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 InstoichiometricGeTe-Sb2Teifilms,reversiblephasechangeopticalrecordingmaterials,Sbadditionisusedwidelyin
ordertoimprovethecrystallizationspeed,thedataretentiontimeandthestabilityofcyclicoperation,butitsmechanism

is not  clear. V-VI  compounds  (GeTe, SnTe)  are  well  known  as  compounds  jn which  the  ferroelectric structural  phase
transition  occurs.  The  dielectric constant  eo changes  Iargely due  to a ehange  in the  short-range  order  of  weakly  bound

nearest  neighbors  in the crystal  to more  strongly  bound  nearest  neighbors  in the amerphous  phase.  Therefore, it is
necessary  to discuss the  effect of  Sb  addition  in the  stoichiometric  GeTe-Sb2Te3  composition  upon  the thermal

stabilities, the dynamic propeTties of  crystallization  and  the dielectric constant  change  A  Eo based on  the amorphous-to-

crystalline  phase transition.
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91. Introduction

  A  great vaTiety  of  reversible  phase  change  optical  recor-

ding materials  have been extensively  investigated. These
alloy films are mainly  composed  of  the IV-VI group
(GeTe, SnTe) and  V  group  (Sb, Bi) in the  periodic table.
At present, it is considered  that reversible  phase  change

optical  storage  is based on  amorphous-crystalline  struc-

tural  change.  As  for IV-VI compounds  (GeTe, SnTe), it
is well  known  that the ferroelectric structural  phase tran-
sition  from  the rhombohedral  phase  to a  cubic  rock  salt

structure  occurs  as  the  temperature  increases. Therefore,
it seems  that both phase  changes  from  the amorphous  to
crystalline  phase and  the ferroelectric phase  change  from

a  rhombohedral  to a cubic  rock  salt  structure  contribute

to the  mechanisms  of  reversible  phase  change  optical

recording.

  One  type of  beam  overwrite  phase change  optical  disk
requires  materials  that  crystallize  rapidly.  Terao et  ai,,i)

Chen  et al.2)  and  Ohta  et  al.3) reported  on  desirable
materials  and  their characteristics,  The alloys  for optical
disks should  have the characteristics  of  a  short  crystalliza-

tion time and  a Iong data retention  time.  For  obtaining  a

high crystallization  speed,  stoichiometric  compounds

such  as  GeTe,2) Sb2Te3`) and  Sb2Se35] were  proposed.

  The  Sb.Tei-.  film shows  a  short  crystallization  time  of

about  1 pts at x  
=O.4

 in the stoichiometric  composition.

Also, at this composition,  the crystallization  activation

energy  has the  maximum  value  of  3.1 eV  and  the Teten-

tion time may  be long. The  Ge.Tei-. film at x==  O.5 shows
a higher crystallization  speed  (about 30 ns) than  that of
Sb2Tei films.

  For  achieving  fast crystallization  and  stable  cyclic

operation,  a  binary alIoy system  of  6eTe-Sb2Te3  has
been investigated,6) AIso, it is well  known  that for achiev-
ing a long data retention  time, compounds  with  high tran-
sition  temperature  are  necessary,  and  the  excess  Sb com-

ponent of  pseudoternary  alloy  of  GeTe-Sb2Te3-Sb can

improve both data  retention  time  and  crystallization73

speed,  as shown  in the experimental  results.')  Figure 1

shows  the  pseudoternary  alloy  system  of  GeTe-Sb2Te3-

Sb, where  the  Sb-rich region  is useful  for the  optical  disk.

  In this paper, we  discuss why  the excess  Sb component

in the GeTe-Sb2Te3  alloy  system  is necessary  for achiev-
ing a high crystallization  speed,  long data retention  time

and  stability of  cyclic read-write  operation.  As  mention-

ed  above,  it is important to investigate the relation  be-

tween the ferroelectric phase  change  and  the amorphous-

to-crystalIine phase transition in order  to discuss the
mechanism  of  crystallization  in Sb-rich phase  change  op-

tical disks.

