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(54)  Narrow  titanium-containing  wire,  process  for  producing  narrow  titanium-containing  wire, 
structure,  and  electron-emitting  device 

(57)  Disclosed  herein  is  a  process  for  producing  a 
narrow  titanium-containing  wire,  comprising  steps  of: 

(i)  providing  a  structure  comprising  a  substrate  hav- 
ing  a  titanium-containing  surface  and  a  porous  layer 

containing  narrow  pores  extending  towards  the  sur- 
face;  and 
(ii)  forming  narrow  titanium-containing  wires  in  the 
respective  narrow  pores  by  heat  treatment  of  the 
structure  obtained  in  the  step  (i). 
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Description 

BACKGROUND  OF  THE  INVENTION 

Field  of  the  Invention 

[0001]  The  present  invention  relates  to  a  narrow  tita- 
nium-  containing  wire,  a  production  process  thereof,  a 
nanostructure  and  an  electron-emitting  device,  and 
more  particularly  to  a  narrow  wire  which  can  be  widely 
used  as  a  functional  material  or  structural  material  for 
electron  devices,  microdevices  and  the  like,  in  particu- 
lar,  as  a  functional  material  for  photoelectric  transduc- 
ers,  photo-catalytic  devices,  electron-emitting  materi- 
als,  narrow  wires  for  micromachines,  narrow  wires  for 
quantum  effect  devices,  and  the  like,  a  production  proc- 
ess  thereof,  a  nanostructure  comprising  the  narrow 
wire,  and  an  electron-emitting  device  using  the  nanos- 
tructure. 

Related  Background  Art 

[0002]  Titanium  and  alloys  thereof  have  heretofore 
been  widely  used  as  structural  materials  for  aircraft,  au- 
tomobile,  chemical  equipment  and  the  like  because  of 
their  mechanical  features  that  they  are  light-weight, 
strong  and  hard  to  be  corroded.  Besides,  titanium  and 
alloys  thereof  are  also  in  use  as  medical  materials  be- 
cause  they  are  harmless  to  human  bodies. 
[0003]  Recently,  researches  of  solar  cells,  decompo- 
sition  of  injurious  materials,  antibacterial  action,  etc. 
have  been  being  extensively  made  as  applications  of 
the  photo-conductive  properties,  photocatalytic  activity 
and  the  like  of  titanium  oxide. 
[0004]  Besides,  the  application  range  of  titanium  ma- 
terials  extends  to  many  fields  such  as  vacuum  getter 
materials,  electron-emitting  materials,  metallic  alloys  for 
hydrogen  storage  and  electrodes  for  various  electron 
devices. 
[0005]  On  the  other  hand,  thin  films,  narrow  wires, 
small  dots  and  the  like  of  metals  and  semiconductors 
may  exhibit  specific  electrical,  optical  and/or  chemical 
properties  in  some  cases  because  the  movement  of 
electrons  is  restricted  at  smaller  size  of  a  certain  char- 
acteristic  length. 
[0006]  From  this  point  of  view,  an  interest  in  materials 
(nanostructures)  having  a  structure  minuter  than  100 
nm  as  functional  materials  is  greatly  increasing. 
[0007]  An  example  of  a  method  for  producing  a  na- 
nostructure  includes  a  production  by  semiconductor 
processing  techniques  including  minute  pattern  writing 
techniques  such  as  photolithography,  electron  beam  ex- 
posure  and  X-ray  diffraction  exposure. 
[0008]  Besides  such  a  production  method,  it  is  at- 
tempted  to  realize  a  novel  nanostructure  on  the  basis  of 
a  naturally  formed  regular  structure,  i.e.,  self-ordered 
structure.  Since  this  technique  has  a  possibility  that  a 
fine  and  special  structure  superior  to  those  produced  by 

the  conventional  methods  may  be  produced,  many  re- 
searches  are  beginning  to  be  carried  out. 
[0009]  An  example  of  the  specific  self  -ordered  nanos- 
tructure  is  an  anodically  oxidized  aluminum  film  [see,  for 

5  example,  R.  C.  Furneaux,  W.  R.  Rigby  &  A.  P.  Davidson, 
NATURE  Vol.  337,  p.  147  (1989)].  This  anodically  oxi- 
dized  aluminum  film  (hereinafter  called  "porous  alumi- 
na")  is  formed  by  anodically  oxidizing  an  Al  plate  in  an 
acid  electrolyte.  As  illustrated  in  Fig.  6,  its  feature  re- 

10  sides  in  that  it  has  a  specific  geometric  structure  that 
narrow  cylindrical  pores  (nanoholes)  14  as  extremely 
fine  as  several  nanometers  to  several  hundreds  nanom- 
eters  in  diameter  are  arranged  at  intervals  of  several  na- 
nometers  to  several  hundreds  nanometers  in  parallel 

is  with  one  another.  These  narrow  cylindrical  pores  14 
have  a  high  aspect  ratio  and  are  excellent  in  linearity 
and  uniformity  of  sectional  diameter. 
[0010]  Various  applications  are  being  attempted  by 
using  the  specific  geometric  structure  of  such  a  porous 

20  alumina  as  a  base.  The  detailed  explanation  thereof  is 
found  in  Masuda  [Masuda,  KOTAI-BUTSURI  (Solid- 
State  Physics),  31,  493,  1  996].  Techniques  for  filling  a 
metal  or  semiconductor  into  narrow  pores  and  tech- 
niques  for  taking  a  replica  are  typical,  and  various  ap- 

25  plications  including  coloring,  magnetic  recording  media, 
EL  light-emitting  devices,  electrochromic  devices,  opti- 
cal  devices,  solar  cells  and  gas  sensors  are  attempted. 
[0011]  Further,  applications  to  many  fields  such  as 
quantum  effect  devices  such  as  quantum  wires  and  Ml  M 

30  (metal-insulator-metal)  tunnel  effect  devices,  and  mo- 
lecular  sensors  using  nanoholes  as  chemical  reaction 
sites  are  expected. 
[0012]  If  such  a  nanostructure  made  with  a  highly 
functional  material,  i.e.,  titanium,  is  available,  the  nanos- 

