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 The  optimum  condition  of  plasma-enhanced  chemieal  vapor  depositien to  deposite silicon  nitride  (SiN.) film and  its
application  as a  gate insulator ef  a-Si  thin-film  transistor  (TFT} have been investigated. The  internal stress of  SiN. in the
range  of  4.3 x  109 dynfcm2  tensile to 8.0x  109 dynfcm2  compressive  is found  to be controllable  by changing  the ratio of
Hi and  N2 in the source  gases wjthout  affecting  the  optical  band  gap.  Satisfactory TFT  characteristics  and  high reliability
are  realized  by using  a  gate insulator of  SiN. having either  stoichiometric  or  N-rieh cornpositien  which  shows  the large
optical  band gap.
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gl. Introduction

  Silicon nitride  (SiN.) thin-films deposited by plasma
enhanced  chemical  vapor  deposition (PECVD) are  wide-

ly applicable  as  protection films of  semiconductor

devices and  gate insulator films of  thin-film  transistors

(TFTs) to drive liquid crystal panels, and  so  on.  The  char-

acteristics of  such  SiN. films are governed  more  strongly

by the deposition apparatus  and  conditions  than  are

those deposited by thermal CVD  methods,  and

therefore, have many  unknown  factors,
  There have been several  papersL'4) reporting  on  the
chemical  compositions  and  physical properties of  SiN.
films deposited by PECVD  methods  using  SiH4 and  NH3
as  source  gases.

  These  papers  reported  that the silicon  nitride  films
prepared by conventional  PECVD  methods  employing  a

high-frequency RF  power  source  of  more  than several

MHz  showed  tensile stresses  while  those prepared  using  a

low-frequency  RF  power source  such  as  50 kHz  showed

compresslve  stresses.

  In thin-film device manufacturing,  the internal stress
of  the  thin  film is a highly important factor because an  ex-

cessive  tensile stress  may  cause  cracking  in the deyice
while  an  excessive  compressive  stress may  invite peeling
of  the deposited thin fiIm, Moreover,  the performance
and  reliability  of  TFT  using  SiN. gate insulator film are
governed largely by  its chemical  composition.

  This paper reports  on  the experimentally  determined
relationships  between SiN. deposition conditions  and  in-
ternal  stresses, in addition  to  the  relationship  between
chemical  compositions  and  performance  of  a-Si  TFT  of

which  the gate insulator fiIm is made  of  SiN. when  it is
used  as  a  switching  element  of  a liquid crystal  display

panel,

g2. Experiments

  The SiN. films were  deposited on  either  high-resistivity
silicon  or quartz substrates  by  using  a capacity-coupled

plasma  CVD  apparatus  employing  a  13.56MHz  RF
power  source  under  various  conditions  of  gas-fiow rate,

pressure, substrate  temperature,  and  discharge RF

power, which  are  shown  in Table  I,

  The refractive  index and  the optical  band gap  (Eli.,,)
were  measured  for the evaluation  of  SiN.  characteriza-

tion. The optical  band  gap  is defined as photon energy

where  the absorption  coeMcient  is 5× 10"cm-]. The
chemical  composition  of  film was  determined by Ruther-
ford backscattering analysis  (RBS), proton  recoil detec-
tion (PRD) and  electron  spectroscopy  for chemical

Table I.Depositionconditions.

Apparatus

 frequency
 cathode  aTea

13.S6MHz
 900cm2

Source gases

 SiH,

 NHi
 N,

 H2

1S-18  sccm

72-90  sccm

 - 300 sccm

 - 300 sccm

Pressure O.9-1,2Torr

Substrate Temp.

245

290-3200C

RF  power 100-400W

SourceAl/MoSiPassivation
  SiNx a-Sin+a-S

   Drain
i Al/MoS]

Gate  lnsuiater
   SiNx

Fig. 1.

Gate
 Cr

Glas$Substrate
Corning #7059

Schematic  configuration  of  a-Si  TFT.
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analysis  (ESCA). The hydrogen bond and  spin  density
were  evaluated  by an  IR  method  and  by  ESR,  respec-

tl, vely.

