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The hydrophobic process of the Si(111) surface was investigated by IFT-IR attenuated total
reflection (ATR) method using a Si prism. By changing the immersion time in hydrofluoric sclution,
thermally grown silicon-dioxides and some chemically grown oxides on the Si(111) surface were
removed. The variations in the ATR spectra of Si-H and O-H were compared with those in the
contact angle (CA) of water on the surfaces. After the removal of the silicon-dioxide film, a
hydrophobic sarface is formed and Si-H and 8i-0OH structures appear. The surface structures
having low CA (10~40°) depend on the way to foerm the oxides. The degree of hydrophobia
represented by CA does not directly relate to the guantity of Si-OH. At higher CA (more than
40°) surfaces, the main surface reaction is etching of 8i. The growth of terraces and reduction of
step-edgde structures create a smcoth surface and Si-OH structures are gradually removed at the

same time.
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Table 1 Formation conditions of chemical oxides on Si

Pre~cleaning

HF immersion and rinse

Boiliag in HCI solution
or
Boiling in H2S04 sclution
or
Boiling in NH4OH solution
Post-treatment

Nj drying

83%I1,804-5 %05

49%NH4OH-8%H,;0,
de—ionized water rinse 26°C

RCA-cleaning

1.59%HF dipping
de-ionized water rinse 26°C
79%HC1-3%H,0,

Room temperature 10 min
10 min
70~9G°C 10 min
90~120°C 10 min
70~90°C 10 min
10 min

Room temperature




BNk Frm

80 —o—HCI:H,0,:H,0

70 —0—H $0,:H,0, y
T gq leomNH,0H:H,0 .0 ]
a —-ﬂ-—-—QUD"c dry-oxide v
gﬁ 50 (6 nm) ." Reglon-3
T a0 ‘
w
23
& a0 -
[~
] 20 Region-2
[&]

10 -

0 : Region-1

1 100 1000
1 SW%HF immersion time (s)

Fig. 1 Contact angle of the water on the surfaces

as a function of the immersion time in the
1.5% HF solution. The thickness of native
oxides is estimated at about 0.9~1.2nm.
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Fig. 2 ATR spectra of OH stretching vibration on

thermally oxidized $i{111) surface. The reference
sample was prepared by 10 min immersion
in 1.5% HF solution. The thickness of residual
oxide on the HF treated sample is about lnm.
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Fig. 3.1 ATR spectra of OH stretching vibration on
thermally oxidized Si(111) surface treated with
1.5% HF solution. The reference sample was
prepared by 10min immersion in the HF solution.
The peak at about 3640cm~! is assigned to
isolated SiO-H on Si.
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Fig. 8.2 ATR spectra of Si-H stretching on thermally
oxidized Si(111) surface treated in 1.5% HF
sokution, The reference sample was 8i(111)
with the native oxide formed in hot H,S0Qy4
solution.
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Fig. 3.3 Relation between surface contact angle of water
and total quantity of O-H or Si-H on Si(111}.
The 6nm-—thick thermal oxides on Si(i11) were
removed by 1.5% HF solution.
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Sample: boiled in HCI solution
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Fig. 4.1 ATR spectra of OH stretching vibration on
Si(111) surface chemically oxidized in hot
HCI solution and then treated in 1.5% HF
solution. The reference sample was prepared
by idmin immersion in the HF solution.
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Fig. 4.2 Relation between surface contact angle of water

and total quantity of O-H or Si-H on Si(111).
The native oxides on Si(111) were formed in
hot HC] solution and then removed by 1.5%
HF solution.
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Sample: boiled in stod solution
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Fig. 5.1 ATR spectra of OF stretching vibration on
Si{111) surface chemically oxidized in hot
H380, solution and then treated in 1.5%
HF sclution. The reference sample was
prepared by 10min immersion in the HF
solution.
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Relation between surface contact angle of water
and total quantity of O-H or Si-H on Si(111).
The native oxides on Si(111) were formed in
hot H;80, solution and then removed by 1.5%
HF solution.
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Fig. 6.1 ATR specira of OH stretching vibration on
Si(111y surface chemically oxidized in hot
NH,OH solution and then treated in 1.5%
HF sclution. The reference sample was
prepared by 10min immersion in the HF
solution.

