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 The  radia:ion  dai=agc in SiO, fi1,ms thermally  giewri en  sili･con  and  bembardcd  hy io" and  neutral  beams  has been

studied  by electron  spSn  resonance  (ESR). IL is i'ou[t･d tl.at Llac fi'' center  generatinn ),ield ls E･ :,uch  higher for ion bonibard-

mcnt  thar, for neuL'.,al  bombardment  in spite ot' thc same  k/'ndis ot' atotns  and  Lhe  same  EncidenL encrgy.  

'rhe
 gencraTion

yietd e/t' ion-i=tluccd st" {:enters dcpends on  Lhe 1,ncident energy  and  ionizaLion enerey  oi' thc  parent  atoin.  On  the oLher

/']and, lbr nc'atrai  
'nro=ibarciment,

 it depcnds only  o=  thc incldeiit energy.  These  resu]:s  indicate Lhat  the  neLitral-induced

E' cen/ers  are  creatth.d  bts, bond breaking du: vo  a col,iisi･on  cascade.  Uowever,  ion-;/･i･duced E' centers  are  gcnerated by

bet,h :olLision  cas:a･ des and  carriers  (eleeLrons ancl  /',oles) iiiduced in [he  Si02 film b}' ioii neutralization.

KEYWaEeeS:  ratiiation  damage,  ion beanyi, neut'al  beam,  ESR,  S//Op, E' cente',  co/lislon  cascade,  ion neutreliza-

          tio]

ga. gntToductioee

  Plasma  processes are  key technologies  in ultfa-ff.SI

(ULSI) fabricatiofi processes, particularly for fii'He pat-
tern  delineatioR and  thin-ftlm depoge.ition. However,

radiation  damagc ivaduced in devices during plasma proc-
esses  must  be rninimgzed  imFuture  ULSIs,  Damagc  induc-
'gng

 factors in plasrna are  forms of  iongzing radgation  such

as ions, eleetrons,  and  
'vacuum

 ultravioEet  (VUV)･
photons.i･2} It is necessary  to clarify how  the  ctamage is
caused  by such  radiatton  i" order  to develop low-damage

surface  processes.
  There  are  scveraA  kt/nds of  damage which  degrade
devices. Damage  to tkin Si02 filrns, especially  gate ox-

ides, is the most  seriLous problem  in metal-oxidc-seinico.n-

ductor (MOS) devices with  SEO21Si structures.  We  have

previously characterized  the  damage  gn Si02!Si  induced
by  VUV  irradiatfion.]) Aftcr VUV  irradiation, E'  ccnters

were  observed  by ESR  rrncasurements.  It is argued  that

the generation rnechani･  sm  of  this E' center  is boRd  break-

ing due to direct photoignizfition.
  The purpose  of  t.1fi.is study  is to determine the defect

generation mecha.nisrn  in a  Si02!Si stTucture,  especially

the  generation cf  poant di.efects in Si02 film by energcti:

ions and  neutrags  which,,  as well  as  UVU  photons,  are  ex-

pected to create  defects. Ttor this purpese, ESR  measure-

ments  have been carried  ･out on  ion- and  neutral-beam-i,r-

radiated  Si021Si  sarmples.  This  study  concentrates  on  the

effect  of  particge charges by eompaTEng  ion-induced

defects with  neutTal-bo'mrbardrnent-induced  det'ects.

g2. Experimemot,ttE

  The samples  iR this study  were  76-mm-diameter  siaicon

wafers  with  (111) suTt'zce  crientation  and  a high resist{v-
ity (> 1000  tt ･crn),. A  Si02 film about  i20 nm  thiek  was

grown  in dry oxygeo  at  fi COCe,"w". No  postoxidatien anneaE-

ing was  performed.

  T' he samples  were  irTadiated with  ion or  neutral  beams

extracted  from a  crarc  ga.s (He, Ne, Ar, Xe) plasma  using

the magneto-microwave  paasrna apparatus  shown  in Fig.

1. The  background  gas pressure of  this chamber  was

6.5 × 10-2 Pa. Tlte beam  path  Eength from the extraction
electrode  to the  sayv/pHe  suTfaee  was  13 cm.
  Ion bearn energy  was  choscn  between 300 and  800 eV.

