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©  Piezoelectric  semiconductor  and  process  for  production  thereof. 

©  A  piezoelectric  semiconductor  is  a  single  crystal  composed  mainly  of  ZnO  having  properties  such  as 
electrical  conductivity  of  10  11  ~  10  3  1/Xlcm  suitable  for  use  as  an  acoustoelectric  element,  by 
adding  a  given  amount  of  H202  to  the  alkali  solvent,  or  by  using  NH4OH  in  the  alkali  solvent,  or  by  doping 
the  ZnO  single  crystal  with  Li  or  a  trivalent  metal.  The  piezoelectric  semiconductor  can  be  suitably  used 
as  a  ultrasonic  transducer  material  of  acoustoelectric  type  and  can  also  be  used  as  a  material  for 
ultrasonic  amplification,  an  surface  acoustic  wave  filter,  a  piezoelectric  transducer,  a  fluorescent 
material  for  emitting  a  low-velocity  electron  beam,  etc. 
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BACKGROUND  OF  THE  INVENTION  AND  RELATED  ART  STATEMENT 

The  present  invention  relates  to  a  piezoelectric  semiconductor  comprising  a  single  crystal  composed  main- 
ly  of  ZnO.  More  particularly,  the  present  invention  relates  to  a  piezoelectric  semiconductor  which  can  be  suit- 

5  ably  used,  for  example,  as  an  acoustoelectric  element  for  ultrasonic  transducers. 
ZnO  provides  an  n  type  semiconductor  wherein  Zn  is  present  in  excess,  and  further  has  drawn  attention 

as  a  piezoelectric  material  because  of  its  crystal  structure. 
With  respect  to  the  production  of  a  single  crystal  of  high-purity  ZnO,  there  is  a  literature  of"  Hydrothermal 

Growth  and  Stoichiometric  Assessment  of  ZnO  Single  Crystals  of  High  Purity"  (Noboru  Sakagami,  Feb.  1988, 
10  Research  Reports  of  Akita  National  College  of  Technology  No.  23).  This  literature  describes  the  growth  of  ZnO 

single  crystal  by  hydrothermal  process.  In  this  process,  sintered  ZnO  is  placed  at  the  bottom  of  an  apparatus 
for  crystal  growth  and  ZnO  seed  crystals  are  placed  at  the  top  of  the  apparatus;  then  a  solvent,  i.e.  an  aqueous 
alkali  solution  containing  KOH  and  LiOH  (the  solvent  is  hereinafter  referred  to  as  alkali  solvent)  is  fed  into  the 
apparatus;  in  this  state,  the  apparatus  inside  is  placed  underthe  conditions  of  370-400°C  and  700-1  ,000  kg/cm2 

15  with  the  temperature  of  the  apparatus  bottom  kept  10-15°C  higher  than  the  temperature  of  the  apparatus  top, 
to  grow  a  single  crystal  of  ZnO. 

In  the  above  process,  since  only  the  alkali  solvent  is  used  as  a  solvent  for  crystal  growth  and  the  envir- 
onment  for  crystal  growth  is  a  reducing  atmosphere,  the  excess  Zn  atoms  present  in  the  ZnO  single  crystal 
formed  is  over  10  ppm  to  over  20  ppm  and  the  electrical  conductivity  of  said  single  crystal  is  as  high  as  10~2 

20  -10°  1/Q-cm.  Hence,  it  was  tried  to  add  H202  to  make  the  growth  system  under  a  partial  pressure  of  oxygen 
to  produce  a  ZnO  single  crystal  of  higher  purity.  As  a  result,  it  was  found  that  the  ZnO  single  crystal  obtained 
by  H202  addition  has  an  electrical  conductivity  of  as  low  as  10"10  ~  10"8  1/Q-cm.  In  the  case  of  H202  addition, 
however,  since  H202  is  a  strong  oxidizing  agent,  the  vessel  for  crystal  growth  must  be  made  of  platinum  or  the 
inside  of  said  vessel  must  be  lined  with  platinum,  making  the  process  disadvantageous  costwise. 

25  As  mentioned  above,  ZnO  has  drawn  attention  as  a  piezoelectric  material.  However,  no  sufficient  study 
has  been  made  on  ZnO  as  an  acoustoelectric  material  and  the  above-mentioned  production  of  ZnO  single  crys- 
tal  is  merely  for  using  the  ZnO  type  single  crystal  as  a  piezoelectric  material. 

The  present  inventor  made  study  on  the  application  of  ZnO  single  crystal  as  an  acoustoelectric  material 
by  examining  the  absorption  coefficient  and  acoustoelectric  voltage  (hereinafter  referred  to  as  AE  voltage). 

30  As  a  result,  the  present  inventor  found  that  a  ZnO  single  crystal  produced  by  a  conventional  process,  having 
an  electrical  conductivity  of  10~2  -10°  1/Q-cm  is  not  suitable  as  an  acoustoelectric  material,  particularly  an 
acoustoelectric  element  for  ultrasonic  transducers  and  that  a  ZnO  single  crystal  having  a  certain  electrical  con- 
ductivity,  etc.  is  suitable  for  said  application. 

The  present  inventor  further  found  that  a  ZnO  single  crystal  having  an  electrical  conductivity  of  10~2  -10°  
35  1/Q-cm,  which  is  not  suitable  as  an  acoustoelectric  element,  can  be  made  into  a  suitable  acoustoelectric  ele- 

ment  by  applying  thereto  a  post-treatment  using  Li. 
The  present  inventor  furthermore  found  that  a  ZnO  single  crystal  having  an  electrical  conductivity  of 

10-10  ~  1Q-8  1/Q-cm  can  be  made  into  a  very  suitable  acoustoelectric  element  by  applying  thereto  a  post- 
treatment  using  a  trivalent  metal. 

40  Hence,  the  objects  of  the  present  invention  are  to  provide  a  piezoelectric  semiconductor  having  properties 
(e.g.  electrical  conductivity)  suitable  for  use  as  an  acoustoelectric  element,  and  a  process  for  production  of  said 
semiconductor. 