Sample: bolied in NH‘OH solutlon

—~ 8 1.2 =
57 ro3
£ 8

£ 0 8
z ° z
[ 08 o
[} 2
E s E
= 0.4 =
[}

g 2 g
1 0.2 z
o) o
n 0 0

9 10 20 80 40 50 60 70 80
Contact angle {7}
Fig. 6.2 Relation between surface contact angle of water

and total quantity of G-H or Si-H on Si{111).
The native oxides on Si{111) were formed in
hot NH5OH solution and then removed by 1.5%
HF solution.
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Table 2 Si-H oa Si(111)

Mstep-asy 2070.8¢cm™! asymmetric stretching of mono-hydride on [112] step

Mrermce 2084cm ! stretching of mono-hydride on Si{111) terrace

Mstep-sy 2086.9cm—1 symmetric stretching of mono—hydride on [] 12] step

Msiep 2075~2080cm~! mono-hydride stretching on {112] step

b, 2090~2120cm~!  di-hydride stretching

Dgiep-horizental  2098cm ™ symmetric or asymmetric stretching of di-hydrides.
Tweo bonds are almost in (111) plane and tilt to be
60° from [112] to [110].

Dgiep-horizonal ~ 2107cm ™1 symmetri¢ or asymmetric stretching of di-hydrides,
Two bonds are almost in (111) plane and tilt to be
60° frem [112) o [110].

Digtop-vertical 2137ecm~! di-hydride stretching. Two bonds are almost in

(110) plane and tilt to be 60° from [£12] te [110].
One bond direct to almost [111].

O8i-H

2150~2250cm~!  Si-H stretching. At least one Si back-bend is oxidized.
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A HF SRR O R, Si0, DRFIFTIER {
HE -7 OHEDHREIIYE L S h b, SiKHI
8i0,, Si~-OH HEDERFE & LIRETRISNE,

2) BI040 F TOBVEAMoFEIZE, Si
OB L7z Si—OH B I, RERSHEE
MLTwahEFAEIRL Si-0H FAHM 25,
ok % S]J_C’) SngHﬂiﬁ){TT' b, EEOBAK

2‘?[@ Ji"é%’ﬁ 6/}<E§HL@J§M;’E, ﬁﬂtﬂ%@ffébﬁé')ﬁ‘fﬂi
AR A, Bed i & RO AR b & T
—HFHvERbn b0, il - BRIk EAR
A VIR LA BRI C i o Ao HHEE - RERML
KFAEA TR LA BRI, AEM R

3

—

VR MR AR KB R S o, T
T7 BB E AR A LTI L7 R
W wi e TS O vk M S R R L A,
A 40~ SO DM BUKE IR SR A BT
i, SiOTyFr I EERRIETHE, Si.EO
W L7z Si-OH#EA E LD T DAL, A
BRI T 9 AR T B Si-HAEML A7 » 7% %
YRR A S-H AR T A, TIA LT, S
DEE{LEBO Ty F o IREMEL TN
K ORREE % e S B & 0TI v,
T FAET L CARD O 2R+ 5,

4

R

3

e

#81 si(111) £® si-H2™%

Table 2 |2 Si(111) L &8 Si-H DRI E # R,
TR — 27 14 2084cm ™ WD F 5 A % #5304 5 mono-
hydride (Si—H) T# % (Mterrace)o Si(111) 725 X
T FTHB[112]) R F v AT, 2086.9cm™! BL U
2070.8em ™" T A F v Vv VE I S mono-hydride
OXFRS L FIEFRMEERAI BN S L 5 (Mstep-sy,
Mstep-asy)s 2080~2075cm ™ iZIX[L12] A F v 7% #%
Wi 54 &b 38O meno-hydride (EFRIRE) H7E A
T4 (Mstep)e

2137em™F OWRILE, [112] FE0H & (110175 K260
PEEV 72 AT v TR T B dichydride (SiHy) TH 1,

Si-H, B FAo ZEMIFEHICEE TH S (Dstep-
vertical)e 2107cm™! 3B X OF 2098cm ™' (24 SIFINIZ,

Dstep-vertical &[F EA 7 v 7 2 #4579 % di-hydride
THED, Si-Hy ¥ > Fidl2ITsEi & A7 2 7% e
Tv 4 (Dstep-horizontal)e < O MK T lL g
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Table 3 OH on §i and/or SiOs

1650cm !
3651cm—!
3756cm~!
1650cm™1
3400cm—!
3200cm—!

