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Abstract

The water adsorption on the bare and H-terminated Si(100) surfaces has been studied by the BML-IRRAS tech-

nique. It is found that H-terminated surfaces are much less reactive compared to the bare silicon surfaces. The

(1 · 1)-H and (3 · 1)-H surfaces show similar and less reactivity pattern compared to the (2 · 1)-H surface. At higher

exposures, the water reaction with coupled monohydride species provides an effective channel for oxygen insertion into

the back bonds of dihydride species. It is not attributed to the H–Si–Si–H + H2O!H–S–Si–OH + H2, which could give

rise to the characteristic Si–H and Si–OH modes, respectively at 2081 and 921 cm�1. A more suitable reaction mech-

anism involving a metastable species, H–Si–Si–H + H2O!H2Si � � � HO–Si–H (metastable) explains well the bending

modes of oxygen inserted silicon dihydride species which are observed relatively strongly in the reaction of water with

H-terminated Si(100) surfaces.
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1. Introduction

Water adsorption on Si(100) surface continues

to be a subject of investigation to unravel the fun-

damental and chemical aspects occurring at the Si/

SiO2 interface [1–13]. The silicon oxidation process
with gas phase water has been widely used in the
ed.
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fabrication of Si-based devices and it is crucial to

study the interaction of water molecules with vari-

ety of Si surfaces to understand and monitor the

oxidation process. High resolution electron energy

loss spectroscopy (HREELS) [1–6,10,13], infrared
(IR) absorption spectroscopy methods such as

multiple internal reflection (MIR) geometry [8,

14], external transmission (ET) geometry [11,15]

and buried metal layer-infrared reflection and

absorption spectroscopy (BML-IRRAS) tech-

niques [9,12,16–21] have been employed to study

the nature of surface Si–H, Si–O and Si–OH spe-

cies and the complex oxidation process of Si sur-
face followed by dissociative adsorption of H2O.

However, only few studies on the reactivity of

water with hydrogen passivated Si(100) surfaces

have been reported [12] and there is considerable

scope to investigate this aspect using sensitive

BML-IRRAS method. It is well known that the

Si(100) surface used in many Si-based electronic

devises undergoes the (2 · 1) reconstruction in
which adjacent Si atoms pair together by combin-

ing two dangling bonds into Si dimers. These di-

mers are reactive towards variety of adsorbate

molecules. When the clean Si(100) surface is ex-

posed to H atoms under varying experimental con-

ditions, three main types of surface hydride phases

can be obtained [11,22–24]. These phases comprise

of the (2 · 1) structure with coupled monohydride
(CM) (H–Si–Si–H) [22], the (3 · 1) structure with

alternating isolated dihydride SiH2 (ID) and CM

pairs [23,25], and the (1 · 1) structure consisting

of a mixture of monohydride, dihydride and trihy-

dride species on the Si(100) surface [24]. The var-

ious Si-hydride phases, namely Si(100)-(1 · 1)-H,

Si(100)-(2 · 1)-H and Si(100)-(3 · 1)-H have been

characterized by HREELS [10] and IR techniques
[11,12,18,24,26]. CM of the (2 · 1)-H surface

exhibits characteristic symmetric and asymmetric

stretching modes at 2099 and 2088 cm�1, respec-

tively [10–12,18,26]. The SiH2 dihydride species

of (3 · 1)-H and/or (1 · 1)-H surface shows several

characteristic vibrational bands in the Si–H bend-

ing region (902 and 913 cm�1 assigned respectively

to the ID and adjacent dihydride (AD)) and in the
Si–H stretching region (2090 (ID) and 2107 cm�1

(AD)) of the BML-IRRAS spectra [18]. All these

H-terminated Si(100) surfaces can be prepared at
appropriate temperature and atomic hydrogen

exposures [27]. The formation of Si–H bonds as

a result of the reaction with the dangling bonds

leads to high degree of passivation of Si surfaces

due to substantial reduction in the surface free en-
ergy [13,23,24,28].

The reactivity of water with the bare Si(100)

surface and H-terminated Si(100) surfaces has

evoked considerable interest in order to find the

nature and extent of reactivity of clean and H-ter-

minated surfaces. The aim of this investigation is

to elucidate the influence of surface hydrogen ter-

mination on the oxidation process with water
and to identify some of the complex surface reac-

tion products at various stages of the Si surface

reaction. Oxidation process of clean [3,8,9,29]

and H-terminated Si(100) surfaces have been car-

ried out mainly by molecular oxygen [4,6,30] and

to some extent by water adsorption [11,12]. Water

exposure to Si(100) leads to the passivation of

dangling bonds by H and OH groups. Further,
thermal annealing leads to the progressive inser-

tion of oxygen atoms into the Si back-bonds and

the oxidation of Si surface with hydrogen desorp-

tion above 650 K [27]. In the present work we have

made a comparative study of the reactivity of

water with three different H-terminated Si(100)

surfaces, namely, the Si(100)-(1 · 1)-H, Si(100)-

(2 · 1)-H and Si(100)-(3 · 1)-H surfaces and also
with the Si(100)-(2 · 1) bare surface using the