Ion beam  flux was  5 ×  10'3-2 × 10'41cm2 s dependimg on

the  energy  and  ion species.

  Thc  neutral  beam  was  produced  by a  charge  exchange

r, eaction  betweell the extractcd  ion beam  and  background
thermai neutrals.  TIEe cross  section  of  charge  exchange

reaction  without  energy  transfer was  much  larger than

the cross  scction  of  coglisions  with  energy  transfer

(momenturn transfer)4) fgr the  case  of  rare  gas ions.
Therefore, the kinetic energy  of  most  of  the atom.s  in the
neutraa  beam  was  the  saifnc  as  that  of  the  ionbearn  before

neutralization.  The  nelltralization  probability was  a.bout

20-40%  depending on  the Aon species,  its energy,  gas

pressure, and  beagn path length. The  neutralization
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probability was  determined by measuring  the sputter  etch

rate  of  Cu  film.5) Retarding potential grids were  set up  in
front of  the sample  to eliminate  residual  ions and  elec-

trons from  the  beam,  and  thus  the  sample  was  irradiated
only  by the  neutral  beam,

  After irradiation, the sample  wafer  was  cut  into bar-

shaped  pieces of  3 × 30 mm,  Then  they were  dipped into
an  aqueous  solution  of  hydrazine to terminate  the  Si

dangling bonds  at  the  edges  of  the  pieces.
  The  ESR  measurements  were  carried  out  under  the tem-

perature of  10± O,2K  using  a JEOL-JES-RE2X  spec-

trometer  (X-band). The  microwave  power  was  O.Ol mW.
At this low power,  a Iinear relationship  between
microwave  power and  signal  intensity was  maintajned.

The modulation  width  o'f the magnetic  field was  O.2

Gauss. Theg  value  and  spin  densities were  determined  by

comparing  the  observed  spectra  with  those  of  reference

samples,  i.e., Mn2'  in MgO  and  TEMPOL  (4-hydroxy-
2,2,6,6-tetramethyl-piperidine-1-oxyl) in benzene,
  Abuffered  HF  (5% HF, 95%  NH4F)  solution  was  used

for step  etching  of  the Si02 film in order  to determine  the

distribution of  the  generated defects. The  thickness  of

the  remainig  Si02 film was  measured  using  a  thin  film
thickness meter  (Nanospec-SDP-2000T).

g3. Results

  After Ne  ion (Ne') or  Ne  neutral  (Ne") beam  irradia-

tion, ESR  signals  were  observed.  The  observed  ESR  spec-

tra are  shown  in Fig, 2, These  spectra  show  the same  char-

acteristics except  for intensity, The  g-yalue obtained

from  these spectra  is about  2,OOI. The  nonsymmetric  line

shape  of these spectra  corresponds  to axially  symmetrical

defects which  are arranged  in random  directions in amor-

phous  Si02. These results  indicate that the  observed  spec-

tra correspond  to E' centers.  The E' eenter  is an  oxygen-

deficient 
``trivalent

 silicon'' in the silicon  dioxide, The  E'
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Fig. 2. ESR  spectra  of  SiO,1Si samples  after  (a) Ne'  beam,  and  (b)
 NeO  beam  irradiation.
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center  peak  disappeared after  etching  the Si02 in buffered
HF  to a depth of  10 nm.  Therefore, these E' centers  exist

only  in the  top  Si02 surface  layer.

  Figure  3 shows  the E' center  densities as a  function of
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Fig. 3. E' center  densities as a functien of  total  dose of  Ne'  alld  Ne"

 beams. The  incident eneTgy  ef  these  beams  is 300 eV.

