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A two-step procedure, involving radical-initiated chlorination of the Si surface with #@dwed by reaction

of the chlorinated surface with alkyl-Grignard or alkyl-lithium reagents, has been developed to functionalize
crystalline (111)-oriented H-terminated Si surfaces. The surface chemistry that accompanies these reaction
steps has been investigated using X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES),
temperature programmed desorption spectroscopy (TPDS), high-resolution electron energy loss spectroscopy
(HREELS), infrared (IR) spectroscopy in both glancing transmission (TIR) and attenuated total multiple internal
reflection (ATR) modes, ellipsometry, and contact angle goniometry. The XPS data show the appearance of
the Cl signal after exposure to R@nd show its removal, and concomitant appearanee®1ssignal, after

the alkylation step. Auger electron spectra, in combination with TPD spectroscopy, demonstrate the presence
of Cl after the chlorination process and its subsequent loss after thermal desorptiorGhffiGigments due

to heating the Si surface to 1200 K. High-resolution XP spectra of the Si 2p region show a peak corresponding
to Si—Cl bond formation after the chlorination step, and show the subsequent disappearance of this peak
after the alkylation step. IR spectra show the loss of the perpendicularly polarized silicon monohydride (Si

H) vibration at 2083 cmt after the chlorination step, whereas HREELS data show the appearance of vibrations
due to S+CI stretches upon chlorination of the Si surface. The HREELS data furthermore show the
disappearance of the -SCI stretch and the appearance of a-Sivibration at 650 cm'* after alkylation of

the Si surface. Ellipsometric measurements indicate that the thickness of the alkyl overlayer varies monotonically
with the length of the alkyl group used in the reactant. Contact angle and IR measurements indicate that the
packing of alkyl groups in the monolayers produced by this method is less dense than that found in alkylthiol
monolayers on Au. As determined by XPS, the alkylated surfaces show enhanced resistance to oxidation by
various wet chemical treatments, compared to the H-terminated Si surface. The two-step reaction sequence
thus provides a simple approach to functionalization of (111)-oriented, H-terminated silicon surfaces using
wet chemical methods.

I. Introduction layer that has been introduced onto the Si surface. ThOSi

The formation of monomolecular assemblies at solid surfaces Ponds present on the surface of such systems have been
provides a rational approach for fabricating interfaces having a €xploited extensively through use of silanization reagents (such
well-defined composition, structure, and reactivity.Despite ~ as chlorosilanes or alkoxysilanes), coupling reagents, and other
the fact that the (100)- or (111)-oriented H-terminated silicon related protocols that react with the surface silanols to produce
surfaces are the starting points for the construction of most covalently attached groups onto crystalline Si sampés>
contemporary electronic devicéselatively little is known about ~ This chemistry is well-developed, and is closely analogous to
the chemical reactivity of these crystalline Si surfaces under the extensively documented protocols involved in controlling
ambient temperature and pressur¥. Control over the surface  the surface chemistry of borosilicate glass or of oxide-containing
chemistry of Si is potentially important because the excellent chromatographic supports. However, this type of chemistry
physical and electrical properties of H-terminated Si surfaces necessarily requires the presence of a thin oxide layer on the Si
are short-lived due to oxidation in &t Functionalization of Si surface. This insulating silicon oxide not only introduces a
without partial oxidation and/or formation of electrical defects tunneling barrier to interfacial charge transport, thereby affecting
is therefore important in fabricating improved electronic de- current flow in electrical device$;2627 but also generally
viced®!7 as well as in construction of stable Si-based photo- introduces electrical trap sites and defects at the silicon/silicon
electrochemical cells for energy conversion purpé8és. oxide interface that can degrade the performance of electronic

Prior approaches to the functionalization of crystalline Si devices fabricated from such interfadés.
surfaces have mostly emphasized reactions of a thin silicon oxide Recent work has shown that well-defined monolayers of

* To whom correspondence should be addressed. various reagents can be prepared on crystalline Si surfaces
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overlayers on the Si surfaéd. Another approach involves
chlorination of the SiH surface to yield a SiCl bond,
followed by reaction with organolithium or Grignard reagents
to yield an alkylated Si surface!-32This paper focuses on the
halogenation/alkylation reaction chemistry, which has been
shown to preserve the excellent electrical properties of the
H-terminated Si surfac® having an effective defect density

of less than 1 electrical trap site per 10,000 surface atom sites. —c,H,
We present herein a detailed characterization of this reaction —CsHi;

chemistry using surface science techniques involving ultrahigh-
vacuum (UHV) and ambient atmospheres such as X-ray

photoelectron spectroscopy (XPS), Auger electron spectroscopy _
(AES), temperature programmed desorption spectroscopy (TPDS), —c,H.;

high-resolution electron energy loss spectroscopy (HREELS),
infrared spectroscopy (IR) in glancing transmission (TIR) and
attenuated internal reflection (ATR) modes, ellipsometry, contact

angle goniometry, and surface stability. The data reported herein
also relate to recent studies of the surface chemistry of porous

Si#438 and thus provide a basis for a comparison of the
reactivity of crystalline and porous Si surfaces with respect to
various functionalization processes.

Il. Experimental Section

A. Samples and Chemical Reagentsl. Silicon Samples.
Samples used for XPS, HREELS, TPDS, and AES were
phosphorus-doped, n-type, (111)-oriented, single-crystal Si

J. Phys. Chem. B, Vol. 105, No. 42, 20010267

TABLE 1: XPS Data for Various Surface Treatments
XPS C 1s/Si 2p ratio
immersion high
-R time (h) expectetl survey resolution
—H
—CHs 10-14 0.09 0.32+0.04 0.32+0.01
—C;Hs 2.5-10 0.09 0.36G£ 0.05 0.27£0.04
2.5-8 0.20 0.48+£ 0.02 0.48+0.02
16 0.26 0.7G+ 0.07
—CeH13 5-18 0.31 0.66+ 0.02 0.66+ 0.01
—CgH17 16 0.43 0.66+ 0.02 0.67
—CioH21 20-72 0.56 0.69+0.08 0.72+0.12
CioHzs 23-72 0.70 1.02£ 0.07 1.05+0.13
36—61 1.21 1.13: 0.09 1.09+ 0.02

aRatio calculated assuming all trans-conformation of alkyl chains
packed onto 50% of the atop sites.

(0.77 M) was prepared by dissolving Li pieces insCH,OH
(Aldrich). The 40% NHF(aq) solution and a 5:1 (v:v) 40%
NH4F(aq)/49% HF(aq) solution (sold under the label “buffered
hydrofluoric acid”) were obtained from Transene Co. (Rowland,
MA) and were used as received.

B. Surface Preparation 1. Oxidation and EtchingPrior to
use, the silicon wafers were first cleaned by etching in aqueous
5:1 (v/iv) NHsF(ag):HF(aq) for 2 min followed by oxidation
for 1 h in a 3:1(v/v) solution of concentrated 230,:H,0,(aq)
that was maintained at approximately 18D.° Caution: The

wafers obtained from Wafernet Inc. These wafers were 100 mm concentrated BESQi:H0(aq) solution is very dangerous,

in diameter and were polished to a smooth optical finish on the

particularly in contact with organic materials, and should be

side that was used for spectroscopy. The samples were eithehandled extremely carefullyfhe samples were then removed

500+ 50 um thick, 1.5-3.0 ohm cm resistivity or were 575
20 um thick, 3-6 ohm cm resistivity. The single crystal (111)-

from the acid solution, rinsed with copious amounts of water,
dried at~80 °C, and stored for further use.

oriented n-Si samples used in TIR spectroscopy experiments The oxidized silicon samples were etched in the 5:1 (v/v)

were 525+ 25 um thick, 24-34 ohm cm resistivity, 100 mm

NH4F/HF(aq) solution for 3660 s and then, without rinsing,

diameter wafers that were polished on both surfaces (Wackerwere immersed into 40% Nfff(aq) solution for 16-15 min#!

Siltronic Corp.). For derivatization, samples of approximately

The samples were subsequently removed from thaRd),

3 x 7 cm were cut from these double-polished wafers. Samplesrinsed briefly with flash-photolyzed water and dried under a

used for ATR experiments were 50 15 x 1 mm pieces of
silicon (Harrick Scientific Corp.) in which the large parallel (50
x 15 mm) faces were (111)-oriented. Infrared light entered and
exited the sample through the two small ends (.3 mm),
which made 45 angles with respect to the large parallel faces,
producing 50 internal optical reflections of the incident beam.
2. ChemicalsPrior to use, anhydrous methanol (GR grade:
EM Sciences) was dried undep(y) over powdered magnesium.
Anhydrous tetrahydrofuran (THF) (GR grade: EM Sciences)
was dried under pg) over Na/benzophenone. Both solvents
were distilled under Ng) from their respective drying agents
into 500 mL flasks and were stored in a(ly)-purged glovebox

stream of N(Q).