BML-IRRAS technique. The results indicate that

the H-terminated surfaces are much less reactive

compared to bare silicon surfaces. Further, the

(1 · 1)-H and (3 · 1)-H surfaces show similar and

slightly less reactivity pattern compared to the

(2 · 1)-H surfaces.
2. Experimental

The infrared reflection absorption spectroscopy

(IRRAS) experiments were carried out using

an ultrahigh-vacuum (UHV) reaction chamber

equipped with IRRAS optical system and reflec-

tive high-energy electron diffraction (RHEED)
facility [12]. The base pressure of the experimental

chamber is maintained at 52 · 10�10 Torr by

pumping with a turbo-molecular pump (500
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l s�1). The optical path of the IRRAS system was

continuously purged by pure N2 gas. A p-polar-

ized IR beam from a Fourier transform spectrom-

eter (JEOL JIR 7000) was selected by a wire grid

polarizer using KRS-5 substrate and directed into
the reaction chamber through a ZnSe view port at

an incident angle of 85� with respect to the sample

surface normal. The reflected IR beam is detected

by using liquid nitrogen cooled HgCdTe (MCT)

detector outside the UHV chamber.

The Si(100)–CoSi2 BML wafer prepared by

Co+-ion implantation (200 keV, 3 · 1017 ions

cm�2 and annealing at 1170 K, Toray Research
Center) have been employed in this study. The

wafer contains the 100 nm thick CoSi2 layer buried

under the 50 nm thick Si layer. A piece of 14 · 14

mm2 size is cut and cleaned by wet chemical meth-

ods. The samples are first degreased in acetone and

methanol solutions. Then the samples are treated

with HF solution and then with HCl + H2O2 +

H2O solution before transferring into the experi-
mental chamber. The BML-Si(100) sample is then

degassed by heating slowly up to 600 K with pres-

sure not exceeding 5 · 10�9 Torr, followed by a

flash up to 1200 K to remove the surface oxide.

A silicon epitaxial layer of about 50 nm thick

has been grown over the BML-Si(100) surface

using Si2H6 gas at 975 K. After epitaxy, the total

thickness of the Si overlayer above the CoSi2
reflector is about 100 nm. Annealing of the sample

at 870 K produces clear Si(100)-(2 · 1) RHEED

pattern [16]. In this study, the (2 · 1) surface peri-

odicity of Si(100) is the starting point in preparing

the other H-terminated Si surfaces. The IR exter-

nal reflection optical geometry described above,

using the sample containing the CoSi2 BML reflec-

tor beneath the �100 nm thick Si layer, is sensitive
to the vibrational components that are perpendic-

ular to the surface [12,20,31,32]. The IRRAS

measurements have been performed by 300 scan

accumulations at 2 cm�1 resolution and the spec-

tra are reported as the ratio of the signal spectrum

to the background spectrum recorded at the same

temperature. The sample is heated by using cera-

mic heater (pyrolytic graphite/pyrolytic boron ni-
tride). The sample temperature is controlled by a

PID (proportion-integral-differential) controller

with a W-Re thermocouple attached to the rear
side of the Si substrate. The thermocouple is cali-

brated by an optical pyrometer (Emissivity = 0.8

for Si) and the sample temperature is kept constant

during the IR measurements to avoid spectral

distortions.
Atomic hydrogen and deuterium have been pro-

duced at appropriate gas exposures by using incan-

descent tungsten filament (0.15 mm diameter, 2.25

A current) and the typical dosing time is 20 s. The

exposures have been measured in Langmuir units

(1 L = 1 · 10�6 Torr s) from ion gauge readings.

The common procedures followed for IR measure-

ments in this study include thermal cleaning of the
Si(100) BML sample up to about 1200 K, and

2000 L saturation exposure of atomic hydrogen

or deuterium at 648 K, maintaining the (2 · 1)

periodicity [33]. Since the bare Si surface is extre-

mely reactive, the Si(100) surface is significantly

contaminated by the background water even at

the base pressure of 1 · 10�10 Torr. So the deute-

rium saturated (2 · 1) surface has been used occa-
sionally to measure the background spectra

with no residual water contamination [18]. The

stable hydrogen covered (2 · 1)-H, (3 · 1)-H and

(1 · 1)-H surfaces are prepared by exposing clean

or D-terminated Si(100)-(2 · 1) surface to atomic

hydrogen respectively at 648, 400 and 300 K.

The measurement temperatures are selected by

considering the thermal background noise and
the time lapse before the measurement. The sample

is exposed to controlled amount of water at a de-

sired temperature as mentioned in the text.
3. Results and discussion

The spectra observed in the present experiments
are presented in Figs. 1–4 for H2O + Si(100)-

(2 · 1), (2 · 1)-H, (3 · 1)-H and (1 · 1)-H, respec-

tively. The vibrational frequencies of almost all

possible modes, which should be observed by

BML-IRRAS (that means the transition perpen-

dicular to the surface) in the frequency range

750–2300 cm�1, have been calculated by ab initio

molecular orbital calculations employing two
types of cluster model systems containing 9 and

10 silicon atoms. The details of the theoretical

analysis, and the vibrational frequencies of all pos-



Fig. 1. BML-IRRAS spectra of the bare Si(100)-(2 · 1) surface

exposed to (a) 1 L H2O, (b) 200 L H2O, (c) 2000 L H2O at 373

K. The spectra are presented as the ratios of the absorption

spectra of water exposed Si(100)-(2 · 1) surfaces to the Si(100)-

(2 · 1)-D surface, recorded at the same temperature.

