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 Electron cycloLron  r:sonance  hydrogen  pSasrna reactivc  ion etching  (RIli) with  x,-blityi  acetaLc  
reactive

 gas  
has

 
been

demonstrated.TlteetehingrnechanismisdiscussedforRaEoi'transpaTcntconductingoxideiilms.TheRIEtechniqueex-

hibits ex:eltent  material'  scjeetivity resulting  from  the abil!ty  Lo coiitrol the etching  mechanism  by altering  Ehe ac-

:elerati,ng vo:tagc  frequency. To  demonstrate lhe practicai･ appl･icazien  ef  RIE,  an  electr, oltiminestent  
display

 
fabrication

is described.

KEYVifORDS:  reactive  Een e'tching,  eiectrofi  cyclotron  resonance.  transparent  conducting  fitms, hydregen

          paesrna, n-butyl  aeetate,  electrolumines:ent  device

fi1. gnt.roductiofi

  In the fabrication of  fiat panel displays using  elec-

troluminescent  (EL) dcvices or  liquid crystal (LC)
devices. the need  fcr dry processes in the patternmg  ol

transparent conducting  oxide  (TCO) films has beerz grok,x,-

ing in recent  yeaTs. Dry  etchirsg  of  TCO  films using  argon

ion sputtering')  nnd  rcp-ctive  ion etching  (RiE) have been

reported.2)  Howeveir, sputt'er etching  has disadvantages

such  as low  etchi"g  selectivity and  sputtering-induced

damage, In additioR,  c.'onventional  RIE  with  halogcn

reaetive  gases aiso  kas disad'vantages such  as  damage to

the apparatus  and  degradation of  the films due to the

residuum.

  Recently, we  repor,  tcd  that  halogen-free RIE  using  egec-

tren  cyclotron  resonance  (ECR) hydrogen  plasma  is

useful  as  a method  of  dry etching  TCO  films, for

example,  undoped  and  ffuortne-doped tin oxide  (TO anct

FTO).3} The etching  wrJas enhanced  by the use  of  organgc

reactive  gases, espccgaaly,  n-butyl  acetate.  
'ihe

 ECR

hydrogen  plasma  in RgE  results  in a  reduction  effect,  sput-

tering of  the TCO  films and  activation  of  organic  reactive

gases.`) On  the otb.em haRd, RiE  using  rf  (13.56MH[z)
plasma  with  a  methy,  i aleohsll  reactive  gas in the pattern-
ing of  indium tixx oxidc  tLITO)  films Tesuited  in poor  etch-

 ing seftectivity because oLF the  absence  of  a  hydrogen

 plasma  source.S･e>

  In this  paper, uzJe have  descTibed the etching  selectivity

 of  RIE  using  an  ECR  hydrogen  plasma  with  an  n-butyl

 acetate  reactive  gas. To demsnstrate the practi.ral appgica･

 tion of  ECR  hydrogen plasma  RIE,  EL  display 
'fabrica-

 tion  is also  descTibed.

 S2. Experime-tm?, V･ recedewe

   The ECR  hydrogen p. ilasrrka RIE  ot' TCO  figms was  :ar･･

 ried  out  on  commercia}ly  avaiiable  FTO,  ITO  amd

 aluminum-doped  zinc  oxide  /(AZO)  films. The FTO  (Cen-
 tral 61ass Co.// films weme  formed  on  a  heated (about

 5500C) glass s-bstrate  (thickness of  about  5mm)  b}' a

 chemical  vapor,  depositgon (CVD) method.  ThL' !TO  and

AZO  filmsT) were  fsTmed  using  magnetron  sputt.enng

metheds  on  glass sulostrates  (thickness of  about  1,1 mm)

heated above  20COC.  T-he thickness, resistivity  and

preparation method  of  these  TCO  films are  ii:ted i"

Table  1. In order  to invcstigate etching  selectivity far

other  materials,  ECR  hydrogen plasma  RIE was  also  ear-

ried  out  on  phosphor  fi:ms and  insulating oxide  fi:'ms.