2. Chlorination.Chlorination of the silicon surface was carried
out in a custom-built Bg)-purged glovebox that was connected
via a load lock to the UHV system that housed the XP
spectrometer. A stock chlorinating solution was prepared by
dissolving enough Pglin chlorobenzene to form a near-
saturated solution (typically 0-80.7 M). Occasionally, the
solution had to be heated &60 °C for a few hours to achieve
complete dissolution of the P€Immediately before use, a few
grains of benzoyl peroxide (approximately-3@0 mg of benzoyl
peroxide in 10 mL PGlchlorobenzene solution) were added
to a portion of the stock solution, the Si sample was im-

prior to use. In some experiments, anhydrous THF obtained from mersed?“3and the solution was heated t0-9000 °C for 40—

Aldrich (in 800 mL sureseal bottles and stored in thgdj
purged glovebox) was used in place of the distilled anhydrous
THF described above. Dichloromethane (Omnisolve grade: EM
Sciences) was used as received.

Phosphorus pentachloride (RJZIchlorobenzene, benzoyl
peroxide, CHMgBr (3.0 M in diethyl ether), @gHsMgBr (3.0
M in diethyl ether), GHoLi (2.5 M in hexanes), gHyMgCl (2.0
M in diethyl ether), GH1:MgBr (3.0 M in diethyl ether), GH13
Li (2.0 M in hexane), GH13MgBr (2.0 M in diethyl ether),
CgH17MgClI (2.0 M in THF), GoH21MgBr (1.0 M in diethyl
ether), GoH2sMgBr (1.0 M in diethyl ether), and gH3;MgCl
(0.5 M in THF) were purchased from Aldrich and were used as
received. GoH2iLi was prepared according to the method of
Gilman et aP%40 CF;(CH,)sMgBr was prepared by reacting
CR3(CHy)3Br (PCR Inc.) with Mg shaving®4° CFCH,OLi

50 min. Subsequently, the sample was rinsed with anhydrous
THF, rinsed with anhydrous methanol, and dried in a stream of
N2(g). After drying, the samples were mounted onto an XPS

stub and were taken into the UHV chamber.

3. Alkylation.Alkylation of the chlorinated Si surfaces was
also performed inside the J¢)-purged glovebox. In the
alkylation step, the chlorinated Si(111) surfaces were immersed
in alkyllithium (RLi: R = C4Hg, CgHis, CigH21) or alkyl
Grignard (RMgX R= CHjs, C;Hs5, C4Ho, CF3(CH2)3, CsHiqy,
CeH13, CgH17, CigH21, CioHos, CigH37, X = Br, C|) solutions at
65—80 °C for 2—72 h394445The reaction time depended on
the chain length of the alkyl group, with longer chains requiring
longer times to achieve an apparent saturation of surface
coverage (Table 1). After reaction, the samples were removed
from solution, rinsed copiously with anhydrous THF, and then
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TABLE 2: XPS Parameters Used in the Calculations of the surface silicon atoms required introduction of a third peak
Various Coverages component to obtain a good fit to the experimental XP spectrum.
modified Scofield factors For these surfaces, deconvolution of the Si 2p doublet region
binding survey high-resolution for the nonoxidized peak was pgrformed_as described above.
peak energy (BeV) scan scan The surface coverages of chlorine, fluorine, and alkyl groups
— on the silicon substrates were estimated using the XPS substrate-
sensitivity exponent 0.65 0.60 3 A ;
F1s 686 3.40 3.47 overlayer modet® The elemental sensitivity factors used in these
O 1s 532 2.52 255 calculations were modified Scofield factdrsand are given in
C1s 284.6 1.00 1.00 Table 2.
Cl2s 270 1.70 1.70 The escape depth of Si 2p electrons through a Cl overlayer
g.l gg 2191% 21%32 21%8127 Aov (for the chlorinated surface) was taken to be equal to the
Si2p 99 0.897 0.891 attenuation length for Si 2p electrons through elemental Cl, as

calculated using the empirical relationsHip

rinsed with anhydrous methanol. The samples were then
immersed into a fresh portion of anhydrous methanol, taken
out of the glovebox into air, and sonicated for 5 min, followed
by sonication in dichloromethane for another® min. The
samples were once again rinsed with methanol (EM Science:
Omnisolve) and dried in a stream of air for 8 s before being
taken into UHV for characterization by XP'S.

C. Surface Characterization Techniquesl. X-ray Photo- _ 3
electron Spectroscopithe XPS experiments were performed Aoy = 100D Na, 2oy @)
in an M-probe surface spectrometer (V_G _Instruments). Mono- whereDyy is the density of the overlayer (in kg %), Nay is
chrpmatlc Al Ka X-rays (14,86'6 eV) incident at 35from Avogadro’s numberayy is the thickness of the overlayer, and
horizontal were used to excite electrons from the sample, andAOV is the mean atomic weight of the atoms in the overlayer.
the emitted electrons were collected by a hemispherical analyzer-l-he surface density of Cl atoms was taken to be equal to the
at a takeoff angle of 35from the plane of the sample surface density of liquid chlorine (1.5 g cnf).5 Application of the
(hor.izontal). The incident X-ray; and the analyzer axis were in )\ /o equations gaw&; = 0.34 nm. Using eq 1, the escape
vertical planes that were at right angles to each other. All depths £o,) through the Cl overlayer were calculated to be 2.9

samples were sufficiently con_ducting that all reported €Nergy nm for Cl 2p photoelectrons, 2.8 nm for Cl 2s photoelectrons,
measurements could be readily referenced to the Fermi level,4 3 9 nm for Si 2p photoelectrons.

of the spectrometer. To calculate the coverage of chlorinated surface silicon atoms,
~ Data collection and analysis (detailed in Supporting Informa- gj., the high-resolution Si 2p spectrum was deconvoluted into
tion) were performed using the M-probe package software three peaks. During deconvolution, the difference in the peak
version 34 The “survey” scan was cpllected in the sganned positions (0.6 eV), the peak area ratios (0.51), and the fwhm
mode with an 800x 1500 um elliptic spot. The “high  yajues of the 2p, and 2p, bulk components were held
resolution” scans were collected in an unscanned mode Wwith fixed 56.57 A third peak (Sé) was then added to the spectrum,
the same spot size. The pass energies corresponding to th@ng the positions of the three peaks and the width of the third
survey scan and the high-resolution scan were 154.97 and 53.9%,eak were optimized to get the best fit to the experimental
eV, respectively. The corresponding energy windows in which spectrum. Deconvolution using four peaks did not improve the
the electrons were collected were 21.45 and 6.85 eV, respec+it tg the experimental data. In accord with prior procedifes,
tively. The instrument had a resolution (full width at half- the ratio of the Si peak to the sum of the Si 2pand 2p.
maximum (fwhm) for the Au 4f, peak) of 1.50+ 0.01 eV components, i.e., the ratio§(Si 2pu2 + Si 2ps2), was used
and 1.00+ 0.01 eV, for the survey and high-resolution scans, to calculate the coverage of chlorinated silicon atoms. The
respectively. coverage of $j was then obtained through the method of Seah

The Si 2p peaks in high resolution XP scans of the and DencH? In this computation, the ratio of silicon atomic
H-terminated and alkyl terminated surfaces were routinely densities and sensitivity factors became unity and an escape
deconvoluted into Si 2p and Si 2p, components that  depth value oft = 1.6 nm was used for the substrate and for
represented primarily the “bulk” silicon atoms that resided within the overlayef? The peak fitting for silicon samples covered
the sampling depth of the Si 2p XPS photoelectrons on the Siwith a thin layer of oxide was done similarly, with the third
sample. For these surfaces, the chemical shifts of the surfacepeak corresponding to the oxidized surface silicon atoms.
silicon atoms bound to H or C were sufficiently small that any  To determine the areal density of the alkyl overlayers obtained
such surface Si peaks could not be resolved experimentally fromwhen the CE(CH,)sMgBr or CRCH,OLi reagents were used,
the bulk Si peaké’! In the deconvolution procedure, the the F 1s signal that originated from th&CF; groups was ratioed
starting values for the fwhm for the nonoxidized Si 2p doublet to the Si 2p signal of the substrate. The overlayer-substrate
peaks were typically adjusted to produce fits that minimized model was then applied to calculate the coverage of fluorine
the difference between the fwhm values for the two best-fit atoms on the surface. The overlayer thickness was calculated
peaks. Typically, this starting value difference was less than by assuming that the-CF; groups were at the solid-vacuum
0.02 eV. The overall spectra were best fit by using 95% interface and that the-CF; groups were positioned at this
Gaussian/5% Lorentzian line shapes with a 15% asymmetric location by the underlying methylene groups that were anchored
contribution for each of the two component peaks. rigidly to the silicon surface by covalent-SC and Si-O bonds.