SUMMARY  OF  THE  INVENTION 
45 

According  to  the  present  invention  there  is  provided  a  piezoelectric  semiconductor  comprising  a  single 
crystal  composed  mainly  of  ZnO,  which  has  an  electrical  conductivity  of  10~11  ~  10"3  1/Q-cm,  preferably  10"6 
~  10-3  1/Q-cm,  more  preferably  10"5  ~  10"4  1/Q-cm. 

This  piezoelectric  semiconductor  produces  both  an  AE  voltage  and  a  piezoelectric  voltage  (hereinafter  re- 
50  ferred  to  as  PE  voltage).  In  order  to  use  the  piezoelectric  semiconductor  as  an  acoustoelectric  element,  it  is 

therefore  necessary  to  eliminate  the  PE  voltage  using  a  frequency  filter.  To  enable  the  separation  of  the  two 
voltage  by  a  frequency  filter,  the  ratio  of  AE  voltage  :  PE  voltage  is  preferably  at  least  3:1  .  In  order  to  obtain 
such  a  voltage  ratio,  the  mobility  (carrier  mobility)  of  the  piezoelectric  semiconductor  is  preferably  at  least  30 
cm2/V-sec. 

55  in  order  for  the  above  piezoelectric  semiconductor  to  act  as  a  better  acoustoelectric  element,  it  is  preferable 
that  the  voltage  ratio  be  at  least  9:1  and,  in  order  to  obtain  such  a  voltage  ratio,  the  mobility  be  at  least  60 
cm2/V-sec. 

The  above  piezoelectric  semiconductor  has  a  variation  in  electrical  conductivity  in  ZnO  single  crystal,  of 
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preferably  1  02  1/Q-cm  or  less,  more  preferably  1  01  1/Q-cm  or  less  so  that  it  has  a  uniform  acoustoelectric  prop- 
erty  and  produces  a  stable  electrical  power. 

According  to  the  present  invention  there  is  also  provided,  as  a  first  process  for  producing  a  piezoelectric 
semiconductor,  a  process  for  producing  a  piezoelectric  semiconductor,  which  comprises  placing  sintered  ZnO 

5  as  raw  material  in  the  raw  material  section  of  a  vessel  located  at  the  vessel  bottom  and  ZnO  seed  crystals  in 
the  crystal  growth  section  of  the  vessel  located  at  the  vessel  top,  feeding  an  alkali  solvent  into  the  vessel,  and 
placing  the  vessel  under  hydrothermal  conditions  with  the  temperature  inside  the  vessel  being  controlled  so 
that  the  temperature  of  the  raw  material  section  becomes  higher  than  the  temperature  of  the  crystal  growth 
section,  to  grow  a  ZnO  single  crystal,  in  which  process  0.02  to  less  than  0.1  mole  of  H202  is  added  to  each  1 

10  liter  of  the  alkali  solvent  to  allow  the  resulting  ZnO  single  crystal  to  have  a  controlled  electrical  conductivity  of 
preferably  10"6  ~  10"3  1/Q-cm. 

In  the  above  process,  by  adding  a  given  concentration  (about  0.02-0.1  mole)  of  H202  to  each  1  liter  of  the 
alkali  solvent,  the  electrical  conductivity  of  the  ZnO  single  crystal  obtained  is  controlled  at  a  value  appropriate 
for  an  acoustoelectric  element.  This  advantage  has  been  brought  about  as  a  result  of  the  study  by  the  present 

15  inventor. 
In  the  above  process,  the  electrical  conductivity  can  be  controlled  at  1(H  ~  10"5  1/Q-cm  by  adding  0.06- 

0.08  mole  of  H202  to  each  1  liter  of  the  alkali  solvent. 
According  to  the  present  invention,  there  is  also  provided,  as  a  second  process  for  producing  a  piezoelec- 

tric  semiconductor,  a  process  for  producing  a  piezoelectric  semiconductor,  which  comprises  placing  sintered 
20  ZnO  as  raw  material  in  the  raw  material  section  of  a  vessel  located  at  the  vessel  bottom  and  ZnO  seed  crystals 

in  the  crystal  growth  section  of  the  vessel  located  at  the  vessel  top,  feeding  an  alkali  solvent  into  the  vessel, 
and  placing  the  vessel  under  hydrothermal  conditions  with  the  temperature  inside  the  vessel  being  controlled 
so  that  the  temperature  of  the  raw  material  section  becomes  higher  than  the  temperature  of  the  crystal  growth 
section,  to  grow  a  ZnO  single  crystal,  in  which  process  the  resulting  ZnO  single  crystal  is  doped  with  Li  and 

25  consequently  has  a  controlled  electrical  conductivity. 
In  the  above  process,  a  ZnO  single  crystal  having  anelectrical  conductivity  of  as  high  as  10~2  -10°  1/Q-cm, 

obtained  by  a  conventional  process,  can  be  made  into  a  ZnO  single  crystal  having  an  electrical  conductivity 
of  10"6  ~  10"3  1/Q-cm  which  is  suitable  as  an  acoustoelectric  element.  Further  in  the  above  process,  since  no 
H202  is  required,  it  is  not  necessary  to  use  a  vessel  for  single  crystal  growth,  made  of  expensive  platinum  or 

30  a  vessel  whose  inside  is  lined  with  platinum,  which  makes  low  the  production  cost  of  ZnO  single  crystal. 
According  to  the  present  invention,  there  is  also  provided,  as  a  third  process  for  producing  a  piezoelectric 

semiconductor,  a  process  for  producing  a  piezoelectric  semiconductor,  which  comprises  placing  sintered  ZnO 
as  raw  material  in  the  raw  material  section  of  a  vessel  located  at  the  vessel  bottom  and  ZnO  seed  crystals  in 
the  crystal  growth  section  of  the  vessel  located  at  the  vessel  top,  feeding  an  alkali  solvent  into  the  vessel,  and 

35  placing  the  vessel  under  hydrothermal  conditions  with  the  temperature  inside  the  vessel  being  controlled  so 
that  the  temperature  of  the  raw  material  section  becomes  higher  than  the  temperature  of  the  crystal  growth 
section,  to  grow  a  ZnO  single  crystal,  in  which  process  H202  is  added  to  the  alkali  solvent  and  the  resulting 
ZnO  single  crystal  is  doped  with  a  trivalent  metal  to  allow  the  ZnO  single  crystal  to  have  a  controlled  electrical 
conductivity. 