35  tructure  is  expected  to  be  utilized  as  a  functional  struc- 
ture  such  as  electron  devices,  microdevices,  etc. 
[0013]  As  an  example  where  a  nanostructure  is  pro- 
duced  by  using  a  titanium  material  and  controlling  size 
and  form,  may  be  mentioned  patterning  of  a  thin  film  of 

40  the  titanium  material  by  semiconductor  processing  tech- 
niques  including  minute  pattern  writing  techniques  such 
as  photolithography,  electron  beam  exposure  and  X-ray 
diffraction  exposure  as  described  above.  However, 
these  techniques  involve  problems  of  poor  yield  and 

45  high  cost  of  apparatus,  and  there  is  thus  a  demand  for 
development  of  a  simple  method  for  producing  a  nanos- 
tructure  with  good  reproducibility. 
[0014]  The  method  using  the  self  -ordering  phenome- 
non,  particularly,  the  method  using  the  porous  alumina 

so  as  a  base  is  preferable  to  the  method  using  such  a  sem- 
iconductor  processing  technique  because  it  has  a  merit 
that  a  nanostructure  can  be  easily  produced  over  a  large 
area  under  good  control. 
[0015]  As  an  example  where  a  titanium-containing 

55  nanostructure  was  produced  by  applying  such  a  meth- 
od,  may  be  mentioned  an  example  by  Masuda  et  al.,  in 
which  porous  Ti02  was  formed  by  taking  a  replica  of  po- 
rous  alumina  with  titanium  oxide  [Jpn.  J.  Appl.  Phys.,  31 
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L1775-L1777  (1992);  and  J.  of  Materials  Sci.  Lett.,  15, 
1228-1230  (1996)]. 
[0016]  However,  this  method  involves  problems  to  be 
solved  such  as  it  must  go  through  many  complicated 
steps  in  the  process  of  taking  the  replica,  and  the  crys- 
tallinity  of  Ti02  is  poor  since  it  is  formed  by  electrodepo- 
sition. 
[0017]  On  the  other  hand,  it  is  often  conducted  to  fill- 
ing  a  metal  or  semiconductor  into  narrow  pores  of  the 
porous  alumina,  thereby  producing  a  nanostructure.  Ex- 
amples  thereof  include  filling  of  Ni,  Fe,  Co.  Cd  or  the  like 
by  an  electrochemical  method  [see  D.  Al-Mawlawi  et  al., 
Mater.  Res.,  9,  1014  (1994);  and  Masuda  et  al.,  Hyo- 
men-Gijutsu  (Surface  Techniques),  Vol.  43,  798  (1  992)], 
and  melt  introduction  of  In,  Sn,  Se,  Te  or  the  like  [see  C. 
A.  Huber  et  al.,  SCIENCE,  263,  800  (1994)].  However, 
the  filling  of  a  Ti-containing  material  according  to  either 
method  has  not  been  reported  from  the  reasons  that  the 
electrodeposition  of  Ti  is  not  common,  and  that  the  Ti 
materials  generally  have  a  high  melting  point. 
[0018]  On  the  other  hand,  potassium  titanate  whisk- 
ers  of  the  submicron  size  (0.2  to  1  .0  urn  in  diameter,  5 
to  60  urn  in  length)  have  been  developed  as  applications 
to  fiber  reinforced  plastics,  fiber  reinforced  metals  and 
fiber  reinforced  ceramics  [Nihon-Kinzoku-Gakkai-shi 
(Journal  of  The  Japan  Institute  of  Metals),  58,  69-77 
(1994)].  However,  these  materials  are  all  powdery,  and 
no  technique  for  position-controlling  and  arranging  them 
on  a  substrate  have  not  been  known  as  yet.  In  order  to 
expect  specific  electrical,  optical  and  chemical  proper- 
ties  as  nanostructures,  there  is  also  the  necessity  of  fur- 
ther  narrowing  them  in  size. 

SUMMARY  OF  THE  INVENTION 

[0019]  The  present  invention  has  been  made  in  view 
of  such  various  technical  requirements  as  described 
above,  and  it  is  an  object  of  the  present  invention  to  pro- 
vide  a  process  for  producing  a  narrow  titanium-contain- 
ing  wire,  using  titanium  as  a  main  material,  particularly, 
a  process  for  producing  a  narrow  titanium-containing 
wire  on  a  substrate. 
[0020]  Another  object  of  the  present  invention  is  to 
provide  a  nanostructure  provided  with  narrow  titanium- 
containing  wires  having  a  specific  direction  and  a  uni- 
form  diameter  arranged  at  regular  intervals  on  a  sub- 
strate. 
[0021]  A  further  object  of  the  present  invention  is  to 
provide  a  high-performance  electron-emitting  device 
capable  of  emitting  electrons  in  a  greater  amount. 
[0022]  The  above  objects  can  be  achieved  by  the 
present  invention  described  below. 
[0023]  According  to  the  present  invention,  there  is 
thus  provided  a  process  for  producing  a  narrow  titanium- 
containing  wire,  comprising  steps  of: 

(i)  providing  a  structure  comprising  a  substrate  hav- 
ing  a  titanium-containing  surface  and  a  porous  layer 

containing  narrow  pores  extending  towards  the  sur- 
face;  and 
(ii)  forming  narrow  titanium-containing  wires  in  the 
respective  narrow  pores  by  heat  treatment  of  the 

5  structure  obtained  in  the  step  (i). 