For the chlorinated or the oxidized silicon surfaces, the This assumption was, however, not necessary to arrive at the
chemical shift of the surface silicon atoms relative to the bulk coverage of alkyl chains (vide infra). An escape depthfE=
silicon atoms was sufficiently lar§&that the contribution from 2.65 nm was used for the F 1s signal at = 3.9 nm was

1 =0.41a"E%> 1)

whereE is the electron kinetic energy in eV ardand ‘a” are

the attenuation length and thickness of a monolayer (in nm),
respectively. The thickness of a monolayer of chlorine was
calculated using the equation
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used for the C 1s signal from the overlay&ihe escape depth  with the polarized infrared light incident onto the sample at
of Si 2p electrons through the alkyl monolaygg () was taken Brewster’s angle.
to be 3.5 nnt’ The coverage of F atoms determined for surfaces ~ Absorption data for the H-terminated surface were obtained
derivatized with the two molecules was then divided by 3 to by ratioing the observed spectrum to that of the oxidized silicon
obtain the density of alkyl chains on the silicon surface. The sample. The absorption data for the chlorine-terminated or alkyl-
alkyl chain density was then divided by the number of silicon terminated surfaces were obtained by ratioing these observed
atoms in the surface of the (111) plane to determine the effective spectra to either the oxidized silicon sample or to the H-
alkyl coverage, in monolayers, on the Si surface. terminated sample. To determine the molecular orientation of
2. High-Resolution Electron Energy Loss Spectroschih- the alkyl chains on the silicon surface, the infrared dichroic ratio,
resolution electron energy loss spectroscopy (HREELS) mea-defined as the ratio of s-polarized to p-polarized absorption
surements were carried out in a different UHV setup than the INtensities D = As_po/Ap—pd), was determined for the symmetric
one used for the XPS measurements. The HREELS chamberPsym and asymmetriclasym) methylene stretching peaks of
was pumped by a 1000 L% turbomolecular pump and was the aIkyI-termlnqted surfac@sThese dichroic ratios were then
maintained at a base pressure of 20~ Torr50 An external used. to determine the angle between the sgrface normal and
load lock and a UHV sample transfer system allowed fast the dipole moments of the methylene symmetric and asymmetric

: 5 i
loading of the samples into the chamber. The silicon specimensStretChes ((_LSV’“ and dasym), respectively’? The chaln tilt angle
were mounted onto a molybdenum sample holder using two (6) and twist angley) were then calculated using eqs 3 and 4

molybdenum tabs that were held in place with screws. The

sample holder slid into a manipulator that was used for loading cosh =1~ Cogasym - Cogaasym 3)
the samples into vacuum.

The HREELS measurements were performed on a model LK- cosy = % 4)
2000-14-R spectrometer (LK Technologies). Data were col- sing

lected at liquid nitrogen temperature (and sometimes at room

temperature) in the direct mode at an angle of incidence ®f 60 6. Ellipsometry Ellipsometric measurements were made on
with respect to the surface normal, with a primary beam energy @ Gatner Variable Angle L116C Ellipsometer using a-Hge

of 7.5 eV and an energy resolution of 80 tnOff-specular ~ laser ¢ = 632.8 nm), a 45polarizer, and an incident angle of
measurements were made by moving the detector by a few 70° from the surface normal. The optical constaigs= 3.850

degrees in a plane perpendicular to the surface plane of the S@nNdKsi = —0.020, whereN is the index of refraction, ankl is
sample. the absorption coefficient, respectively, were used for the silicon

. substraté? and values ofNo, = 1.460 andKo, = 0 were used
3. Temperature Programmed Desorptidremperature pro- for the alkane films as well as for silicon oxide overlay&ts.

grammed desorption (TPD) data were obtained on the sameEIIi sometric data were collected at two or more spots per
samples and in the same UHV chamber that was used to obtain P b P

- sample, with four or more measurements performed at each
0
:22 E;Ciilai (:)atﬁr'el—gf. sea:mﬂlsst(\;\éjerte:esa;fnd ;rI];rIT:i(r:]ttI: f;onn; aindividual location. The ellipsometrically determined overlayer
' y IStively ung ! ’ thicknesses were typically withi#t0.2 nm on each sample and
chromet-alumel thermocouple was spot-welded onto the central

block that held th le holder. A tical A d had a standard deviation af0.1 nm for a given spot on a
ock that he € sampie holder. An optical pyrometer an sample. The errors in overlayer thickness produced by the

the desorption temperature of the mass 2) (peak from a Si- assumption oNs; = 3.850 andks; = —0.020 for the Si(111)

(111) sample that had been sputtere_d Witﬁ'k_ms' thermally substrate were determined to 84 0% for a-=4% variation in
annealed and subsequently dosed with atomic hydrélgeare Ng and a 20% variation ifKs;

used to calibrate the temperature scale of the thermocouple. The 7 ~gntact Angle GoniometryContact angles on alkyl-
area under this mass 2 peak was used to estimate the signd}eriyatized silicon surfaces were measured at ambient temper-
intensity that represented a monolayer of hydrogen coverage. 4 re and humidity using a Rame-Hart Inc. model 08
The TPD data were collected by ramping the temperature from gqniometer with a tiltable base. Flash photolyzed or 18 Mohm
110 to 1200 K at a constant heating rate of either 0.5 Kas cm resistivity water obtained from a Barnstead water purification
1Ks LA differentially pumped quadrupole mass spectrometer system was used for the experiments with agueous drops, and
(UTI-100C) with a cryoshroud was used to analyze the anhydrous hexadecane (Aldrich) was used for nonaqueous drops.
desorption products. Prior to use, the hexadecane was passed through a column of
4. Auger Electron Spectroscopy (AESAuger electron activated basic alumina (Aldrich) that had been stored in the
spectroscopic experiments were performed on the same samplesl,(g)-purged glovebox. The sessile drop contact angle data were
and in the same UHV chamber as that used to collect the within +2° for each drop and for each surface, with data
HREELS and TPD data. Auger data were collected with an collected generally on three drops per surface.
electron energy of 3 keV using a PHI Q55 single pass
cylindrical mirror analyzer. The current on the crystal we® lll. Results

uA with an approximate beam size of 1@@n. A. The Hydrogen-Terminated Silicon Surface NH4F(aq)-

5. Infrared Spectroscopynfrared spectra (1 cr resolution) etched, (111)-oriented Si surfaces were the starting point for
were obtained using a Mattson Galaxy series (4326 upgrade)our investigations. The Si atoms on such surfaces have been
Polaris FT-IR spectrometer with external optics housed in a reported to be essentially completely terminated with hydrogen,
custom-built plexiglass chamber that was continuously purged forming Si-H bonds that are oriented normal to the (111)
with dry nitrogen. An InSb detector was used to probe the surface plan&?%6 This passivated surface is also relatively
4000-1800 cntt energy region and a mercury cadmium chemically unreactive in atmospheric pressure ambients, includ-
telluride detector was used to probe the 18800 cn1?! energy ing air*® and, thus, provides a well-defined starting point for
region. Glancing transmission (TIR) spectra were collected using the systematic development of wet chemical functionalization
large pieces of double-polished single-crystal Si(111) wafers, procedures.
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——— T R e doublet consisting of components from the;2@and 2p,, Si
(a) v peaks!’—49.67.68 Qptimization of parameters of the two Si 2p
component peaks to produce a best fit to the experimental
spectrum yielded an average peak separatiey 41> — Esi

2p312) of 0.60+ 0.01 eV and an area ratié\§; 2p1//Asi 2p3i) Of
0.51+ 0.02. Both of these values are in excellent agreement
with prior literature reports and with the theoretically expected
values of 0.60 eV and 0.50, respectivély8.67.68 After the
deconvolution procedure, no statistically significant residual XPS
signal was present in the Si 2p region, indicating negligible
oxidation of the silicon surface, at least at the level<d.2
monolayers that could be detected under these instrumental
conditions?’

The lack of oxidized Si in the Si 2p region indicated that the
O 1s and C 1s peaks observed in the survey scan at 532 BeV
and 284.6 BeV, respectively, arose from adventitious species
on the Si surface. These peaks could not always be completely
eliminated during our etching and handling steps, which
involved sample rinsing and transfer under ambient environment
into the load lock of the UHV analysis chamber. Additional
support for the hypothesis that the O 1s peak in the XPS survey
scan was due to adventitious sources rather than from oxidation
of the surface Si atoms was obtained from the empirical
3 observation that the raw area ratio of the O 1s/C 1s peaks in
the survey scan was observed to be (480.15 for over 150
separate samples, whereas oxidation would have been expected
to yield different O/C ratios for different oxidation levels. Even
if all the oxygen observed in the survey scans were attributed
), to silicon oxide, the O 1s signal in the survey scan corresponds

to <0.2 monolayer of oxide on the silicon surface.