40  In  the  above  process,  a  ZnO  single  crystal  having  an  electrical  conductivity  of  about  10"10  ~  10"8  1/Q-cm, 
obtained  by  a  conventional  process  can  be  made  into  a  ZnO  single  crystal  having  an  electrical  conductivity  of 
10"6  ~  10"3  1/Q-cm  which  is  very  suitable  for  use  as  an  acoustoelectric  element. 

In  improving  the  electrical  conductivity  of  a  ZnO  single  crystal  having  an  electrical  conductivity  of  10"10  ~ 
10"8  1/Q-cm  by  vapor-depositing  Zn  on  the  surface  of  said  single  crystal  to  achieve  a  state  of  excess  Zn,  im- 

45  provement  in  electrical  conductivity  is  obtained  only  in  the  vapor-deposited  surface  and  its  vicinity,  and  the 
resulting  ZnO  single  crystal  has  no  overall  uniformity  in  electrical  conductivity.  Such  disadvantage  can  be 
avoided  in  the  above  third  process  of  the  present  invention.  Vapor  deposition  requires  a  large  equipment  and 
results  in  a  high  cost.  This  disadvantage  can  also  be  avoided  in  the  present  third  process. 

According  to  the  present  invention,  there  is  also  provided,  as  a  fourth  process  for  producing  a  piezoelectric 
so  semiconductor,  a  process  for  producing  a  piezoelectric  semiconductor,  which  comprises  placing  sintered  ZnO 

as  raw  material  in  the  raw  material  section  of  a  vessel  located  at  the  vessel  bottom  and  ZnO  seed  crystals  in 
the  crystal  growth  section  of  the  vessel  located  at  the  vessel  top,  feeding  an  alkali  solvent  containing  NH4+, 
into  the  vessel,  and  placing  the  vessel  under  hydrothermal  conditions  with  the  temperature  inside  the  vessel 
being  controlled  so  that  the  temperature  of  the  raw  material  section  becomes  higher  than  the  temperature  of 

55  the  crystal  growth  section,  to  grow  a  ZnO  single  crystal,  in  which  process  H202  is  added  to  the  alkali  solvent 
to  allow  the  resulting  ZnO  single  crystal  to  have  a  controlled  electrical  conductivity. 

In  this  fourth  process,  a  ZnO  single  crystal  having  an  electrical  conductivity  of  about  10~11  ~  10"6  1/Q-cm 
can  be  obtained. 

3 
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As  mentioned  above,  a  ZnO  single  crystal  having  an  electrical  conductivity  of  10"10  ~  1Ch8  1/Q-cm  is  ob- 
tainable  according  to  a  conventional  process.  However,  its  application  as  an  acoustoelectric  element  is  not 
known. 

In  the  conventional  process,  Li+,  which  is  contained  in  the  alkali  solvent,  enters  into  the  ZnO  single  crystal 
5  formed,  as  an  impurity.  In  this  ZnO  single  crystal  having  a  very  low  electrical  conductivity,  the  impurity  present 

therein  has  a  large  influence  on  the  mobility  of  the  single  crystal  and,  in  some  cases,  reduces  the  mobility 
significantly.  This  reduction  in  mobility  tends  to  reduce  the  acoustoelectric  effect  of  the  ZnO  single  crystal. 

Further,  when  Li+  displaces  Zn  atom(s)  and  enters  into  the  crystal  lattice  points  of  ZnO,  Li+  acts  as  an  ac- 
ceptor  and  reduces  the  electrical  conductivity  of  the  ZnO  single  crystal;  meanwhile,  when  Li+  enters  between 

10  the  crystal  lattice  points  of  ZnO,  Li+acts  as  a  donor  and  increases  the  electrical  conductivity  of  the  ZnO  single 
crystal.  In  this  case,  Li+  may  be  unevenly  distributed  in  the  ZnO  single  crystal  formed,  depending  upon  the 
manner  in  which  Li+  enters.  The  uneven  distribution  invites  variation  in  electrical  conductivity  and,  therefore, 
use  of  such  a  ZnO  single  crystal  as  an  acoustoelectric  element  is  not  preferable. 

In  the  fourth  process  of  the  present  invention,  an  alkali  solvent  containing  NH4+  in  place  of  Li+  is  used  and 
15  NH4+  does  not  enter  into  the  ZnO  crystal.  Therefore,  there  occurs  no  problem  as  mentioned  above  and  there 

can  be  produced  a  ZnO  single  crystal  suitable  as  an  acoustoelectric  element. 
The  reason  why  NH4+,  unlike  Li+,  does  not  enter  into  the  ZnO  crystal,  is  presumed  to  be  that  NH4+  has  a 

much  larger  ionic  radius  than  Li+. 
NH4+,  similarly  to  Li+,  promotes  the  growth  of  ZnO  crystal  in  an  axis  "a"  direction. 

20  In  each  of  the  above  first  to  fourth  processes,  the  total  amount  of  heavy  metals  present  as  impurities  in 
sintered  ZnO  as  raw  material  is  controlled  preferably  at  0.01  wt%  or  less,  more  preferably  0.001  wt%  or  less 
for  improved  mobility.  The  total  amount  is  0.01  wt%  or  less  in  order  to  obtain  a  mobility  of  30  cm2/V-sec  or  more 
and  0.001  wt%  or  less  in  order  to  obtain  a  mobility  of  60  cm2/V-sec  or  more. 

With  respect  to  the  temperature  difference  AT  between  the  raw  material  section  and  the  crystal  growth 
25  section,  the  AT  in  the  latter  half  of  the  growth  period  is  preferably  controlled  at  70%  or  less  of  the  AT  in  the 

former  half  of  the  growth  period,  because  it  can  achieve  a  variation  in  electrical  conductivity  in  single  crystal, 
of  102  1/Q-cm  or  less.  The  AT  in  the  latter  half  is  more  preferably  controlled  at  35%  or  less  of  the  AT  in  the 
former  half,  because  it  can  achieve  a  variation  in  electrical  conductivity  in  single  crystal,  of  101  1/Q-cm  or  less. 

