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 The  oxidation  process of  H-terminated  amorphous  Si fi1rn on  Ge  and  the reaction  mechanism  of  the  triethylsilane

(TES)IH system  which  allows  us  to deposit an  organic  Si film conformab]y  have been  investigated employing  in-situ

FTIR(Fourier  transform infra red)-ATRCattenuated  total refiection). This measurement  was  demonstrated to  be a  sen-

sitiveandsimplemethodtoinspecttheroleofH{hydregen)intheirsurfacereactions.intheSioxidationcase,theH-ter-

minated  Si is readily  oxidized  by O(oxygen)  atofns.  The oxidation  with  Oi molecules  proceeds gradually as the  breaking

of  Si-H  bonds  and  forming of  H-Si-O  bonds  due to binding of  O atoms  with  thc  back  bond  of  Si for 700 min,  After

about  700  min,  dissocj ated  O  atoms  rapidly  penetrate the Si film, and  oxidize  the  bulk Si, leaving both Si-H  and  H-Si-O

bonds stM  on  the  Si surface.  Next, in the  TES1H  reaction  system,  gas phase FTIR  spectra  obtained  by reactions  of  H
azoms  or  H2  morecules  with  TES  do not  show  appreciable  change  in a wide  range  of  pressure. Nevertheless, in-situ FTLR-

ATR  reveals  that  TES  reacts  easily  with  H  atoms  on  the surface,  desorbing H2, methyl  and  ethyl groups.
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gl. Introduction

 With continual  shrinkage  in the minimum  feature size
of  ULSI  devices, atomic  order  controis  are  required  in-

creasingly  for the surface  reaction  processes which

dominate growth  of  very  thin Si(silicon) dioxide (Si02)
film and  a  variety  of  CVD(chemical  vapor  deposition)

processes. Especially, H(hydrogen)  plays an  important
role  in the reaction  processes such  as initial layer-by-layer
oxide  growth phenomenai) of  the H(hydrogen)- and

F(fluorine)-terminated Si surface,2'3) the Al-selective
CVD  emp}oying  DMAIH(dimethylaluminumhydride)
which  occurs  only  on  the H!F-teTminated  Si surfaces,`>

and  the digital CVD  of  Si025) which  is carried  out  by  the

repetitive  process of  firstly deposition of  thin Si film as a

result  of  a reaction  of  H  atoms  with  TES(triethylsilane)

and  subsequent  oxidation  of  the Si film. The reaction

rnechanisms  of  these processes are  not  understood  well,

Much  attentions  has been placed recently  on  a

FTIR(Fourier  transforrn infrared)-ATR(attenuated total
refiection)  method  which  can  easily  detect H  bonding

with  high sensitivity.2) This paper  reports  diagnostics of

both surface  reactions  of  the  oxidation  process of  the

H!F-terminated Si and  TESIH  reaction  employing  in-
situ FTIR-ATR  and  discusses both reaction  mechanisms.

g2. Experimental

 An  in-situ FTIR-ATR  system  is shown  in Fig. 1, A
small  reactor  which  consisted  of  a  gas inlet, an  ATR
prism  and  an  evacuation  outlet  connected  to a  tur-
bomolecular pump  (50 11s) system  was  set in an  ATR  ac-

cessory  mounted  on  a FTIR  system  (Perkin Elmer 1640),

The reactor  was  evacuated  up  to 1× 10-6 Torr. Since a Si
ATR  prism  is not  transparent for IR  light lower than

1500 cm-',  because of  Si self-absorption,  a  Ge(n type,

60 9 
･
 cm,  (1OO)) wafer  was  used  as the prism  for the Si ox-

idation experiment.

