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Composition  for  growth  of  homogeneous  lithium  niobate  crystals. 

©  A  new  compositional  relationship  in  the  starting 
charge  of  a  crystal  growth  station  (Fig.  1)  provides 
homogeneous  monocrystalline  lithium  niobate.  A 
new  measurement  system  (Fig.  2)  provides  Curie 
point  values  of  significantly  greater  accuracy  then 
that  of  conventional  measurements.  Careful  control 
of  the  starting  charge,  composition  for  crystal  growth 
and  effective  utilization  of  the  measurement  system 
enable  the  determination  of  the  compositional  range 
of  starting  charges  for  producing  congruent  crystal- 
line  production.  The  composition  corresponds  to  a 
mol  percentage  of  48.35±.O1  to  48.40±.01  of  Li2O 
and  the  remainder  ND2O5  for  producing  homoge- 
neous  crystal  whose  solidification  fraction  of  the  mol- 

<Nten  charge  exceeds  that  which  was  heretofore 
^achievable. 
CO 

ID 
If) 
en  

FI3.  1 

c r M  

Q. 
UJ 

Xerox  Copy  Centre 



EP  0  355  476  A2 

BACKGROUND  OF  THE  INVENTION 

This  invention  relates  to  the  manufacture  of 
crystalline  materials  primarily  for  acoustic  and  op- 
tical  applications,  and  it  relates,  more  particularly, 
to  the  formation  of  homogeneous  crystals  in  an 
improved  process  wherein  substantially  all  of  the 
liquid  material  is  efficiently  converted  into  crystal- 
line  material  of  spatially  uniform  properties  through- 
out  its  volume. 

The  useful  properties  of  single  crystalline  lith- 
ium  niobate,  such  as  associated  with  its  energy 
transmissive  crystal  structure  and  piezoelectric  na- 
ture,  have  long  been  recognized  and  are  responsi- 
ble  for  extensive  and  widespread  applications  for 
sometime.  Although  often  noted  as  "LiNbCV1,  the 
lithium  niobate  phase  encompasses  a  relatively 
broad  range  of  composition,  with  possible  Li  to  Nb 
elemental  ratios  from  roughly  44  to  50  mol%  Li. 
Due  to  the  rather  adaptive  nature  of  the  dynamic, 
complex,  crystal  growing  process  for  forming  such 
crystalline  material,  efficiency  of  production  and 
uniformity  of  product  have  until  now  continued  to 
elude  crystal  growers. 

Lithium  niobate  is  typically  prepared  in  single 
crystal  form  by  pulling  crystals  in  the  well-known 
Czochralski  process.  Single  crystal  boules  as  large 
as  10  kg  have  been  prepared  in  this  way. 

Central  to  any  solidification  process,  including 
the  Czochralski  process,  is  the  concept  of 
"congruency".  A  liquid  is  considered  to  solidify 
"congruently"  if,  on  cooling,  it  produces  a  solid  of 
exactly  the  same  composition  as  the  liquid,  by 
contrast,  in  incongruent  solidification,  the  solid  for- 
ming  at  any  time  has  a  composition  different  from 
that  of  the  immediately  adjacent  freezing  liquid. 
The  consequence  is  rejection  of  some  chemical 
component  from  the  solidification  front  back  into 
the  liquid.  As  solidification  progresses,  this  rejec- 
tion  effects  a  gradual  enrichment  of  the  liquid  by 
the  rejected  species  which  in  turn  results  in  spatial 
variation  of  the  chemical  composition  of  the  result- 
ing  solidified  body.  As  a  result,  the  failure  to  begin 
with  the  exact  "congruent"  composition  drives  the 
liquid  phase  composition  even  further  away  from 
the  correct  composition  which  makes  it  impossible 
to  produce  crystals  of  spatial  uniformity  in  a  high 
yielding  process. 

In  a  practical  production  process  for  single 
crystalline  material  of  a  given  phase,  congruent 
solidification,  if  possible,  is  generally  preferred  to 
incongruent  solidification  largely  for  two  reasons. 
First,  from  a  crystal  production  standpoint,  a  con- 
gruent  solidification  process  is  generally  more  effi- 
cient.  Due  to  the  rejection  phenomena  going  on  at 
an  incongruent  solidification  front,  conventional 
growth  rates  must  be  kept  relatively  low  to  avoid 

interfacial  breakdown  effects  that  would  otherwise 
result  in  a  highly  defective  product.  Also,  due  to 
the  build-up  of  rejected  species  in  the  liquid  as 
incongruent  solidification  progresses,  the  fraction  of 

5  a  given.  volume  of  liquid  that  can  be  successfully 
crystallized  is  limited.  In  addition,  the  spatial  vari- 
ation  in  composition  in  a  crystal  grown  incongru- 
ently  may  also  result  in  spatial  variation  of  its 
thermal  expansion  properties.  As  a  consequence, 

10  there  is  a  tendency  to  crack  on  subsequent  cool- 
ing. 