30  BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

Fig.  1  is  a  schematic  perspective  view  showing  an  example  of  the  vessel  for  crystal  growth  according  to 
the  present  invention. 

Fig.  2  is  a  schematic  sectional  view  showing  an  example  of  the  apparatus  for  crystal  growth  according  to 
35  the  present  invention. 

Fig.  3  is  a  schematic  drawing  showing  an  apparatus  for  measuring  the  AE  voltage  and  PE  voltage  of  a 
ZnO  single  crystal. 

DETAILED  DESCRIPTION  OF  PREFERRED  EMBODIMENTS 
40 

Description  is  made  below  on  the  piezoelectric  semiconductor  of  the  present  invention.  The  particular  pre- 
ferred  features  described  below  are  exemplary,  and  are  not  to  be  taken  as  limiting  the  invention  or  as  essential 
to  the  invention. 

The  piezoelectric  semiconductor  of  the  present  invention  is  constituted  by  a  single  crystal  composed  mainly 
45  of  ZnO,  and  has  an  electrical  conductivity  of  10~11  ~  10"3  1/Q-cm.  The  piezoelectric  semiconductor  having  an 

electrical  conductivity  of  said  range  can  produce  such  a  voltage  as  to  make  said  semiconductor  usable  as  an 
acoustoelectric  element. 

In  view  of  the  level  and  stability  of  the  above  voltage  produced,  a  piezoelectric  semiconductor  having  an 
electrical  conductivity  of  1  0~6  ~  1  0"3  1/Q-cm  is  more  suitable  for  use  as  an  acoustoelectric  element,  and  a  pie- 

50  zoelectric  semiconductor  having  an  electrical  conductivity  of  10"5  ~  10"4  1/Q-cm  is  even  more  suitable. 
The  piezoelectric  semiconductor  having  an  electrical  conductivity  of  10~11  to  less  than  10"6  1/Q-cm  pro- 

duces  a  slightly  smaller  voltage  than  the  piezoelectric  semiconductor  having  an  electrical  conductivity  of 
10"6  ~  10"3  1/Q-cm.  A  piezoelectric  semiconductor  of  the  present  invention  produced  by  using  an  alkali  solvent 
containing  Li+  is  usable  as  an  acoustoelectric  element  although  it  tends  to  have  problems  of  mobility  and  va- 

55  riation  in  electrical  conductivity  owing  to  the  presence  of  Li+  as  mentioned  above. 
Then,  description  is  made  on  the  first  process  for  producing  the  piezoelectric  semiconductor  of  the  present 

invention. 
First,  sintered  ZnO,  which  is  a  raw  material  for  growing  a  ZnO  single  crystal,  is  produced  according  to  a 

4 
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conventional  method.  Of  the  sintered  ZnO  particles,  those  having  diameters  of  about  1-2  mm  are  preferably 
used  selectively. 

Then,  the  sintered  ZnO  is  putted  into  a  vessel  for  growth  of  ZnO  single  crystal,  whose  inside  is  lined  with 
a  noble  metal.  This  vessel  may  be  wholly  made  of  a  noble  metal  (the  noble  metal  is  preferably  Pt  when  H202 

5  is  used).  As  necessary,  a  baffle  is  placed  in  the  vessel  to  divide  the  vessel  inside  into  (a)  a  raw  material  section 
filled  with  the  sintered  ZnO  and  (b)  a  crystal  growth  section  in  which  ZnO  seed  crystals  are  to  be  placed.  There- 
after,  ZnO  seed  crystals  are  placed  at  the  top  of  the  vessel  (in  the  crystal  growth  section  when  the  baffle  is 
used).  Into  the  vessel  is  poured  an  alkali  solvent  containing  2-6  moles/liter  of  KOH  and  1-3  moles/liter  of  LiOH, 
mixed  with  about  0.02-0.1  mole,  per  liter  of  the  alkali  solvent,  of  H202.  The  amount  of  the  alkali  solvent  is  pre- 

10  ferably  60-85%  of  the  vessel's  free  volume,  i.e.  the  vessel's  residual  volume  when  the  sintered  ZnO,  the  baffle, 
etc.  have  been  placed  in  the  vessel. 

Then,  the  vessel  for  crystal  growth  is  placed  in  other  container,  for  example,  an  autoclave,  and  the  auto- 
clave  is  filled  with  a  pressure  medium  to  immerse  the  vessel  for  crystal  growth  in  the  pressure  medium.  The 
pressure  medium  can  be  any  substance  as  long  as  it  has  weak  corrosivity  at  high  temperatures  and  at  high 

15  pressures,  and  distilled  water  is  preferred.  Such  a  pressure  medium  produces  a  pressure  at  the  crystal  growth 
temperature,  said  pressure  differing  depending  upon  the  filling  degree  of  the  pressure  medium  relative  to  the 
residual  internal  volume  (hereinafter  referred  to  as  free  internal  volume)  of  the  autoclave  when  the  crystal 
growth  vessel  has  been  placed  in  the  autoclave.  This  pressure  acts  so  as  to  protect  the  crystal  growth  vessel 
when  the  filling  degree  of  the  pressure  medium  is  controlled  so  that  the  pressure  of  the  medium  becomes  the 

20  same  as  or  slightly  higher  than  the  pressure  inside  the  crystal  growth  vessel.  When  the  pressure  medium  is 
distilled  water,  its  filling  degree  is  preferably  60-80%  of  the  free  internal  volume  of  the  autoclave  when  the 
above  alkali  solvent  and  alkali  concentration  are  used. 