The  ZnS;Mn  film ttthickness  ef  about  400 nm)  a"d  CaS,

SrS, Si02, A120i and  Ta20s  fi1rns (thickness of  abo'ot  5eO

nm)  were  prepared  on  the g)ass substrates  (thickness of

about  1.1 mm)  by  orgaBometallic  chemical  vapor  deposi-

tion (OMCVD)S) and  rA- magnetron  sputtering,  respec-

tively.

  Figure 1 shows  the ] CR  hydrogen  plasma  ReE  systeffn

used  in this study.  This apparatus  consists  of  the E･()R

plasma  ehamber  and  etching  chamber.  An  accelerating

electrode  (mesla conflguration)  and  samplc  hoftder,

separat.ed  by a  distance of  IG cm,  were  set at the exit  of

the ECR  plasma  chambeir  aved  in the  etching  chamber,  re-

spectively.  In the plasma  chamber,  the ECR  hydrogen

plasma  was  generated with  a  microwave  power  of  about

 300 W  at  2,45 GHz  
'under

 an  applied  magnetic  field of

 8.75× 10-2T,  An  ac  accelerating  voltage  with  a fre-

 quency  of  15 kHz,  380 kHz  or 13.56 MHz  was  appligd  be-

 tween  the acceleTating  efiectrode and  the sample  hagder

 with  a power  density of  about  11, 3 or  2Wfcrn2, respec-

 tively. The  hydrogen  plasma was  introduced into the etch-

 ing chamber  urmder  tlte influence of  both the divergence

Table a. The  thickness, Tesistivity  and  preparation rnethods  of  FTO,

 gTO  and  AZO  films u, s.ed  in this work.

            
'SnO2:F

             (F/[O)
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Fig, 1. Schematic diagram of  the reaczive  ion etching  system  using

 ECR  hydrogen  plasrna.

magnetic  field and  the accelerating  electric  field. The n-

butyl acetate  (CH3 COO(CH2  )3 CH3)  reactive  gas, after  in-
Jection mto  the etching  chamber,  was  activated  by the
hydrogen ions and  radicals  eoming  from  the ECR  plasma
chamber.  The total pressure of  the  reactive  gas and  the
hydrogen gas mixture  was  6,65 × 10-i Pa. The thickness
of  the  fiIms was  measured  by a  conventional  stylus-type

surface  roughness  detector.

 g3. Results and  Discussion

 3.1 Relationship between 7-()Ofilm etching  characteris-

     ties and  acceterating  voltcrgefrequency

   In the ECR  hydrogen plasma  RIE  of  TCO  fiIms, the

 time dependencies  of  etching  depth and  etching  rate  were

 strongly  a function of  the TCO  material,  the reactive  gas

 pressure and  the frequency of  the  accelerating  voltage,  In

 the case  of  FTO  films usjng  RIE  with  different ac-

 celerating  frequencies, the  normalized  etehing  depth as  a

 function of  etchjng  time is shown  in Fig. 2, The  normal-

 ized etching  depth in this figure refers  to the  ratio  of  the

 etched  depth to the  film thickness before etchjng  for an
etching

 time of  5 min.  The ratio  of  reactive  gas (n-butyl･
acetate)  pressure to total pressure was  O.4. With a  high ac-
celerating  voltage  frequency of  13.56 MHz,  the  etched

depth linearly increases with  etching  time,  However, at

lower frequencies, the etching  rate  is initially low,
  The  normalized  etching  rate  of  FTO  fiIms as  a  function
of  the ratio  of  n-butyl  acetate  pressure to  total pressure is
shown  in Fig. 3 fer accelerating  frequencies of  15 kHz
and  13,56 MHz,  In this figure, the normalized  etching

rate  refers  to'the  ratio  of  the etched  depth, with  and

rvithout the n-butyl  acetate  reaetive  gas for an  etching

     of  5min,  The maximum  etching  rates  of  127tlmenmlmin

 at 13.56 MHz  and  57 nmfmin  at  15 kHz  
were

obtained  at an  n-butyl  acetate  gas pressure ratio  of  about

40%
 (data not  shown),  It should  be noted  in Fig. 3 that

the maximum  normalized  etching  rate  at 15kHz  was

larger than that at  13.56 MHz,  whereas  the etching  rate
for an  accelerating  frequency  of  13,56 MHz  was  larger
than that  for 15kHz.  These  results indicate that the  in-