' 103 ' 102 '101 1(')0 9 3. Infrared Spectroscopylnfrared spectra obtained with
o p-polarized light incident onto the NjH(aq) etched, (111)-
Binding Energy (eV) oriented Si surface exhibited a sharp feature at 20831cm

Figure 1. X-ray photoelectron “high resolution” spectra of the Si 2p _(SPecFra presented in Supporting Infor.matlon.). This peak pos_ltlon
region of a (111)-oriented Si surface after exposure to (a) 5:3FNH IS indicative of the presence of surficial silicon monohydride
(ag)/HF(aq) to produce SiH termination, (b) chlorination with Pl specie$*66 and the polarization anisotropy is consistent with
and (c) alkylation with @HisLi. The dashed lines are the fits to the Si  the orientation of the transition dipole moment of the-Hi

2p doublet peaks and the thick solid line in panel (b) is the additional bond being normal to the Si (111) surface pléhe&Small
peak needed at higher binding energy to obtain agreement between

the actual data (upper solid line in each panel) and the fitted spectrum negative pgak; observed in the-8 St_retChing region (2756
(open circles in each panel). 3000 cn1l) indicated that the H-terminated surface had a lower

amount of adventitious coverage than the reference (oxidized

1. X-ray Photoelectron (XP) Suey Spectra.Typical XP silicon) sample. Although on older Si ATR plates, whose
survey spectra (provided in Supporting Information) of a surfaces had roughened somewhat due to repeated oxidation,
H-terminated Si(111) sample contained two main peaks, at etching and derivatization, some very small features indicative
binding energies of 150.3- 0.2 eV and 99.0+ 0.2 eV, of Si—H, and Si-H; surface species were observed in the
respectively, which corresponded to signals expected from Si2100-2140 cnr? range, the glancing transmission IR spectra
2s and Si 2p photoelectrofi!®57.%Peaks observed at succes-  gptained on polished and freshly etched Si (111) wafers routinely
sive intervals of 17.5 eV higher than the two main peaks (i.e., showed no features above the noise in the 24B40 cnrl
at~116.5 BeV, 134.0 BeV, 167.5 BeV and 185.0 BeV) were qginn Thus, silicon wafer surfaces were essentially completely

pharggteristic _Of crystalline silicon samples and _have been yorminated with SiH species under the described conditions.
identified previously as plasmon loss peaks that arise from the . .
4. High-Resolution Electron Energy Loss Spectroscopy

Si 2s and 2p peak®.’0 Occasionally, small signals due to
PP y g d(HREELS) and Auger Electron Spectroscopy (AEREELS

oxygen and carbon were also observed at 532 BeV (O 1s) an . . X .
284.6 BeV (C 1s), respectively, and are attributed to adventitious SPECtra obtained on H-terminated Si(111) surfaces (Figure 2a)

carbonaceous material present on the silicon surface as a resuf@Xnibited peaks at 400 crh silicon bulk phonon modes), 800
of wet chemical etching and subsequent brief handling of the ¢M™* (CHz rocking mode), 1100 cnt (C—C stretching mode),
surface in air (vide infraj?71 The lack d a F 1ssignal in the 1400 cnt* (CHs umbrella (wag) mode of the terminal methyl
XPS survey data, which would have appeared~8686 eV group) and 2950 cnt (C—H stretching mode}? The C-C and
binding energy, confirmed that the NF(aq)-etched silicon =~ C—H HREELS peaks indicated the presence of some adventi-
surface was not terminated by-S species at levels higher tious carbonaceous material on the surface. These observations
than 0.1 monolayer of "3 are consistent with the XPS and AES results. Annealing these
2. High-Resolution XP Spectrahe high-resolution spectra  surfaces to 600 K lowered the hydrocarbon coverage somewhat
of the Si 2p region (Figure 1a) could be deconvoluted into a but did not eliminate it completely. Due to the adventitious

(b)

Intensity (a.u.)

105 104
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T i B. The Chlorine-Terminated Si Surface.The H-terminated
- @ . Si surface exhibited remarkable stability for a silane-type

1 species, being relatively stable in air and water. In this regard,
its chemistry resembled that of ((GHSi);Si—H, and stands in
contrast to the reactivity of less hindered mono- or di-
alkylsilanes such as EsSiH; or (CHs),SiH,. Difficulty in
controlling the Si(111}H surface chemistry was encountered
when conventional hydrosilation methods were used because
either no reaction was observed (with@®?~ and olefins, [Rh-
(COD)CI}, and olefins, etc.) or extensive surface pitting, etching,
and/or oxidation was observed when forcing conditions and
highly reactive reagents (for example, high doses gigd) were
used.

] The H-terminated Si surface was, however, successfully
- (b) . chlorinated using PGlin chlorobenzene, in a reaction that

[ ] employed a mild source of chlorine radicals. The surface
[ ] produced by this step could be manipulated under routinely
available anaerobic laboratory conditions.

1. XP Surey SpectraAs compared to the H-terminated
surface, the survey spectrum of the chlorine-terminated surface
(shown in Supporting Information) displayed two additional
peaks, at 270.Z 0.4 eV and 199.3 0.4 eV binding energy,
respectively, corresponding to signals arising from CI 2s and
Cl 2p photoelectron® The coverage of Cl on this surface was
estimated to be 1:31.5 monolayers as determined from the
ratio of the Cl 2s/Si 2p or Cl 2p/Si 2p peaks. None of the peaks
changed in amplitude or position after sonication of the Si
surfaces in anhydrous methanol or dichloromethane.

Wavenumbers (cm"1) 2. High-Resolution XP Spectr@btaining a satisfactory fit
Tgure 2. Figh-resolution electron energy Toss spectra (MREELS) of to _the h|gh-resol_ut|on Si 2p XPS data of the chlorinated surface
a H-terminated Si(111) surface prepared by (a) etching in 5:3ANH  (Figure 1b) required the use of three peaks. Two of these peaks
(ag)/HF(aq) solution and 40% NR(aq) solution and (b) dosing a Si-  corresponded to the 2p and 2p;; components of the bulk
(111) surface, that had been previously sputtered with idns and silicon doublet, as observed for the H-terminated surface,
annealed to 1200 K, with atomic hydrogen. The HREELS data were hereas the third peak, displaced toward higher binding energy,
collected at a sample temperature-ef20 K. corresponded to surface silicon atoms that were bound to the

carbonaceous overlayer, HREELS signals could not be observed-hiorine atoms (). Optimization of the peak position and

for Si—H stretching peaks at2100 cn?! for the etched Si peak width of the high binding energy €9ipeak to give the

samples. best fit to the overall spectrum, whereas fixing the peak
In contrast, Si(111) samples that had been annealed in UHV Separation, peak area ratio and the fwhm of the,zmd 2py,

to 1200 K and then exposed to atomic hydrogen did exhibit a components to agree with those observed for the H-terminated

distinct peak at~2100 cnt! (Figure 2b), verifying that the Si surfacg, resulted in the Sipeak being located at 1.09
expected StH stretch could be observed for a clean hydrogen- 9:09 €V binding energy higher than the Si2pomponent peak.

terminated surface. These spectra also showed peaks at 650 anbi!S Peak position is in excellent agreement with prior literature
850 cnt?, corresponding to a SiH bending mode and to the ~ '€POItS for Si(111) 7x 7 surfaces that had been dosed with
subsurface SiC stretching mode, respectivél.For these  C!2(0) in UHV, in which a peak assigned to the;2momponent

samples, the 1100, 1400, and 2950 émeaks were either not o_f the s_urficial Si bonded to (_:I was observed at 6:887 eV
observed or their intensity was extremely small. Although the Nigher in energy than the Si gp peak®>’’ The coverage of
HREELS signals were not very diagnostic for characterizing chlorinated SI. calculated from the ratio of the area of thg Si
the wet-etched hydrogen terminated Si surfaces, these spectr®€2K t0 the Si 2p doublet was 0.660.20 monolayers.
serve as an important baseline for interpretation of the HREELS ~ High-resolution XP spectra of the Cl 2p region were also
signals observed on chemically modified Si surfaces (vide infra). collected for the chlorinated Si(111) surface between 197.4 and
Auger electron spectra of the NF{aq)-etched (111)-oriented ~ 204.2 eV binding energy. These spectra displayed a character-
Si surface exhibited small carbon and oxygen KLL peaks at istic doublet of Cl 2p, and Cl 2p/» peaks’® The ratio of the
272 and 503 eV, respectively, in addition to the Si LMM peak Cl 2p/Si 2p high-resolution peaks, both normalized for their
at 92 eV7’576 TPD spectra of such surfaces produced broad data collection times and elemental sensitivity, gave a coverage
signals at masses 28 4ds), 27 (GHs) and 2 (H) that were of 1.3 + 0.1 monolayers of chlorine on the silicon surface,
consistent with the presence of adventitious material on the consistent with the chlorine coverage determined from the XP
surfacef! AES spectra of samples that had been annealed toSurvey spectra.
1200 K and cooled to room temperature exhibited only the bulk 3. Infrared Spectroscopynfrared spectra of the chlorinated
silicon peak and did not exhibit carbon or oxygen Auger signals. Si surface exhibited a complete loss of the-Histretch at 2083
When these samples were subsequently dosed with atomiccm™ that was observed for the NF(aq)-etched Si samples.
hydrogen, sharp TPD peaks were observed for mass-®ad This observation is consistent with the suggestion that the
K. This desorption temperature is in accord with prior reports chlorination process converts the surface-ISibonds to Si-
for the H-terminated, UHV prepared, Si (111) surféte. Cl bonds. XP survey spectra of the chlorinated samples taken
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Figure 4. Temperature programmed desorption spectra of a chlorine-
Wavenumbers (cm'1) tlegrrsnzrituec(issi(igurface. Peaks were observed at 63 amtC{pand at