  The  Ge  prism was  prepared as follows. Both edges  of

the Ge  sample  with  20mm × 50mm  were  polished by
sandpaper  and  then  finished by  fine poiishing on  a  velvet

cross  with  fi1500 aluminum  oxide  powder.  Finally it was

cleaned  by organosolvent  boiling and  subsequent  water

rinsing,  A  1-ptm-thick Si fiIm was  deposited at  room  tem-

perature by electron  beam  evaporation  of  Si on  one  side

of  the Ge  prism  under  a pressure of  1 × 10-6 Torr. Even-
tually an  amorphous  Si surface  was  investigated for the
exidatjon  experiment.  These  Si films were  dipped  in 5%
HF  solution  and  subsequently  proeessed by Nz blowing,
Heating of  the Ge  prism up  to 2500C  is available  by in-

stalling a small  ceramic  heater on  the back  surface,  IR

rays  were  incident normally  on  one  side  surface  of  the  45-

degree cut  edge  plane of  the pTism. Then  the surface  was

exposed  to hydrogen (H) oT  oxygen  (O) atoms  which

were  generated by upstream  microwave  (2.45GHz)
discharge of  H2  and  02  gases in an  Al203  tube,  A  CaF2

window  which  is set  in the opposite  side  of  the  Ge  prism
allows  us  to introduce D2 UV  light irradiation. As inset in
Fig. 1, an  electrode  coupled  with  RF  (13.56 MHz)  power

ometer

TES

-l-,F

Fig, 1. A  schematic  diagTam of  the  in-situ FTIR-ATR  system.
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which  provides a plasma gn a reactor  can  be  equipped  by
replacing  the CaB  wi.ndew.  Negative DC  bias voatage

can  also  be added  to the prism  ef  the substrate.

g3. Resuits nmuaf  mpfisc:.･.issEept

3.g. Oxidation of stabe ffIFLgerminated  Si sasi:fkgce
3.1,1 BehaviGr  of Si-H  esnsi' Si-F  boncls durt'ng oxia'a-
      tion

  As shown  in Fig, 2, ttl'fte use  of  the  Ge prism enabEes  us

to detect the S:/-IF strettcLlting mode  around  830 cm-i  
")
 as

well  as the  Si-H. stretclsing mode  at  2100  crn-'2)  for the
Si suiface  after  S%HF  sgiution  treatment and  N2  blow-
ing. Then  the FTIR  speetru'ifru of  the Si surface  subjectgd

to the following exposu.re  processes was  studied  as  shown

in Fig. 3: (a) 60-min  exposure  of  02 at 16e Torr, (b) S-s ex-
posure  of  O  atcms  ge"cr, ated  by 02 plasma at 1 Torr, (c)
10-s exposure  of  O  atoins  generated from 1 'Torr

 02
under  irradgatign of  D2-UV  lamp  with  rnain  waveleitgth

of  161 nm.  In the case  of  (a), appreciable  oxidati.offi was

not  observed  afteg  slfigl".t exidation  jn the early  stage. gn-

rt:-=
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Fig. 2. FTIR-ATR  spettram  of  the HIF-terminated  surface  of  a-Si

 after  5%  HF  dSpping, whic:h  vL,as  dieposited by EB  evaporation  oEt  a

 Ge  prism.
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Flg.  3. FTIR-ATR  spectL,a  of  tlte oxidizing  process;  (a) 60-mi= ex-

 posure  of  e2 at  160 Tor:, (b) S-s exposure  of  O  atoms  gener･ ated  by

 micrewave  dischaTge of  02  aL 1 To:r, (c) 1O-min  exposure  of  O  atoms

 generated  from 02 under  i/ radiation  of  D2-UV  lamp  aL  1 Torr.
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creasing  peak  of  th' e Si-O stretching  mode  (10SOcm-')
for the  (b) and  (c)- cases  shows  that  rapid  oxidation  takes

place for both processes. In addition,  the Si.-F peak  is
not  varied  and  the Si-H peak decreases, whifie  a smalg

peak  of  the Si-H. is stial seen.  This  results  demonstrate

that oxygen  atoms  predominate  to oxidize  the  Si surfaee
suMciently  and  the F bond  remains  on  the Si surface  due
to the strong  Si-F bond with  129 kcallmol.