Fig. 2. BML-IRRAS spectra of the Si(100)-(2 · 1)-H surface

exposed to (a) 100 L H2O, (b) 500 L H2O, (c) 2000 L H2O at

373 K and (c 0) 2000 L H2O at 300 K. The spectra are presented

as the ratios of the absorption spectra of the water exposed

Si(100)-(2 · 1)-H surface to the Si(100)-(2 · 1)-H surface,

recorded at the same temperature.

Fig. 3. BML-IRRAS spectra of the Si(100)-(3 · 1)-H surface

exposed to (a) 20 L atomic H, (b) 500 L atomic H, (c) 2000 L

atomic H, (d) 200 L H2O, (e) 2000 L H2O, (f) 5000 L H2O at

400 K. The spectra (a)–(c) are the ratios of absorption spectra

of the H exposed Si(100)-(2 · 1)-D surfaces to the Si(100)-

(2 · 1)-D surface, and the spectra (d)–(f) are the ratios of the

absorption spectra of the water exposed Si(100)-(3 · 1)-H

surfaces to the Si(100)-(3 · 1)-H surface, recorded at 400 K.

Fig. 4. BML-IRRAS spectra of the Si(100)-(1 · 1)-H surface

exposed to (a) 20 L atomic H, (b) 500 L atomic H, (c) 2000 L

atomic H, (d) 2000 L H2O, (e) 5000 L H2O at 300 K. The

spectra (a)–(c) are the ratios of the absorption spectra of the H

exposed Si(100)-(2 · 1)-D surfaces to the Si(100)-(2 · 1)-D

surface, and the spectra (d)–(e) are the ratios of absorption

spectra of the water exposed Si(100)-(1 · 1)-H surfaces to the

Si(100)-(1 · 1)-H surface, recorded at 300 K.
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sible modes are presented in Ref. [31]. In the model

systems, the dangling bonds of Si atoms other than

the top silicon atoms have been terminated by tri-

tium atoms to avoid artifacts due to excess spin or
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charge. Unlike the reported theoretical methods in

which the third and forth layer silicon atoms are

fixed at the ideal bulk crystalline positions

[8,9,11,34], all atoms of the clusters in this study

are allowed to fully relax with no constraints.
The minimized total energy geometry is then ob-

tained for each cluster via gradient corrected den-

sity functional calculations using the B3LYP

method [35]. We have used the polarized 6–

31G** basis set for all the atoms and the calcula-

tions are performed with Gaussian-98 [36]. In

our calculations, the variation of Si–Si bond length

was 2.35–2.38 Å which is close to the reported
experimental value 2.35 Å. The observed bands

have been assigned referring the calculated results

presented in Ref. [31] and several other reported

data for H–Si–D [17] and SiH3 [37], and summa-

rized in Tables 1 and 2.

3.1. Water adsorption on the Si(100)-(2 · 1) bare

surface

The BML-IRRAS spectra of water adsorbed on

bare Si(100)-(2 · 1) surface for different exposures

at 373 K are presented in Fig. 1. The vibrational

peaks at 821 and 2081 cm�1 are assigned, respec-

tively, to the stretching modes of Si–OH and Si–

H species typically formed from the dissociated

fragments of water molecule and bonded to the
two Si atoms of the same (2 · 1) dimmer unit giv-

ing rise to H–Si–Si–OH surface species

[3,8,11,26,34,38]. At higher exposures, however,

the Si–OH stretching peak at 821 cm�1 losses

intensity and extends towards the lower frequency

range, 750–850 cm�1 as seen in the spectra 1(b)

and 1(c). Significant changes have also occurred

in the regions of 870–1150 and 2050–2180 cm�1

as a function of water exposure at 373 K. This

indicates that the stable Si–H and Si–OH groups

are undergoing substantial structural changes due

to the large scale decomposition of water and ad-

sorbed O–H groups at higher exposures. The Si

surface is at the primary stage of oxidation where

the Si–OH modes gradually decrease giving rise to

a number of oxygen inserted species containing Si–
O–Si units, and H-terminated Si surface dimers

exhibiting a range of Si–O and Si–H stretching

and bending modes in these frequency regions.
Weldon et al. [8] reported similar IR features using

multiple internal reflection geometry for H2O-

saturated Si(100) surface annealed at 300 and

675 K.

The region 850–1200 cm�1 where discrete vibra-
tional modes related to Si–O stretching and Si–H

bending modes of various oxygenated Si species

occur at higher exposures, while the Si–H feature

at 2081 cm�1 has changed into a continuum of

variety of oxygen inserted Si–H stretching vibra-

tions between 2050 and 2180 cm�1. In the earlier

studies, the broad vibrational structure between

2045 and 2150 cm�1 has been attributed to pure
SiH, SiH2 and SiH3 species including the coupled