  The  internal stress  was  calculated  from the  change  in
the curvature  of  the su'bstrate  on  whieh  SiN. fifirn was

deposited, and  jt's etching  rate  was  deterTnined using  a
'ouffered

 HF  solurioR  (BffF(1･ :6)).  
FI'he

 characteristics  of

TFT  were  evaluated  by fabricating inverse-staggered

TFTs  of  which  the charmnel  was  passivated by  the  SfiN.

film, as shown  in Ffig. 1.

g3. Experimentak  Re･sauaas

3,1 EL(7lectsofdqpositionconditiononSilY,fiimprope'-

    ty3.1,1
 Der)endencyonR"T'-power

  Figure 2 shows  a  pl'ot of  internaa stresses  of  prepared
SiN.  films when  the  RF, power is varied  in the raemge g0I-

400 W  whiie  keeping tke gas-ffow rate, pressure, and  tke

substrate  temperature  c.onstant.  The gases used  are･ either

of  a  SiH4, NH]  anct H2 system,  gas or  a SiH4, NHi  and  N2

system  gas, As  shown  fin Fig. 2, the  intemal stresscs  ef

SiN. film whjch  is tensfige at low  RF  power  (-2SOW)/
changes  toward  compr･essive  with  increasing RT' power
when  the SiH4, NH3  and  ve2 system  gas is used,  At RF

power  of  400 W,  the stress gs a  ccmpressive  orme ef  2,8-

3.8 ×  109 dynlcm2. Heweve:., when  the SiH4, NH3  and  N2

system  gas is used,  the internal stress is consistently  ten-

sile (3,1-4.5× 109dynf'em2)･. [I/his is true  even  wgth  a

higher RF  power,  tlaus findicating very  littge d6pendellcy
on  the  RF  power. ,

$..pt".'eq

st'

.pams2.v

g9-

r-.-,..I14,O

 t-
    i

3oF

    i2.0
 ,-

   i'!･O
 t-   '

o

Ro

i
Xix9

mp l
I i

de ab

-SiH4NH3N2

"

 Cathode Area

l 900  cm2

 RF  Power･ (W)

i1il

zaLcoas
 A

$
NgM..tX

.

N

,...

g
orw.o

o

IO

l

lI,

2.0 9

50

4.0

l(,O 200

         6

---------

400

6
, SiH4, /15  sccrn
tr NI･-i3 :90  sccm
  A2 /200  sccm

-  geressure:LO Torr
l Tsub. :soo ℃

s･- u.nvtt....-.-

N,xo

Ill

/;

-rt..LLttt]

Fig. 2. Effect oT"  RF  powcr,  en  the  internai stress  of  SjN. 

'nPlms.
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  Figure 3 shews  the  dependencc  of  other  characteristics

of  SiN. film on  the  R7' power,  It shows  decreases of  both

the  refractive  index and  the  eptical  band  gap  with  in-

crease  in RF  power,  T' hjs can  be interpreted as  a  decrease
of  the siljcon to nitrogen  (SYN) ratio  in the SiN. fi1ffn foT

a higher RF  power,  and  this rneans  that the SiN. filrn has
turned into a  nitrogen-rich  figm, Moreover, the fact of
Iewer etching  rate  of  such  a  fi1rn in BHF  implies that the
film density increases with  a  kigher RF  power.
3.1.2 ELClects ofms'xtscre rntio  of4  and  IV2

  The  stress  of  Si,N. fiAms is cornpressive  when  deposited

1,n the SiH4, NH3  and  l{2 system  gas with  a  higher RF

power (300 W-)  while  it is tcnsile when  deposited in the
SiH4, NH]  and  N?  systern  gas with  a higher RF  powcr.
The ratie of  H21(ff2+N2) is varied  by hoiding the gas
fiow rates  of  SiH4  and  NH3  aE  constant.  Figures 4 and  5

show  the resu!ts.

  As  shown  in F'Fg, 4, thc stress  of  the films ehanges  in
the  range  of  4.3 × i.O"dyn!cm2  tensile to 8,Cxl.O"
dyn!crn2 compress:,ve  when  the  ratio  of  H21(H2+N2)  in-
creases.  Figure S shows  that  increasing the  ratio  of

H2f(H2+N2)  leads to an  increase in the  refractive  iRdex

and  a slight decrease of  the cpl/ical band gap. The  sma}l

change  in optical  bnndgap  implies that there  is littie
change  of  the excessive  Si in the  film even  if the stress  in
the film changes  significanEly.

;',2 Compositiosc ofSilV},fiim
  The content  of  hydrogen gn the SiN. film was  deter-

mined  by  using  PRD  and  IR  methods,  and  the apportioit･

ment  ratio  between Si-H bsands and  N-H  bonds was

calibrated  from the gR  absorption")  of  Si-H and  N-H  str-

etching  frequencies at 21･ 90 and  3350 cm-i.
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Fig. 6. Effeet of  RF  power  on  the  hydrogen  eontent  in SiN. films and
 the ratie  of  hydrogen  atoms  bonded  with  silicon  atoms.
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 films.Effbct
 of  the H21(H2+N2)ratio  on  the  properties ef  SiN.