Second,  from  the  standpoint  of  using  fabricated 
crystalline  material  in  construction  of  electronic, 
optical,  or  acoustic  devices,  a  congruent  solidifica- 

15  tion  process  yields  more  desirable  material.  Effi- 
cient  production  of  high-performance  crystal-based 
devices  to  tight  design  tolerances  requires  high 
uniformity  in  critical  crystal  material  properties, 
both  within  individual  pieces  and  from  piece  to 

20  piece.  Generally,  such  uniformity  in  critical  material 
properties  in  turn  requires  uniformity  in  crystal 
composition.  Clearly,  a  congruent  solidification  pro- 
cess  favors  such  uniformity  in  crystal  composition. 

The  subject  of  congruency  as  it  relates  to 
25  lithium  niobate  Czochralski  growth  has  been  a  rath- 

er  confused  issue  from  the  earliest  work  on  the 
material.  In  large  part,  difficulty  in  resolving  the 
confusion  has  been  due  to  the  practical  difficulty  in 
measuring  to  necessary  precision  the  chemical 

30  composition  of  crystalline  lithium  niobate.  Due  to 
the  extremely  low  solubility  of  solid  lithium  niobate 
in  common  acids,  standard  wet-chemical  analytical 
techniques  are  relatively  imprecise.  Potentially 
more  accurate  techniques  like  Curie  temperature 

35  measurement  and  non-linear  optical  phase-match 
temperature  measurement  are  rather  subtle  in  their 
application. 

Initial  lithium  niobate  growth  work  was  based 
on  the  belief  that  the  congruent  composition  should 

40  be  a  Li:Nb  ratio  of  50  mol%  Li.  In  1968,  Lerner  et 
al.  in  the  Journal  of  Crystal  Growth  3/4  (1968)  231 
reported  the  congruent  composition  to  lie  between 
48  and  49  mol%  Li.  Later,  Carruthers  et  al.  in  the 
Journal  of  Applied  physics  42  (1971)  1846  reported 

45  the  congruent  composition  as  48.60  mol%  Li.  In 
1974,  Chow  et  al.,  Mat  Research  Bull.  9  (1974) 
1067  determined  that  the  congruent  composition 
lies  between  48.50  and  48.60  mol%  Li.  In  1985, 
O'Bryan  et  al.  in  the  Journal  of  the  American  Ce- 

so  ramie  Society  68  (1985)  493  reported  the  con- 
gruent  composition  as  48.45  mol%  Li.  Most  re- 
cently,  in  Applied  Physics  Letters  53  (1988)  260 
Wen  et  al.  made  an  uncited  reference  to  a  con- 
gruent  composition  value  of  48.71  mol%  Li. 

Obviously,  not  all  of  the  foregoing  conflicting 
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the  crystalline  material. 
Other  related  objects  are  efficient  solidification 

of  crystalline  lithium  niobate  in  terms  of  speed, 
reproducibility,  and  consistency. 

5  A  further  object  is  to  enable  the  production  of 
crystal  boules  of  larger  diameters  and  more  uni- 
form  properties  than  conventional  techniques. 

A  further  object  is  to  determine  a  compositional 
relationship  between  lithium  and  niobium  producing 

io  congruent  crystal  growth  for  any  axial  orientation 
selected  for  homogeneous  crystal  growth. 

A  feature  utilized  in  crystal  growth  technique  is 
the  solidification  of  large  portions,  0.85  or  more,  of 
the  melt  for  enhancing  the  effects  of  incongruency 

»5  for  insuring  detection  of  its  presence  in  cases 
where  it  would  otherwise  be  not  as  distinct. 

The  invention  takes  the  form  of  positive  results 
of  a  controlled  scientific  experiment  involving  modi- 
fication  of  the  starting  composition  in  a  process  for 

20  producing  monocrystalline  lithium  niobate  of  uni- 
form  and  reproducible  properties  by  virtue  of  being 
homogeneous.  All  parameters  of  the  process  and 
measurement  techniques  were  refined  to  the  point 
of  being  compatible  to  yield  reproducible  and  ac- 

25  curate  measurements  of  the  resulting  crystalline 
material.  In  the  course  of  determining  the  con- 
gruent  composition,  investigation  was  employed  to 
arrive  at  the  limits  of  a  compositional  range  which 
would  produce  homogeneous  crystalline  lithium 

30  niobate  under  normal  processing  situations.  Cry- 
stalline  homogeneity  provides  unprecendented 
constancy  of  the  properties  of  lithium  niobate  so  as 
to  improve  its  application  as  a  substrate  material  in 
all  conventional  uses  while  also  enhancing  the  pro- 

35  duction  characteristics  of  the  material  itself. 
In  accordance  with  the  invention,  a  melt  solu- 

tion  comprising  a  composition  range  of  48.35±.O1 
mol  percent  to  48.40±.01  mol  percent  of  Li2O  with 
the  remainder  being  Nb2Os  produced  com- 

40  positionally  uniform  crystalline  material  superior  to 
conventional  lithium  niobate.  In  addition,  the  pro- 
duction  of  crystallized  material  corresponded  to  at 
least  0.85  of  the  melt  solution  which  exceeds  the 
output  heretofore  obtainable. 