monohydride at 2090 and 2099 cm�1. The rela-

tively weak stretching modes at 2113 and 2162

cm�1 are accounted in the earlier studies for the

formation of intermediate Si oxidation species

such as H–Si–O–Si–H and H–Si–O–Si(O)–H

groups in which the O-atoms are inserted into

the Si–Si dimer and Si-back bonds [8].
At higher water exposures (Table 2) [31,32], the

oxygen atom from Si–OH groups is further trans-

ferred effectively to the Si–Si dimer and back

bonds leading to the formation of highly oxi-

dized species such as H–Si–O–Si(O)x–H, H–

Si(O)x–Si–H, H–Si(O)x–H, H2Si(O)x � � � SiH2

and H2Si(O) � � � Si(O)xH2 with x = 0–2. Here ‘‘–’’

means the existence of the chemical bond, and
‘‘� � �’’ means the adjacent species. The Si–O

stretching and SiH2 scissoring modes typically oc-

cur in the region between 850 and 1200 cm�1 (Ta-

ble 1) [31,32]. The spectra 1(b) and 1(c) in this

region show new discrete vibrational bands emerg-

ing at 901, 932, 963, 982 cm�1 and a broad feature

above 1000 cm�1 as a function of water exposure.

The origin of the first four vibrational bands has
been proposed to be due to the SiH2 scissoring

modes of isolated and adjacent dihydride species

of the type H2Si(O)x with x = 0–2 oxygen atoms

inserted into the Si back bonds [17,31,32].

The absorption peaks observed in the lower fre-

quency region are at 784, 805 and 854 cm�1. These

absorption peaks come partly from the unaffected

OH groups on the Si surface as well as the Si–H
bending modes of H–Si(O)x–O–Si–H with x = 0–

2, H–Si(O)x–Si–H with x = 1 and 2, H–Si(O)2–

O–Si–(O)–H and SiH3 species as given in Table



Table 1

Vibrational frequencies for various silicon hydride species in the low frequency region

Structure/species Vibrational mode Frequency (cm�1)

Expt. Calc.