OH deformation (gas phase)

OH symmetric stretching {gas phase)

OH asymmetric stretching (gas phase)
OH deformation {liquid phase), FWHM ==
OH stretching (liquid phase), FWHM = 500cm~1
OH stretching (solid phase), FWHM = 400cm~!

100cm—!

H-0O-H en solid 3000~3750cm~! OH stretching on solid (general)

3200~3400cm~!
3400~3500cm !
SiO-H on Si0,

OH stretching {multi-layer adsorbed water)
OH or SiO-H stretching (mono-layer adsorption )
3650~3700cm™! perturbed SiQO-H

3700~3750cm~! germinal SiO-H stretching {Si{O-H),)

3750cm !

Si0~H on 8i 3650cm ™!

isolated SiO—H
isolated Si—OH

G CHET 20 2090~2120em ™ iZi2 K L AE
BN TWiWe 2500 di-hydride PEFET % (Dx)o

2250~2150cm™ T2 Y T Dy FoR FICEER
#H B Si-H(O,8i-H, x=1~3) ORI — & HTREM T &
By 2V 7R FORRFZECEHIE L RIAE D
Y7 M A,

82 2 8i LB KT Si0, EO OH X

O-H D #EIREITIMIE, 3750~3000cm ™" O FiE
Wiz o THRE 2N, BOBORSREDE T L
RN ET S0 O EFHEERDL, L, #EHRE
O OHZE (e A, Sio-H & H-0-H 7% &) #5975
7o — FRENA R P VL2 EHE L, BN
I3 Si-H OB-E1F CHEETI v,

FAh ORISR, 3756em ™! & 3651em ™t LI
% &0, WEAERORIL 3400cm ™ T I PAHIE S00cm ™! £
Eorw-— FREREREL, BEoK Gk 3200cm™!
{FHES 400cm ™' BE OLEIEORINE o, EE LD
AN G, B ORERSHEARIRE RB1E0%
I B AMGHESEC Y 7 M AEIE b 2,

Si0, LoJLsr L2 SiO-H i, 3750cm™' [zl
B9~ SRR — 7 % § 050, Si-OH M OKE
WEAMEAER 28 5 & WAL IE 3700~3650em ™! 123

7T AN, —Dm S§i KT o0 OH EATow BT
{geminal} $i—{OH), iX, 3750~3700cm ' IZHRN & % D
b a®,

$i0, b 8i-0H I H,0 4k ERE T 5 &, 3500~
3400cm ™ 27T — FATA N, 2 5104 BIE DT
e & 3400~3200cm ™ TR TLASERE & 5750, Eh
WA LB, 1650cm™! {32 H-O-H D3RS
DENAEN B, ZOREFE— FRAMELT %S T

ZOT, ROAAESLENRSVI LERETS,
HEPTHES U 2 VR H0 WS 28708

&, ézT IfEEEL 72 H,0 12 & D Si-H & Si-OH BT
WERBNIS . Tk EIAT L7z (AW IDKERSHE
PR & LTydevy) Si0-H OMHFHIREITLIL 3650cm™
RERIE A, Si(100)2X1 0 H0 2 REL AT
i, H,0FIWCF 7 A LD F A v — & FIE L TRz
THE#ELLN, MAE ST ARy KRR
LD, Fi:, TR L7z Si-OH ZEHZRMAT
THF UL ROWREF & L TEN Ty,

3600cm ™’ LT OFEEIT, SOH & FRICKEGS
L7k OFEE S el 2 - LR TH S, Tabled o
ol e E A F L TR,
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