Thereafter,  the  autoclave  is  placed  in  a  heating  furnace  to  heat  the  crystal  growth  vessel  to  heat  the  crystal 
growth  section  and  the  raw  material  section  to  respective  predetermined  temperatures.  In  this  case,  the  tem- 

25  perature  of  the  crystal  growth  section  is  lower  than  that  of  the  raw  material  section  by  about  5-25°C.  That  is, 
the  temperatures  of  the  crystal  growth  section  and  the  raw  material  section  are  preferably  360-400°C  and  380- 
420°C,  respectively.  This  heating  condition  is  continued  for  10-30  days  for  crystal  growth,  after  which  the  op- 
eration  of  the  heating  furnace  is  stopped  for  cooling  to  room  temperature  and  the  resulting  ZnO  single  crystal 
is  taken  out. 

30  In  the  production  of  sintered  ZnO  by  firing,  the  heavy  metals  present  as  impurities  in  the  raw  material  may 
be  removed  beforehand  in  order  to  later  obtain  a  ZnO  single  crystal  of  improved  mobility. 

A  ZnO  single  crystal,  when  used  as  an  acoustoelectric  element,  preferably  has  a  mobility  of  a  given  value 
or  more,  that  is,  30  cm2/cmsec  or  more.  ZnO  single  crystals  produced  by  conventional  processes  have  had  a 
low  mobility  in  some  cases  owing  to  the  presence  of  impurities  (e.g.  Pb)  therein.  While  Pb  is  present  in  a  ZnO 

35  powder  in  an  amount  of  about  50  ppm,  a  high-purity  ZnO  powder  can  be  produced  by  repeating  Zn  distillation 
to  obtain  high-purity  Zn  and  using  this  high-purity  Zn  for  ZnO  production. 

The  variation  in  electrical  conductivity  in  ZnO  single  crystal  can  be  made  102  1/Q-cm  or  smaller  by  con- 
trolling  the  temperature  difference  AT  between  the  crystal  growth  section  and  the  raw  material  section  so  that 
the  AT  in  the  latter  half  of  the  crystal  growth  period  becomes  smaller  than  the  AT  in  the  former  half.  For  ex- 

40  ample,  the  AT  in  the  former  half  is  controlled  at  10-25°C  and  the  AT  in  the  latter  half  is  controlled  at  5-1  0°C. 
The  variation  in  electrical  conductivity  can  also  be  made  small  by  changing  the  above  AT  not  only  in  two  stages 
but  also  in  multistages  and  continuously  depending  upon  the  conditions  of  crystal  growth. 

Next,  description  is  made  on  the  second  process  for  producing  the  piezoelectric  semiconductor  of  the  pres- 
ent  invention. 

45  In  this  second  process,  the  growth  of  ZnO  single  crystal,  the  control  of  mobility  in  ZnO  single  crystal  and 
the  control  of  variation  in  electrical  conductivity  in  ZnO  single  crystal  are  conducted  in  the  same  manner  as  in 
the  first  process  with  the  exception  that  the  alkali  solvent  contains  no  H202,  that  is,  the  alkali  solvent  contains 
only  2-6  moles/liter  of  KOH  and  1-3  moles/liter  of  LiOH.  Since  no  H202  is  used,  the  crystal  growth  vessel  inside 
need  not  be  lined  with  expensive  platinum  and  use  of  relatively  inexpensive  Ag  or  the  like  is  sufficient,  enabling 

so  cost  reduction. 
The  second  process  has  a  feature  in  that  the  resulting  ZnO  single  crystal  undergoes  a  post-treatment,  i.e. 

doping  with  Li  as  described  below. 
Doping  with  Li  is  conducted  so  that  the  Li  concentration  in  ZnO  single  crystal  becomes  15-120  ppm,  pre- 

ferably  30-90  ppm.  The  doping  method  is  not  particularly  restricted  and  includes  immersion,  coating,  spraying, 
55  etc.  each  using  a  LiOH  solution.  In  this  case,  the  concentration  of  the  LiOH  solution  can  appropriately  vary 

depending  upon  the  size,  etc.  of  the  single  crystal  to  be  treated  but,  when  a  ZnO  single  crystal  of  5  mm  x  5 
mm  x  5  mm  is  used,  it  is  immersed  in  5  ml  of  a  LiOH  solution  containing  50-200  ppm  of  Li.  The  single  crystal 
after  immersion  is  subjected  to  a  diffusion  treatment  in  air  or  an  oxygen  current  at  800-1  ,000°C  for  100-300 
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hours  to  complete  Li  doping. 
The  reason  why  a  LiOH  solution  is  used,  is  that  the  solution  is  an  alkali  solution  and  does  not  impair  the 

surface  crystallinity  of  the  ZnO  single  crystal  in  the  diffusion  treatment  and  further  that  only  Li  enters  into  the 
crystal  and  the  diffusion  is  easy  to  control.  The  reason  why  the  diffusion  treatment  is  conducted  under  the 

5  above-mentioned  conditions,  is  to  allow  the  diffusion  to  take  place  not  only  at  the  crystal  surface  but  also  uni- 
formly  in  the  crystal  interior. 

Description  is  made  on  the  third  process  for  producing  the  piezoelectric  semiconductor  of  the  present  in- 
vention. 

In  the  third  process,  the  growth  of  ZnO  single  crystal,  the  control  of  mobility  in  ZnO  single  crystal  and  the 
10  control  of  variation  in  electrical  conductivity  in  ZnO  single  crystal  are  conducted  in  the  same  manner  as  in  the 

first  process  with  the  exception  that  the  alkali  solvent  contains  the  same  amount  (2-6  moles/liter)  of  KOH  and 
the  same  amount  (1-3  moles/liter)  of  LiOH  but  is  mixed  with  H202  of  a  larger  amount  than  used  in  the  first 
process,  i.e.  0.1  to  0.3  moles  per  liter  of  the  alkali  solvent.  The  third  process  has  a  feature  in  that  the  resulting 
ZnO  single  crystal  undergoes  a  post-treatment,  i.e.  doping  with  a  trivalent  metal  (e.g.  Al  or  In)  as  mentioned 

15  below. 
Doping  with  a  trivalent  metal  is  conducted  so  that  the  concentration  of  trivalent  metal  (e.g.  Al)  in  ZnO  single 

crystal  becomes  5-120  ppm,  preferably  30-90  ppm.  The  doping  method  is  not  particularly  restricted  and  in- 
cludes  immersion,  coating,  spraying,  etc.  each  using  a  solution  of  a  trivalent  metal  hydroxide  or  carbonate,  for 
example,  an  AI(OH)3or  AI2(C03)3  solution.  In  this  case,  the  concentration  of  the  AI(OH)3  or  AI2(C03)3  solution 

20  can  appropriately  vary  depending  upon  the  size,  etc.  of  the  single  crystal  to  be  treated  but,  when  a  ZnO  single 
crystal  of  5  mm  x  5  mm  x  5  mm  is  used,  it  is  immersed  in  5  ml  of  an  AI(OH)3  or  AI2(C03)3  solution  containing 
50-200  ppm  of  Al. 