H–Si(O)–Si–H d(Si–H)CM(O) 784 777

H–Si(O)2–Si–H d(Si–H)1CM(OO) 784 784

H–Si–O–Si–H d(Si–H)CM(M) 784 791

H–Si–D d(H–Si–D) 793–795a

H–Si(O)–O–Si–H d(Si–H)1CM(O,M) 805 796

H–Si(O)2–Si(O)–H d(Si–H)CM(OO,O) 805 796

H–Si(O)2–O–Si(O)–H d(Si–H)1CM(OO,M,O) 805 808

H–Si(O)2–Si–H d(Si–H)2CM(OO) 821 817

H–Si(O)2–Si(O)2–H d(Si–H)CM(OO,OO) 821 819

H–Si(O)2–O–Si–H dðSi–HÞ2CMðO;MÞ 821 821

H–Si–Si–OH m(Si–OH) 821 826

H–Si(O)2–O–Si–H (Si–H)CM(OO,M) 845 848

H–Si(O)2–O–Si(O)–H dðSi–HÞ2CMðOO;M;OÞ 850 856

H–Si(O)2–O–Si(O)2–H d(Si–H)CM(OO,M,OO) 850 868

SiH3 d(Si–H)IT 855–863b

H–Si–H d(Si–H)ID 900–901 901

H2Si � � � SiH2 d(Si–H)AD 913–914 917

H–Si(O)–H d(Si–H)ID(O) 929 928

H2Si(O) � � � SiH2 dðSi–HÞ2ADðOÞ 932 942

H2Si(O)2 � � � Si(O)H2 dðSi–HÞ1ADðOO;OÞ 932 944

H2Si(O) � � � Si(O)H2(cis) d(Si–H)AD(O,O) 932 946

H2Si(O) � � � Si(O)H2(trans) d(Si–H)AD(O,O0) 932 946

H–Si(O)2–H d(Si–H)ID(OO) 965 962

H2Si(O)2 � � � Si(O)H2 dðSi–HÞ2ADðOO;OÞ 978–983 973

H2Si(O)2 � � � SiH2 dðSi–HÞ2ADðOOÞ 978–983 976

H2Si(O)2 � � � Si(O)2H2 d(Si–H)AD(OO,OO) 978–983 978

H–Si(O)2–Si–H m(Si–O)CM(OO) 1020–1130 1029

H–Si(O)2–O–Si–H mðSi–OÞ1CMðOO;MÞ 1020–1130 1029

H–Si(O)–Si(O)–H(cis) m(Si–O)CM(O,O) 1020–1130 1039

H–Si(O)–O–Si(O)–H(trans) m(Si–O)CM(O,M,O0) 1020–1130 1040

H–Si(O)–O–Si–H mðSi–OÞ2CMðO;MÞ 1020–1130 1043

H–Si(O)–H m(Si–O)ID(O) 1020–1130 1057

H–Si(O)2–Si(O)–H m(Si–O)CM(OO,O) 1020–1130 1064

H–Si(O)–O–Si(O)–H(cis) m(Si–O)CM(O,M,O) 1020–1130 1071

H2Si(O) � � � Si(O)H2(trans) m(Si–O)AD(O,O0) 1020–1130 1087

H–Si(O)2–O–Si–H mðSi–OÞ2CMðOO;MÞ 1020–1130 1088

H2Si(O) � � � SiH2 m(Si–O)AD(O) 1020–1130 1092

H–Si(O)2–Si(O)2–H m(Si–O)CM(OO,OO) 1020–1130 1092

H2Si(O) � � � SiH2 m(Si–O)AD(O) 1020–1130 1092

H–Si(O)2–H m(Si–O)ID(OO) 1020–1130 1097

H–Si(O)2–O–Si(O)–H mðSi–OÞ2CMðOO;M;OÞ 1020–1130 1100

H2Si(O) � � � Si(O)H2(cis) m(Si–O)AD(O,O) 1020–1130 1102

H–Si(O)2–O–Si(O)2–H m(Si–O)CM(OO,M,OO) 1020–1130 1107

H2Si(O)2 � � � Si(O)H2 m(Si–O)AD(OO,O) 1020–1130 1110

H2Si(O)2 � � � Si(O)2H2 m(Si–O)AD(OO,OO) 1020–1130 1115

H2Si(O)2 � � � SiH2 m(Si–O)AD(OO) 1020–1130 1125

Superscripts 1 and 2 indicate the existence of different frequencies for similar vibrational excitations of the same cluster structure.

d(Si–H)IT is the symmetric bending mode of isolated trihydride. Symbols identifying the symmetric and asymmetric vibrations are not

used, since only the modes having the perpendicular components are listed in this table.
a see Ref. [35].
b see Ref. [17].
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Table 2

Vibrational frequencies for various silicon hydride species in the high frequency region

Structure/species Vibrational mode Frequency (cm�1)

Expt. Calc.

H–Si–Si–OH m(Si–H) 2081 2087

H–Si(O)2–Si–H mðSi–HÞ1CMðOOÞ 2090 2085

H–Si(O)–Si–H mðSi–HÞ1CMðOÞ 2090 2088

H–Si–H m(Si–H)ID 2090 2090

H–Si–Si–H m(Si–H)CM 2100 2100

H2Si(O) � � � SiH2 mðSi–HÞ1ADðOÞ 2113 2104

H–Si(O)–Si(O)–H(cis) m(Si–H)CM(O,O) 2113 2106

H2Si(O)2 � � � SiH2 mðSi–HÞ1ADðOOÞ 2113 2106

H–Si(O)–H m(Si–H)ID(O) 2113 2107

H2Si � � � SiH2 m(Si–H)AD 2113 2107

H–Si(O)–Si(O)–H(trans) m(Si–H)CM(O,O 0) 2113 2108

H–Si(O)–Si–H mðSi–HÞ2CMðOÞ 2113 2112

H2Si(O) � � � SiH2 mðSi–HÞ1ADðOÞ 2113 2113

H2Si(O) � � � SiH2 mðSi–HÞ2ADðOÞ 2113 2113

H2Si(O) � � � SiH2 mðSi–HÞ3ADðOÞ 2113 2114

H–Si(O)2–O–Si–H mðSi–HÞ1CMðOO;MÞ 2113 2115

H2Si(O)2 � � � Si(O)H2 mðSi–HÞ1ADðOO;OÞ 2113 2115

H2Si(O) � � � Si(O)H2(cis) m(Si–H)AD(O,O) 2113 2116

H2Si(O) � � � Si(O)H2(trans) m(Si–H)AD(O,O 0) 2113 2116

H–Si–O–Si–H m(Si–H)CM(M) 2113 2118

H–Si(O)–O–Si–H mðSi–HÞ1CMðO;MÞ 2113 2120

SiH3 m(Si–H)IT 2137–2140a

H–Si(O)2–Si(O)–H mðSi–HÞ2CMðOO;OÞ 2143 2147

H–Si(O)2–Si(O)2–H m(Si–H)CM(OO,OO) 2143 2148

H2Si(O)2 � � � Si(O)H2 mðSi–HÞ2ADðOO;OÞ 2143 2149

H–Si(O)2–Si–H mðSi–HÞ2CMðOOÞ 2143 2154

H2Si(O)2 � � � Si(O)2H2 mðSi–HÞ1ADðOO;OOÞ 2143 2155

H–Si(O)2–H m(Si–H)ID(OO) 2162 2160

H–Si(O)2–O–Si(O)–H mðSi–HÞ1CMðOO;M;OÞ 2162 2162

H–Si(O)–O–Si(O)–H(cis) m(Si–H)CM(O,M,O) 2162 2163

H–Si(O)–O–Si–H mðSi–HÞ2CMðO;MÞ 2162 2164

H–Si(O)–O–Si(O)–H(trans) m(Si–H)CM(O,M,O0) 2162 2164

H–Si(O)2–SiH2 mðSi–HÞ2ADðOOÞ 2162 2169

Superscripts 1 and 2 indicate the existence of different frequencies for similar vibrational excitations of the same cluster structure.