  Figure 6 shows  the effect of  increasing RF  power with
the other  conditions  constant  on  the  hydrogen  content
and  the  ratio  of  Si-HlN-H.  The hydrogen content  in the
fiIm is independent of  RF  power  and  the  number  of
hydrogen  atoms  bonded with  silicon  atorns  decreases at
the  higher RF  power.  This means  that more  dangling
bonds  in the film deposited by a  lower RF  power  exist

oAEox=xovYocoo=
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o    50H,fH,+N,
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    =30

 *

Fig. 7. Effect of  the H2/(H2+N2)  ratio  on  the  hydrogen  content  in

 SiN. films and  the ratio  of  hydrogen  atoms  bonded  with  sMcon
 atoms.

because of  excessive  silicon atoms  in the film and  inade-
quate hydrogen atoms  with  which  to bond  with,  but the
mcreased  mtrogen  atoms  in the fiim deposited by a
higher RF  power  bond  with  silicon atoms  and  the dangl-
ing bonds decrease substantially.

  The  ratio  of  H2!(H2+N2)  is varied,  keeping RF  power
constant  (Fig. 7). Under  these conditions,  the content  of

hydrogen atoms  in the  film is nearly  independent  of  the
ratio  of  H21(H2+  N2), and  the Si-H  bonds increase slight-
Iy with  increasing H21(H2  +N2)  ratio.  This correspoonds
to the  tendency  of  the  slightly  decreased optical  band
gap.
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  Tabae  gl shows  the Tesugts  of  RBS  and  chemical  com-

positions of  the  film determined  by ESCA  for the SfiN.

films prepared under  a  typj.cal deposition condition.  The

chemical  composiEion  fis deterffnined by cuTve-resolving

the Si 2p peak  ints the respective  peaks for the

st.oichiometric  silgcon  nitride  bond  (Si3N4), the  ill-

c･o rnpletely  bondect chemical  state  of  the silicon-nitrogen-

hydrogen bond  (SiNH),, and  the  silicon-silicon bsnd  (Si-
Si) or  silicon-hydrogen  bcnd  <Si-H) as shown  gn Fig. 8,

  Table  II also  shows  a  :.igfiificant  dependence of  the

Si!N ratio  in tke  deposited SiN. on  the  RF  power,

depositing SiN. figms close  to the stoichiometric  iatio  of

O.7S of  Si]N4 or  nitrogen-rich  films with  increasing RF

pawer.  However,  tke resuit of  ESCA  composition

analysis  shows  that  the composition  ratio  of

stoichiometrically bcnded Si3N4 is independent of  the RF

power,  but shows  an  fi"crease in incompletegy bonded

SiNH  components  and  z  dccrease in Si-Si bonds at  a

higher RF  depositicll powem, as shown  in Fig, 8(a)･,

Therefore, the optacal  band gap  rises  with  inereasang RF

power,

TabEe  ll,

    Conditions

RFpower  H21F2+Nt'

 100W  10D%

 400W  100%

 300W  50%

 3oew  o%

  Analytical results.
    '
               ESCA  (at.%)
  h'gopl RBS  .- -  .-'
 (ev) si/N 

-Ell/,N,
 siNH Si-Si

  4.S O.98 76 13 1･!

  S,6 O.78 76 :S 9

  5.3 e.90 8S 5 IC･

  s.s o.7s ge o t･o

Age.-.-t##

 'xx-sug..?be.-=-as=mageindiifrdort"

e
eeeili

gij//

e11i1iv.
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I, KoBAyAsHi  et at.

  Furthermore,  in F' ig. 8(b) the  result of  analysis  of  SiN.

fiIms deposited by  changing  the hydrogen ratio  sT  the

H,.f(H2+N2) ratio  shsws  very  little change  in the

amount  of  excessive  Si--Si bonds, but an  increase ef

SiNH  and  a  decrease of  Si3N4 when  the H2!(k+N2)･

ratio  increases iR the source  gas, From  these  annlytjcal

results, it is concluded  tkat constant  Si-Si bonds as

responsible  for the  slight  decrease in the  optical  band  gap

even  when  the  Si!N ratig becomes  a Si-rich condation.

  Figure 9 shows  the relationship  between the optieal

band gap  and  the spin  density determined by  ESR.  The

spin  density tends to decrease with  the increased opticaA

band  gap showing  decrease in dangling bonds of  sigicon.