The  single  crystal  after  immersion  is  subjected  to  a  diffusion  treatment  in  air  or  an  oxygen  current  at  700- 
1,000°C  for  100-500  hours  to  complete  doping  with  a  trivalent  metal.  The  reason  why  the  diffusion  treatment 

25  is  conducted  under  such  conditions,  is  to  allow  the  diffusion  to  take  place  not  only  at  the  crystal  surface  but 
also  uniformly  in  the  crystal  interior. 

As  mentioned  above,  in  doping  with  Al  or  the  like,  Al  or  the  like  is  allowed  to  act,  in  a  liquid  phase,  on  a 
ZnO  single  crystal  and  the  resulting  ZnO  single  crystal  is  subjected  to  a  diffusion  treatment.  Therefore,  the 
apparatus  therefor  is  simple  and,  as  compared  with  the  conventional  Zn  vapor  deposition  method,  the  asso- 

30  ciated  cost  is  low;  moreover,  the  formed  ZnO  single  crystal  has  an  improved  electrical  conductivity  not  only  at 
the  crystal  surface  and  its  vicinity  but  also  in  the  whole  crystal  portion,  and  further  has  improved  uniformity 
in  electrical  conductivity. 

Lastly,  description  is  made  on  the  fourth  process  for  producing  the  piezoelectric  semiconductor  of  the  pres- 
ent  invention. 

35  As  mentioned  above,  the  fourth  process  has  a  feature  in  that  it  uses  an  alkali  solvent  containing  no  Li+, 
unlike  the  first  to  third  processes,  in  order  to  reliably  eliminate  the  adverse  effect  of  Li+  on  the  mobility  and 
variation  in  electrical  conductivity,  of  the  formed  ZnO  single  crystal  having  a  low  electrical  conductivity  (about 
-10-11  _  -i  o-6  1/Q.cm). 

The  fourth  process  is  compared  with  the  first  process.  Into  a  crystal  growth  vessel  is  poured  an  alkali  sol- 
40  vent  containing  2-6  moles/liter  of  KOH  and  0.1-0.5  mole/liter  of  NH4OH,  in  place  of  an  alkali  solvent  containing 

2-6  moles/liter  of  KOH  and  1-3  moles/liter  of  LiOH;  and  a  pressure  medium  (distilled  water)  is  fed  into  an  au- 
toclave  at  a  filling  degree  of  about  60-80%  relative  to  the  free  internal  volume  of  the  autoclave.  The  amount 
of  H202  added  to  the  alkali  solvent  is  appropriately  0.1-0.5  mole  per  liter  of  the  alkali  solvent.  Other  than  the 
above,  the  fourth  process  is  not  different  from  the  first  process  in  the  growth  of  ZnO  single  crystal,  the  control 

45  of  mobility  of  ZnO  single  crystal  and  the  control  of  variation  in  electrical  conductivity  of  ZnO  single  crystal. 
The  present  invention  is  hereinafter  described  in  more  detail  by  way  of  Examples.  However,  the  present 

invention  is  in  no  way  restricted  to  these  Examples. 

Examples  1-2 
50 

[Growth  of  ZnO  single  crystal] 

500  g  of  a  high-purity  ZnO  powder  obtained  via  Zn  distillation  was  mixed  with  500  g  of  distilled  water.  The 
mixture  was  molded  into  spheres  of  2-3  mm  in  diameter  and  dried  at  1  00°C  for  2  hours.  The  dried  product  was 

55  sintered  at  1,100°C  for  24  hours  in  an  oxygen  atmosphere  in  an  alumina  crucible.  The  sintered  ZnO  obtained 
was  subjected  to  sieving  to  selectively  obtain  a  sintered  ZnO  having  particle  diameters  of  1-2  mm. 

200  g  of  the  sintered  ZnO  was  placed  in  a  crystal  growth  vessel  10  shown  in  Fig.  1.  This  crystal  growth 
vessel  10  had  portions  12  and  12'  for  thermocouple  insertion,  had  a  roughly  cylindrical  shape  of  30  mm  in  inside 
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diameter  and  300  mm  in  height,  had  an  internal  volume  of  250  ml,  and  was  lined  with  Pt  at  the  inner  wall. 
Then,  a  baffle  3  that  opening  was  5%  of  the  cross  section  area  was  placed  in  the  crystal  growth  vessel 

to  separate  the  inside  of  the  vessel  10  into  a  raw  material  section  14  and  a  crystal  growth  section  16.  In  the 
crystal  growth  section  16  was  placed  a  Pt  frame  5  from  which  ZnO  seed  crystals  7  suspended.  (The  frame  5 

5  was  prepared  by  penetrating  a  Pt  wire  9  (as  an  example  of  a  noble  metal  wire)  through  ZnO  seed  crystals  7 
and  fixing  the  both  ends  of  each  of  such  Pt  wires  9  to  a  frame  5  to  fix  the  seed  crystals  7  to  the  frame  5.) 

