' 1 00025 Y T R P T S I Y
2000 1600 1200 800 3100 3050 3000 2950 2900 2850 2800

o 5 TIRS dat ) wavenumber(L:“) K . ; f the- CH Wavenumber (cm™")
rminate surface. Spectra were collocted at an inciden Figure 4. TIRS data and proposed peak assignments of th¢iC

terminated Si(111) surface. Spectra were collected at an incident beam . . . : o
angle of 74 (b(ottozn) and 30 (th))p) off of the surface normal. Spectra stretching region of the Citerminated Si(111) surface. Positions of

are shown after subtraction of,8 and flattening of the baseline. relevant peaks are noted above the spectra. The raw spectra are shown
with no alteration, such as background smoothing, but are offset for

clarity.
Figure 3) Si(111) surfaces. This behavior indicates that all of Y

the TIRS-observable SICl bonds initially present on the surface  gpserved broad €H symmetric and asymmetric stretches
have been removed during the alkylation reaction, in agreementzantered at2900 and 2970 c, respectivel\?2 FTIR studies
with previous XPS observations of this surfdce. of silicon oxide surfaces terminated with trimethylsilane have
On the CH-terminated Si surface shown in Figure 3, a small, revealed methyl €H stretches at 2904 and 2963 th#® Peaks
broad peak centered near 2070 émas observed when TIRS  at 2909 and 2965 cm thus would be consistent with expected
was collected at an incident IR beam angle of @ surface positions for the methyl €EH symmetric and asymmetric
normal. The integrated area of this peak wa$0% of the  stretching vibrations, respectively. A possible assignment of the
surface coverage of the freshly etched H-terminated Si(111) peaks at 2856 and 2928 cfncan be made noting that porous
surface reported in Table 1. This could represent a small amounts; alkylated with a 6-trifluoroacetamindohexyl group, in which
of surface St-H contamination present on the freshly methylated all of the G-H bonds arise from methylene (GHgroups,
surface, although no further experiments were done to determineexhibits G-H stretching modes at 2860 and 2936 ¢#f25
the origin of this signal. A large SiSi phonon mode, which  and thus the peaks at 2856 and 2928 mwould arise from
can be seen in Figure 3, appeared to have a shoulder at 62Qdventitious hydrocarbons adsorbed on the surface as a result

cm-t. This is significantly below the energy of the -Si of the chemical treatments used in the alkylation process.
bending motion and it was not possible to confirm that the signal  The low-wavenumber region of vibrational absorptions on
at 2068 cm* represented surface-SH groups. the CH—Si(111) surface collected with two different incident

The Ch-terminated Si(111) surface also exhibited distinct IR beam angles, along with proposed peak assignments, is
peaks in the €H stretching region at approximately 2900 ¢ shown in Figure 3. When the surface was examined with the
(Figure 4). Vibrational absorption features at 2856, 2909, 2928, IR beam incident at the Brewster angle £ 74°), a sharp
and possibly 2965 cmt were observed when the spectra were feature at 1257 cmi was clearly visible, but this peak
collected at an incident IR beam angle of’ 7But all of these disappeared af = 30°, indicating a mode polarized perpen-
features were reduced in intensity when the incident IR beam dicular to the surface. This peak was assigned as thél C
angle was 30 (Figure 4). From simple group theory consider- symmetric bending, or “umbrella”, mode of the methyl grétg.
ations, a CH- group should have two IR-active vibrational This mode is expected to be normal to the surface ifs CH
modes, ara; symmetric stretching mode and armsymmetric replaces Cl on Si(111) as shown in Chart 1.
stretching mode at slightly higher wavenumBerPrevious A second sharp peak at 757 chappeared at both data
investigations of Chtterminated porous Si structures, with an collection angles. This absorption energy is expected for a
amorphous surface structure but high surface IR signal, havemethyl C-H rocking mode” which would be polarized parallel
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to the surface if it originated from a methyl group oriented  0®0S———F————————T——————— 00005
normal to the Si(111) surface plane. Observation of this mode ]
therefore is expected even when the incident IR beam is itself
near the surface normal. The integrated areas of both of these
peaks at both data collection angles are given in Table 2. 0.01

Another feature present in the spectrum shown in Figure 3
when collected af = 74° was a small, broad absorption near
1100 cn1?, corresponding possibly to the TO mode of-8i—