Figure 3. High-resolution electron energy loss spectra (HREELS) of o _ ) )
a chlorine-terminated Si surface before (thin solid line) and after (thick exhibited signals at mass 63 (SiCl) and at mass 133 {5iCl

solid line) thermal desorption to 1200 K. The peak at 550 present that were not observed on hydrogen-terminated Si surfaces
stretching mode, and disappeared after thermal desorption of Cl. -y 4r50en. These latter signals were consistent with the desorp-

__tion of chlorinated species from the surf&8é?The observation
before and after the IR measurements showed the same chIor|n%f two peaks in the TPD signals for the chlorinated species

coverage on the surface, within experimental error. The high
resolution XP spectra of the Si 2p region of these samples did ;, 7 qgition to silicon monochloride at the surface.

not show any silicon oxide peak before or after IR measurement. Auger spectra taken after heating the sample to 1200 K during
These observations indicated negligible change in the naturey,o Tpp experiment did not show any residual Cl AES signal.
of the chlorinated siIicon_sampIes dl_Jring data collection or this qemonstrates that all of the surficial Cl observed in the
sample transfer. Concomitantly, no signatures were observedy,gar spectrum of the chlorinated Si surface could be desorbed,
in the IR spectra that would indicate the presence efCior and also demonstrates that the sample required a relatively high
Si—OH species on the chlorinated surface. The silicoiorine temperature in order to desorb most of the Cl from the surface.

stretching mode that is expected to ?‘7'3‘8 produced by the g set of observations suggests that all of the surface chlorine
chlorination step should appear-ab50 cn ™. Unfortunately, a5 covalently bound to the Si during the chlorination step,
this energy is not accessible in either conventional TIR or ATR . cictent with the HREELS data for this system.

geometries, due to strong absorption by bulk Si below 1500 ¢ “a\kyl-Terminated Silicon Surfaces. The chlorinated Si-

cm™*. Thus, no direct information on the presence of & Gi (111) surfaces were found to react readily with organolithium
bond could be obtained through the use of IR spectroscopy. anq alkyl-Grignard reagents. To perform this derivatization step,

4. High-Resolution Electron Energy Loss Spectroscopy the chlorinated silicon surfaces were immersed in alkyl Grignard
(HREELS).HREEL spectra of the SiCl surface exhibited a (RMgX: R = CHs, CoHs, C4Hg, (CHy)sCFs, CsHi1, CeHis,
peak at 550 cm! (Figure 3) that was not present in the spectra  CgHy7, CyoH21, CioHos, CigHa7, X = Br, Cl) or alkyllithium
for the Si-H surface. This peak position is in good agreement (RLij: R = C4Hg, CsH13 CioH21) solutions at 65-80 °C for
with prior reports of Si-Cl vibrations on chlorinated Si surfaces various times (Tab|e 1) The modified surfaces were spectro-
prepared in UHV® and is thus interpreted as confirming the scopically and physically characterized as described below.
formation of Si-Cl bonds on PGltreated Si surfaces. After 1. X-ray Photoelectron (XP) Suy SpectraThe XPS survey
TPD to 1200 K, the 550 cnt peak due to surface SCI was scan of the alkylated surfaces (shown feHgzterminated Si-
not observed in the HREEL spectra (Figure 3), in agreement (111) in the Supporting Information) showed signals only due
with a lack of Cl signal in the Auger spectra after heating the to Si, C and O. No Li or halide peaks were detected on such
sample to this temperature (vide infra). surfaces, and no Mg peaks were observed whgth ¥gBr

5. Auger Electron Spectroscopy (AES) and Temperature was used instead ofgHisLi as the alkylation reagent. Further-
Programmed Desorption (TPDAuger/TPD data were used to  more, the C 1s/Si 2p ratio increased monotonically as the chain
confirm that the Cl observed in the Auger spectra was covalently length of the alkyl group used to derivatize the sample was
bonded to the surface. Auger spectra taken on the chlorinatedincreased (Figure 5, Table 1).
surface (shown in Supporting Information) exhibited a Cl LMM 2. High-Resolution XP Spectralhe high resolution XP
peak at 181 eV and small signals due to adventitious O and Cspectra of the alkylated silicon surfaces were nearly identical
at 503 and 272 eV, respectively, in addition to the bulk Si peak to those obtained from H-terminated Si surfaces, and only
at 92 eV’ TPD spectra of the chlorine-terminated silicon required the use of Si 2p and Si 2g,, component peaks to
surfaces (Figure 4) exhibited signals at mass 28, 27 and 2 thatobtain an excellent fit to the experimental dét&lo significant
arose from adventitious adsorbed species (vide supra), but alsaesidual was observed at high binding energy from the main

suggested the formation of silicon di- and tri-chloride species
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Figure 5. Observed and theoretically expected C 1s/Si 2p XPS peak Monolayers on gold have been interpreted to indicate a semi-
ratios for silicon surfaces terminated with alkyl groups of different chain - amorphous environment of alkyl chains in the overldyét.
Iengths_ln (a) survey XPS scans and (b)_ high resolution XPS scans. |nfrared dichroism measurements in the-ig stretching
The solid squares denote the observed ratio and the open squares denoF’%gioﬁ’z were used to estimate the average apparent tilt and twist

the expected ratio of C/Si peaks in the survey scan. The solid circles . .
denote the observed ratio and the open circles denote the expected ratignd!es of alkyl chains for Si surfaces that had been exposed to

of the C/Si peaks in the high resolution scan. The theoretically expected C12H2sMgBr or CigHz7MgBr. Averageosym and oasym values

ratios for both scans were calculated felCyHani1 (2 < n < 18) were found to be 64and 69 for the —C;,Hzs chains and 62
assuming 0.5 monolayer coverage (see text) and no contributions fromand 55 for the —C;gH37 chains. Using eqs 3 and 4, the tilt and
adventitious carbonaceous material. For alkylation witbH; groups, twist angles were determined to be°3fnd 34, respectively,

eometric factors permit the formation of one monolayer, and this : ]
gcjoverage was assj)med in the theoretical calculatiom ﬁe?/l. for the —CuaHas chain and 48 and 5T, respectively, for the
—CygHs7 chain. The error in all the angles was estimated to be
<3°. The tilt angles for the GHys- and GgHsr-terminated
surfaces determined by IR spectroscopy were very close to those
calculated from the ellipsometry data (vide infra).

4. High-Resolution Electron Energy Loss Spectroscopy
(HREELS), Temperature Programmed Desorption Spectroscopy
(TPDS) and Auger Electron Spectroscopy (AEB)e SiC
stretching mode expected a650 cnt! 748384rom a surficial
Si-alkyl linkage cannot be observed by IR spectroscopy, in either
TIR or ATR geometries, due to strong absorption by bulk Si
below 1500 cm?. Chlorinated Si(111) surfaces that had been
exposed to gHsLi were therefore subjected to HREELS. As

peak, indicating that the high binding energy Si 2p signal
observed for the chlorinated surface had been removed during
the alkylation step. Consistent with the very small intensity of
the O 1s signal seen in the XP survey spectra, the high-resolution
scans of the Si 2p region of alkylated surfaces showed no
detectable oxidation of the surficial Si atoms. The lack of a
chemical shift in the Si 2p region for the surficial Si atoms
relative to the bulk Si atoms is consistent with expectations for
Si—C bonding, in which the chemical shift of the surficial Si
atoms is expected to be very close to that of lattice atoms
e e PV in Fiure . n o (o & pek or e &
: - stretching mode at+2900 cnt?, the CH umbrella (wag) mode

small O 1s signals obser\_/t_ad in the XP survey scans are due 00t the terminal methyl group at 1400 cf the G-C stretching
the presence of adventitious hydrocarbon species on suchmoole at 1100 ¢, and the CH rocking mode at 900 crt, a
surfaces. strong signal was seen-a650 cnt1.748384The 650 cn! peak

3. Infrared Spectroscopyin the ATR mode of a GHas- has been previously assigned to the-Sistretching mode of
terminated surface, signals due te-B stretching vibrations  alkylated Si(111) surfaces, based on vibrational analyses of
appeared at 2852 cth (v(CHy)), 2922 cnm! (v4(CHp)), and adsorption of diethylsilane or ethylene on vacuum annealed Si-
2961 cnt? (v4(CHs),ip) (shown in Supporting Information). No  (111) surfaces in UHV48384|n addition, Si-C stretches at
substantial signals were observed in the Sistrecthing region. similar energies have been identified in vibrational spectra of
For the GgHs7 and GaHas-terminated surfaces, ATR spectra  alkylated Si(100) surfaces that have been prepared by adsorption
yielded asymmetric methylene—€ stretching peaks at 2923  of acetylene or ethylene onto annealed Si(100) surfaces in
and 2922 cm?, respectively. These peak positions for alkylthiol UHV.8083A]| of the vibrational peaks observed in the HREELS
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spectra were either significantly reduced or disappeared com — T
pletely after thermal desorption at 1200 K (Figure 6).

The Auger spectra were consistent with the HREELS data.
Peaks in the Auger spectrum of a chlorinated Si surface that] .
had been subsequently exposed tti£Li were observed for
Si and C at 92 and 272 eV, respectively (spectra shown in - SiCl+CgH13Li M
Supporting Information). A trace amount of Cl was observed - 2 r % i
on the alkylated surface, as indicated by a small peak at 18
eV. All peaks except the bulk silicon signal disappeared after
the sample was heated t91200 K and cooled to room
temperature.