m(Si–H)IT is the symmetric stretching mode of isolated trihydride. Symbols identifying the symmetric and asymmetric vibrations are

not used, since only the modes having the perpendicular components are listed in this table.
a see Ref. [17].
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1. The broad feature between 1000 and 1150 cm�1

is essentially due to the Si–O stretching vibrational

modes attributed to a lot of oxygen inserted mono-

hydrides, isolated and adjacent dihydrides. This is

a characteristic feature indicating the formation of

surface silicon oxides such as Si–O–Si [11,31]. In a

recent study using IR external transmission geom-

etry, the formation of silicon epoxides containing
Si–O–Si rings has been reported in this frequency
region after annealing the water dosed Si surface

at 875 K under UHV conditions [34].

The high frequency region of water exposed

Si(100) surface shows three major absorption

peaks at 2090, 2113 and 2162 cm�1. The 2090

cm�1 peak is stronger in intensity and at higher

exposures, the 2113 and 2162 cm�1 peaks appear

to grow at the expense of the former (Fig. 1(b)
and (c)). The absorption peak at 2090 cm�1 is as-
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signed to the Si–H stretching mode of unoxidized

isolated dihydride while the the 2113 cm�1 is

attributed to a large number of oxygen inserted

coupled monohydrides and adjacent dihydride

species as given in Table 2. The growth of the
absorption peak at 2113 cm�1 seems to indicate

that the unoxidized isolated dihydrides at 2090

cm�1 are transforming to oxygenated adjacent

dihydrides due to the oxygen migration into the

back bonds. In addition, direct interaction of

H2O molecules with surface Si atoms at 373 K

can also produce H–Si–O–Si(O)x–H as well as

H2Si(O) � � � Si(O)xH2 species with x = 0–2 which
can contribute to the intensity of the broad vibra-

tional band in this high frequency region. The oxy-

gen agglomeration is further confirmed by the

observation of the 2162 cm�1 peak attributed to

highly oxidized surface Si hydride species given

in Table 2. We have further examined the reactiv-

ity pattern of water with H-covered Si(100)

surfaces.

3.2. Water adsorption on the Si(100)-(2 · 1)-H

surface

The Si(100)-(2 · 1)-H surface is prepared by

exposing the bare Si(100)-(2 · 1) surface to 2000

L atomic hydrogen at 648 K. Fig. 2 shows the

IR spectra of the water exposed Si(100)-(2 · 1)-
H surface at 373 and 300 K. The negative absorp-

tion peak at 2100 cm�1 is due to the coupled

monohydride present on the H-terminated (2 · 1)

surface [11,12,18]. The reactivity of the (2 · 1)-H

surface with water is strikingly different compared

to that of the Si(100)-(2 · 1) bare surface dis-

cussed earlier from Fig. 2. When the (2 · 1)-H sur-

face is exposed to water at 373 K the surface
hydride phase is found to be gradually eliminated.

This is evident from Fig. 2 in which the intensity of

the negative absorption peak at 2100 cm�1 and the

intensity of the positive absorption peaks in the

range of 880–1000 cm�1 increase simultaneously

with water exposures. However, the reaction

occurring on the (2 · 1)-H surface can not be

attributed to the H–Si–Si–H + H2O!H–Si–Si–
OH + H2 which could give rise to the characteristic

Si–H and Si–OH modes, respectively, at 2081 and

821 cm�1. A more suitable reaction mechanism
involving a metastable species, HO–Si–H, has been

proposed as, H–Si–Si–H + H2O!H2Si � � � HO–

Si–H (metastable)!H2Si � � � Si(O)H2 [39]. This

provides an efficient route for the aggregation of

oxygen atoms in the silicon back bonds due to
effective inter-back-bond oxygen migration

[11,32]. This mechanism explains well the positive

absorption peaks at 900, 913, 929, 961 and 978

cm�1 in Fig. 2 which appear to have grown out

of the coupled monohydride species due to the

water exposures. The intense absorption peaks at

900 and 913 cm�1 are assigned to the scissoring

modes of isolated and adjacent SiH2 species
[11,18]. Based on the calculated frequency values

given in Table 1, the smaller absorption peaks at

929, 961 and 978 cm�1 in Fig. 2 are identified

as H–Si(O)–H, H–Si(O)2–H and H2Si(O)2 � � �
Si(O)xH2 species with x = 0–2, respectively

[31,32]. The later species and H–Si(O)2–Si(O)x–H

with x = 1 and 2 also show the Si–H stretching sig-

nature at 2143 cm�1 (Table 2). The vibrational fea-
tures emerging in the region 880–1000 cm�1 at

higher exposures of water, however, reveal that

the (2 · 1)-H surface is less reactive compare to

the (2 · 1) bare surface. Under the experimental

conditions employed in this study, the Si–O vibra-

tional structure above 1000 cm�1 is elusive indicat-

ing that water dissociation does not occur readily

on the (2 · 1)-H surface as it does in the case of
(2 · 1) bare surface. The IR spectrum of the water

(2000 L) exposed Si(100)-(2 · 1)-H surface at 300

K is inserted as Fig. 2(c 0). The overall feature relat-

ing to the oxide peaks is not so different from the

corresponding spectrum at 373 K. The bands of

oxidized isolated dihydride H–Si(O)2–H (961

cm�1) and adjacent SiH2 scissoring modes (913

m�1) and isolated SiH3 (isolated trihydride, IT)
(865 cm�1) bending mode are observed to be rela-

tively intense. This is explained by the lowering of

the mobility of the inter-back-bond oxygen migra-

tion and the surface hydrogen migration.