45  In  a  process  for  freezing  homogeneous  lithium 
niobate  out  of  a  melt  solution  on  a  crystal  seed,  a 
melt  solution  was  prepared  having  a  compositional 
range  in  terms  of  mol  percent  of  LJ2O  of 
48.375±0.010  to  48.385±0.010  with  the  remainder 

so  of  the  melt  solution  being  ND2O5.  From  this  melt, 
production  of  crystalline  material  routinely  corre- 
sponded  to  0.95  of  the  melt  solution. 

The  invention  is  based  on  the  use  of  an  ac- 
curately  controlled  lithium  niobate  liquid  composi- 

55  tion  of  48.38  mol%  Li  to  grow  single  crystals  of 
solid  lithium  niobate  better  suited  for  optical  and 
acoustic  uses  than  conventionally  grown  crystals. 

reports  on  congruent  compositions  can  be  correct. 
Moreover,  each  of  these  studies  is  open  to  serious 
doubt,  due  to  one  or  more  of  several  shortcomings. 
Primarily,  these  drawbacks  are: 

(1)  Inaccuracy  or  imprecision  in  com- 
positional  measurement  technique, 

(2)  Growth  of  crystals  representing  total  melt 
fractions  smaller  than  desirable  for  maximizing  ef- 
fects  of  incongruency, 

(3)  Compositional  characterization  of  speci- 
mens  inappropriately  large  with  respect  to  the  size 
of  the  parent  crystals  being  analyzed,  and 

(4)  Analysis  of  measurement  results  based 
on  dubious  extension  of  approximate  theoretical 
construction. 

If  one  were  to  take  as  an  illustration  the  recent 
work  by  O'Bryan  et  al.,  these  people  skilled  in  the 
art  based  an  analysis  of  a  preferred  lithium  niobate 
growth  composition  on  compositional  measure- 
ments  they  performed  on  both  fabricated  crystal- 
line  specimens  cut  from  lithium  niobate  crystals 
and  solidified  polycrystalline  samples  withdrawn 
from  the  corresponding  melts  used  in  crystal 
growth.  The  compositional  measurements  were 
performed  using  a  differential  thermal  analysis 
(DTA).  technique  to  determine  the  ferroelectric  Cu- 
rie  temperature  of  each  of  the  samples.  It  is  also 
significant  to  note  that  the  fraction  of  liquid  cry- 
stallized  only  corresponded  to  0.72  of  the  melt. 

The  precision  on  the  Curie  temperature  mea- 
surements  of  O'Bryan  et  al.  was  quoted  as  ±  2°  C. 
Such  precision  in  Curie  temperature  measurement 
corresponds  to  a  roughly  ±  0.2  mol%  Li  precision 
in  specifying  melt  composition  for  growth,  it  is 
generally  known  and  is  confirmed  in  data  and  dis- 
cussion  presented  hereinafter  that  such  wide  error 
bars  associated  with  specifying  melt  composition 
are  unable  to  provide  a  significant  improvement  in 
lithium  niobate  crystal  production  beyond  present 
conventional  commercial  practices  of  those  skilled 
in  the  art. 

SUMMARY  OF  THE  INVENTION 

It  is  one  of  the  primary  objects  of  the  present 
invention  in  the  solidification  of  lithium  niobate  to 
determine  the  true  congruent  relationship  between 
melt  composition  and  crystallized  composition  us- 
ing  measurement  techniques  and  crystal  growth 
techniques  resulting  in  more  accurate  material 
characterization  over  that  of  conventional  crystal 
growth  processes. 

Another  primary  object  of  the  invention  is  the 
formation  of  homogeneous  crystals  each  having 
spatially  uniform  properties  throughout  its  volume 
wherein  substantially  all  of  the  melt  is  included  in 
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BRIEF  DESCRIPTION  OF  THE  DRAWING a  charge  of  lithium  niobate. 
A  361  9.7  +  .05  g  mass  of  powder  was  now 

withdrawn  from  the  barrel  of  Nb2Os  Considering 
the  moisture  loss  correction  factor  of  1.0002,  this 
3619.7t.05  g  mass  of  powder  was  determined  to 
amount  to  3619.0±.05  g  of  Nb2Os  to  be  contributed 
to  the  aforementioned  powder  mix. 