  Figure 4 shows  variations  irm the integrated intensity of

the Si-0  stretehgng  band,  Sfi-H stretching  band and  E-
Si-0 stretching  band observed  around  2250  cm-i7)  as a

function of  O? exposure  time  at  room  temperature, The

02 pressure is 1･60Torr, T,.he integrated intensity of  the

Si-H stretching  ba'nd proportionalgy decreased wi'th  im-
creasing  Oi expossuve  time and,  simultaneously,  the  gn-
tegrated  intensjty of  the Si-O stretching  band obviousUy

increased rapidly  from 02 exposure  time longer tkan

about  70e min.  Aatkough  an  amorphous  Si is used  in our
experiment,  the  rcs-Its  are  q-ite similar  to the previous
paperS) that reports  that  the rapid  Si(100) oxidatfion  after

about  800min  o'f growth  in an  air  ambient.  Thfis ex-

posure  time when  the Sg-O  peak  rapidly  increases is con-

sidered  as the incubation time  when  Oz molecules  adsorb

and  then dissociate to 0  atoms  on  the H-termfinated Si
surface.9)  Corresponding  to the change,  the  integrated in-
tensity  of  the  H-Si--O  stretchjng  band also  inefeased
from  the  exposure  time  of  about  700  min.  However  the

integrated intensity of  H-Si-O  stretching  band was

saturated  at exposure  tiine gsnger than about  SOe min,

The  result  is considered  to be as  follows: since  the
number  of  H  atoms  which  terminate the Si danglirag
bond  is gimited to tlae Si sur'face atoms,  the number  of  O
atoms  bound  with  the Sfi 

'Dack
 bond is also  limited te the

sarne  number  of  Si-H  bonds. The  present rapid  increase
in the integrated intensity of  Si-O  stretching  over  7CO-

min  02 exposure  time  suggests  that  the  oxidatlcn  pro-
ceeds  inside the Si fiITn, Aeaving Si-H and  H-Sl, -O  bon-
ding on  the Si surface.
3.1,2 Study on  removag  offfandFbonds
  H  and  F atom.s  bound  with  the  Si surface  have  to  be

eliminated  prioi' to processes such  as  oxidaticit,  CVD

and  metallizatiosc.  Allthough H  atoms  are  removed  by
heating the substrate  at a temperature  of  m.ore  thave
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Fig, 4. The  variation  i,n the  int･ens'/ty of  Si-O  stret:hing  band  {iOSO
 cm'L),  Si-H  stretc17iing band  (2100 cm'L}and  H-Si-O  stretclting band
 <2250 cm  

`)
 as  a  f'u,ncticn of  O,(160 Torr) exposure  time  atr.  oem  tcm-

 perature.
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Table I. A  comparison  of  ability  to remove  Si-F bends  in variety  of

 processes,

Substrate Addition
treatment  ofbias

         vottage

Gas  (-30V)Exposure

 Exposure  UV-Light
ofradicals  inplasma  Irradiation

H,no
 no

experiment  changenoehangenochange

        disappears no

H2+Ar
        Si-Fbond changenochangenoexperlrnent

about  400eC, F  atoms  remains  after  even  10000C
heating.Le) The strongly  bonded F atoms  were  removed

successfully  using  a process of  Xe  lamp irradiation at

700eC,ii) In our  work,  the  removal  of  H  and  F  atoms  was

also  investigated, as  summarized  in Table  I, A  variety  of

exposure  methods  of  downstream H  or  HIAr  atoms,  H2

or H21Ar  plasma and  assistance  of  D2  lamp irradiation
for these processes were  applied  for the HIF-terminated
Si suTface  by  expecting  strong  H-F  bond  energy  (153
kcal!mol). However,  no  reduction  in Si-F peak was  ob-

served.  When  bias voltage  of  
-30

 volts  was  applied  to
the Ge  substrate  in the  H2+Ar  plasma,  F  atoms  were

eliminated  completely,  while  the  Si-OH  bond  newly  ap-

peared  due to oxidation  by O  atoms  which  might  be
generated by H'  ion bombardment  to the  inner wall  of

the  reactor.