7

=66:vasee"z42ElS3tsevfi

 2Eg

   1"m

oo
200400600800

BEAMENERGY(eV)

Fig. 4,
 of  NeE'

 center  generation yield as a function of  the  kinetic energy
'
 and  NeO beams,



The Japan Society of Applied Physics

NII-Electronic Library Service

The  JapanSociety  of  Applied  Physics

270

asnfe"

×

vymgra-bezop--B<orptzptvosN-zmv-pt

jJAP  Series 5

10

1i

I O NExRAL  BEAM

He'          --f
    ....".s""
  tw.-

  o----
 I-".cO

He-

ffd)

eT

    

Oe1
    

    

eo, .eoe+a

 ;
   1/
   4
   l
   l
   l   ,  ."1
   l

u  1

2oo 3oo 4.co soo 6oo 7oo sgo

Bl's'AN ENERGY  (eV)
Fig. 5. ft" center  generttticn  yieE',ls ",ith  respectro  i'ons  and  t'.eutra/,s  :':

 severai kl'nds of e,/oms.

the total dose of  Ne'  and  NeO  beams (at an  in:fdent
encrgy  of  300 eV)･,  The  NeO-beam-induced E'  center  den-
sity  inereases with  the total dose of  incident Nc'  and

seems  to saturate  at abcut  2x  10i61cm2. In comparisoll,
the  Ne+-beam-induced  Lt" center  density incTeases
monotonieally  without  saturation.

  Figure 4 shows  the stT"" cent･ er generation yicld as a fu rrc-
ticn  of  the kinetic energy  of  Ne'  and  Ne"  beams. Bot'h
Ne'･･ and  NeU-induced. tt,' center  generation yields in-
crease  with  the kinetic energy,  However,  the slop. e for the
Ne'  beam  is larger tham thar for the  NeO beam.

  Figure S shows  tke  L""'' center  generation yields for Sons
and  neutrals  of  severa'[  ]cinds of  atoms,  The  E'  center

generation yieids  dep･end sil  the kind of  atom  as well  as

on  whether  the incgdent particle is an  ion or  neutral.  The
E' center  generation yEeids for He+  and  Ne'i are  very

high. However,  the yields for Ar'  and  Xe 
A
 iolls are  low

and  nearly  equa.a to t//ae yiclds  for neutrals  of  the  samc

elements.

g4. Discussaofi

  The  E' center  is a  t.rivalent silicon  in SiO, which  has
several  structures  denoted. as  Ef, E5, EE.6'S) Any  sf  these
E'  centers  have a  darmgl'ing bond, i,e., an  unpaired  eicc-

tron  on  the  Si atom,  W]:en t2ie Si-O bond  is bTeken  by

p, article  bombardmcnt, there  is always  a pessibigity of  cr

K. YoKoGAwA  et  at.

centcr  generaticn. In nddition,  if a  hote comes  to rcside

on  the  broken  bcnd  sfite, the unpaired  e}ectron  o"  the  Sg
atom  at  the bend-brokeem  sitc (trivalent Si structuTe)  is
stabilized  as  an  E' center.

  As regards  the  E' center  generation, two  concausions

can  be drawn froTz the reswlts  in Fig. 4, One  is that the E'
tenter  generation yield b.v icn bombardment  is more  than
twice  that  by an  identical neutral  bombardme'nt. The
otheT  conclusion  is that the E' center  generation yie]ds in･･
crease  with  bombardnient e"ergy  (for ions and  neutrals>.

These results mean  that  energetic  bombardment  b>f itself
can  produce  E" eent.ers  bllt the ionization energy  of  the

gon increases the E' center  generation yield.

  To  show  how  ifnuch the ionization energy  comtrjbutes

to  the  E'  center  generation yield, we  compaTed  the

generation yields with  varicus  ions and  their  parent
rieutrals.  As  shown  gn Fig. 5, the E' center  generaticn
yields with  He'  <'ionization energy  Ei=24.58:V)  and

Ne'  (E,=21.56 eV)  are  much  larger than  those  with  He"
and  NeO, whereas  the yields with  Ar'  (E,= 15.96 eV)  a-d

XeT  (Ei= r2.08 eV)  are  about  the same  as  those  with  ArO
and  XeO. From  these  results,  we  conclude  that the ioniza-
tion  energy  plays an  important  role  in E' center  genera-
tion through  some  electrcnic  processes,

  It is possible that  ions flre neutralized  before reaching

the  Si02 surface.  I'n particugar, bigh-ionization-energy
ions,  He  

i
 and  Ne+, rriay be neutralized  through  Auger

neutralization,Y)  generating holes in Si02. T'hus, the

generated holes wilg  be  capturcd  at  the  broken  bon,d site
to stabilize the Sg dangUing bonds, forming  E'  centers.