The  U2CO3  and  Nb2Os  powder  masses  were 
combined  in  a  powder  blender  and  mixed  for  3u 
minutes.  The  mixed  powders  were  placed  in  a  Pt 
crucible  and  reaction-melted  in  a  furnace  at  roughly 
1300°  C.  The  molten  charge  was  poured  into  a 
smaller  Pt  crucible  and  allowed  to  solidify.  Through 
previous  quantitative  experimental  analysis  of  the 
extent,  and  chemical  nature  of  volatilization  losses 
associated  with  this  process,  it  had  been  estab- 
lished  that  reaction-melting  of  the  powder  mix 
would  result  in  a  preferential  loss  of  0.15  +  .12  g  of 
L12O.  It  should  be  noted  that  the  uncertainly  in  this 
last  value  is  predominantly  systematic  and  not  ran- 
dom.  Thus,  this  uncertainly  has  an  impact  pre- 
dominantly  on  the  absolute  accuracy,  as  opposed 
to  the  reproducibility,  of  compositional  specifica- 
tion. 

The  resulting  381.33±.14  g  mass  of  Li2O  and 
the  361  9.0±.05  g  mass  of  Nb2Os  are  thus  in  a  ratio 
such  that  (Li20/(LizO  +  Nb2Os))  x  100  = 
48.380±.01.  This  value  of  48.380  was  the  composi- 
tion  of  the  charge  from  which  a  crystal  was  drawn. 

Additional  features  of  the  invention  and  addi- 
tional  objects  of  the  invention  will  be  more  readily 
appreciated  and  better  understood  by  reference  to 
the  following  detailed  description  which  should  be 
considered  in  conjunction  with  the  drawing. 

Fig.  1  is  a  schematic  illustration  of  a  Czoch- 
ralski  type  crystal  growth  station. 

Fig.  2  provides  an  overall  diagram  of  the 
measurement  system  for  determining  the  ferroelec- 
tric  Curie  transition  of  lithium  niobate  produced  by 
the  inventive  process. 

Figs.  3  and  4  are  tables  listing  measurement 
values. 

Fig.  5  depicts  a  substrate  of  lithium  niobate 
suitable  for  acoustic  or  optical  applications. 

10 

15 

20 
DETAILED  DESCRIPTION 

Initial  Compositional  Preparation  for  Growth  of  25 
Homogeneous  Lithium  Niobate~Crystals 

A  small  sample  was  withdrawn  from  a  roughly 
100  kg  barrel  of  high-purity  U2CO3  powder.  This 
powder  in  the  barrel  had  been  previously  sampled 
and  characterized  using  thermal  ionization  mass 
spectrometry  to  establish  an  average  atomic  weight 
for  the  contained  lithium  of  6.942.  The  small  sam- 
ple  was  placed  in  a  21  .900  g  pt  (platinum)  dish.  An 
electronic  balance  was  used  to  determine  the  com- 
bined  mass  of  the  dish  and  sample  to  be  33.573  g. 
The  pt  dish  and  sample  were  placed  in  a  muffle 
furnace  at  500°  C  in  air  for  10  minutes.  On  re- 
moval  from  the  furnace,  the  dish  and  sample  were 
allowed  to  cool  in  a  dry-atmosphere  glove  box  for 
10  minutes.  The  dish  and  sample  were  re-mea- 
sured  on  the  balance  and,  in  this  case,  found  to 
have  a  mass  of  33.506  g.  A  moisture  loss  correc- 
tion  factor  of  (33.573  -  33.506)  /  (33.506  -  21  .900) 
+  1  =  1.0058  was  thus  established  for  the  Li 
powder. 

An  analogous  technique  was  applied  to  a  barrel 
of  high-purity  Nb2Os  powder  in  establishing  a 
moisture  loss  correction  factor  of  1  .0002. 

A  948.8±.O5  g  mass  of  powder  was  then  with- 
drawn  from  the  barrel  of  Li  Considering  the  mea- 
sured  atomic  weight  for  Li,  the  moisture  loss  cor- 
rection  factor  of  1  .0058,  and  the  expected  evolution 
of  CO2  gas  on  reaction,  this  948.8±.O5  g  mass  of 
powder  was  determined  to  amount  to  381  .481.02  g 
of  Li2O  to  be  contributed  to  an  Li2C03/Nb20s 
powder  mix  that  was  subsequently  reacted  to  form 

30 
* 

Growing  the  Crystal 

35  The  smaller  crucible  containing  the  solidified 
charge  was  placed  appropriately  in  a  typical 
Czochralski  crystal  growth  station.  The  station  was 
heated,  the  charge  was  melted,  and  then  a  lithium 
niobate  crystal  measuring  roughly  8  cm  in  diameter 

40  by  12  cm  in  length  was  grown. 
Fig.  1  is  a  schematic  diagram  of  a  typical 

conventional  Czochralski  station.  Such  a  station 
appears  in  Chapter  4  in  J.C.  Brice's  Crystal  Growth 
processes  (Blackie  &  Son,  Glasgow,  1986).  Crystal 

45  rotation  indicated  by  arrow  10  has  a  rate  range 
between  five  and  fifty  revolutions  per  minute. 
Growth  rates  range  between  0.3  and  0.7  cm/hour 
whose  direction  is  indicated  by  arrow  11.  The 
growing  process  starts  with  a  crystal  seed  12  tied 