T, MlyATA et ai.233
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Fig.
 2. The  normalized  etching  depth of  FTO  films as a  function of

 etchjng  time  for three  acce]erating  frequencics: 1S kHz  (C), 380 kHz
 (A} and  13.56 MHz  (m),
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Fig. 3. Thenormalized  etching  rate  of  FTO  films as  a function of  the

 
ratie

 of  ll-butyi acetate  pressure to total  pressure for two  accelerating

 frequencies: 15 kHz  (A), and  13,56 MHz  {o}.

troduction  of  a reactive  gas is more  etiective  at an  ac-
celerating  frequeney of  15 kHz  than  at 13,56 MHz  and
that the etching  mechanism  of  FTO  films is a  function of
the  aceelerating  frequency.

  The  etching  characteristics  for other  TCO  film
materials,  such  as ITO  and  AZO,  were  also  inyestigated
in detail using  RIE  with  different accelerating  frequen-
cies.  The  normalized  etching  depth of  ITO  and  AZO
films as a function of  etching  time  are  shown  in Figs, 4
and  5, respectively,  for RIE  with  different accelerating

NII-Electronic  



The Japan Society of Applied Physics

NII-Electronic Library Service

The  JapanSociety  ofAppliedPhysics

234jSAP  Scries 5

=eattinoi:,-UeLl

1,O

csF

O,6amuN

  O.4:]4<Eatoz

 o.2

o

1356MHz  
"

   
N,,

 
3,sW'"z

F f.!/' ,ivskyiz
  :. p･ E  .1

  7l l,
      ,
   I.i
   IP
   ;1

   tj
   ds
   tp
   Ji

     l
   ii   .p   i-

!i'

 k
'

',･y.L-mLnv-gL-

ITO
llg

o

            1
            i
            ['
            ]

            t
            l
- [

    a 8

E/':HE.NG 
'IME

 (min)IZ'
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Fig. 5, Th:  noTmaLized  etching  d:pth  ot' AZO  fiims as  a  T'u.nc'Lion ei'

 etching  tin]e for thre: ac:vl':r.  ating  frequencies: 1S kHz  (C), 3ge k'Hz

 (A) and  13.56 NEHz  (u ).

frequcncies. As  seen  in tla,ese figures, the  normalizedi  etch-

ing depth characteristics'  of  tbese films are  simiEai' to that

o'f FTO,  as show"  im Fig. 3. Iigure  6 sho",s  a  rise  gm etch-

ing rate  with  increasing accelerating  lnr. equency  
for

 
three

TCO  films: FT･ O, iTO  and  AZO,  listed in desce"ding

ordef  of  etching  vate,

3.2 Etching charescte,y'isSics  ofother thtn filins
  ln fabricating conventional  1.C er  thin-fiam E'b

<TFEL) displays, etchgng  selcctivity  between  t.he

transparent electrode,  cr  the emitting  layer and  the m-

sulating  layer is gemeraliy required.  Manganr.'se-doped

'r. ts,IIyAl'A et at.

Fig. 6.
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The  acceleruling  freqacncy dependence of  the etching  Tale  foT

C)), ITO  (L･) a-nd AZO  ( ll ) films,

zinc  sulfide  (ZnS:Mn) and  silicon dioxide (SiO2) thin

films have  been used  practically as  the  emgtting  layer and

the  insulating layer, rcspectively,  in many  TFEL

displays. The norraalgzcd  etching  depths of  I･TO,

ZnS;Mn  and  Sie2 films as a function of  etching  time  are

shown  in Fig. 7 .for an  aecelerating  frequency of  1S kHz;

Fig. 8 shows  thc accelerating  frequency dependence  of

the  etching  rate  of  these  films for an  etching  tlme of  5

rnin, Although  alk of  these films experienced  RIE  at

13.56 MHz,  the Si02 fiim was  not  etched  whem  the frc-

quency  was  low, 15kliz. "i: algo  found  that emitting

Iaycrs such  as CaS and  SrS fiIms were  also  unetched  when

the frequency was  r, S kHz. En addition,  insulating layers

such  as BaTiO], At1203 and  Ta20r, exhibited  the  same  fre-

quency  depend¢ nee  of  etching  as the Si02, CaS  and  SrcS

films. These  results  suggest  that  etching  selectivity  can  be
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Fig. 7. The  dependence  of  the  norrnalized  etehing  d:pth of  ITO  (:),
 ZnS:Mn  (tD andi SiO, (u) films on  the  etching  time  using  RIE  wjth

 an  accelerating  frequency oi 15 kHz.
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Fig. 8. The accelerating  frequency dependence of  the  etching  rate  for

 ITO
 (O}, ZnS:Mn  (A) and  SiO, (z) films.

controlled  by varying  the frequency of  the  accelerating

voltage  in ECR  hydrogen plasma  RIE.