[0024]  According  to  the  present  invention,  there  is  al- 
so  provided  a  nanostructure  comprising  a  substrate 
having  a  surface  containing  titanium,  and  narrow  titani- 

10  um-containing  wires  on  the  surface,  the  narrowtitanium- 
containing  wires  extending  in  the  direction  substantially 
vertical  to  the  surface. 
[0025]  According  to  the  present  invention,  there  is  fur- 
ther  provided  a  narrow  wire  produced  in  accordance 

is  with  the  production  process  described  above. 
[0026]  According  to  the  present  invention,  there  is  still 
further  provided  an  electron-emitting  device  comprising 
a  structure,  which  comprises  a  substrate  having  a  tita- 
nium-containing  surface,  a  porous  layer  containing  nar- 

20  row  pores  extending  towards  the  surface,  and  narrow 
titanium-containing  wires  respectively  formed  in  the  nar- 
row  pores;  a  counter  electrode  arranged  in  an  opposing 
relation  to  the  titanium-containing  surface;  and  a  means 
for  applying  a  potential  between  the  titanium-containing 

25  surface  and  the  counter  electrode. 
[0027]  According  to  the  embodiments  of  the  present 
invention,  there  can  be  realized  a  narrow  titanium-con- 
taining  wire  and  a  titanium-containing  nanostructure 
having  a  structure  of  a  nanometer  scale. 

30  [0028]  The  nanostructure  provided  with  the  narrow  ti- 
tanium-  containing  wires  according  to  the  embodiment 
of  the  present  invention  can  be  widely  applied  as  a  func- 
tional  material  or  structural  material  for  various  kinds  of 
electron  devices  and  microdevices,  including  photoe- 

35  lectric  transducers,  photocatalysts,  quantum  wires,  Ml  M 
devices,  electron-emitting  devices  and  vacuum  getter 
materials. 
[0029]  The  narrow  titanium-containing  wires  accord- 
ing  to  the  embodiment  of  the  present  invention  can  also 

40  be  used  as  a  reinforcement  for  plastics  and  the  like. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

[0030]  Figs.  1  A,  1  B,  1  C  and  1  D  conceptually  illustrate 
45  examples  of  the  form  of  a  narrow  titanium-containing 

wire  according  to  the  present  invention,  in  which  Fig.  1  A 
illustrates  the  form  like  a  strand,  Fig.  1B  illustrates  the 
form  like  a  column,  Fig.  1  C  illustrates  the  form  like  a  col- 
umn  the  diameter  of  which  successively  varies,  and  Fig. 

so  1  D  illustrates  the  form  with  a  plurality  of  columns  united. 
[0031]  Figs.  2A,  2B,  2C  and  2D  are  conceptual  cross- 
sectional  views  illustrating  a  production  process  of  a  na- 
nostructure  according  to  an  embodiment  of  the  present 
invention,  in  which  Fig.  2A  illustrates  a  step  of  providing 

55  a  substrate  with  a  titanium-containing  film  formed  on  a 
base,  Fig.  2B  illustrates  a  step  of  forming  an  Al-contain- 
ing  film  on  the  substrate,  Fig.  2C  illustrates  a  step  of 
anodizing  the  Al-containing  film  to  form  a  porous  alumi- 
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na,  and  Fig.  2D  illustrates  a  step  of  forming  narrow  tita- 
nium-containing  wires  in  the  respective  narrow  pores  of 
the  porous  alumina. 
[0032]  Figs.  3A,  3B,  3C  and  3D  conceptually  illustrate 
examples  of  a  nanostructure  to  which  the  narrow  titani- 
um-  containing  wire  according  to  the  present  invention 
is  applied,  in  which  Fig.  3A  illustrates  a  nanostructure 
provided  with  the  narrow  titanium-containing  wires  ar- 
ranged  in  the  direction  substantially  vertical  to  a  sub- 
strate,  and  Figs.  3B,  3C  and  3D  illustrate  nanostructures 
provided  with  the  narrow  titanium-containing  wires  ar- 
ranged  in  narrow  pores  of  a  porous  alumina. 
[0033]  Fig.  4  conceptually  illustrates  the  outline  of  a 
reactor  for  heat  treatment  used  in  the  formation  of  nar- 
row  titanium-containing  wires. 
[0034]  Fig.  5  conceptually  illustrates  the  outline  of  an 
anodizing  apparatus. 
[0035]  Fig.  6  conceptually  illustrates  porous  alumina. 
[0036]  Fig.  7  is  a  schematic  cross-sectional  view  illus- 
trating  an  electron-emitting  device  according  to  an  em- 
bodiment  of  the  present  invention. 

DESCRIPTION  OF  THE  PREFERRED 
EMBODIMENTS 

[0037]  The  embodiments  of  the  present  invention  will 
hereinafter  be  described  specifically. 

[Constitution  of  a  narrow  titanium-containing  wire  and  a 
nanostructure  to  which  the  narrow  titanium-containing 
wire  is  applied] 

[0038]  According  to  the  present  invention,  the  narrow 
titanium-containing  wire  and  the  nanostructure  to  which 
the  narrow  titanium-containing  wire  is  applied  are  pro- 
duced  by  forming  a  porous  layer  having  narrow  pores 
on  a  substrate  having  a  titanium-containing  surface  and 
forming  narrow  titanium-containing  wires  in  the  respec- 
tive  narrow  pores  by  carrying  out  a  heat  treatment  under 
a  specific  atmosphere. 
[0039]  Figs.  3A,  3B,  3C  and  3D  conceptually  illustrate 
examples  of  the  nanostructure  provided  with  the  narrow 
titanium-containing  wire.  Fig.  3A  illustrates  a  nanostruc- 
ture  composed  of  a  substrate  10  having  a  layer  11  which 
constitutes  a  titanium-containing  surface  formed  there- 
on,  and  the  narrow  titanium-containing  wires  15  ar- 
ranged  in  a  specific  direction  (the  substantially  vertical 
direction)  to  the  surface.  Fig.  3B  illustrates  a  nanostruc- 
ture  composed  of  a  substrate  10  having  a  layer  11  which 
constitutes  a  titanium-containing  surface  formed  there- 
on,  a  porous  layer  (porous  alumina)  13  which  has  nar- 
row  pores  1  4  extending  vertically  to  the  surface  provided 
on  the  surface,  and  the  narrowtitanium-containing  wires 
15  being  arranged  in  the  respective  narrow  pores  14. 
[0040]  The  narrow  titanium-containing  wires  15  are 
formed  of  a  metal,  semiconductor  or  insulator  compris- 
ing  titanium  as  a  main  component,  for  example,  any  of 
titanium,  titanium  alloys  including  titanium-iron  and  tita- 

nium-aluminum,  and  optional  titanium  compounds  such 
as  titanium  oxide,  titanium  hydride,  titanium  nitride  and 
titanium  carbide.  The  diameter  (thickness)  of  the  narrow 
titanium-containing  wire  15  is  generally  within  a  range 