  Another  possiba: reason  why  the high ionization
energy  contributes  to the  E'  center  generation is thul core
ionization ot' oxygen  (in Si02) induced by ion incgdence
through  interatorni.c Auger  decayiOHeads  to release  c/r ox-

ygen  from the SiO]  network  forming  on  oxygen  vacancy

(with E' centers).

  We  have  recently  shown  tkat preferential gputtering  of

oxygen  from SiO:, can  be denc  by ion bombardment  bgt
not  by neutral  bsmbardment,ii)  It can  be argued  that this

preferentiai oxygen  r¢ Egase fis caused  by  the above  egec･

tronic process. 
'g'hi's

 partly explains  the higher E'  center

generation yield wgth  ion bombardrnent,
  Ot' course,  a  coEliision  cascade  generated bbr particEe
bombardment  may  gi've higher energies  to lighter atoms

(oxygen in SiO2) thaR  to hcavger atoms,  and  preferentiall
sputtering  of  oxygen  from  Si02 may  be caused  ongy  by
kinetic energy  begng trans'fermed  fTom  a  particle.i2) [['his

will  bring about  the  oxygen  vacancy  and  the  Si dangling

bond. The role  of  thc electric eharge  on  ions wgll  be to
enhance  the  preferentiaU sputtering  of  oxygen  and  to pro-
vide  hoies to reside  at  oxygen  vacancy  site  and  thus  to

stabilize  the  unpaEred  electrcn  on  a Si atom.
  The  above  modeg  of  E' center  generation suggests  that
the  profile of  ion-bearm-induced E'  centers  is deeper than
the  profile of  neutraE-beam･-induced  E'  centers.  This
should  be because  the fioll-beam-induced E' centers  are

created  by the  carrSers  which  can  diffuse in SgO2 film.
This agrees  with  the  results in Fig. 3. The saturation  of

Ne"-beam-indu ¢ ed  E' center  density is probabUy  due to
the competition  between  the  generation of  E'  centers  in
Si02 film and  the etching  of  Si02 fiIm by physical sputteT-
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ing. On  the other  hand, the Ne"'-beam-induced E'  center

density shows  no  saturation.  This indicates that the

generation region  of  Ne'-beam-induced E' centers  is
deeper than  the  estimated  depth  of  sputtering,  1-5 nm.
  The  high yield of  E'  center  generation in the case  of

the HeO beam  is also  explained  by this suggestion,  The

sputtering  yield for He  atoms  is much  smaller  than  that

for heavier projectiles. The E' center  induced by the  He"
beam  can  remain  in the  Si02 surface  Iayer without  being
etched  off,

g5. Conclusions

  Radiation  damage in Si02 film irradiated with  rare-gas

ion and  neutral  beams has been studied  by ESR  measure-

ments,  Following  results  were  obtained:

(1) TheE'  center  generation yield is much  Iarger for ion
bombardment  than  for neutral  bombardment.

(2) The  E' centers  both for ion and  neutral  bombard-
ments  are  generated in the Si02 layer within  a  depth of
10nm.(3)

 TheE'  center  generation yield induced by ion bom-
bardment is larger for lighter atoms,  i.e., foT He  and  Ne
than  for heavier atoms,  i.e,, Ar  and  Xe. This means  that
the E' center  generation  yield for ion bombardment
depends  on  the  ionization energy  of  the parent atoms  as

well  as  on  the  incident energy.

(4) TheE'  center  generation yield for neutral  bombard-
ment  depends only  on  the incident energy.

(5) These results  indicate that neutral-beam-induced  E'

K. 
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centers  are  generated by bond breaking due to a collision

cascade.  On  the  other  hand,  ion-beam-induced  E'
centers  are  generated by both this bond  breaking and  car-

riers  induced  in the  Si02  film by  ion neutralization.
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