50  into  a  V-groove.  The  seed  12  is  placed  in  contact 
with  melt  13  and  drawn  upward  while  rotating.  First, 
a  neck  14  is  produced  and  then  the  boule  16  of 
useable  crystal  forms.  The  melt  13  is  heated  by 
radio  frequency  coil  17  (or  resistance  heating)  in  a 

55  platinum  crucible  18.  Water  cooling  19  is  also  used 
to  provide  a  controlled  thermal  load.  The  process 
may  be  monitored  visually  through  viewing  slot  21 
as  well  as  by  thermocouple  22  and  weight  trans- 
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ment  of  the  AC  frequency,  typically  on  the  order  of 
1  MHz,  the  phase  effect  can  be  maximized  to  yield 
a  sharp,  reproducible  peak.  Owing  to  the  intensity 
and  sharpness  of  the  phase  offset  peak,  slow  ram- 

5  ping  of  the  furnace  temperature  measurements,  on 
the  order  of  1  °  C/minute,  is  now  feasible  for  Curie 
measurements.  By  contrast,  in  the  case  of  DTA- 
based  Curie  temperature  measurements  such  as 
performed  in  the  earlier-cited  work  of  O'Bryan  et 

w  al.,  the  relative  weakness  of  the  thermal  signal 
associated  with  the  ferroelectric-paraelectric  Curie 
transition  necessitates  a  temperature  ramping  rate 
in  the  range  of  at  least  20°  C/minute. 

The  lower  temperature  ramp  rate  possible  in 
15  the  present  system  enables  higher  resolution  in  the 

thermocouple-based  temperature  measurement,  on 
the  order  of  0.1  °  C.  Further,  through  use  of  four 
thermocouples  positioned  against  either  face  of  the 
sample  and  an  adjustable  sample  holder,  the  sys- 

20  tern  can  be  tuned  for  a  given  sample  size  to 
achieve  sample  placement  in  the  thermal  center  of 
the  furnace,  thereby  minimizing  thermal  gradient 
effects  and  maximizing  absolute  temperature,  mea- 
surement  accuracy.  Absolute  accuracy  of  a  Curie 

25  temperature  measurement  using  the  system  is  bet- 
ter  than  t  0.3  °  C.  Reproducibility  of  a  given  mea- 
surement  is  better  than  ±  0.1  °  C.  These  values  of 
accuracy  represent  at  least  seven  times  greater 
precision  than  historically  reported  for  such  mea- 

30  surements  on  lithium  niobate'. 

ducer  23.  The  growth  process  consumes  about 
sixty-eight  hours  from  initial  heat-up  to  harvest  of 
the  grown  crystal. 

After  the  furnace  was  cooled  and  the  crystal 
removed,  samples  were  cut  out  from  near  each 
end  of  the  crystal.  The  samples  measured  1  X  1 
cm  square  by  2  mm  thick,  with  the  thickness  in  the 
crystallographic  Z  direction. 

Using  the  Curie  point  measurement  system 
illustrated  in  Fig.  2,  these  samples  were  each  de- 
termined  to  have  a  ferroelectric  Curie  transition 
temperature  of  1  142.3  ±  0.3°  C. 

Curie  Point  Measurement  of  Crystal  Composition 

The  historical  basis  for  the  invention  was  the 
development  of  a  highly  accurate  and  efficient  sys- 
tem  for  measuring  lithium  niobate  crystal  composi- 
tion,  originally  undertaken  for  use  in  lithium  niobate 
crystal  production  quality  control.  The  system  is 
based  on  identification  of  the  dielectric  effects  of 
the  ferroelectric  Curie  transition  that  occurs  in  lith- 
ium  niobate  at  temperatures  between  roughly  1100 
and  1250°C,  the  exact  temperature  dependent  on 
the  value  of  the  Li:Nb  ratio. 

Fig.  2  is  an  overall  schematic  diagram  of  the 
measurement  system.  In  essence,  a  phase  meter 
31  records  the  phase  offset  between  two  legs  of  an 
AC  signal.  One  leg  passes  through  a  reference 
resistor  32,  the  other  leg  through  the  crystal  sam- 
ple  33  being  measured.  The  sample  is  mounted 
between  thin  platinum  plate  contacts  34  and  36  in 
a  small,  controllable  furnace  37  which  has  a  resis- 
tance  heater  38.  Four  calibrated  thermocouples 
(symbolically  represented  by  one  thermocouple  39) 
are  held  in  contact  with  the  platinum  plates  34  and 
36  via  a  spring-loaded  assembly  (not  shown).  As 
the  temperature  of  the  furnace  is  cycled,  the  phase 
meter  31  records  a  sharp  maximum  in  the  AC 
phase  offset  between  the  two  circuit  legs  as  the 
sample  33  passes  through  its  ferroelectric/ 
paraelectric  Curie  transition.  Such  maxima  occur  on 
both  heating  and  cooling  cycles.  Phase  offset  maxi- 
ma  and  corresponding  thermocouple  readings  are 
recorded  through  use  of  a  digital  acquisition  unit. 
Operation  of  the  entire  measurement  system  is 
coordinated  by  a  programmed  desktop  computer 
39.  Specifically,  computer  39  analyses  the  data 
and  directs  control  unit  41  to  act  by  coordinating 
the  operation  of  heater  control  42  of  furnace  37  and 
that  of  function  generator  and  phase  meter  31. 
Although  the  concepts  underlying  the  measurement 
system  are  in  themselves  not  novel,  their  particular 
employment  in  the  system  of  Fig.  2  enables  un- 
precedented  precision  and  accuracy  in  measuring 
lithium  niobate  Curie  temperatures.  Through  adjust- 