T' his rneans  that a  Eovi content  of  excessive  silicon atoms

unbonded  with  nitrogen  atoms  exist in the stoichiometrie

or  N-rich SiN. film which  has the high  optical  band gap,

and  thus, a  low  dangEing bond  density,

ge4. Applacation to ZfiquEct Cffystat Driyer TF[ffs

4.1 71FTcharacterisstes

  Cracking  and  an  abnorrnal  etching  of  SiN. film is often

observed  when  a  SiN. fiIm with  higher tensile gtress is

deposited on  a  multi-layered  device such  as  TFT.  Thgs is

 caused  by an  inteman stress in the  film. Figure 10 shows

 the SEM  photographs  of  a  cross  seetion  along  a  metal

 line after  slightly  etching  the  SiN.  surface  with  BffF. in

 contrast  to the abnormal  etching  form at the step  of  SiN.

gs loo los

B･inding energy(e'if)

        (a)

-t"

Fig. 8. Curve resojved  sptctra  of  ESCA  for Si 2p in SiN

   (b) depelldency of  H,1(Hi+N!)  ratio.
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 deposited under  the  typical  eenditions:  (a) dependency of  RF  power,
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 SiN. on  mobility  and  threshold voltage  of  TFTs.

films showing  tensile stresses, the etching  form is normal
with  the fiIms showing  compressive  stresses, as shown  in
Figs. 10(a) and  10(b), respectively.

 Figure 11 shows  the mobilities  and  threshold  voltages

(Vt) of  TFTs  of  which  gate insulator SiN. films are

prepared  by changing  the  H2!(H2+N2)  ratjo  with  the

other  conditions  constant.  This shows  the  best result  with

TFT  using  SiN. film deposited at 70%  of  the
H21(H2+N2)  ratio,  or having  slight compressive  stress,

Furthermore, peeling of  the a-Si  layer in TFT  using  SiN.

film which  is deposited at 100%  of  the H21(H2+N2)  ratio

causes  a  rapid  decrease in mobility  and  the increase of
Vt.s,6)
 This is believed due to a  substantial  decrease in inter-
nal  stress at the a-Si!SiN.  interface which  causes  SiN.
film to be compressive  stress  since  the internal stress of  a-

Si film is found  to be compressive,

(a) (b)

Fig,
 
10.

 
SEM

 photegraphs  of  cross  section  along a  metal  line afteT  slightly etching  the  SiN. surface:  (a} tensile stress ot' SiN.

  
depesited with  e%  of  Hil(H,+N2)  ratio, (b) compressive  stress  ef  SiN. depositcd with  100%  of  HY(H2+ND  ratio,
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4.2 Reliability

  SiN.  as a  gate insulator of  T' FT  is deposited with  varfied

RF  powers, The  ssurce  gas Nff]!SiH4  ratio  is 4 or 6, and

H21(H2+N2)  is 30%. T' hen  the  optical  band  gap  of  SiN.

As varied  between 4,8 and  6,OeV,  and  the thickness  of

SiN.  is 400nm.  Figure 12 shows  a dependency og

threshold yoltage  shift {,AYt) en  the  optical  band gap
-nder  a constant  gate 

'bias
 stress. The  gate bias is 30 V  so

that the electric fiefid in the SiN. (EsiN) is 7,5 ×  105 Vfcm.

The  A  Vt decreases with  i"creasing optical  band gap of

the  SiN.  film untitabo-ut  S.4 eV,  above  which  the A  Vt is

found to  be almost  constant.

  The  SifN  ratig  of  SgN.  figrn having a  band  gap  o'f more

than 5,4 eV  is either  stoichiometric  or  N-rich, and  the reli-

ability of  TFT  using  such  a SfiN. film as  its gate insunator
film is characteristicagly  superior  in reliability.  SiN. with

a  higher opticag  
'i
 amdgap  shsws  a  decrease of  dangging

ioond
 density, as dcscribed above.  Therefore, the substan-

tially decreased density ef  t.he trapping  state consisting  of

dangling bcnds in SiN. fiLlms causes  a decrease in zS V,r.