3.3. Water adsorption on the Si(100)-(3 · 1)-H

surface

The Si(100)-(3 · 1)-H surface is prepared by

saturating clean Si(2 · 1) surface with atomic deu-

terium at 648 K and replacing it by atomic hydro-
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gen at 400 K to obtain the (3 · 1)-H surface struc-

ture. The water exposures are given at 400 K and

IR spectra recorded at the same temperature are

presented in Fig. 3. The spectra 3(a)–(c) show the

replacement process of D-atom by H atom on
Si(100)-(2 · 1)-D surface, simultaneously chang-

ing the (2 · 1) surface structure to the (3 · 1) sur-

face structure. The completion of this process has

been ensured from the elimination of Si–D sym-

metric stretching mode at 1525 cm�1 as well as

the scissoring mode at �793 cm�1 related to the

intermediate H–Si–D species shown in spectrum

3(b) [22,36]. The H–Si–D species has been com-
pletely eliminated at saturation coverage of atomic

hydrogen as shown in spectrum 3(c). The intense

vibrational modes at 901 and 914 cm�1 due to ID

and AD as well as the 2100 cm�1 from CM species

confirm the formation of (3 · 1)-H surface at 400 K

[11,18]. The weak Si–H stretching modes expected

at 2090 cm�1 for ID and 2107 cm�1 for AD can

also be observed in the remnants on either side of
the 2100 cm�1 absorption peak as reported [18].

A small amount of IT species is also presented as

indicated by the absorption peaks at 2137 and

855 cm�1. This (3 · 1)-H surface is further exposed

to water at 400 K. All the (3 · 1)-H related vibra-

tional modes turn out to be negative features when

the IR spectrum of Si(100)-(3 · 1)-H surface is se-

lected as background as shown in spectra 3(d)–(f).
The water exposure leads to the growth of the nar-

row vibrational bands primarily at 845, 965 and

981 cm�1 and a broad vibrational structure be-

tween 1000 and 1150 cm�1. The new positive

absorption peaks at 845, 965 and 981 cm�1 are

identified in our calculations as H–Si(O)2–O–Si–

H, H–Si(O)2–H and H2Si(O)2 � � � Si(O)xH2 with

x = 0–2, as discussed before. The unresolved broad
feature above 1000 cm�1 is essentially related to

stretching vibrations of Si–O type species which

are also formed in the case of the (1 · 1)-H surface

discussed in the following section.

3.4. Water adsorption on the Si(100)-(1 · 1)-H

surface

Firstly, the Si(100)-(2 · 1)-D surface is pre-

pared by saturation exposure of atomic deuterium

to Si(100)-(2 · 1) at 648 K. The surface deuterium
atoms are then replaced by atomic hydrogen at

room temperature to obtain the (1 · 1)-H surface

structure. The IR spectra recorded during the

preparation of the (1 · 1)-H surface are shown in

Fig. 4(a)–(c). They clearly exhibit the bending/scis-
soring modes at 863, 902 and 914 cm�1 for d(Si–
H)IT, d(Si–H)ID and d(Si–H)AD, respectively and

the Si–H stretching modes at 2100 cm�1 for m(Si–
H)CM and 2140 cm�1 for m(Si–H)IT species, char-

acteristic of the (1 · 1)-H surface structure [18,22]

(Tables 1 and 2). The vibrational feature around

795 cm�1 is again due to the H–Si–D species

formed in the process of D-atom replacement by
H-atom as discussed earlier. In this case we have

selected the IR spectrum of Si(100)-(1 · 1)-H sur-

face as background and all the (1 · 1)-H vibra-

tional features have turned out to be negative

during the process of water adsorption. The spec-

tra 4(d)–(e) show the IR features of the water ex-

posed (1 · 1)-H surfaces at 300 K. There are

several IR absorption peaks centered at 844, 965,
983 cm�1 and a broad feature between 1000 and

1160 cm�1. These spectra are similar to those ob-

served on the Si(100)-(3 · 1)-H surface shown in

Fig. 3 and the absorption peaks at 844, 965, 983

cm�1 are assigned accordingly to the same silicon

surface species (Table 1). However, at large water

exposure as in spectrum 4(e), the intensity of the

983 cm�1 absorption peak increases along with
the accumulation of the intense broad structure

above 1000 cm�1 which splits further into two

peaks around 1096 and 1115 cm�1. The model

calculations predict that the species such as H2Si-

(O) � � � Si(O)xH2 with x = 0–1, H2Si(O)2 � � �
Si(O)xH2 with x = 0–2, H–Si(O)2–O–Si(O)x–H

with x = 0–2 and H–Si(O)2–Si(O)2–H can contrib-

ute significantly to the IR absorption in this region
(Table 1).