92. Ferroelectric Phase  Transition of  GeTe

  The structural  phase transition from a rhombohedral

phase to a cubic  rock  salt structure  occurring  in GeTe  has
been extensively  studied.8)  The  phase  transition is
characterized  by  the  softening  of  a  zone-center  transverse

optical-mode  phonon  propagating  in the  (111) direction,
and  by the freezing-in of  a  relatiye  displacement of  the

crystal  sublattices.

  The transition temperature, TL, of  ferroelectric phase
change  is given as follows,9･'O)

Te

Ge

Sb2Te3
Sb

Fig. 1. Ge-Sb-Te  composition  region  suitable  for overwriting.
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          kTL ='L  O.9A4v.,(1-ff2!A a]),  (1)

where  v., is the antasymrifxetric pseudopotential ferm fac-･
tor, and  a] and  Aa2 are  thc karmonic  coeMcients  of  the

fiptical  phonon  ampUitudes.  v,,, a2 and  Aa2 are aisted in
Tabie  I, for GeTe  and  SnTe. Appiying eq, (1) to aeT,e

and  SnTe using  t.he vafiues of, the parameters  given in
T'able I, we  find (experiim.entai results  in brackets)
?'", =-  1700 K  in GeTe  (700 K) amd  71, ==  300 K  in SnTe  <14S
K),,

  The  dependence of  thg pkase  transition  temperature  Tl
on  the  carrier density, p, (here, p is governed  by the gaser

beam  irradiation inte"sgty) is shown  in Fig, 2.i') It is evi-
dent from  Fig. 2 that  the  carrieff  density depende'fice of  T,

in GeTe  is smalleff  than  that  in SnTe. This result  suggests

that  the  laser-induced phase transition o'f GeTe  is stabEe

t"or the  variation  of  1iaserc interisity. This resugt  is very

useful  for the phase  chamge  optical  disk materials,

  There  is another  inteffestfing property  of  GeTe  far tke

T.able I, Pseudopotentiat parame:･er v., and  harmonic  coeff.lcicnts  o./t'

 the optical  phonon  aFv.plitude,  A a, aRd  a,.V)

                t/.s . 4. a]  . . 
a2

   GeTe  O.02 51.93 2n.7S

   SnTe  O.841 22.73 2:,S6

-sLutes

900 1'
   it600F

   [300

    vs

GeTe
K.H-..L

11

Sr･ /Te-------s"

-

!

j
oo.:-  :i .o1.5

carrler  density

2.0 2i
    rop(c

 m'j)

FE,g, 2. Carrier density dep:ndellcc o.:, the phase  chanee  tt'rnperatdire

 71 for GcTe  and  SnT:.'])

30o

 9 2o.I<1>10

oL/

Geo.4g4Teo,so6

GeQs'ieo,s

//

/r

rrci=L.:LL- "

350450  550

    T(K)650

Fig. 3. Temperature  depeii.dence of  the rclative  change  in volurpe  of

 GeTe,:2) 
.

M.  OKu･DDL er  al.

Table EI. Composition  dependence  ot' volume  change  A V and  phase

 lransition  tempeTatur:  T･ /.,i])

  Te (at.%) TLCK) APi(%)  Crystal system

so.ose,150.350.450.S50.650J70068e670629fi26627629-O.02-O.Ol-O.Ol-S.Ol+O.25+O.S2+O,15Rhombohedral'

Rhombohedral
Rhomboh'  edral

Rhombohedral
Orthorhomic
Orthorhomic

Orthorhomic

optical  disk applicalicn,  Jt is reported  that  the  thermal  ex-

pansion  (volume charmge)  coeencient  of  Gei-xTeL+x

(x<O.08) changes  frcrri negative  to positive as the com-

position x  increases,i2) This experimental  resuk  is shcwn
in Fig. 3, and  the  details are 1/isted in Table  II.i3) It gs