3.3 Etchingniechanism

  We  have  proposed  lhe  following etching  mechanisms

to describe the RIE (with an  accelerating  frequency of  15
kHz) of  TO  or  FTO  films using  ECR  hydrogen plasma
with  organic  reactive  gases.") The  films are chemically

reduced  by  active  hydrogen,  jons and  radieals  from the
ECR  hydrogen plasma, as evidenced  by  the  coloring  of

the films and  the lower etching  rate  in the initial stage  of

etching.  Subsequently, the reduced  tin oxide  films which
became metal-rich  films may  be removed  by both  the sput-
tering due  to hydrogen ions and  the production  of  the tin
hydride. In the presence of  n-butyl  acetate  reactive  gas,
chemically  active  methyl  and  ethyl  ions and  radicals,

generated from  n-butyl  acetate  decomposed  by the  ac-

tivated hydrogen  in the plasma chamber,  also  react  with

the metallic  tin atoms  which  are  produced  by the reduc-
ing effect of  the  ECR  hydrogen  plasma,  and  tin alkyls
such  as methyl  and  ethyl  are  formed. In addition,  the
sputtering  of  tin-rich films may  be enhanced  by  the ions
generated from decomposed n-butyl  accetate.  Conse-
quently, these enhance  the removal  of  metallic  tin atoms

from the substrate.

  On  the  other  hand,  it was  found in this work  that only
when  films were  reduced  by ECR  hydrogen  plasma, were

they  etched  by RIE  at 15kHz. This suggests  that the
chemical  reducing  effect  of  films predominates RIE  at 15
kHz. On  the contrary,  all  of  the  fiIms used  were  etched  by
RIE  at 13.56 MHz,  In addition,  all of  the fiims used  in
this work  were  easily  etched  by RIE  with  an  aecelerating
frequency  of  13.56MHz  using  argon  ECR  plasma
without  the reactive  gas, whereas  at 15kHz,  all films
were  unetched,  These results suggest  that physical sputter-
ing is enhaneed  in RIE  at a  high accelerating  frequency.
  Therefore, the accelerating-frequency-dependent  etch-

T. MTyA'm  et  aL235

ing
 characteristics  described above  suggest  that etching

selectivity
 is related  to djfferences in the etching

mechanism.  This relationship  is attributed  to the genera-
tion of  a dc self-bias caused  by the velocity  difrerentjal be-
tween  electrons  and  ions in the plasma.  The dc self-bias
was  absent  at an  accelerating  frequency  of  15 kHz,  as
evidenced  from the calculated  movable  distance of
hydrogen ions for a  half-cyele of  accelerating  voltage.

Howeyer, with  a  high accelerating  frequency  of  13.56
MHz,  the  dc self-bias  is generated because the movable
distance of  hydrogen  ions is shorter  than  the distance be-
tween  the  sample  holder and  the accelerating  electrode.

  The results indicate that ECR  hydrogen piasma  RIE  in-
cludes  both physical and  chemical  etching  mechanisms;

j,e., at high accelerating  voitage  frequencies, physical
etching  is significantly  enhanced,  whereas  at  low frequen-
cies,  chemical  etching  predominates. At an  intermediate
frequency of  380kHz, physical etching  and  chemical

etching  compete.  Therefore, differences in the etchjng

rate  obtajned  for all thin  films used  in this work  are  ex-

plained by the relative  ease  of  their reduction  in the
hydrogen plasma  and  the sputter  yield of  the films,

3.4 Amptication  to T]FEL  disptayfobrication

  Recentiy, we  reported  a TFEL  device using  a ferroelec-  'tric
 ceramic  sheet  acting  as  the  insulating layer as  well  as

the  substrate  (ICTFEL device).9) Previous studies  have
clarified  that ICTFEL  devices have the followjng
features: low operating  voltage  and  high luminance
under  low-frequency  driving.",iO)