Si. Interestingly, this feature was not observedéor 30°, in
contrast to expectations for a typical TO phonon mode (see for <
instance Figure 1). The spectra at the two different beam angles
displayed in Figure 3 were collected on two different samples,
so appearance of the TO peak on one sample could possibly
have been caused by small variations in the amount of O
incorporated in the near-surface Si lattice. The amount of oxide ]
on the surface was estimated by assuming that the native silicon I v 5
oxide was 15 A thick, and determining the ratio of the integrated ~* = e e 0
areas of the TO peak on the @kerminated surface to that wavenumber cm )

observed for the native oxide surface (negative peak in Figure Figure 5. TIR spectra and proposed peak assignments of tii-C
1). The TO peak on the GHerminated surface corresponded terminated Si(111) surface. Spectra are shown after subtractiogOnf H
to a possible S+tO—Si coverage of 0.03 monolayers (ML), or  and flattening of the baseline.

approximately 0.5 A of equivalent SO—Si thickness. Previous 0001
TIRS investigations on the intermediate, Cl-terminated, Si(111)
surface have demonstrated that a small amount of subsurface
oxide (~0.5 A average) is introduced through the chlorination

of the H-terminated surface giving a total average oxide
thickness of~1 A 16

In the low-energy region of the TIR spectrum, a feature at
~730 cnt! was observed as a large shoulder on theHC .
rocking motion when data were collected at the Brewster angle, EOMS_
but disappeared when the incident angle of the IR beam wasz
moved toward the surface normal (Figure 3). This polarization-
type behavior suggested that the mode could be-&Siurface
motion oriented perpendicular to the Si(111) surface plane, ok
although this peak position would be higher in energy than most
proposed StC stretches on alkylated Si(111) surfaces observed
previously with HREELS8-33 Finally, Figure 3 shows a broad
feature at~620 cnt?! at both data collection angles. This mode

0.0005

sorbance

S
g
20URqI0SqQY

-0.001
[ v(Si-H)

+— 0.0005

0.001f

-0.0005

20ueqIOSqy

-0.001

v, 61
0. PRI B P B P SR Si¢l,
corresponded to a SiSi lattice phonon mode that was not 13001200 1100 1000 00 800 700600 500

-0.0015

wavenumber (cm ™)

perf_ectly_subtracted frqm the GHerminated surfacg by refer- Figure 6. TIRS data and proposed peak assignments of the low-energy
encing with the Cl-terminated surfageThe residual signal may  region of the GHs-terminated Si(111) surface. Spectra are shown after
possibly result from a slight difference in the placement of the subtraction of HO and flattening of the baseline.

two surfaces in the FTIR sample holder or from a small

temperature variation during data collect®drA sharp absorp-  not all atop Si(111) atoms can be bonded to the alkyl moiety

tion at 667 cm* was also observed from atmospheric f) because of the steric bulk of the alkyl grolffhe data from
contamination in the FTIR sample compartment, and scaled with the Si~Cl stretching mode (583 cm) were not as conclusive,
the corresponding C4) stretching modes at2300 cn. although measurement of the area under this peak could have

C. C;Hs-Terminated Si(111) SurfacesTIRS data were also  been hampered by interference from the-Si phonon region
collected on a Cl-terminated surface that had been exposed tadirectly above 600 cm.
a solution of ethylmagnesium halide. Figure 5 shows the TIR  On the GHs-terminted Si(111) surface, a broad peak centered
spectra of the gHs-terminated surface, and Figure 6 shows an at approximately 2070 cnd was observed when the TIRS data
expansion of the low-energy region of these spectra. The were collected with an incident IR beam angle of Bff of

negative peaks at 583 and 528 ¢ntorresponded to the Si surface normal, but this peak was not observed when the data
Cl stretching and bending modes, respectively, that were lost collection angle was reduced to 3QFigure 5). This peak
during the ethylation reaction. As on the gtérminated Si position is near the energy of the peak representing thédSi

surface, the integrated areas of the-Sl bending and stretching  stretching motion (2083 cm) observed in the spectrum of the
peaks were used to determine the extent of replacement of thefreshly etched H-terminated Si(111) surface (Figure 1). This
Si—Cl bonds by the alkylation process. The integrated area of broad peak could therefore correspond to surfaceHSatoms