In the above sections we have discussed the

water reactivity pattern on (2 · 1), (2 · 1)-H,

(3 · 1)-H and (1 · 1)-H surfaces of Si(100). The

reaction temperatures are different among these

systems; 373 K for (2 · 1) and (2 · 1)-H, and 400

and 300 K (the temperature of the air-conditioned

experimental room) at which the (3 · 1)-H and
(1 · 1)-H structures are stable, respectively. How-

ever, concerning the reaction H2O + (2 · 1)-H, sig-

nificant difference relating to the oxide peaks was
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not observed between 373 and 300 K as already

mentioned above. So we think that the reasonable

discussion is possible for the difference of the reac-

tivity among these different reaction systems by

using the results shown in Figs. 1–4. The results re-
veal that the bare Si(100) surface is unequivocally

more reactive than H-terminated Si surfaces. The

barrier-less water dissociation giving rise to Si–H

and Si–OH groups on Si dimers is suppressed to

a large extent on the hydride phases of Si(100)

due to the nonavailability of the dangling bonds

for the reaction. The 2000 L water exposed

Si(100)-(2 · 1) surface produces several oxygen in-
serted silicon hydrides while the same exposure on

Si(100)-(2 · 1)-H generates mainly ID and AD. At

the same dose, however, the (3 · 1)-H and (1 · 1)-

H surfaces do not show significant reactivity. ID

and AD species on the silicon surfaces appear to

hinder the direct oxidation process, under the con-

ditions employed in this study. However, there is a

possibility that these species acquire back bond
oxygen atoms on (3 · 1)-H and (1 · 1)-H surfaces

through oxygen migration forming the oxidized

SiH2 species at higher exposures of water. This is

clearly observed in the case of water exposures

greater than 2000 L on (3 · 1)-H and (1 · 1)-H

surfaces generating H2Si(O)x species with vibra-

tional modes around 965 and 980 cm�1. These spe-

cies are in fact formed to a certain extent on all
four Si(100) surfaces at various water exposures.

However, the deeper surface oxidation seems to

occur on (3 · 1)-H and (1 · 1)-H surfaces only at

higher water exposures showing the 985 and 981

cm�1 peaks and the broad Si–O absorption band

between 1000 and 1180 cm�1.

These results can be explained by that H2O re-

acts with H–Si–Si–H, and not with SiH2 and
SiH3. This, however, is not inconsistent with the

results of Takagi et al. [13] in which no reaction

was observed at the H2O exposure less than 10 L

at 300 K, since in our experiments the clear change

was observed only at higher exposures than 100 L.

It has recently been found by the reaction pass

analysis in the reaction system 2H + H–Si–Si–OH

and H2O + Si(100)-(2 · 1)-H that the reaction
proceeds through the metastable states H2Si � � �
H–Si–OH or H2Si � � � HO–Si–H and results in

the final product H2Si � � � Si(O)H2 [39]. Therefore
as a common reaction pass in the present reac-

tion systems, the reaction pass H2O + H–Si–Si–

H!H2Si � � � H–Si–OH or H2Si � � � HO–Si–H!
H2Si � � � Si(O)H2 is considered. It is also known

that oxygen atom aggregates through the inter-
back-bond migration of oxygen atom [11,32].

These reaction model well explains the results that

the scissoring modes of ID and AD of SiH2 (at 900

and 913 cm�1, respectively) and H2Si(O)2 (at 961

and 978 cm�1, respectively) become clearly observ-

able at the higher amount of H2O exposure com-

monly in all present reaction systems. Takagi et

al. also reported that any reaction was not ob-
served at 90 K with the H2O + Si(100)-(2 · 1)-H

system [13]. These results are well explained by

considering the potential barrier between the reac-

tant H2O + Si(100)-(2 · 1)-H, (3 · 1)-H and

(1 · 1)-H and the metastable states. It is also con-

cluded that the difference among the reactivity of

H–Si–Si–H, SiH2 and SiH3 is due to a relatively

high reactivity of Si–Si bond of H–Si–Si–H, and
not due to the stress of the Si back-bonds, since

the back-bond stress is considered to increase in

the order (2 · 1)-H, (3 · 1)-H and (1 · 1)-H

surface.
4. Conclusions

This study clearly demonstrates that the H-ter-

minated Si(100)surfaces are less reactive com-

pared to the bare Si(100)-(2 · 1) surface and

tend to form primarily the oxidized ID and AD

species possibly via the reaction mechanism

involving the metastable species, H–Si–Si–

H + H2O!H2Si � � � HO–Si–H (metastable). The

Si(100)-(2 · 1) surface, however, produces large
number of oxygenated silicon hydrides. This

shows the passivation effects of the surface hydride

phases on the water reactivity with the Si(100)

surfaces.
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Lapeyre, J. Vac. Sci. Technol. B 2 (1984) 359.

[3] P.A. Thiel, T.E. Madey, Surf. Sci. Rep. 7 (1987) 211.
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