Summary  of  Experiments  Performed 

35 
In  an  initial  phase  of  the  effort  to  identify  the 

lithium  niobate  congruent  composition,  the  Curie 
point  measurement  system  was  used  to  analyze 
crystals  grown  from  a  variety  of  starting  composi- 

40  tions,  including  compositions  mentioned  in  above- 
noted  publications.  Sixteen  crystals  were  grown 
and  analyzed  in  this  effort.  These  crystals  have  a 
cylindrical  shape  roughly  of  8  cm  in  diameter  by 
approximately  13  cm  in  length,  each  representing 

45  at  least  85%  of  about  a  4  kg  liquid  charge.  The  use 
of  such  large  crystals  was  purposely  made  to  mini- 
mize  compositional  ambiguities  associated  with 
finite  measurement  sample  size.  Large  melt  frac- 
tions  were  crystallized  in  order  to  maximize  the 

so  effects  of  any  incongruency.  As  implied  by  above 
discussion,  extensive  effort  was  devoted  to  proper 
treatment  of  issues  such  as  moisture  incorporation 
in  starting  chemicals,  incongruent  volatilization  dur- 
ing  liquid  charge  preparation  and  crystal  growth, 

55  and  variability  in  starting  chemical  isotopic  ratios, 
that,  if  ignored,  could  lead  to  compositional  inaccu- 
racy. 

In  Fig.  3,  the  table  summarizes  the  results  of 
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this  initial  phase.  The  intervening  material  between 
the  top  and  bottom  Curie  point  samples  from  each 
crystal  represented  in  each  case  a  melt  fraction,  of 
roughly  0.70.  The  more  uniform  the  Curie  tempera- 
ture  from  one  end  of  a  crystal  to  the  other,  the 
closer  to  congruency  was  the  solidification  process 
by  which  it  was  produced.  Based  on  the  data 
collected,  the  preferred  composition  for  lithium 
niobate  crystal  growth  appears  to  be  roughly  48.38 
mol%  Li.  Further,  within  the  limits  of  Curie  point 
measurement  precision,  and  for  a  0.70  melt  fraction 
crystallized  between  top  and  bottom  samples,  both 
48.35  and  48.40  mol%  Li  charge  compositions 
appeared  to  yield  compositionally  uniform  crystal- 
line  material. 

The  Curie  point  based  results  presented  in  Fig. 
3  were  corroborated  through  measurement  of  the 
phase-match  temperatures  for  second  harmonic 
generation  of  a  1.06  micron  Nd:YAG  laser  beam.  In 
a  manner  similar  to  the  Curie  point  measurements, 
phase  match  temperature  uniformity  from  one  end 
of  a  crystal  to  the  other  indicates  congruency  of 
the  solidification  process. 

A  second  phase  of  the  effort  to  identify  the 
lithium  niobate  congruent  composition  was  directed 
toward  the  compositional  region  in  the  vicinity  of 
48.38  mol%  Li.  In  this  phase,  crystals  of  tightly 
controlled  compositions  on  either  side  of  48.380 
mol%  Li  were  grown  to  unprecedented  melt  frac- 
tions  to  amplify  effects  of  incongruency  to  enable 
the  Curie  point  measurement  technique  to  more 
finely  resolve  the  congruent  composition. 

Crystals  were  grown  from  melt  compositions  of 
48.375±.O1O  mol%  Li  and  48.385±.010  mol%  Li. 
The  crystals  represented  sufficiently  large  melt 
fractions  that  intervening  material  between  top  and 
bottom  Curie  point  samples  represented  melt  frac- 
tions  of  at  least  0.80. 

In  Fig.  4,  the  table  summarizes  the  results.  The 
Curie  point  measurements  indicate  the  48.375 
composition  to  be  on  the  lithium  poor  side  of 
congruency  with  the  48.385  composition  on  the 
lithium  rich  side.  Considering  that,  as  noted  above, 
the  majority  of  the  ±.  010  mol%  Li  uncertainity  in 
specifying  the  composition  of  the  48.375  and 
48.385  boules  is  systematic  and  not  random,  it 
may  be  conservatively  concluded  that  the  con- 
gruent  composition  for  lithium  niobate  crystalliza- 
tion  is  48.380t.015  mol%  Li. 