  The  patterning in the  fabricated ICTFEL  display was
carried  out  by the following procedures, as  shown  in Fig,
9, A  eonducting  AZO  layer in a row  strip  pattern was  in-
serted  between  the BaTiO]  ceramic  and  ZnS:Mn  emitting

layers to eliminate  crosstalk  between pixels.i]) This same
process was  used  in patterning the back eiectrode  row

strip. The  strip  mask  pattern was  formed on  the AZO
transparent electrode  using  photoresist (OFPR 800). The
AZO  transparent electrode  and  ZnS:Mn  emitting  Iayer
were  etched  by ECR  hydrogen plasma  RIE  with  an  ac-
celerating  frequency of  15 kHz. The  pressure ratio  of  the
n-butyl  acetate  reactjve  gas to total gas pressure was  O.4,
After etching,  the photoresist was  ashed  by using  rf

(l3.56 MHz)  oxygen  plasma.

  In these  patternjng procedures, it was  diMcult to avoid

.

.

-"--
   -p

 -ww.

PhetoreslstCOFPR

AZO

･-
Depositing

AZO

Photoresis±
(OFM-800)

.. -:･..EE.'

Fig. 9. Patterning procedures  for a  TFEL  display using  an  ICTFEL
 device.
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damage due to  chemical  reactions  sutth as a slightgy reduc-

ed  surface  of  the  BnTiO]  ceramic  insulating layer;

imowever, we  found tltat this reduced  surface  could

recever  when  post-o".idatiori was  used.  In the  postoxida-

ti on  process, the  reduced  BaTg03 ceramic  was  exposed  te

the ECR  oxygen  paasrna generated in the same  chamber

postetching. Thus･, after  etch,.ing of  the AZO  figms, the

BaTiOa  ceramic  sw.rfact'  was  always  oxidized  using  ECR

oxygen  plasma.
  We  have studiedi  tk: stabZity  of  unintentionaliy  heatcd

TCO  films when  exposed,  zo  oxygen  plasma, as in !he  ox-

idizing and  ashing  prscesses. Figure 10 shows  
resLsuvrty

(p), carrier concentratisrm  (n) and  Hall mobiiity  (,sc) of

AZO  films prepared at  different substrate  temperatures,
'oefore

 and  after exposure  to ECR  oxygen  plasma, As

seen  in this figure, these electrical character]stics  were  un-

changed  by the exposure,  {t was  also  found that all  T' CO

films used  in this work  thsere  stable  when  exposcd  to SZ'CR

or  rf  oxygen  plasma.

  Figure 11 is a  plgotograph sf  a  3-figure segment  stgsplay

composed  of  ICTFEL  devices with  a 7-scgment-patter"

 ZnS;Mn  emitting  layer a.nd  AZO  transparent electrodc.

 We  also  fabricated a  9 ×  10 dot-matrix display using  an

 ICTFEL  device whgch  eonsists  of  coiumn  strip patteTns

 of  the  multilayer  with  ZnS:Mn  film and  AZO  film and
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!nd

 
H.aU

                                  '
 rnobility  ge(A) of  AZO  films pre.pared a!  different supstrare  

tempera-

 tures,  before (soLid) and  aft･er (open> exposu.,e  to  ECR  
oxyEep,

 plasma.

Fig. 11. A  photegraplt ofa  threc-figuTe  segment  display fabrjcared by

 ICTFEL  devices vvith s:vcrr.-segrp.ent  pat.tern.
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Fig. 12. A  photograp/.. oT'a9x10  dot-matrix d!splay using  
an

 
ICT-

 FEI. device.

'back
 electrode  row  strEp patterns, as  shown  in 1=ig. 12,

S4. Conclusions

  A  halogen-free RIE  techaique  using  a  ECR  hy, d/{ogen

plasma  with  n-butyl  acetate  reactive  gas was

demonstrated.  Excclllent material  etching  selectivity was

obtained,  and  the etching  seEectivity  could  be contrcgled

by  varying  the frequency of  the accelerating  voltage,  
fft

was  found that thtis alteration  of  the accelerating  vokage

frequency changed  the  etching  mechanism  of  the RiE  of

TCO  films. At higlh acceierating  voltage  frequ.encies,

.o, hysical sputtering  was  enhanced  in RIE,  whereas  at lew

tArequency  of  15kHz,  che[nScal  etching  prcdemfinated.