  There have  been  a  few recent  studies  of  the  gate in-

sulator  composed  of  double  layer of  Ta20j  and  SiN.,7''S)

or  Al203 and  SiN.v,9) in ordeT  to achieye  higher production
yield and  perforrmance of  a-Si  [{]FT. We  aiso  Yr,ave
measured  ri Vt in a-Si  TFT  with  a  gate insulator of  dou-
ble layer which  are reactgveay  sputtered  Ta20s and  SiN.

having  the optical  band gap  of  5.2 eV,  The thEekness of

Ta20s  and  SiN. is both  2eO  nm.  The  gate bias stress  is set

 so  that the electTic field in the SiN of  the doubie  gayer is

equal  to that  of  the single  SiN. Iayer, through  the follow-
mg  equatlon:

szP><

so

1

O.1

s.e

    ,#

 ---ss--l

2 Cpm/ym>o

5.5

Egop ± (eV)

6.0･E･.s'

Fig. 12. ThreshoL'd voltage  shift  as  a  function ef  SiN. optica]  
banagap

 under  positive a.fid  llegati've  galc bias stresses.

L KoBAyAsHI  et at.

                    dTao'EsiN+dsiN'ETao
        Vllbi"s=EsiN'dsiN-
                        dsipa 

'
 eTao

where  dT.e and  ds±pa
 are  thicknesses,  and  Eiao  and  £ siN aTe

dielectric constant  for the  Ta20s  and  SiN. films, respec-

tively.

  As shown  in Fig. h2, A US in a-Si  TFT  with  the doulole

gayer is to the sarne  degree as that of  the single  gate in-

sulator  of  SiN.  having the optical  band gap of  5.2eV

under  positive bias strcss,  whilc  A  Vt with  doubEe layer is

larger than  the predj･ctisns for that of  the single  SiN.

fiayer under  negative  bias stress,  From  these results,  it

might  be thougkt  that  under  positiye bias stress,  
'L'he

rnechanism  for VS shift  of  a･･Si TFT  with  a gate insulator

of  double layers is the same  as  that for a  gate insu.lator of

sigle  laycr SiN., therefoTe  it is related  to the  deterioraEion

mechanism  at  rhe  a-Sg!SiN.  interface. On  tke other

hand, under  negative  bias stress, the Vt shift  mecharrism

of  a-Si  TFT  with  a  gate insugator of  double  layers is con-

sidered  to be different from tin.at of  a-Si  TFT  with  a gate

insulator of  singge-iayer  SiN..

  Figure 13 shows  thc time  dependence  of  A Vt uRder  a
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condition  of  constant  bias, As shown  in Fig. 13(a), the
change  of  VT is proportional to logtin ashort  time span

or  TFT  with  a gate insulator of  a  lower optical  band  gap
(4.8eV), while  it is proportional  to t'/" in a long time
span  or  TFT  with  a  higher optical  band  gap  (5,5 eV,  6,O
eV),  as shown  in Fig. 13(b),

  These facts suggest  two  types of  deterioration
mechanism  working  on  the time dependency of  A  Vt. In
the  first stage  of  deterioration, A  lt is believed to be due
to the charge  trapping  in the SiN. film by modified

Fowler-Nordheim  tunneling  or  direct tunneling, and

therefore, A Vt is low for the  SiN. film having a  higher op-
tical band gap because of  its IoweT trap density. After the
above  first stage, the creation  of  states  in a-Si  film due  to

Si-Si bond  breaking is responsible  for A vt,iO"i2}

g5. Conc]usion

  The  internal stress of  SiN. film is found to be con-

trollable by changjng  the  ratio  of  H2  and  N2 without  affec-

ting  the  optical  band gap, and  an  increase in excessive
metallic  silicon causes  dangling bonds  to be produced
when  it is deposited under  a high RF  power  using  a  SiH4,

NH3, N2 and  H2 system  source  gas.

  Satisfactory TFT  characteristics  are  realized  by using  a

SiN.  film which  has either  stoichiometric  or  N-rjch com-

position showing  slightly compressive  internal stress.  In
addition,  the shift of  threshold voltage  caused  by the
charge  injection into the traps  in gate insulator film is
found to directly affect  the reliability  of  TFT  in opera-
tions  of  a  short  time span.

  Therefore, it is concluded  that  TFTs  of  high reliability
can  be fabricated by using  SiN. films which  have either  a

stoichiometTic  or  N-rich  composition  corresponding  to
the large optical  band  gap  as  the  TFT  gate insulator film.
  Furthermore, the characteristics  of  a-Si are  more  im-
portant to be reliability of  TFT  in operations  of  a  long

Ume  span,

  Finally our  experimental  results  suggest  that the charac-

teristics of  the a-Si!SiN.  inteTface are  very  important to
the reliability  of  a-Si  TFT  with  double-layer gate in-

sulators  under  positive bias stress.  The  deterioration
mechanism  under  negative  bias stress  is still to be in-
vestigated.
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