It  should  be  noted  that  this  value  of  48.380 
mol%  Li  for  the  lithium  niobate  congruent  composi- 
tion  is  neither  indicated  nor  implied  as  being  pre- 
ferred  by  any  prior  art  papers. 

Further  work  was  devoted  to  analysis  of  crystal 
production  yield  using  the  48.38  mol%  Li  composi- 
tion.  Seventy  crystals  were  grown  over  a  period  of 
roughly  eight  months  in  this  effort.  Crystals,  ranged 
from  8  to  13  cm  in  diameter  and  from  7  to  15  cm 

in  length.  All  crystal  orientations  common  in  lithium 
niobate  commercial  crystal  production  were  used. 
Solidified  melt  fractions  were  as  high  as  97%. 

Ten  of  these  crystals  were  analyzed  using  the 
5  Curie  point  measurement  system.  In  all  cases, 

within'  the  limits  of  measurement  precision,  Curie 
point  variation  was  undetectable,  both  within  spa- 
tially  displaced  locations  of  any  given  crystal  and 
from  crystal  to  crystal  in  the  series. 

70  Moreover,  based  on  twenty  year's  accumula- 
tion  of  data  on  lithium  niobate  crystal  growth  pro- 
duction  yield,  the  48.38  mol°'o  Li  charge  composi- 
tion  enables  unprecendented  Czochralski  growth 
production  efficiency,  in  terms  of  both  achievable 

75  growth  rate  and  achievable  crystallized  melt  frac- 
tion. 

Fig.  5  illustrates  a  typical  substrate  51  of 
homogeneous  lithium  niobate  formed  in  accor- 
dance  with  the  inventive  principles.  In  order  to  form 

20  substrates,  the  lithium  niobate  boule  is  first  sawed 
into  slices.  Then,  the  slices  are  polished  to  remove 
mechanical  damage  of  the  sawing  operation  and  to 
obtain  the  desired  thickness  for  the  substrates. 
Finally,  the  slices  may  be  divided  into  the  individ- 

25  ual  substrates  which  may  occur  after  the  device 
processing  procedure.  Due  to  the  homogeneity  of 
the  material,  substrate  51  is  better  suited  for  acous- 
tic  or  optical  applications  since  all  of  its  pertinent 

*  properties  will  have  constant  values. 
30  In  accordance  with  traditional  acoustic  applica- 

'  tions,  transducer  (not  shown)  may  be  located  at 
points  52  and  53.  In  this  case,  the  transducers 
would  be  selected  in  accordance  with  providing  a 
desired  transfer  function  between  the  transducers. 

35  In  accordance  with  an  integrated  optics  application, 
a  light  beam.  56  impinges  on  the  side  of  the 
substrate  51  and  propagates  along  path  58  before 
exiting  as  light  beam  57.  It  is  to  be  understood  that 
along  path  58  various  electrodes  and/or  diffusion 

40  patterns  may  be  made  to  achieve  the  desired  func- 
tion  for  substrate  51  as  an  integrated  optic  device. 

There  has  thus  been  shown  and  described  a 
novel  process  for  forming  homogeneous  lithium 
niobate  which  fulfills  all  the  objects  and  advantages 

45  sought  therefor.  Many  changes,  modifications,  vari- 
ations  and  other  uses  and  applications  of  the  sub- 
ject  invention  will,  however,  become  apparent  to 
those  skilled  in  the  art  after  considering  this  speci- 
fication  and  the  accompanying  drawing  which  dis- 

50  close  the  preferred  embodiments  thereof.  In  addi- 
tion  to  the  modifications  already  mentioned  or  al- 
luded  to  in  the  foregoing,  the  starting  composition 
may  be  used  to  advantage  in  other  types  of  growth 
stations.  Due  to  the  constancy  of  the  properties  of 

55  the  crystalline  material,  further  applications  of  lith- 
ium  niobate  may  result.  All  such  changes,  modi- 
fications,  variations  and  other  uses  and  applications 
which  do  not  depart  from  the  spirit  and  scope  of 

6 
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having  a  generally  cylindrical  shape  having  a  diam- 
eter  of  approximately  8  centimeters  and  a  length  of 
13  centimeters. 

9.  A  process  for  freezing  lithium  niobate  out  of 
5  a  melt  solution,  the  process  comprising  the  steps 

of: 

providing  a  melt  solution  having  a  composition 
of  essentially  two  components,  the  first  component 

w  being  LJ2O  and  the  second  component  being 
Nb2Os,  the  mol  percentage  of  the  first  component 
being  in  the  range  of  48.375+0.010  to  48.385±0.010 
with  the  second  component  occupying  the  remain- 
ing  portion  of  the  melt  solution,  and 

75  drawing  a  homogeneous  monocrystalline  lithium 
niobate  boule  out  of  the  melt  solution  wherein  the 
relationship  of  the  composition  of  the  lithium 
niobate  boule  corresponds  to  the  melt  solution 
composition. 