known  that  migration  of  recording  film materials  cccurs

in rotating  disks, and  the migration  direction depends  on

the disk structure  oi' the composition  of  Ge-Sb-Te

materials.  We  specuEate  that the  compositional

dependence of  the thermal expansion  coeMcient  an

Gei -xTei+. governs the  Jnggration  of  recording  materiaAs,

g3. Effect of  Sb  Asldfitfion i,ve Stoichiometric GeTe-
    SbiTe]  Films

3.1 7Viermal propertges of Sb added  to Ge7i?-Sb2Z23

    films
  The  melting  ternperatuffe, 1[., of  GeTe  is 7250C  and

the  Tl,, of  Sb2Tei is 622"C.  0n  the other  hand, the
crystallization  temperature  

rsF.
 of  GeTe  is 2000C  and  the

TT. of  Sb2Tei is 1200C.  As GeTe  concentration  inereases

irm the GeTe-Sb2Te3  filins, the crystalIization  temperature

also  increases. Further, as tthie excess  Sb  jn the  pseudoter-
nary  alloy  of  GeTe-Sb2T.e]-Sb increases, 71, increases
from 1720C to 1800C,
  The  melting  temperaturc  7},, of  6n  

"'i
 -Te is shown  in

Fig. 4.i4) It is shown  t'kat Sb addition  does not  influence

r. of  the stoichgownetrie  aeTe-Sb2Te3 compou"d,

Therefore, GeTe-Sb2Te3-Sb  is as stable  as  6eTe--Sb]Tei

for cyclic  operation  of  melt  and  crystailization.

3.2 Discussion iff ternTs o,f  1i-7LTeurves

 The mechanism  of  arnoTphous-to-crystalline

Sb2Tel

      Geie ...ss.o.....-"
       

'
 "-.soo  . ..

         t. t
          .. 750 '･
             ... .... t
        

'--...70s
 ."."            ttttt ttttttttt t                   tt

   
-vL.. ..  650 .' .'

...-tl'/ti.v.v.. 
'...

 .". 
.
 tt---).'r'---

 
'-..ep3

 ./
   

-･;ttv'--Stt''""

             /

Sb

TCOC)

'

900

Ge

phase

Fig. 4, Perspective of  the lia.'aidus surface  in compesition-tcmpera-

 ture  coordinates.]4)
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change  is discussed in terms of  the Avrami equation  and

its dynamic transition is investigated from T-T-T  (time-
temperature-transition) curyes.ij) Figure 5 shows  the T-

T-T  curves.i6] By using  the values  of  7'., 7h (temperature
at the nose  of  T-T-T  curves)  and  t. (time at the nose  of

T-T-T  curves),  the  critical  cooling  rates  of  these

elements  are  calculated  by  the  equation  of  Rc=  ( 7;n -  Tli)

lt.. The  values  71,, t. and  log R, are  given in Table  III.
From  Table  III, we  know  that logR. values  of  these

elements  are  in the order  of  Sb>Ag>Cu>Co>Pb.
Referring to the data of  Te and  Ge, we  find that the value
of  critical cooling  rate, log R,, increases with  decreasing
Teduced  temperature  7U17}.. A  plot of  logR, against

7li1 7;. is shown  in Fig. 6. Thus, the values  of  logR, of
other  elements  can  also  be  easily  estimated  by  their

n1TL,.
  On  the basis of  the above  discussion and  the data
shown  in Fig. 6, we  can  conclude  that the elements  hav-
ing low values  of  7L17}. are  favorable for improving the
erasure  speed  of  reversible  phase  change  optical  recor-

ding films.

  Sb, having a  low Tig!7in value,  is intToduced in the
stoichiometric  GeTe-Sb2Te]  composition.  This  low

l'ssv-
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14oo
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1ooO

8oo
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200-8

 tn-6 "4 "2

         iog t

o2

Fig. S. Time-temperature-transformation  curves  for Co,  Cu,  Ag,  Sb

 and  Pb  correspending  to a volume  fraction crystallized  of  10'6.

Table III. Estimated values  of  7L, TUf7k, and  calculated  vaiues  of  71,

 t., logR.  of  some  elements.

ElementTL(K)%1Tk,TL(K)t.(s)  logR.(Kfs>

SbAgCuCoPb182250298445152O.20O.20O.22O.25O.25600800900l2003757.41  x  lo-S

2.98xlo'i

3.3Sxlo-7

6.54 × ]O-7

7,07 × lo-7

TeGe28S750e.39e.62soo94SS,75x10'fi
8.96xlO-

9.619.169.138,94S.507.S95.47
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Fig. 6. The  variation  of  crystal  coo]jng  rate  for glass formation R,

 with  reduced  temperature  7L 1 71. for some  elements.