. -SiH+CeH13Li
5. Estimates of the Gerage of Alkyl Qerlayer Groups : A I 4
Derived from XPS.To estimate the areal coverage of alkyl j A iy by

species on the silicon surface, the chlorinated Si surface was
derivatized with CE(CH,)sMgBr or with CRCH,OLi. Using

F 1s/Si 2p ratios from the survey spectra, the overtayer
substrate model gave a coverage of 043®.05 monolayers B i
for surfaces derivatized with GEEH,)sMgBr and 0.51+ 0.01
monolayers for surfaces derivatized with £CH,OLI. In this L SiCl+CgH13MgCl ]
method, the—CF; groups were assumed to be at the solid- A L\M
vacuum interface, held there by the underlying methylene groups 3 n
which were anchored rigidly to the silicon surface by covalent
Si—C and Si+-0O bonds. If instead the chains were assumed to
not be held rigidly but the F atoms were uniformly, but ~ SiH+CgH13MgCl .
randomly, distributed in the overlayer, the coverage values w

Intensity (a.u.)

obtained were 0.58- 0.06 and 0.57 0.10 for the survey and
high-resolution data, respectively, for surfaces treated with P U TR ST M
CFs(CH,)sMgBr and was 0.51 0.01 from the survey data of 700 600 500 400 300 200 100 0
surfaces exposed to @EH,OLi. Analysis of the ratio of the L.
high-resolution peaks of F 1s and Si 2p signals for surfaces Binding Energy (eV)
derivatized with CB(CH)sMgBr gave an alkyl coverage of 0.48  gigyre 7. XPS survey spectra of a chlorine-terminated and hydrogen-
+ 0.09 monolayers. These coverages are consistent with theterminated Si surface that were exposed tbi@VgBr and GHisli
hypothesis that alkyl chains cannot be attached to every surfacereagents, respectively, for-@0 h at 330 K.

silicon atom, because the diameter of the alkyl chain (4.8 A) chains, is expected to manifest itself as a decrease in the

is larger than the 3.84 A distance between adjacent atop sites . . -
of the unreconstructed Si(111) surfaée. observed C 1s/Si 2p ratio as compared to the ideally expected

. . . . value. The experimentally observed ratio contains both of these
The high-resolution Si 2p spectra for theCIH,OLi-exposed  5.10rs (perhaps in different proportions) for each chain length.

surfaces were also of interest in that they indicated the presence ¢ Reactiity of the H-Terminated Si Surface Toward
of peaks due to oxidized Si at 3 0.1 eV higher than the Si. Aylation ReagentsFigure 7 compares the XP survey spectra
2ps2 peak in an unoxidized Si overlayer. The coverage of ,piained when chlorinated and hydrogen-terminated crystalline
oxidized Si atoms was calculated from the ratio of the area of (111)-oriented Si surfaces were reacted withlGLi and CsHi s
the silicon oxio!e peak to_the area of the bulk Si 2p doublet MgBr, respectively. The C 1s/Si 2p peak ratio was always
signal, and this calculation indicated a coverage ~af.6 smaller when the H-terminated Si surface was used than when
monolayer of oxidized Si on such surfaces. the Cl-terminated Si surface was used. The Li reagents produced
XPS data were also used to estimate the variation in coveragea higher C 1s/Si 2p ratio under the same time and temperature
as a function of the length of the alkyl chain in the overlayer. conditions than was observed when the analogous Mg reagents
Figure 5 shows the C 1s/Si 2p ratio calculated from the survey were used. In some cases, the Mg reagent produced relatively
scan and from high-resolution scans of alkylated Si surfacesi|ittle apparent alkylation, whereas in other cases somewhat
(Si—=R: R=CyHzn+1, 1 = n = 18). Also shown, for comparison,  higher C 1s/Si 2p ratios were observed. The less reactive
are the corresponding C 1s/Si 2p ratios expected for a monolayetehavior of the NHF(aq)-etched, H-terminated, (111)-oriented
with uniform ideal coverage of a given chain length. The s;j surface relative to the chlorinated Si(111) surface therefore
expected ratio for both the survey and high-resolution scans ynderscores the advantage of the two-step procedure in obtaining
were calculated for-CoHani1 (2 = n < 18) assuming half- 3 high coverage of surface functional groups, under the time
monolayer coverage and no contributions from adventitious C and temperature conditions explored during the course of this
sources. Fon = 1, geometric factors permit the formation of work.
one monolayer, and this has been assumed in the calculation 7 E|lipsometryEllipsometric measurements of the alkylated
for methyl termination only. surfaces gave effective overlayer thicknesses that increased
Although some deviations are apparent between the observednonotonically with the length of the alkane chain used in the
and the ideally expected values, the data are in generalreactant molecules (Figure 8; Table 3). The thicknesses obtained
agreement with expectations. The presence of adventitiousfrom analysis of the ellipsometric data were consistent with the
carbon is expected to cause the observed ratio to be higher tharC 1s/Si 2p ratios observed by XPS (Figure 5). The measured
the ideally expected value for all chain lengths. In contrast, a ellipsometric thicknesses for the alkyl monolayers made from
less than optimal density of the overlayer, due to either reagents having from shorh (< 6) chains were consistently
incomplete overlayer formation or significant tilt of the alkane approximately 0.3 nm higher than the values calculated for the
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Figure 8. Ellipsometrically determined thicknesses of the monolayers
prepared from alkyl groups of different chain lengthsQgHzn+1: 1 <
n < 18). Solid circles denote the experimentally determined thicknesses,

while the open circles denote the theoretically expected values based

on a model that assumes that the alkane chains are in an all-tran
configuration and are held rigidly by the underlying-% bonds. The
model does not include any contributions from adventitious carbon to
the thickness of the monolayers.

TABLE 3: Physical Properties of Alkyl-terminated Si(111)
Surfaces

observed calculated
ellipsometric film contact angle
thickness thickness water hexadecane
-R A) A ) ()
—CoHs 7+2 3.82 85+ 3 <10
—C4Ho 9+1 5.85 95+ 2 <10
—CgH13 114+1 7.89 1004+ 2 30+1
—CioH21 12+ 2 11.95 93+ 2 <10
—CiHzs 15+1 13.98 104+ 2 27+ 1
—CugHsr 17+1 20.08 9% 2 37+1

2 The calculation assumes that the alkyl groups are rigidly bound to
the surface of silicon and the-SC bond is normal to the surface.

thickness of such chains in their all trans- conformafib#:8!
Consistent with XPS survey data and AES data, this difference

is likely due to the presence of adventitious hydrocarbon species

J. Phys. Chem. B, Vol. 105, No. 42, 20010275

chains of the alkylated Si(111) surfaces. In studies involving
alkylthiol monolayers on gold or involving alkyl monolayers
prepared from radical addition of 1-alkenes onto (111)-oriented
silicon, contact angles for water in the range 11015 and

for hexadecane in the range°4%50° have been taken to indicate

a tightly packed alkyl monolayer with a free surface terminated
by methyl groups. Lower contact angles in such systems have
been interpreted to indicate the presence of exposed methylene
groups at the surface’8%81Contact angle measurements on
the alkyl-terminated Si surfaces gave angles betweérag8

105 for water and 36or lower for hexadecane (Table 3). This
suggests that the surface contained some amount of exposed
methylene units at the surface. The methylene units could be
exposed either due to a less than optimal packing density of
the alkyl chains or due to significant tilting of the alkyl chains
from surface normal. Either of these scenarios is consistent with
the infrared data, which indicate a semi-amorphous packing in
the monolayer. This observation is also consistent with the half-
monolayer packing density that was determined from analysis
of the XPS data (vide supra).

9. Chemical Stability of the Alkylated Si Surfactsis of
interest to probe whether surface alkylation results in enhanced
stability to oxidation, as might be expected if$i bonds have
been replaced by SiC bonds. A hydrogen-terminated surface
and a representative alkylated Si surface, derivatized with-C

i (after chlorination of the Si) were therefore immersed for 30
min in boiling aerated chloroform. After immersion, the C 1s/
Si 2p peak ratio in the XPS survey scan retained 90% of its
original intensity, and no oxidation was observed by XPS for
either the H-terminated surface or the alkyl-terminated surface
under such conditions.

XPS analysis of two GHas-terminated silicon samples that
had been exposed to agueousSBy(aq) (pH= 2) and KOH
(pH = 13) solutions, respectively, for 2.5 h at room temperature
produced almost no change in the carbon coverage in XPS
survey scans of the surface. In contrast, the H-terminated Si
surface showed approximately one monolayer of oxide coverage
after being subjected to the same conditions. Similarly, ap-
proximately one monolayer of oxide was observed on the
H-terminated surface after exposure to the basic solution,
whereas only~0.5 monolayers of oxide were observed by XPS
on the GoHaysterminated surface.