the positive feature on the Cl-terminated surface at 528'cm  present on the surface after the alkylation, consistent with the
was identical, within the error of the experiment, to that of the hypothesis that if SiCl termination has been fully eliminated
negative feature on the;Bs-terminated surface (Table 2). This by the GHsMgX treatment, the nonalkylated Si atop sites could
observation supports previous XPS observations that all Cl is be terminated with SiH bonds’ For isolated Si-H modes on
removed from the Si surface during exposure to the alkyl- Si(111), the absorption is expected to be at lower frequency
magnesium halide solution, even for functional groups in which due to the removal of dipole interactions, and broad due to the
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000135 T -0.0012 TABLE 3: Assignment of TIRS Peaks Observed on
] Functionalized Si(111) Surfaces
3 J TIRS peak location
0.0013 -0.00125
-R v(cm?) intensity assignment  [to surface?
[ | —H 2083 S v(Si—H) yes
0.00125 ] -0.0013 627 s (5(Si—H) no
—ClI 583 m »(Si—H) yes
8 i ] z 528 m o(Si—H) no
£ 00012 000135 3 —CH; 2965 m va(C—H)ch,
2 [ 3 2928 s va(C—H)ch,
1 2909 m v§(C—H)ch,
0.00115 A 1 00014 2856 w v(C—H)ch,
1 1257 m 0s(C—H)ch, yes
] 1100 w TO (S0O-Si)
00011 | 1 000145 757 S P(C—H)cn no
3 —C;Hs 2932 s va(C—H)chg
2910 m va(C—H)ch,
N 2880 s v(C—H)ch,
0‘001053000 2950 2900 2850 28000‘0015 2840 w VS(C_:_H)CHz
wavenumber (cm™") 2080 m v(Si—H) yes
627 m O(Si—H) no

Figure 7. TIRS data and proposed peak assignments of th¢iC o ) i )
stretching region of g@s-terminated Si(111). The spectra are shown 2 Qualitative assessment of peak intensity= strong, m= medium,
before any data manipulation was conducted. w = weak.

variation in the chemical environment. The area under this peak IV. Discussion

corresponded to a coverage of su_rfacel‘:‘bibonds of 1{1% of _ Comparing the TIR spectrum of a freshly prepared Cl-
the freshly etched surface, indicating that a substantial portion o minated Si(111) surface referenced against -aSH111)
of atop Si atoms are bonded to ethyl groups, and that only asample to the TIR spectrum of that H-terminated surface
small amount of the surface is terminated with H groups. yeferenced to an oxide-covered Si sample revealed that all
Extensive work is ongoing in our laboratory to quantify further - syrface Si-H bonds had been removed, consistent with the
the full coverage of ethyl groups on the (111) surface, and to hypothesis that chlorination by PChuantitatively replaces
determine how an alkyl group with a van der Waals diameter syrface Si-H bonds with Si-Cl bonds to form the monochlo-
of 5.4-5.0 A% can pack to such high extent on a surface rinated surface. Furthermore, the small full width at half-
with an internuclear Si atop site distance of 3.87A. maximum (fwhm) of the Si-Cl stretching and bending modes
Upon close inspection of the low-wavenumber region of this on the Cl-terminated Si(111) sample indicated that this surface
surface, a feature at 627 cfwas apparent at both IR beam Wwas highly homogeneous. Because the Cl-terminated surfaces
incident angles (Figure 6). This peak may correspond to the were made from an atomically flat, H-terminated Si surface,
Si—H bending vibrational feature at2070 cnt?, but the shape  this high homogeneity indicates that BChlorination of the
and size of this peak were difficult to determine because the H—Si(111) sample does not lead to extensive roughening or
peak was partly buried by a strong-Si phonon mode at610  pitting of the surfacé®2
cm~L. This Si—H feature would be expected for a mixed surface ~ When this monochlorinated surface was exposed to an
monolayer comprised partly of SH and partly of S-C bonds, ~ alkylmagnesium halide solution, the -SCI stretching and
again consistent with the hypothesis that thél&terminated bending peaks were used to determine the extent of removal of
Si(111) surface is covered to some extent with-Sibonds ~ Si—Cl bonds by the alkylating reagent. Within the detection
after the two-step chlorination/alkylation proced@Ehe only limit of the instrument and the accuracy of the measurement
other peak seen in this energy region was a sharp absorptiof€cnnique, the SiCl species were completely removed during
feature at 667 crt arising from the presence of G@) in the exposure to _t_he glkylmagnesmm halide reagent. Althpugh the
spectrometer. Neither the Gidymmetrical bending (1250 cr¥) surface modification procedure was conducted under rigorously

nor the G-C stretching (10081050 cnt?) vibrational modes O,- and HO-free conditions to avoid oxidizing the Si surface,
were observed on the;Bs-terminated Si surface occasionally TIRS evidence for SO—Si vibrational modes