5  of  from  1  nm  to  2  urn,  and  the  length  thereof  is  generally 
within  a  range  of  from  10  nm  to  100  urn  Since  the  form 
of  the  narrow  titanium-containing  wire  15  is  influenced 
by  the  form  of  the  narrow  pore  of  the  porous  layer  to 
some  extent,  the  pore  diameter  of  the  porous  layer,  an 

10  interval  between  the  narrow  pores,  and  the  like  are  ge- 
ometrically  controlled,  whereby  the  diameter  and  the 
like  of  the  narrow  titanium-containing  wire  can  be  con- 
trolled  to  some  extent,  and  the  growing  direction  of  the 
narrow  wire  can  also  be  controlled  so  as  to  extend  ver- 

15  tically  to  the  surface  of  the  substrate  by  way  of  example. 
[0041]  Further,  the  narrow  titanium-containing  wire 
can  be  provided  as  a  whisker  crystal  under  special  pro- 
duction  conditions.  Such  conditions  will  be  described 
subsequently. 

20  [0042]  As  the  porous  layer  formed  on  the  titanium- 
containing  surface  at  the  structure  illustrated  in  Fig.  3B, 
may  be  used  porous  alumina,  zeolite,  porous  silicon,  a 
mask  formed  by  a  photolithographic  method,  or  the  like. 
In  particular,  the  porous  alumina  is  desirable  because  it 

25  has  linear  narrow  pores  at  regular  intervals,  so  that  nar- 
row  titanium-containing  wires  excellent  in  linearity  can 
be  formed  at  regular  intervals,  and  moreover  a  nanos- 
tructure  provided  with  the  narrow  titanium-containing 
wires  1  5  arranged  at  regular  intervals  in  a  specific  direc- 

30  tion  (for  example,  the  substantially  vertical  direction  to 
the  surface  of  the  substrate)  can  be  provided. 
[0043]  The  structure  of  the  porous  alumina  is  illustrat- 
ed  in  Fig.  6.  The  porous  alumina  1  3  is  composed  mainly 
of  Al  and  0,  and  many  cylindrical  and  linear  narrow  pores 

35  14  thereof  are  arranged  substantially  vertically  to  the 
surface  of  an  aluminum  film  (plate)  601  .  The  respective 
narrow  pores  are  arranged  at  substantially  regular  inter- 
vals  in  parallel  with  one  another.  The  narrow  pores  tend 
to  be  arranged  in  the  form  like  a  triangular  lattice  as  il- 

40  lustrated  in  Fig.  6.  The  diameter  2r  of  the  narrow  pore 
is  about  5  nm  to  500  nm,  and  the  interval  2R  between 
the  narrow  pores  is  about  10  nm  to  500  nm.  The  pore 
diameter  and  interval  may  be  controlled  to  some  extent 
by  various  process  conditions  such  as  the  concentration 

45  and  temperature  of  an  electrolyte  used  in  anodization, 
a  method  of  applying  anodizing  voltage,  anodizing  volt- 
age  and  time,  and  conditions  of  a  subsequent  pore  wid- 
ening  treatment.  In  other  words,  the  pore  diameter  and 
interval  can  be  controlled,  thereby  controlling  the  diam- 

50  eter  (thickness)  of  the  narrow  titanium-containing  wire 
in  a  certain  degree  within  the  above  range,  for  example, 
300  nm  or  smaller  in  diameter. 
[0044]  In  the  nanostructure  illustrated  in  Fig.  3B,  the 
narrow  titanium-containing  wire  15  projects  from  the 

55  surface  of  the  narrow  pore.  However,  as  illustrated  in 
Fig.  3C,  the  growth  of  the  narrow  wire  may  also  be 
stopped  in  the  interior  of  the  narrow  pore  to  utilize  it. 
[0045]  In  Figs.  3B  and  3C,  the  diameter  of  titanium- 

4 
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containing  wire  15  is  thinner  than  the  diameter  of  the 
narrow  pore  14  of  anodic  porous  alumina.  On  the  other 
hand,  as  illustrated  in  Fig.  3D,  the  diameter  of  titanium- 
containing  wire  15  may  be  the  same  as  the  diameter  of 
the  narrow  pore  14. 

[Production  process  of  the  narrow  titanium-containing 
wire  and  the  nanostructure  to  which  the  narrow  titanium- 
containing  wire  is  applied] 

[0046]  The  narrow  titanium-containing  wire  and  the 
nanostructure  to  which  the  narrow  titanium-containing 
wire  is  applied  are  preferably  produced  by  a  process 
comprising  steps  of  providing  a  structure  comprising  a 
substrate  having  a  titanium-containing  surface  and  a  po- 
rous  layer  containing  narrow  pores  (Step  1);  and  forming 
narrow  titanium-containing  wires  in  the  respective  nar- 
row  pores  by  carrying  out  a  heat  treatment  of  the  struc- 
ture  (Step  2). 
[0047]  The  production  process  of  the  narrow  titanium- 
containing  wire  and  the  nanostructure  to  which  the  nar- 
row  titanium-containing  wire  is  applied  will  hereinafter 
be  described  in  order  with  reference  to  Figs.  2A  to  2D. 
[0048]  In  Figs.  2A  to  2D,  reference  numeral  10  indi- 
cates  a  substrate,  15  is  a  narrow  titanium-containing 
wire,  1  1  is  a  titanium-containing  film,  1  2  is  an  aluminum- 
containing  film,  13  is  a  porous  layer  (porous  alumina), 
14  is  a  narrow  pore  (nanohole),  and  15  is  a  narrow  tita- 
nium-containing  wire. 