The stability of the alkyl-terminated surfaces toward HF(aq)
was measured by immersing ad8,;-terminated Si(111) sample
into a 5:1 (v:v) NHF(aq)/HF(aq) solution for 5 min. XP spectra
of the surface taken before and after immersion showed no
significant change in the C 1s/Si 2p ratio. Furthermore, when a

on the alkylated surface. Surfaces prepared from longer ChainCFg(CHz)g-terminated sample that exhibited0.5 monolayer

alkyl groups (10< n < 18) showed variable differences between
the ellipsometrically observed and theoretically expected values,
likely due to varying contributions from adventitious carbon
and packing-density-dependent chain tilts (vide supra). When
the observed ellipsometric thicknesses for thgHgs- and
CigHsr-terminated surfaces were corrected for the contribution

of adventitious carbon (assumed to be constant for the series,

of alkyl overlayers), and the residual thickness of the overlayer
then compared with the calculated length of the respective
molecule in the all trans- conformation, the average chain tilt
angles were found to be 3for the G,Hys-terminated surface
and 45 for the GgHs-terminated surface, in good agreement
with the results from the IR dichroism measurements (vide
supra).

of silicon oxide was immersed for 5 min into the 5:1 (v:v)
NH4F(aq)/HF(aq) solution, subsequent analysis by XPS revealed
that the F 1s/Si 2p ratio had retained 82% of its original intensity.
Furthermore, no silicon oxide was observed on thg(CHy)s-
terminated surface after the etch. These results indicate that the
alkyl groups are primarily attached directly to the silicon surface
nd not through an intervening oxide layer, and that the oxide
but not the alkylated Si, had been etched by the fluoride-
containing solutions.

IV. Discussion

The two-step reaction sequence described above, radical-
initiated chlorination followed by reaction with Grignard or

8. Contact Angle Goniometrfontact angle measurements organolithium reagents, provides a simple, apparently general
were performed with water and hexadecane to gain additional approach to functionalization of H-terminated silicon surfaces.
information regarding the ordering of the free ends of the alkyl Moreover, this procedure allows the formation of important


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp010284p&iName=master.img-007.png&w=240&h=235

10276 J. Phys. Chem. B, Vol. 105, No. 42, 2001 Bansal et al.

surface functionalities, such as the methyl-terminated Si surface,References and Notes
that are not readily available throu_gh many other routes. 'I_'he (1) Ulman, A. An Introduction to Ultrathin Organic Films Aca-
alkyl overlayers are robust and impart enhanced chemical gemic: San Diego, CA, 1991.
stability to the silicon surface in the presence of a variety of (2) Leyden, D. E.; Collinus, WSilylated SurfacesGordon and Breach,
idizi i i ; ; i i Science Publishers Inc.: New York, 1980.
_OXIdrIIZIng ambl?ntﬁ" This b?haVIOrfmlgl'llt be.es{)?jc'a.”ylmgortam (3) Silanes, Surfaces, and Interfacdsyden, D. E., Ed.; Gordon,
in the .uses 0. t e_se sur aceg or e(_actrlcg _evu_:es elclaus%reach and Harwood: Snowmass, Colorado, 1986; Vol. 1.
protection against inadvertent interfacial oxidation is a critical (4) Calvert, J. MOrganic Thin Films and Surfacescademic Press:
feature for many applications of Si surfaces. San Diego, CA, 1993. _
The contact angle, ellipsometric, and other physical data on 985) Roberts, C/I - cnum Press: New York,
these alkylated Si surfaces are consistent with the hypothesis () wolf, s.; Tauber, R. NSilicon Processing for the VLSI Erhattice
that the packing of chains in these alkyl overlayers is less densePress: Sunset Beach, 1986.

than that displayed by alkylthiols on Au. The van der Waals _~(7) Bansal A.;Li, X.; Lauermann, |.; Lewis, N. S.; Vi, S. .; Weinberg,

radius of a methylene unit is sufficiently large that packing an w '?8) Linford, M. R.: C%?(?fe;lg.zzz.zg“agga 115

alkyl chain onto every Si atom is expected to be highly 1263112 632.

unfavorable stericall§® This expectation compares favorably (9) Linford, Mdgég Flezlr\?teé,lzé;,_ %ilsggberger, P. M Chidsey, C. E. D.
with the ~0.5 monola)_/er coverage determlneéd from XPS (10) Lauerhaas. J. M. Sailor, W%S 261 1567-1568.
measurements on fluorine-tagged alkyl overlayérs. (11) Lee, E. J.; Ha, J. S.; Sailor, M. i d.995 117,

The present study also reveals significant differences in 8295-8296.

reactivity between porous Si surfaces and crystalline Si surfaces.94§12§)9 f;'gngue’ P.; Kieling, V.; Gerischer, himililigmisi 995 99,
Recent wor_k has demons?rated bot_h halogenation and alkylation (13) Ando, A Miki, K. Matsumoto, K.: Shimizu, T.. Morita, Y.:
of porous Si surface¥.Partial alkylation has been reported upon  Tokumoto, H.jiimmiig <1996 35, 1064-1068.

direct exposure of H-terminated porous Si surfaces to Grignard _ (14) Lei, J. A; Bai, Y. B.; Wang, D. J.; Li, T. J.; Tian, K. Geaig=nali

L Eilms 1994 243, 459-462.
O'T Organollthlumé’sager}ts, preSL_lmany through attack On the (15) Hsu, J. W. P.; Bahr, C. C.; vom Felde, A.; Downey, S. W.; Higashi,
Si—Si back-bonds! Partial alkylation was also observed using G 's - cardillo, M. J iiismmias 1992 71, 4983-4990.

such methods on the crystalline Si surfaces investigated in our (16) Sze, S. MThe Physics of Semiconductor dees 2nd ed.; Wiley:
study. Halogenation treatments of porous Si are reported toNew York, 1981.

produce preferential reaction with di- and tri-hydride Si species, , (7 Buczskfg\éslk'éégfg%dz'mSk" Z. J.; Rozgonyi, G. A.; Shimura, F.

whereas only a fraction of the monohydridic-&i bonds on (18) Lewis, N. S N 1 091, 42, 543-580.
such surfaces are reacti$e3638 In contrast, the reactions (19) Tan, M. X,; Laibinis, P. E.; Nguyen, S. T.; Kesselman, J. M.;

described herein produced a complete disappearance of thetanton, C. E.; Lewis, N. e 1094 41, 21-144.
. ’ : i 20) W. .R.;Tao, Y. T.; Wh a1
Si—H bonds on crystalline, (111)-oriented, Si surfaces. These g §0‘?4,18§S7‘?m‘a”' S-R.; Tao,  Whitesides, G 989

differences imply the presence of a distribution of-8i sites, (21) Wasserman, S. R.; Whitesides, G. M.; Tidswell, I. M.; Ocko, B.

having varying degrees of reactivity, on porous Si surfaces asM.; Pershan, P. S.; Axe, J. |Gl 4989 111 5852-5861.
compared to the reactivity of the SH bonds on crystalline, (22) Maoz, R.; Sagiv, JENENE- 1984 100 465-496.

. ! . . i 3) Pomerantz, M.; Segmuller, A.; Netzer, L.; Sagiislisiaiaisiee
H-terminated (111)-oriented Si surfaces. A detailed comparison 1985 132, 153-162.
between the reactivity of porous Si and crystalline Si toward  (24) Dulcey, C. S.; Georger, J. H.; Krauthamer, V.; Fare, T. L.; Stenger,

several types of reagents would be of interest to define further D- A25 Cgill\t/)eerrti ;r-] '\l’j'-%elf?iu?szerg%g Benatt 1991
the degree to which the SH bonds on these different surfaces - &64)7_ P Hegen e T Al

share a common reaction chemistry. (26) Kumar, A.; Rosenblum, M. D.; Gilmore, D. L.; Tufts, B. J.;
Rosenbluth, M. L.; Lewis, N. Sisiiigaagtt1990 56, 1919-21.

V. Conclusions (27) Fonash, S. Bolar Cell Deice Physics Academic: New York,
1981.

Radical-initiated chlorination of crystalline (111)-oriented Si ~_ (28) Allongue, P.; Henry de Villeneuve, C.; Pinson, J.; Ozanam, F.;

; ; ; Chazalviel, J. N.; Wallart, X o1 098 43, 2791-2798.
surfaces with PG| followed by reaction of the chlorinated (29) Henry de Villeneuve, C.. Pinson, J.. Ozanam. F.: Chazalviel, J.

surface with alkyl-Grignard or alkyl-lithium reagents, produces : Allongue, P.Mater. Res. Soc. Symp. Prd997, 451, 185-195.
alkylated Si surfaces that show enhanced resistance to oxidation (30) He, J.; Patitsas, S. N.; Preston, K. F.; Wolkow, R. A.; Wayner, D.

by various wet chemical treatments as compared to the H-D-M. fismilissmmaet1998 286 508-514.
y P (31) Bansal, A.; Lewis, N. Sinilisumiiasen 5998 102, 4058-4060.

terminated Si surface. XPS and ellipsometric measurements 35y gansal A~ Lewis, N. il 098 102 1067-1070.
indicate that the thickness of the alkyl overlayer varies  (33) Royea, W. J.; Juang, A.; Lewis, N. jsimilisusmantt200Q 77,
monotonically with the length of the alkyl group used in the 1988-1990.

reactant, whereas contact angle and IR measurements indicate 5134) Buriak, J. M.; Allen, M. J el d 998 120, 1339~

that the packing of alkyl groups in the monolayers produced 3(35) Lee, E. J.; Ha, J. S.; sailor, NG o

by this method is less dense than that found in alkylthiol 1995 358 387-392.

monolayers on Au. (36) Song, J. H.; Sailor, M. 0 998 120, 2376~
2381.