. . . was observed near 1100 cfn Any such oxides were present,
Figure 7 shows the €H stretching region near 2900 ci however, in amounts corresponding to an equivalent monolayer
revealing vibrational absorptions at 2840, 2880, 2910, and 2932hickness of<1 A. This conclusion is supported by extensive

cm* when the IR beam was 74ff of the surface normal.  pigh-resolution XPS results on the freshly prepared alkyl-
Previous FTIR observations of ethyl groups on Si(111) surfaces terminated Si(111) surface, which have demonstrated that the

have been limited in scopé**but ZnO and Zr@surfaces have  two-step chlorination/alkylation functionalization route generates
been ethylated, and vibrational absorption features with four syrfaces free of any significant quantity of silicon oxide

distinct peaks have been obser?@d’ On the basis of these  gspecied.?

previous observations, as well as on FTIR data of self-assembled ' The observation of the surface-ST stretching mode is less
alkylthiol monolayers on gol& C—H stretching vibrational  clear. Previous HREELS experiments have located that mode
modes for the gHs-terminated Si(111) surface would be between 600 and 700 crh In the experiments presented here,
expected at 2840 and 2910 charising from the Ckimethylene no conclusive evidence of a SC vibrational mode was
unit, and peaks at 2880 and 2932 ¢mvould be expected due  observed, mostly because of the difficulty in eliminating
to the CH methyl group. Table 3 summarizes the surface unwanted Si phonon absorption in the vicinity of 66850
vibrational peaks observed on all of the functionalized surfacescm™1. On the CH-terminated surface, two regions were
measured in this work. examined carefully for evidence of the-ST stretch. The first
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was~730 cntl, where a broad shoulder on the-8 rocking layers, the @Hs-terminated Si(111) surface is fairly well-ordered
mode appeared at an incident IR beam angle of, But and closely packed.

disappeared when the IR beam was moved to an incident angle

of 3C°. This is representative of a surface-associated vibrational V. Conclusions

mode that is oriented perpendicular to the Si surface, as seen 105 gata on H- and Cl-terminated Si(111) surfaces have

for de;g{r%ple iln the ij?' alndHSi—H stre'lfgigggqtionstgt ?.83 confirmed that StH bonds on the freshly etched Si surface
an Crm', TeSPECUVely. HOWEVer, INVESUGAUoNS 56 replaced with SiCl bonds upon exposure to RGind a

i ina vibrati 28-33
havehpllaced_the SiC StrﬁtCh'Eg V'brit'ol;‘ belov(\j/ ;00 crh 30 radical-generating reagent. Polarization-type studies of the Si
much lower in energy than the peak observed here at 730.cM ¢ gpetching and bending modes at 583 and 526%m

The second absorption region that was investigated closely respectively, support the conclusion from SXPS studies that the
was the area between 600 and 620 &mwhich was often  Cl-terminated surface is monochlorinated. Thes@Gymmetric
obscured by a large S5i phonon vibration that was particularly  pending or “umbrella” mode at 1257 crwas observed and
difficult to reduce in the difference spectrum. To subtract this the methyl-terminated surface and was found to be oriented
feature out of the difference spectrum appropriately, TIR spectra perpendicular to the surface plane, consistent with the expecta-
of a SiG-covered Si wafer were recorded at an incident beam tions for a surface-bound methy! group defined by the tetrahedral
angle of 74and 73. Because the surface was deliberately offset geometry of both the (111) surface Si atoms and the methyl
in the sample holder, when the difference spectrum of these carbon atom. On the ethyl-terminated surface, although the bulky
two samples was calculated, it consisted of a largeSsphonon  alkyl group cannot terminate every Si atop atom, all Cl was
vibration covering the 608620 cnt* region. This signal was  removed from the surface by immersion in the ethylmagnesium
then used as a background spectrum, which was subtracted fronhalide reagent. The presence of a broad, perturbecHSi
the difference spectrum of the Giterminated Si(111) surface.  stretching motion at-2070 cnt! and an Si-H bending motion
If the Si—Si phonon background is subtracted correctly, any at 627 cm? indicated that any unalkylated Si surface atoms
feature remaining under that region should be uncovered afterwere terminated with H atoms introduced to the sample either
the subtraction is completed. This procedure, however, revealedduring the alkylation reaction or as it is exposed to the solvents
nothing on the Chtterminated surface, even after the-Si used in rinsing and cleaning the sample after exposure to the
lattice phonon appeared to be completely accounted for (dataalkylating solution.
not shown). Given the demonstrated sensitivity to vibrational
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