Step  1  :  (Provision  of  the  structure  provided  with  the 
porous  layer  containing  narrow  pores  on  the  substrate 
10) 

[0049]  No  particular  limitation  is  imposed  on  the  sub- 
strate  10  having  the  titanium-containing  surface  so  far 
as  it  contains  titanium  on  the  surface.  Examples  thereof 
include  plates  of  titanium  or  an  alloy  thereof,  and  sub- 
strates  composed  of  any  of  various  kinds  of  bases  16 
such  as  quartz  glass  and  Si  and  a  Ti-containing  film  11 
formed  on  the  base  as  illustrated  in  Fig.  2A. 
[0050]  The  Ti-containing  film  1  1  can  be  formed  by  one 
of  optional  film  forming  methods  including  resistance 
heating  deposition,  EB  deposition,  sputtering,  CVD  and 
plating. 
[0051]  The  porous  layer  is  preferably  porous  alumina 
which  can  be  formed  by  an  easy  production  process  and 
contains  narrow  pores  linear  and  high  in  aspect  ratio.  A 
process  for  forming  the  porous  alumina  as  a  porous  lay- 
er  will  hereinafter  be  described. 

Step  1a:  (Formation  of  the  Al-containing  film  on  the 
substrate) 

[0052]  The  Al-containing  film  12  illustrated  in  Fig.  2B 
can  be  formed  by  one  of  optional  film  forming  methods 
including  resistance  heating  deposition,  EB  deposition, 
sputtering,  CVD  and  plating. 

Step  1b:  (Anodizing  step) 

[0053]  The  Al-containing  film  12  is  subsequently  an- 
odized,  thereby  forming  porous  alumina  1  3  on  the  sub- 

5  strate  (see  Fig.  2C).  The  outline  of  an  anodizing  appa- 
ratus  usable  in  this  step  is  illustrated  in  Fig.  5. 
[0054]  In  Fig.  5,  reference  numeral  50  indicates  a 
thermostatic  bath,  51  is  a  reaction  vessel,  52  is  a  sample 
with  an  Al-containing  film  12  formed  on  a  substrate  10 

10  having  a  Ti-containing  surface,  53  is  a  Pt  cathode,  54  is 
an  electrolyte,  56  is  a  power  source  for  applying  anodiz- 
ing  voltage,  and  55  is  an  ammeter  for  measuring  an  an- 
odizing  current  (la).  Besides,  a  computer  (not  illustrated) 
for  automatically  controlling  and  measuring  the  voltage 

is  and  current,  and  the  like  are  incorporated.  The  sample 
52  and  the  cathode  53  are  arranged  in  the  electrolyte 
54  the  temperature  of  which  is  kept  constant  by  the  ther- 
mostatic  bath  50.  Voltage  is  applied  between  the  sample 
52  and  the  cathode  53  from  the  power  source  56  to  con- 

20  duct  the  anodization. 
[0055]  Examples  of  the  electrolyte  used  in  the  anodi- 
zation  include  solutions  of  oxalic  acid,  phosphoric  acid, 
sulfuric  acid  and  chromic  acid.  Various  conditions  such 
as  anodizing  voltage  and  temperature  may  be  suitably 

25  set  according  to  a  nanostructure  to  be  produced. 
[0056]  In  the  anodizing  step,  the  Al-containing  film  1  2 
is  anodized  over  the  entire  film  thickness.  The  anodiza- 
tion  proceeds  from  the  surface  of  the  Al-containing  film. 
When  the  anodization  reaches  the  surface  of  the  sub- 

so  strate  1  0,  a  change  in  the  anodizing  current  is  observed. 
Therefore,  this  change  can  be  detected  to  judge  wheth- 
er  the  anodization  is  completed.  For  example,  when  a 
substrate  with  a  Ti-containing  film  provided  on  an  op- 
tional  base  is  used,  whether  the  application  of  the  ano- 

35  dizing  voltage  is  completed  can  be  judged  by  a  reduction 
in  the  anodizing  current.  After  the  anodizing  treatment, 
the  pore  diameter  of  narrow  pores  can  be  suitably  wid- 
ened  by  a  pore-widening  treatment  in  which  the  treated 
substrate  is  immersed  in  an  acid  solution  (for  example, 

40  a  phosphoric  acid  solution).  The  pore  diameter  can  be 
controlled  by  the  concentration  of  the  solution,  and  treat- 
ing  time  and  temperature. 

Step  2:  (Formation  of  the  narrow  titanium-containing 
45  wires  in  the  narrow  pores  by  a  heat  treatment) 

[0057]  The  structure  having  the  titanium-containing 
surface,  on  which  the  porous  layer  has  been  formed,  is 
placed  in  a  reaction  vessel  and  subjected  to  a  heat  treat- 

so  ment  under  a  specific  atmosphere,  whereby  titanium 
present  at  the  bottom  of  the  narrow  pores  can  be  reacted 
with  the  atmosphere  to  form  narrow  titanium-containing 
wires  15  which  is  a  reaction  product  of  titanium  and  the 
atmosphere  in  the  respective  narrow  pores  of  the  po- 