Into  the  crystal  growth  vessel  10  was  poured  an  alkali  solvent  containing  3  moles/liter  of  KOH  and  1.5  mo- 
les/liter  of  LiOH.  At  that  time,  the  alkali  solvent  was  mixed  with  H202  of  a  concentration  shown  in  Table  1  .  The 
amount  of  the  alkali  solvent  (mixed  with  H202)  poured  was  80%  of  the  free  internal  volume  of  the  crystal  growth 

10  vessel  10. 
Then,  the  crystal  growth  vessel  10  was  placed  in  an  autoclave  20,  as  shown  in  Fig.  2.  Thermocouples  18 

and  18'  were  arranged  at  the  respective  places.  Distilled  water  22  was  poured  into  the  autoclave  20.  The 
amount  of  distilled  water  20  poured  was  70%  of  the  free  internal  volume  of  the  autoclave  20. 

Thereafter,  the  autoclave  20  was  sealed  with  caps  24  and  placed  in  an  electrical  furnace  30.  The  electrical 
15  furnace  30  had  two  stages  (upper  and  lower  stages)  for  enabling  the  fine  control  of  crystal  growth  temperatures 

and  was  provided  with  thermocouples  32  and  34.  Temperature  elevation  was  conducted  so  that  the  temper- 
ature  of  the  crystal  growth  section  16  was  always  lower  than  the  temperature  of  the  raw  material  section  14, 
whereby  the  crystal  growth  section  was  heated  to  380°C  or  the  raw  material  section  was  heated  to  395°C. 
This  heating  state  was  kept  for  20  days,  after  which  the  electrical  furnace  was  cooled  to  room  temperature 

20  and  the  resulting  ZnO  single  crystal  was  taken  out.  Incidentally,  as  shown  in  Table  1,  the  difference  in  tem- 
perature  (AT)  between  the  crystal  growth  section  and  the  raw  material  section  was  made  smaller  in  the  latter 
half  (10  days)  of  the  heating  (crystal  growth)  period  than  in  the  former  half  (10  days)  in  order  to  make  small 
the  variation  in  electrical  conductivity  in  the  ZnO  single  crystal  formed. 

25  [Performance  evaluation] 

Each  of  the  thus-obtained  ZnO  single  crystals  was  measured  for  electrical  conductivity  and  its  variation, 
mobility  and  acoustoelectric  effect.  The  results  are  shown  in  Table  1. 

The  acoustoelectric  effect  was  measured  as  follows. 
30 

Measurement  of  acoustoelectric  effect 

AZnO  single  crystal  was  processed  into  a  cube  of  5  mm  x  5  mm  x  5  mm  so  that  the  top  and  bottom  surfaces 
of  the  cube  were  each  the  face  "c"  of  the  single  crystal.  Onto  either  of  these  two  surfaces  was  perpendicularly 

35  applied  an  ultrasonic  pulse  having  a  given  energy.  The  resulting  voltage  was  separated  into  an  AE  voltage  and 
a  PE  voltage  using  a  frequency  filter,  and  the  wave  shape  of  only  the  PE  voltage  was  observed  and  an  ab- 
sorption  coefficient  was  calculated  therefrom. 

The  "absorption  coefficient"  indicates  an  efficiency  when  an  ultrasonic  energy  is  converted  into  an  elec- 
trical  energy.  A  larger  absorption  coefficient  gives  a  larger  acoustoelectric  effect. 

40  A  schematic  drawing  of  the  tester  used  for  the  measurement  of  acoustoelectric  effect  is  shown  in  Fig.  3. 

Examples  3-4 

[Growth  of  ZnO  single  crystal] 
45 

The  same  operation  as  in  Examples  1-2  was  conducted  with  the  exception  that  no  H202  was  used,  the 
inside  of  the  crystal  growth  vessel  10  was  lined  with  Ag,  and  the  frame  5  was  made  of  Ag.  The  resulting  ZnO 
single  crystal  was  doped  with  Li  as  follows. 

so  [Doping  with  Li] 

The  ZnO  single  crystal  obtained  above  was  immersed  in  a  LiOH  solution  of  given  concentration  and  then 
subjected  to  a  diffusion  treatment  in  an  oxygen  current  at  850°C  for  240  hours.  In  Table  1  are  shown  the  Li 
concentration  in  LiOH  solution,  the  Li  concentration  (doped  amount)  in  ZnO  single  crystal,  etc. 

55 
[Performance  evaluation] 

The  ZnO  single  crystal  doped  with  Li  was  measured  for  performances  including  acoustoelectric  effect  in 
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the  same  manners  as  in  Examples  1-2.  The  results  are  shown  in  Table  1. 

Examples  5-6 

[Growth  of  ZnO  single  crystal] 

The  same  operation  as  in  Examples  1-2  was  conducted  with  the  exception  that  the  amount  of  H202  used 
was  increased  slightly.  The  resulting  ZnO  single  crystal  was  doped  with  Al  as  follows. 

[Doping  with  Al] 

The  ZnO  single  crystal  obtained  above  was  immersed  in  an  AI(OH)3  solution  of  given  concentration  and 
then  subjected  to  a  diffusion  treatment  in  an  oxygen  current  at  700-1,  000°C  for  100-500  hours.  In  Table  1  are 
shown  the  Al  concentration  in  AI(OH)3  solution  and  the  Al  concentration  (doped  amount)  in  ZnO  single  crystal. 

[Performance  evaluation] 

The  ZnO  single  crystal  doped  with  Al  was  measured  for  performances  including  acoustoelectric  effect  in 
the  same  manners  as  in  Examples  1-2.  The  results  are  shown  in  Table  1. 

Examples  7-8 

[Growth  of  ZnO  single  crystal] 

The  same  operation  as  in  Examples  1-2  was  conducted  with  the  exception  that  there  was  used  an  alkali 
solvent  containing  3  moles/liter  of  KOH  and  0.3  mole/liter  of  NH4OH  and  that  H202  of  a  concentration  shown 
in  Table  1  was  added  to  each  1  liter  of  the  alkali  solvent. 

[Performance  evaluation] 

The  ZnO  single  crystal  obtained  above  was  measured  for  performances  including  acoustoelectric  effect 
in  the  same  manners  as  in  Examples  1-2.  The  results  are  shown  in  Table  1. 
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As  described  above,  the  present  invention  can  provide  a  piezoelectric  semiconductor  having  properties 
(e.g.  electrical  conductivity)  suitable  for  use  as  an  acoustoelectric  element,  by  adding  a  given  amount  of  H202 
to  the  alkali  solvent,  or  by  using  NH4OH  in  the  alkali  solvent,  or  by  doping  the  ZnO  single  crystal  with  Li  or  a 
trivalent  metal. 