7U17}. element  may  exist in combination  with  other

elements,  and  they  may  also exist  as  clusters  or  smal1

crystal  grain in the  films, These  crystal  grains of  Sb  are  so

small  that they inay be melted  when  the corresponding

erased  spot  is irradiated by a  laser beam  with  a suitable

writing  power  and  pulse duration. When  the spot  is next
irradiated by a laser beam  with  an  erasing  power,  the low
7L1 7L, atoms  of  Sb again  crystallize, The  small  crystal

grains of  the Iow 7L!7L, Sb atoms  may  be dominant in
corresponding  erased  spots  at  the initial stage  of

crystaliization,  because  the  critical  eooling  rates  of  such

Sb elements  are  faster than  those  of  the related  com-

pounds, Therefore, we  can  use  these elements  to control

the erasing  speed  of  the erasable  phase  change  optical

recording  materials.

3.3 Discussion on  electronic  dieleetric constants  Eo

  The  dramatic  changes  in the electronic  dielectric con-

stant  eo between  the  crystalline  and  amorphous  forms  of

ayerage  valence  V  materials  (GeTe and  Sb) have been
investigated by a straightferward  application  of  the exten-

sion  of  Phillips's theory.i"i8} The success  of  these applica-

tions shows  the usefulness  of  Phillips's underlying  con-

cept  of  the  importance  of  the  short-range  bonding  in

determining the  dielectric properties of  solids.

  Amorphous  6eTe  has a  dielectric constant,  6o,  55 to

70%  smaller  than  that of  crystalline  GeTe. As we  will

show,  the large decrease in 6o results  from a  change  in the
short-range  order  from weakly  bound  nearest  neighbors

(d=2,99 A) in the  crystal  to more  strongly  bound nearest

neighbors  (d=2,65 A) in the  amorphous  phase, where  d

is the nearest-neighbor  distance of  GeTe.  It is considered
that the Iarge change  of  nearest-neighbor  distance, d, is
due to the ferroelectrie phase  change  of  GeTe, from the
rhornbohedral  to the cubic  structure.  Here, the  weakly                                      m
bound  nearest-neighbor  distance, d=2.99A,  cor-

responds  to the  cluster  of  rhombohedral  structure,  which

is stable  at  room  temperature,  On  the  other  hand, the
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strongly  bound llearest-nejghber  distance, d=2.65A,

corresponds  to the cl･uster s･f cubic  structure,

  It is estimated  that,  whem  the write  pulse is applSed  ts
the film, the  recording  medaum  is melt-quenched  and

tken  the medium  has tke causter  of  cubic  structure  (the
se-called  amorphous  state), whiUe,  when  the  erase  putise is

applied,  the medium  ･charmges from  the cubic  to the  rhoffn-

bohedral structure  (crystal/afine state),

  The  values  of  eo of  a-GcTe  and  c-GeTe  are giveR in
1'able IV.ig] Elcctron dithaction studies  of  the structurc

of  c-GeSb2Te4  aemd  c-Ge;,Sb7.Tes  haye been repsrted.'9)

GeSb2Te4 and  Ge2Sb2Tes  werc  found  to possess a hex-                                     m
agonal  cell,  with  lattice constants  of  a=  4.21 A, c=40.6