55  rous  layer  (see  Fig.  2D). 
[0058]  The  reactor  for  conducting  the  heat  treatment 
is  described  with  reference  to  Fig.  4.  In  Fig.  4,  reference 
numeral  41  indicates  a  reaction  vessel,  42  is  a  sample 
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(substrate),  and  43  is  an  infrared  absorbing  plate  which 
also  assumes  the  part  of  a  sample  holder.  Reference 
numeral  44  designates  a  pipe  for  introducing  a  gas  such 
as  hydrogen  or  oxygen,  which  is  preferably  arranged  in 
such  a  manner  that  the  concentration  of  the  gas  be- 
comes  uniform  in  the  vicinity  of  the  substrate.  Reference 
numeral  46  indicates  a  gas  discharging  line  connected 
to  a  turbo-molecular  pump  or  rotary  pump.  Reference 
numeral  47  designates  an  infrared  lamp  for  heating  the 
base,  and  48  is  a  condenser  mirror  for  focusing  infrared 
rays  with  good  efficiency  to  the  infrared  absorbing  plate. 
49  is  a  window  capable  of  transmitting  the  infrared  rays. 
Besides,  a  vacuum  gauge  for  monitoring  the  pressure 
within  the  reaction  vessel  and  a  thermocouple  for  meas- 
uring  the  temperature  of  the  substrate  (both,  not  illus- 
trated)  are  incorporated.  It  goes  without  saying  that  be- 
sides  the  above-described  apparatus,  an  electric  fur- 
nace  type  apparatus  which  heats  the  whole  structure 
from  the  outside  may  also  be  used  without  any  particular 
problem. 
[0059]  The  atmosphere  and  temperature  used  in  the 
heat  treatment  are  suitably  set  according  to  the  material 
and  form  of  a  narrow  titanium-containing  wire  to  be  pro- 
duced.  For  example,  when  hydrogen,  oxygen,  nitrogen 
or  a  hydrocarbon  is  introduced  as  the  atmosphere,  a 
narrow  wire  correspondingly  composed  of  titanium  hy- 
dride,  titanium  oxide,  titanium  nitride  or  titanium  carbide 
can  be  produced.  Besides,  materials  used  in  the  chem- 
ical  vapor  phase  epitaxy,  such  as  SiH4,  B2H5,  PH3,  Al 
(C2H5)3  and  Fe(CO)5,  may  also  be  used  to  form  narrow 
wires  containing  titanium  compounds  such  as  titanium 
silicide,  titanium  boride,  titanium  phosphide,  aluminum- 
titanium  alloy  and  iron-titanium  alloy,  respectively.  In 
particular,  when  a  narrow  wire  composed  of  titanium  ox- 
ide  is  produced,  the  heat  treatment  is  conducted  at  a 
temperature  ranging  from  500°C  to  900°C  under  an  at- 
mosphere  containing  at  least  1  Pa  of  water  vapor, 
whereby  a  narrow  wire  in  the  form  of  whisker  can  be 
formed.  At  this  time,  it  is  preferred  that  hydrogen  is 
mixed  into  the  atmosphere  because  the  growth  of  the 
wire  is  accelerated.  In  general,  whisker  is  a  crystal 
grown  in  the  form  of  a  needle  and  has  scarcely  disloca- 
tion,  and  techniques  such  as  deposition  from  a  solution, 
decomposition  of  a  compound  and  reduction  of,  for  ex- 
ample,  a  halide  with  hydrogen  have  been  known  as  the 
production  methods  thereof.  The  titanium  oxide  whisker 
according  to  the  present  invention  is  considered  to  be 
grown  by  an  oxidation  reaction  with  the  water  vapor  and 
a  reduction  reaction  with  hydrogen  (or  heat). 
[0060]  Such  a  narrow  titanium  oxide  wire  having  ex- 
cellent  crystallinity  can  be  expected  to  have  good  elec- 
trical  properties  and  electron-emitting  properties  as  a 
semiconductor. 
[0061]  According  to  the  process  described  above,  the 
nanostructure  illustrated  in  Fig.  3B,  in  which  the  narrow 
titanium-containing  wires  are  present  in  the  respective 
narrow  pores  of  the  porous  layer,  the  narrow  pores  ex- 
tending  vertically  to  the  Ti-containing  surface,  can  be 

formed. 
[0062]  The  porous  layer  1  3  having  the  narrow  pores, 
in  which  the  narrow  wires  are  present,  of  the  structure 
thus  obtained  is  removed  by  etching,  thereby  obtaining 

5  a  nanostructure  provided  with  the  narrow  Ti-containing 
wires  on  the  Ti-containing  surface  of  the  substrate,  the 
narrow  wires  extending  vertically  to  the  surface  as  illus- 
trated  in  Fig.  3A. 
[0063]  Only  the  narrow  wires  are  separated  from  the 

10  nanostructure  illustrated  in  Fig  3A  or  3B,  whereby  nar- 
row  wires  having  an  extremely  fine  and  even  thickness 
and  excellent  linearity  can  be  obtained. 
[0064]  The  nanostructure  obtained  in  the  above-de- 
scribed  manner  can  also  be  made  to  an  electron-emit- 

15  ting  device  by  arranging  a  counter  electrode  701  in  an 
opposing  relation  to  the  titanium-containing  surface  11 
in  vacuum  as  illustrated  in  Fig.  7  and  constructing  them 
in  such  a  manner  that  a  potential  may  be  applied  be- 
tween  the  titanium-containing  surface  11  and  the  coun- 

20  ter  electrode  701  .  Since  most  of  the  narrow  wires  in  the 
nanostructure  used  in  this  device  extend  in  the  direction 
substantially  vertical  to  the  surface,  the  device  can  be 
expected  to  emit  electrons  efficiently  and  stably. 
[0065]  The  present  invention  will  hereinafter  be  de- 

25  scribed  in  detail  by  the  following  Examples  with  refer- 
ence  to  the  drawings.  However,  the  present  invention  is 
not  limited  to  these  examples. 

Example  1  : 
30 

[0066]  This  example  describes  the  production  of  a 
narrow  titanium  oxide  wires  and  a  nanostructure  provid- 
ed  with  the  narrow  titanium  oxide  wires. 
[0067]  The  production  process  of  the  narrowtitanium- 

35  containing  wire  and  the  nanostructure,  to  which  the  nar- 
row  wire  is  applied,  according  to  the  present  invention 
is  described  in  order  with  reference  to  Figs.  2A  to  2D. 

Step  1  : 
40 

[0068]  In  this  example,  a  quartz  base  was  used  as  a 
base  1  6.  After  the  base  was  thoroughly  washed  with  an 
organic  solvent  and  purified  water,  a  Ti  film  11  having  a 
thickness  of  1  urn  was  formed  on  the  base  by  sputtering 

45  to  provide  a  substrate  10  (see  Fig.  2A). 