5  Accordingly,  the  piezoelectric  semiconductor  can  be  suitably  used  as  a  ultrasonic  transducer  material  of 
acoustoelectric  type  and  can  also  be  used  as  a  material  for  ultrasonic  amplification,  an  surface  acoustic  wave 
filter,  a  piezoelectric  transducer,  a  fluorescent  material  for  emitting  a  low-velocity  electron  beam,  etc. 

10  Claims 

I.  A  piezoelectric  semiconductor  comprising  a  single  crystal  composed  mainly  of  ZnO,  which  has  an  elec- 
trical  conductivity  of  10-11  ~  1Ch3  1/Q-cm. 

15  2.  A  piezoelectric  semiconductor  according  to  Claim  1,  wherein  the  electrical  conductivity  is  1Ch6  ~  1Ch3 
1/Q-cm. 

3.  A  piezoelectric  semiconductor  according  to  Claim  1,  wherein  the  electrical  conductivity  is  1Ch5  ~  1CH 
1/Q-cm. 

20 4.  A  piezoelectric  semiconductor  according  to  Claim  2,  which  is  doped  with  15-120  ppm  of  Li. 

5.  A  piezoelectric  semiconductor  according  to  Claim  2,  which  is  doped  with  5-120  ppm  of  trivalent  metal. 

6.  A  piezoelectric  semiconductor  according  to  any  of  Claims  1-5,  which  has  a  mobility  of  30  cm2/V-sec  or 
25  more. 

7.  A  piezoelectric  semiconductor  according  to  any  of  Claims  1-6,  wherein  the  variation  in  electrical  conduc- 
tivity  in  the  single  crystal  is  102  1/Q-cm  or  smaller. 

30  8.  A  process  for  producing  a  piezoelectric  semiconductor,  which  comprises  placing  sintered  ZnO  as  raw  ma- 
terial  in  a  raw  material  section  of  a  vessel  and  ZnO  seed  crystals  in  a  crystal  growth  section  of  the  vessel 
above  the  raw  material  section,  feeding  an  alkali  solvent  into  the  vessel,  and  placing  the  vessel  under 
hydrothermal  conditions  with  the  temperature  inside  the  vessel  being  controlled  so  that  the  temperature 
of  the  raw  material  section  becomes  higher  than  the  temperature  of  the  crystal  growth  section,  to  grow 

35  a  ZnO  single  crystal,  in  which  process  0.02  to  less  than  0.1  mole  of  H202  is  added  to  each  1  liter  of  the 
alkali  solvent  to  allow  the  resulting  ZnO  single  crystal  to  have  a  controlled  electrical  conductivity. 

9.  A  process  for  producing  a  piezoelectric  semiconductor,  which  comprises  placing  sintered  ZnO  as  raw  ma- 
terial  in  a  raw  material  section  of  a  vessel  and  ZnO  seed  crystals  in  a  crystal  growth  section  of  the  vessel 

40  above  the  raw  material  section,  feeding  an  alkali  solvent  into  the  vessel,  and  placing  the  vessel  under 
hydrothermal  conditions  with  the  temperature  inside  the  vessel  being  controlled  so  that  the  temperature 
of  the  raw  material  section  becomes  higher  than  the  temperature  of  the  crystal  growth  section,  to  grow 
a  ZnO  single  crystal,  in  which  process  the  resulting  ZnO  single  crystal  is  doped  with  Li  and  consequently 
has  a  controlled  electrical  conductivity. 

45 10.  A  process  for  producing  a  piezoelectric  semiconductor,  which  comprises  placing  sintered  ZnO  as  raw  ma- 
terial  in  a  raw  material  section  of  a  vessel  and  ZnO  seed  crystals  in  a  crystal  growth  section  of  the  vessel 
above  the  raw  material  section,  feeding  an  alkali  solvent  into  the  vessel,  and  placing  the  vessel  under 
hydrothermal  conditions  with  the  temperature  inside  the  vessel  being  controlled  so  that  the  temperature 
of  the  raw  material  section  becomes  higher  than  the  temperature  of  the  crystal  growth  section,  to  grow 50 a  ZnO  single  crystal,  in  which  process  H202  is  added  to  the  alkali  solvent  and  the  resulting  ZnO  single 
crystal  is  doped  with  a  trivalent  metal  to  allow  the  ZnO  single  crystal  to  have  a  controlled  electrical  con- 
ductivity. 

II.  A  process  for  producing  a  piezoelectric  semiconductor,  which  comprises  placing  sintered  ZnO  as  raw  ma- 
55  terial  in  a  raw  material  section  of  a  vessel  and  ZnO  seed  crystals  in  a  crystal  growth  section  of  the  vessel 

above  the  raw  material  section,  feeding  an  alkali  solvent  containing  NH4+,  into  the  vessel,  and  placing  the 
vessel  under  hydrothermal  conditions  with  the  temperature  inside  the  vessel  being  controlled  so  that  the 
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temperature  of  the  raw  material  section  becomes  higher  than  the  temperature  of  the  crystal  growth  sec- 
tion,  to  grow  a  ZnO  single  crystal,  in  which  process  H202  is  added  to  the  alkali  solvent  to  allow  the  resulting 
ZnO  single  crystal  to  have  a  controlled  electrical  conductivity. 

A  process  according  to  any  one  of  claims  8  to  11  wherein  the  total  amount  of  heavy  metals  present  as 
impurities  in  the  sintered  ZnO  as  raw  material  is  controlled  at  0.01  wt%  or  less. 

A  process  according  to  any  one  of  claims  8  to  12  wherein  the  temperature  difference  between  the  raw 
material  section  and  the  crystal  growth  section  is  controlled  so  that  it  becomes  smaller  in  the  latter  half 
of  the  process  than  in  the  former  half. 
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