Acknowledgment. We acknowledge the NSF, Grant No. (37) Kim, N.Y.; Laibinis, P. E il d.098 120, 4516~

CHE-997456, for support of this work. Si wafers polished on " (38) warntjes, M.; Vieillard, C.; Ozanam, F.; Chazalviel, J.
both sides were generously provided by Mr. Daniel L. Mc- imnaaiammioc995 142 4138-4142.

Donald of Wacker Siltronic Corp. We also acknowledge Dr. Bz(gg)zf”ma”' H.; Langham, W.; Moore, F. \ sl 4940

Steve D0|g for constructing the surfacg IR apparatus and Dr. (40) Gilman, H.: Moore, F. W.; Baine, — 9% 63,

Alan Rice for assistance with, and technical support of, the UHV 2479.

equipment. (41) Higashi, G. S.; Chabal, G. W.; Trucks, G. W.; Raghavachari, K.
tt199Q 56, 656-658.

; ; ; . . (42) Hassler, K.; Koll, W i 1. 995 487, 223-226.
Supporting Information Available: Surface Characteriza (43) Wyman. D. P.. Wang, J. Y. C.; Freeman, W. iasaicamiain

tions by X-ray Photoelectron Spectroscopy. This material is 1963 28, 8, 3173-3177.
available free of charge via the Internet at http://pubs.acs.org. (44) Meen, R. H.; Gilman, Himinitmiiasn 1958 23, 314.



Modification of Crystalline Si(111) Surfaces

(45) Rosenberg, H.; Groves, J. D.; Tamborski gisiaifiisiagin 1960
25, 243.
(46) Occasionally if Mg or halide signals were seen in XPS after

sonication, the surface was rinsed briefly with water and methanol and then

re-characterized.

(47) Tufts, B. J.; Kumar, A.; Bansal, A.; Lewis, N. fiiiiSaiam.
1992 96, 4581-4592.

(48) Grunthaner, P. J.; Grunthaner, F. J.; Fathauer, R. W.; Lin, T. L.;
Hecht, M. H.; Bell, L. D.; Kalser W. J,; Schowengerdt F. D.; Mazur, J.
H. iiiliteiniess1 989 183 197.

(49) Raider, S. |.; Flitsch, R.; Palmer, M. I RO 1975
122 413-418.

(50) Himpsel, F. J.; Meyerson, B. S.; McFeely, F. R.; Morar, J. F.; Taleb-
Ibrahimi, A.; Yarmoff, J. A. Core Level Spectroscopy at Silicon Suraces
and Interfaces. IiPhotoemission and Absorption Spectroscopy of Solids
and Interfaces with Synchrotron Radiati@ddampagna, M., Rosei, R., Eds.;
North-Holland Elsevier Science Publishers B. V.: Amsterdam, 1990.

(51) Himpsel, F A 994 86, 771-785.

(52) Whitman, L. J.; Joyce, S. A.; Yarmoff, J. A.; McFeely, F. R,;
Terminello, L. geaismg 1990 232 297.

(53) Seah, M. P. Quantification of AES and XPS Rractical Surface
Analysis 2nd ed.; Briggs, D., Seah, M. P., Eds.; John Wiley & Sons:
Chichester, 1990; Vol. 1 261255,

(54) Scofield, J. H af76 8, 129.

(55) Sconce, J. SChlorine, its Manufacture, Properties and Uses.
Reinhold Pub. Corp.: New York, 1962.

(56) Durbin, T. D.; Simpson, W. C.; Chakarian, V.; Shuh, D. K.;
Varekamp, P. R.; Lo, C. W.; Yarmoff, J. AQulasgi 1994 316, 257.

(57) Schnell, R. D.; Rieger, D.; Bogen, A.; Himpsel, F. J.; Wandelt,
K.; Steinmann, W Sikitaingel 1985 32, 8057-8065.

(58) Yarmoff, J. A.; Shuh, D. K.; Durbin, T. D.; Lo, C. W.; Lapiano-
Smith, D. A.; McFeely, F. R.; Himpsel, F. 01992
A10, 2303-2307.

(59) Laibinis, P. E.; Bain, C. D.; Whitesides, G. jisitifmimig1 991
95, 70177021.

(60) Widdra, W.; Huang, C.; Yi, S. |.; Weinberg, W. finiiitmiiys.
1996 105 5605-5617.

(61) Schulze, G.; Henzler, Noufasgi 1983 124, 336—350.

(62) Tillman, N.; Ulman, A.; Schildkraut, J. S.; Penner, T.1.AQ.
Eheaeec1988 110, 6136-6144.

(63) In Annual Book of ASTM Standards990; pp F 576.

(64) Chabal, Y. J.; Harris, A. L.; Raghavachari, K.; Tully, J.1QLJ,
MatmEiiten1993 7, 1031-1078.

(65) Dumas, P.; Chabal, Y. J.; Jakob, fikiiiuiisiefi 1993 6566,
580-586.

(66) Pietsch, G. J.; Higashi, G. S.; Chabal gisiiismiantt] 094
64, 3115-3117.

(67) Grunthaner, F. J.; Grunthaner, P. J.; Vasquez, R. P.; Lewis, B. F;

Maserjian, J.; Madhukar, .1979 43, 1683.

(68) Grunthaner, P. J.; Hecht, M. H.; Grunthaner, F. J.; Johnson, N. M.

Emibiainiais 1987, 61, 629-638.

J. Phys. Chem. B, Vol. 105, No. 42, 20010277

(69) Cheng, K. LN <1 095 34, 5527.

(70) Stinespring, C. D.; Wormhoudt, J. Gasfiiiaiiiys 1989 65,
1733-1742.

(71) Mende, G.; Finster, J.; Flamm, D.; Schulze, Rufaggi 1983
128 169-175.

(72) Burrows, V. A.; Chabal, Y. J.; Higashi, G. S.; Raghavachari, K;
Christman, S. B ixnsimilisssesiagtt1988 53, 998-1000.

(73) Yablonovitch, E.; Allara, D. L.; Chang, C. C.; Gmitter, T.; Bright,

1986 57, 249-252.

(74) Widdra, W.; Huang, C.; Briggs, G. A. D.; Weinberg, W. B.
Electron. Spec. Relat. Pheno993 645, 129.

(75) Helms, C. R.; Strausser, Y. E.; Spicer, W iiikinitiigaiagtt1 978
33, 767-769.

(76) Briggs, D.; Seah, M. FAuger and X-ray Photoelectron Spectros-
copy, 2nd ed.; John Wiley & Sons: New York, 1990; Vol. 1.

(77) In the literature, the Gipeak was also deconvoluted into itsz2p
and 2p;, components. The literature value given here corresponds to the
difference between the 2p component of the gj peak and the 2p
component of the signal from the bulk. In our data analysis, no attempt
was made to deconvolute thecSdeak into its 2p, and 2p;, components,
due to uncertainty in their area ratio and peak separation. Deconvolution
of our Sk peak into its 2p, and 2p,, components (assuming the same
area ratio and peak separation parameters as for the bulk peaks) and
comparison of the peak positions of the;2momponent of our gj peak
and the 2p» component of our bulk signal would result in lowering in the
value of the observed difference (1.890.09 eV) and would bring it in
very close agreement with the literature value).

(78) Gao, Q.; Cheng, C. C.; Chen, P. J.; Choyke, W. J.; Yates Jr., J. T.

1993 225 140.

(79) Gupta, P.; Coon, P. A.; Koehler, B. G.; George, S.Qlasgi-
1991, 249, 92—-104.

(80) Chidsey, C. E. D.; Loiacono, D. Negagmauir199Q 6, 682-691.

(81) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.

1987 109 3559.

(82) Laibinis, P. E.; Whitesides, G. M.; Allara, D. L.; Tao, Y. T.; Parikh,
A. N.; Nuzzo, R. G i3 991, 113 7152-7167.

(83) Huang, C.; Widdra, W.; Wang, X. S.; Weinberg, W. H.Vac.

Sci. Technol1993 A11l, 2250-2254.

(84) Yoshinobu, J.; Tsuda, H.; Onchi, M.; Nishijima, |Solceaiaie
SQmmiin 1986 60, 801-805.

(85) Ewen, B.; Strobl, G. R.; Richter, _oc.
198Q 69, 19.

(86) The very dense packing and high contact angles towards water and
hexadecane that have been observed after treatment of crystalline Si surfaces
with olefins in the presence of ultraviolet light or sources of free radicals
presumably indicates facile surface exchange and/or mobility of surficial
alkyl groups under the reported reaction conditions. These observations are
especially interesting for overlayers formed on the (100)-oriented Si surface.