Step  1a: 

[0069]  An  Al  film  having  a  thickness  of  1  urn  was  fur- 
so  ther  formed  as  an  Al-containing  film  1  2  on  the  substrate 

10  by  sputtering  (see  Fig.  2B). 

Step  1b: 

55  [0070]  The  Al-containing  film  12  was  subsequently 
subjected  to  an  anodizing  treatment  using  an  anodizing 
apparatus  illustrated  in  Fig.  5  (see  Fig.  2C).  A  0.3  M  oxal- 
ic  acid  was  used  as  an  acid  electrolyte,  and  kept  at  1  7°C 
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in  a  thermostatic  bath.  Anodizing  voltage  and  treating 
time  were  set  to  DC  40  V  and  1  0  minutes,  respectively. 
In  the  course  of  the  anodization  process,  i.e.,  after  about 
8  minutes,  the  anodization  reached  the  surface  (Ti  film) 
of  the  substrate,  and  so  reduction  in  the  anodizing  cur- 
rent  was  observed. 
[0071]  After  the  anodizing  treatment,  the  diameter  of 
narrow  pores  of  the  porous  layer  thus  obtained  was  con- 
trolled  by  immersing  the  treated  substrate  in  a  5  wt% 
phosphoric  acid  solution  for  45  minutes  as  a  pore-wid- 
ening  treatment.  After  the  treatment,  the  substrate  thus 
treated  was  washed  with  purified  water  and  isopropyl 
alcohol. 

Step  2:  (heat  treating  step) 

[0072]  The  structure  on  the  substrate  of  which  the  po- 
rous  alumina  had  been  formed  was  subsequently  sub- 
jected  to  a  heat  treatment  in  a  mixed  atmosphere  of  wa- 
ter  vapor,  hydrogen  and  helium  in  accordance  with  the 
following  process,  thereby  forming  narrow  titanium  ox- 
ide  wires.  Namely,  the  structure  was  placed  in  a  reaction 
vessel  illustrated  in  Fig.  4.  Hydrogen  gas  diluted  to  1/50 
with  helium,  passed  through  purified  water  kept  at  5°C 
with  bubbling  was  introduced  at  a  flow  rate  of  50  seem 
through  a  gas  introducing  pipe  44,  while  keeping  the 
pressure  within  the  reaction  vessel  at  1,000  Pa.  An  in- 
frared  lamp  was  then  lit  to  heat  the  structure  at  700°C 
for  1  hour,  thereby  heat-treating  the  structure.  After  the 
infrared  lamp  was  put  off,  and  the  temperature  of  the 
structure  was  returned  to  room  temperature,  the  feed  of 
the  gas  was  stopped  to  take  the  structure  out  in  the  air. 

Evaluation:  (Observation  of  the  structure) 

[0073]  The  surface  and  section  of  the  structure  taken 
out  were  observed  through  an  FE-SEM  (field  emission- 
scanning  electron  microscope). 

Result: 

[0074]  As  illustrated  in  Fig.  3B,  the  porous  alumina 
was  formed  with  narrow  pores  having  a  diameter  of 
about  60  nm  and  extending  vertically  to  the  surface  of 
the  Ti-containing  film  11,  the  narrow  pores  being  ar- 
ranged  at  substantially  regular  intervals  of  about  1  00  nm 
in  parallel  with  one  another,  and  a  large  number  of  nar- 
row  wires  grew  within  the  respective  narrow  pores  and 
from  the  interior  of  the  narrow  pores  toward  the  outside. 
Each  narrow  titanium-containing  wire  grew  from  the  sur- 
face  of  the  substrate  in  the  direction  substantially  verti- 
cal  to  the  surface  in  accordance  with  the  shape  of  the 
narrow  pore,  and  had  a  diameter  of  about  40  to  60  nm 
and  a  length  of  several  hundreds  nanometers  to  several 
micrometers. 
[0075]  Further,  the  narrow  wire  was  identified  as  be- 
ing  composed  mainly  of  titanium  by  EDAX  (energy  non- 
dispersive  X-ray  diffraction  analyzer).  The  X-ray  diffrac- 

tion  of  the  narrow  wire  revealed  that  rutile  type  titanium 
oxide  was  present. 
[0076]  When  the  narrow  titanium-containing  wires 
formed  in  the  narrow  pores  were  separated  from  the 

5  substrate  to  observe  them  through  a  microscope  at  a 
high  magnification,  those  in  the  form  like  a  strand  as  il- 
lustrated  in  Fig.  1A,  those  in  the  form  like  a  column  as 
illustrated  in  Fig.  1  B,  those  in  the  form  like  a  column  the 
thickness  of  which  successively  varied  as  illustrated  in 

10  Fig.  1  C,  and  those  in  the  form  with  a  plurality  of  columns 
united  as  illustrated  in  Fig.  1D  were  observed.  Among 
those  illustrated  in  Figs.  1B,  1C  and  1D,  those  having 
an  edge  form  corresponding  to  crystal  face  were  includ- 
ed.  They  were  considered  to  have  undergone  crystal 

is  growth,  i.e.,  whisker  growth. 