20  10.  The  process  of  claim  9,  wherein  the  step  of 
drawing  includes  forming  the  lithium  niobate  boule 
by  solidifying  essentially  all  of  the  melt  solution. 

11.  The  process  of  claim  10,  further  comprising 
dividing  the  lithium  niobate  boule  into  slices  and 

25  using  each  slice  to  form  a  plurality  of  substrates  for 
acoustic  devices. 

12.  The  process  of  claim  10,  further  comprising 
dividing  the  lithium  niobate  boule  into  slices  and 
using  each  slice  to  form  a  plurality  of  substrates  for 

30  integrated  optic  devices. 
13.  A  lithium  niobate  acoustic  surface  wave 

substrate  material  having  completely  uniform  prop- 
erties  within  each  substrate  and  from  one  substrate 
to  another  substrate  including  a  constant  piezoelec- 

35  trie  coupling  coefficient  and  a  low  constant  wave 
velocity  accompanied  by  a  low  constant  propaga- 
tion  loss,  the  substrate  material  having  a  homo- 
geneous  composition  wherein  the  mol  percentage 
of  Li2O  is  within  the  range  of  48.380±.015  and  the 

40  remainder  is  Nb2Os 
14.  A  lithium  niobate  integrated  optic  substrate 

material,  the  substrate  material  comprising:  a 
homogeneous  composition  of  monocrystalline  lith- 
ium  niobate  having  a  constant  birefringence  and  a 

45  constant  Curie  temperature  (Tc),  the  composition  of 
the  substrate  in  terms  of  mol  percentage  of  Li2O 
being  in  the  range  of  48.380t.01  5  and  the  remain- 
der  being  ND2O5. 

the  invention  are  deemed  to  be  covered  by  the 
invention  which  is  limited  only  by  the  claims  which 
follow. 

Claims 

1.  A  process  for  making  lithium  niobate  crystal, 
the  process  comprising  the  steps  of: 

a)  a  preparing  a  solidified  charge  of  lithium 
niobate  having  a  mol  percentage  composition  of 
Li2O  of  48.35±01  to  48.40±01  and  the  remainder 
Nb205, 

b)  placing  the  solidified  charge  in  a  crystal 
growth  station, 

c)  heating  the  solidified  charge  to  a  tempera- 
ture  to  convert  it  into  a  molten  charge,  and 

d)  drawing  a  solidified  homogeneous  crystal 
from  the  molten  charge  having  a  composition  es- 
sentially  the  same  as  that  of  the  molten  charge. 

2.  The  process  of  claim  1  ,  wherein  the  step  c) 
further  comprises  using  a  crystal  seed  having  a 
selected  crystallographic  orientation  for  determin- 
ing  crystal  growth  along  the  selected  crystallog- 
raphic  orientation. 

3.  The  process  of  claim  1  ,  wherein  the  step  of 
a)  further  comprises  controlling  the  charge  to  have 
a  mol  percentage  composition  of  48.385,  for  the 
Li2O. 

4.  In  a  process  for  producing  monocrystalline 
lithium  niobate,  a  combination  of  steps  comprising: 
preparing  a  solidified  charge  of  reduced  moisture 
content  comprising  a  mol%  content  of  48.380±015 
of  U2O  and  the  remainder  Nb2Os;  heating  and 
converting  the  solidified  charge  into  a  molten 
charge;  and  drawing  a  homogeneous  crystal  from 
the  molten  charge  to  produce  a  solid  crystal  whose 
composition  of  mol  percentage  UO2  is  essentially 
the  same  as  the  mol  percentage  LiO2  in  the  molten 
charge. 

5.  In  the  process  of  claim  4,  wherein  the  step 
of  drawing  comprises  the  steps  of:  selecting  a 
crystal  seed  whose  growth  surface  determines  a 
direction  for  an  orientation  of  crystal  growth,  and 
maintaining  the  crystal  growth  until  the  homoge- 
neous  crystal  formed  as  a  solid  corresponds  to  at 
least  0.90  of  the  molten  charge. 

6.  In  the  process  of  claim  5,  wherein  the  step 
of  drawing  includes:  rotating  the  crystal  seed  rela- 
tive  to  the  molten  charge,  and  during  the  rotation 
moving  the  crystal  seed  away  from  the  molten 
charge  at  a  rate  corresponding  to  that  of  the  crystal 
growth. 

7.  In  the  process  of  claim  6,  wherein  the  step 
of  preparing  includes:  mixing  a  solidified  charge 
corresponding  to  approximately  a  four  kilogram 
molten  charge. 

8.  In  the  process  of  claim  7,  the  crystal  growth 

50 

55 
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