A and  a==4,20  A, c' =-=- 16.9'7 A, respectively.  Acceiding ta
Agaev and  Talybov,i9) tYtse 'volume of  the  unit  cell for
tkree ``rnolecules''

 cf  GeTe  is equal  to  160 A3 and  tkat
for three "melec'uleg''

 of  Sb2Te3  is equal  to 463 A3,
where  Sb2Te3 has a  hexagonal lattice. The  experimental

voiume  of  the GeS'b2Te4 unit  ccgl  for three  
``moleeules''

is 623 A3, which  is equaC  te the sum  of  the volurnes  of  the
unit  cells for three S`mcgecuees''

 of  both GeTe  and

Sb2Te3. Therefore, GeSb2Te4 ean  be assurned  to  be com-
posed  of  GeTe  and  Sb2Te3.
  The  crystal  spaces  of  clle rrioEecule of  Ge2Sb2Tefi, two
rruolecules  of  GeTe  and  oRe  rrnolecule of  Sb2Te3 are  25S, 1,
gg6.1 and  153,1 Ai, rc-spectivegy,  That  is, the crystal

space  of  one  mole.n.uge  of  (}e2Sb2Tes is equal  to the sum

et- the cTystal  spaces  of  two  mslecules  of  GeTe  and  one

molecule  of  Sb2Te3･
  The  dieiectric constants  eo of  the crystalline  and  amo's-

phous  states  of  GeSb2Tet. and  Ge2Sb2Tes are caficulated

using  Phillips's thcory  and  the above  structure  discus-
sfions.  These  results  arc  gi'ven in Table V.20)
  It is necessary  to investigate the effect  of  Sb  addition  in

the stoichiometrie  6eTe-SbzTe3  composition  on  the

dgelectric constant  gc.  The  dl,electri.c constant  go of

crystaliine  Sb film is given as  ig8 from  the  experimental

result,2i) and  the  eo  of  an  affTiorphous  Sb  film is estimated

as 80 by Stiles,'i) The  refFactive  index n  (=- ,"Ei)  is
calculated  from the experimental  resuit  of  reflectgvity  as

n=-=4.3  (eo= 18,5) at the wavegength  A=830n[n  foff a

cgystalline  Sb film. On  the otltcr  hand, the refractive  in-
dex  n  for an  amorphsus  Sin･ film is estimated  as £ o 

==  1/ 3.7

TableIV.  The  dielec[ric tonstants  of  amorphous  and  crystal'line

 GeTe.iS)

meas. calc.

c-GeTea-GeTe 3611 36IL6

'rableV.
 The eielectric cellstallts of  amorphous  alld  crystalline

 GeSb2Te4  and  Ge,Sb,Te,.20)

mcas. ca//c.

c-GeSb2Te4

a-GeSb,Te4

c-Ge,Sb,Tes

a-Ge]Sb2Tes

3S.117.638.117.6 37.717.737,5I7,7

 ew-[vacoU,vrtU9.o-v

M.  OKuDA  et  at.
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GfiSb21bsO,2osOA05  Sb

Fig. 7, Dependence  of･ dlelectric constant  eo on  Sb addition  in

 Ge2Sb2Tes.

(n=3.7) at  A=830nn].

  From  the above  data, the dierectric constants  of

Ge2 Sb2Tes-Sb composition  for crystalline  and  amorphous

states  are  caleulated  by using  the  volume  fractie" of

Ge2Sb2Tes and  Sb. The resuits  are  given in Fig. 7. For the

cornposition  of  Ge2Sb2T, es-O.5Sb  film, the dielectric con-

stant  is given by Ohta et a".6) as  25,6 (O,8n2) for the
crystalline  state  and  g9.2 (O.8n2) for the amorphous  state

a  A=830  nm.  These  results  coincide  with  the calculated
ffesults  in tendency.

Sct. Conclusions

  The effects of  Sb addition  to stoichiometric  GeTe-
Sb2Te] films upon  the thermal properties, the dynamic
crLvstallization transition and  the dielectric constant

change  caused  by an  amorphous-to-crystalljne  phase
change  have  been discussed, We  concluded  that (1) for
the  thermal  properties, Sb addition  yields stabiaity for
crystalline  and  amorphous  cyclic operation,  (2) the small

crystal  grains of  low  TU 1 TL. Sb  atoms  may  be dGffninant

at  the  initiai stage  of  crystallization  beeause the  critical

cooling  rates  of  such  Sb  elements  are  faster than  those of

refiated  compounds,  (3), the large change  of  dielectrie con-

stant, eo between the amerphous  and  crystalline  stntes  of

GeTe  is due to the ferro-electric phase change,  and  is
enhanced  by the adidgtion  of  Sb element,
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