3.2. Discussion on  reaction  mechanism  of the Si film
     CVD  with  the  7ZESIH  system
  It was  found that simultaneous  reaction  of  TES  and  H
atoms  provided  conformal  CVD  of  a  Si film involving

methyl  and  ethyl  groups. However, the  TESIH  reaction

was  not  understood  to occur  in the gas phase or on  the
surface.  In order  to study  which  reaction  is dominant,
spectra  were  rneasured  employing  in-situ FTIR  for the
gas phase  reaction  and  in-situ FTIR-ATR  for the surface

reaction,  The typical spectra  of  the  gas phase  (a) in
TESIH2  and  (b) in TES/H  atom  are  shown  in Fig, 5,
The gas phase spectrum  was  obtained  by introducing
TES  and  H2 or H  atoms  into a reactor  with  a  set  of  Si
wafer  windows  which  was  arranged  jn an  optical  path  of

IR  light, TES  gas was  introduced  at 2Torr. For wide

range  variation  of  H2 partial gas pressure from  3 to 20
ToTr, almost  the same  spectrum  was  measured  for both

TESIH2  and  TES!H  reactions.  This suggests  that  H
atoms  do  not  react  with  TES  in the gas phase, For the

goal of  investigating the  role  of  H  atoms  in this system,
the spectrum  which  was  obtained  by  substitution  of  H2
by D2  gas was  measured.  A  Si-D peak  newly  appeared

around  1500 cm-'  at a  D2 pressure of  more  than  10 Torr,

as shown  in Fig. 6. The amount  of  the Si-D bonds was

almost  equal  to the  decreased amount  of  Si-H bonds.
The result  also  demonstrates that  no  reaction  occurs

besides the  substitution  reaction  between the Si-H  bond
of  TES  molecules  and  D  atoms.

  Next, in-situ FTIR-ATR  of  the TESfH  reaction  was

measured  at room  temperature  as shown  in Fig. 7(b), The
result  of  the  gas phase  reaction  for the TESIH  system  is
also  shown  in Fig. 7(a). Figure 7(b) shows  the difference

K.  KAwANIuRA  et ai.289
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Fig. S. The  typica] FTIR  spectra  of  the gas phase Ca) in TES  (2 Torr)
 fH2(18 Torr) and  (b) in TES  (2 Torr)/H(18  Torr) atorns.
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Fig. 6. The  FTIR  spectraofgas  phase (a) in TES(2  Torr)fD2(18  Torr)

 and  (b} in TES(2  Torr)fD(18  Torr) atoms.
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Fig. 7. FTIR  spectra  of  the  TESfH  reaction  {a) in the  gas phase and

 Cb} on  the  H/F-terminated  Si surface.

spectrum  of  the H!F-terminated Si on  Ge  prism  before
and  after  TESIH  reaction  on  the same  surface,  TES  and

H  atoms  were  introduced simultaneously  to the H!F-ter-

minated  Si surface.  Partial gas pressures of  TES  and  H2
were  2 Torr  and  8 Torr, respectively.  Thus  the Si-H peak
which  results  in H  termination  is not  observed  because of
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tha compensation  ef  both Si-H peaks. However, the  Si-

H  bond of  the adsowbed  TES  is also  not  observed.  [i]his in-
dicates that  H  atorms  react.  with  methyl  or  ethyl  groups  of

the  absorbed  TES  on  the  HIF-terminated  Si su.rface,

releasing  as  CH4, Ci,Hs and  H2 even  at  room  teinpera-

ture.