This accelerating  frcquency de.pendence of  etching  segec-

tivity is cxplained  by a dc self-bias  which  is regated  t6

changcs  in thc rmovable  distance of  ions. Alse, segment

and  dot-matrix TFEL  displays were  suceess.fuEIy

fabricated using  this exeellent  etching  selectivity,  Thus,

we  can  conclude  that  the  RIE  technique,  which  is fuee
'1-rom damage to the apparatus  and  degradation  oln films

caused  by residenum,.  is also very  useful  for the t'abrica-

tion of  optoelectronic  deyaccs.

               Aekreow:･edigments

  The  authors  wish to acknowledge  A. Iwamotc,  S.

Abe,  H.  Kjtagata, H. Wakuda,  R. Takayanagi,  K,

bvfiyamoto, H, Miyake,  S, 
Me"amura,

 T, Kokubun, T..

Goto and  M,  Tsuzi for their technical  assistance  in the ex-

periments. The  authers  are also  grateful to Centrag Glass

C'o., Ltd. for preparatioz ol- the  FTO  films and  BaTiO3

fine powder.

                  Referemeces

 1) C. Brunel, N. Bo:adrna  ancL  -'. Le Berre: Proc. Eurodispta)s 8Z

    London,  l987 (Sociely for Information Display, Londen,  1987)

    p. 238.

 2) P, Maguire, J, Shields, S. Mclaughlin, .]. Anderson  
alld

 
S.

    I.averty: Rroc.  9th int. Dispiay Research  Corij1, Kyoto, i9S9 (So-
    ciety for Im",ormation Disp;,ay, Kyo:o, 1989) p. 62.

 3) T.  Minami,  H.  Sat･o, H. Nanto  and  S. Takata: Absgracts of 7"th.

    int. Coof  on  TVIin Fiitns, ,Vbw  Deihi india. 1981, p. 2Z6. [,Thin

    Solid Films 17S (1989) 227.]

 4) T. Minami,  T. Mi'y･ttt･a, A. Iwarnozo, S, Takata  
aiid

 
H.

 
paanto:

    Jpn. j. Appl. i".ys, 2',' (1988) L1753.

 5) 
'['.

 Kawaguchi,  E. Takeda,  Y, Nanne  and  S, Nagata: Proc. 9tk

    int, Disptay ResearcA  CotijL, dyoto, 1989 (Society f･oT Im ±
'orma-

    tion  Display,  KyeLo, !989) PD-l.

 6) M.  Yamamoto,  /V!. Inelle, T, 
'i'ohda,

 
'r.

 Matsuoka  a"d  A. Abe:

NII-Electronic  



The Japan Society of Applied Physics

NII-Electronic Library Service

The  JapanSociety  of  Applied  Physics

JJAP  Series S

  Proc. 9th Iht. Display Research Coof,  Kyoio, 1989  (Society for

  Imformation  Display, Kyoto, 1989) p. 22S.

7) T. Minami,  H,  Nanto  and  S. Takata: Jpn. J. Appl, Phys. 23
  (1984) L280.
8) S, Takata, T. Minarni, T. Miyata and  H. Nanto: j. Cryst. Growth

  S6 (1987) 2S7.
9) T. Minami,  S. Orito, H, Nanzo  and  S. Takata/ Proc. 6th lnt.

T, MIyATA et at.237

   Dispiay Research Cottfl, 7bkyo, I986 (Society for Information

   Display, Tokyo,  l986) p. 140,

10) T. Minami, T. Miyata, K. Kitamura, H. Nanto  and  S. Takata/
   Jpn, J. Appl. Phys. 27 (1988) L876.
11) T. Minami, T, Miyata, K. Kitamura, Y. Kusano,  S. Takata  and

   H. Nante: Proc. 9tk I}ft. Di.£piay  Researck Conjt, Kyoto, l989
   (Society for Irnformation Display, Kyoto, 1989) p, 82.

NII-Electronic  