  The  effect  of  exposllre  of  H  atoms  to the Si filxn Sn･
cluding  a  rich  amcunt  cf  organic  species  such  as  CH2,

CH3  and  CzHs was  l, n-vestiga.ted.  Figure 8 shows  a  F"i- i･ R-

ATR  difference svectrum  wbich  is measured  from spectra

before and  after  H-atom exposure  on  the  the  organie  Sg

film deposition at room  temperature. These  organgc

species  were  reduced  drastically by H-atom  exposuTe.

The  result  gives us  vaQuabie  information  that  additional

H-atom  exposure  after  CVD  of  the present Si film leads
to effective  improvement of  the Si film quality. I/ndeed,
the  effectiveness  of  tltis pTocess was  investigated in the

digital CVD  of  Si02 filrn. T･ he film quality was  checked

by wet  etch  rate  witk  buffered HF  (HF:H20=:1:9) solu･

tion at room  temperatuffe. E' ventually,  the  etch  rate  sl-

Si02 film which  was  fabricated at  2500C  by repeating  the

process of  the T/ESfH reaction,  10･･s H-atogn exposure
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-CH37'

'L -CH
       2'r!H3i
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Fig, 8. FTIR-ATR  diffa/e.nce spectT,  um  between before and  after ex-

 posure of  H  atoms  at 20 TDr: on  the  organic  Si Mm  deposition whicb

 was  deposited by reaction  between  TES  al 2Torr  andi  H  atoms

 generated by microwave  dischar･ ge of  H2  at  8 Torr. Microwave  pewer

 was  60 W  and  :xposure  Lilnc olC U, . atorns  was  20 min.
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Fig, 9. FTIR-ATR  diffcrepce spectrurn  between  bet'ore and. after

 heating of  the organic  Sit=.]m o=  the HlF  terminated Si s,u'･rface for S

 min  at 2S8"C.  The  orga:･:i': Si fiL･m was  deposited in thc  sam:  eondi-

 tion  as the film described at  F,,ig. 8,

K. KAwAMul"A  et  at.

and  10-s oxidation,  was  reduced  to 250A!min,  which

was  about  3 rimes  timat of  the  thermal  SiOi.*

  Figure 9 shows  a  FTIR･･ATR  difference spectrum  be-

tween  a spectrum  of  the organic  Si film depositisn on  the
H1F-terminated  s'-rface  and  one  before heating tkis sarn-

pEe at 250eC, Desorptfion of  
'fnethyl

 and  ethyl  groups  can

be observed,  and  the Si-H bond  disappears at the same

time.  This result  also  eaucidates  that  H  atoms  on  the

H!F-terminated  Si surface  reaet  with  these  organic

species,  desorbing as  Cff4  and  C]H6.

  Based  on  these  resufits,  TES!H  reaction  at  the  actual

deposition tempeTature  gf  2500C  is considered  to resukt

from a  process iem which  H  atorns  react  with  pre･deminant-
ly H  atoms  in TES  and  the reaction  with  CHi  and  C2Hs
occurs  insuMcientAy, depositing the organic  Si finm,
However, thc most  important  question ol-  why  rhe

TESIH  reaction  takes  pgaces only  on  the  surface  fis stig}

unanswered.

g4. Conc]llsioens

  The in-situ FTiR-ATR  method  is a very  powerful  tcol

for detecting the H  bond, which  is important  fin Sfi su.r-

face reactions.  This was  app]ied  te elucidation  of  both
the oxidation  ef  Si and  the TES!H  CVD  system.  In the

oxidation  process, the  terminated  H  atoms  showed  a

tolerance  for attack  by 02(g60 Torr) for up  to 700 man  at

room  temperature. In the TES1H  atom  system,  H  atoms

react  with  TES  only  on  the  surface  cven  at room  tempera-

ture, desorbing Si-ff bonds of  TES  in the deposited Si
fiIm. However,  the  reason  why  the  reaction  occurs  only

on  the surface  is not  understood.
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