Example  2: 

[0077]  This  example  describes  control  of  the  diameter 
20  of  a  narrow  titanium-containing  wire  by  controlling  the 

pore  diameter  of  porous  alumina. 
[0078]  Structures  having  porous  alumina  with  the 
pore  diameter  thereof  varied  were  provided  in  the  same 
manner  as  in  Example  1  except  that  anodizing  voltage 

25  was  set  to  50  V,  and  the  pore-widening  treatment  was 
conducted  for  varied  periods  of  time  of  0  minute,  1  5  min- 
utes,  30  minutes,  45  minutes  and  60  minutes.  The  typ- 
ical  pore  diameters  of  the  structures  were  1  0  nm,  25  nm, 
40  nm,  60  nm  and  80  nm,  respectively.  These  structures 

30  were  then  subjected  to  a  heat  treatment.  The  heat  treat- 
ment  step  was  conducted  in  accordance  with  the  step 
in  Example  1  . 
[0079]  As  a  result,  the  diameters  of  narrow  titanium- 
containing  wires  formed  in  the  narrow  pores  of  the  re- 

35  spective  structures  were  influenced  by  the  respective 
pore  diameters,  and  so  the  structure  having  a  greater 
pore  diameter  tended  to  have  narrow  wires  having  a 
greater  diameter.  Namely,  each  narrow  titanium-con- 
taining  wire  was  influenced  by  the  form  of  the  narrow 

40  pore  to  grow.  Specifically,  the  average  diameters  of  the 
respective  narrow  titanium-containing  wires  were  8  nm, 
20  nm,  30  nm,  50  nm  and  70  nm,  respectively. 

Example  3: 
45 

[0080]  This  example  describes  control  of  the  length  of 
a  narrow  titanium-containing  wire  by  controlling  the  con- 
ditions  of  a  heat  treatment. 
[0081]  Five  structures  having  porous  alumina  on  their 

so  substrates  were  provided  in  the  same  manner  as  in  Ex- 
ample  1  except  that  the  pore-widening  treatment  was 
conducted  for  45  minutes.  These  structures  were  heat- 
treated  in  the  same  manner  as  in  Example  1  except  that 
the  temperature  of  the  heat  treatment  was  varied  to 

55  600°C,  650°C,  700°C,  750°C  and  800°C,  respectively. 
[0082]  The  nanostructures  thus  obtained  were  ob- 
served  in  the  same  manner  as  in  Example  1  .  As  a  result, 
the  observation  by  the  FE-SEM  revealed  that  in  the  na- 
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nostructure  obtained  by  the  heat  treatment  at  600°C,  the 
growth  of  many  narrow  titanium-containing  wires 
stopped  midway  in  the  narrow  pore  as  illustrated  in  Fig. 
3C.  As  the  temperature  of  the  heat  treatment  was  raised 
higher,  the  narrow  titanium-containing  wire  tended  to 
become  longer.  The  heat  treatment  at  700°C  resulted  in 
finding  a  number  of  narrow  titanium-containing  wires 
projected  from  the  tops  of  the  narrow  pores  as  illustrated 
in  Fig.  3B.  In  the  heat  treatment  at  800°C,  the  diameters 
of  titanium-containing  wires  were  about  60nm  and  as 
same  as  the  diameters  of  the  narrow  pores  as  illustrated 
in  Fig.  3D. 

Example  4: 

[0083]  This  example  describes  the  formation  of  a  na- 
nostructure  illustrated  in  Fig.  3A. 
[0084]  In  this  example,  a  nanostructure  illustrated  in 
Fig.  3B  was  produced  in  the  same  manner  as  in  Exam- 
ple  1,  and  the  porous  alumina  13  thereof  was  then  re- 
moved  by  etching  with  phosphoric  acid. 
[0085]  In  the  nanostructure  according  to  this  example, 
as  illustrated  in  Fig.  3A,  narrow  titanium-containing 
wires  having  a  diameter  of  about  40  to  60  nm  grew  at 
intervals  of  about  100  nm  from  the  surface  of  the  sub- 
strate  in  the  direction  substantially  vertical  to  the  sur- 
face. 

Example  5: 

[0086]  This  example  describes  the  production  of  a 
narrow  titanium  oxide  wire  and  a  nanostructure  provided 
with  the  narrow  titanium  oxide  wire.  This  example  fol- 
lowed  Example  1  except  for  Step  2. 
[0087]  In  Step  2  of  this  example,  oxygen  gas  was  in- 
troduced  at  a  flow  rate  of  1  0  seem  into  the  reaction  ves- 
sel,  while  keeping  the  pressure  within  the  reaction  ves- 
sel  at  100  Pa.  The  structure  was  heated  at  500°C  for  1 
hour,  thereby  heat-treating  the  structure. 
[0088]  Such  narrow  wires  and  nanostructure  as  illus- 
trated  in  Fig.  3B  were  confirmed  by  FE-SEM.  Further, 
the  X-ray  diffraction  of  the  narrow  wire  revealed  that 
anatase  type  titanium  oxide  was  present. 
[0089]  The  nanostructure  according  to  this  example 
was  placed  in  an  aqueous  methanol  solution  (methanol: 
water  =1:6)  and  the  whole  light  exposure  by  a  high  pres- 
sure  mercury  lamp  was  conducted.  As  a  result,  hydro- 
gen  was  detected,  and  so  it  was  confirmed  that  the  na- 
nostructure  according  to  this  example  has  a  photocata- 
lytic  activity. 

Example  6: 

[0090]  This  example  describes  the  production  of  a 
narrow  titanium  carbide  wire  and  a  nanostructure  pro- 
vided  with  the  narrow  titanium  carbide  wire.  This  exam- 
ple  followed  Example  1  except  for  Step  2. 
[0091]  In  Step  2  of  this  example,  ethylene  gas  was 

introduced  at  a  flow  rate  of  50  seem  into  the  reaction 
vessel,  while  keeping  the  pressure  within  the  reaction 
vessel  at  1  ,000  Pa.  The  structure  was  heated  at  900°C 
for  1  hour,  thereby  heat-treating  the  structure. 

5  [0092]  Such  narrow  wires  and  nanostructure  as  illus- 
trated  in  Fig.  3B  were  confirmed  by  FE-SEM.  Further, 
the  X-ray  diffraction  of  the  narrow  wire  revealed  that  ti- 
tanium  carbide  was  present. 
[0093]  The  nanostructure  according  to  this  example 

10  and  an  anode  having  a  fluorescent  substance  were  ar- 
ranged  in  opposition  to  each  other  at  an  interval  of  1  mm 
in  a  vacuum  device,  and  voltage  of  1  kV  was  applied 
between  the  substrate  and  the  anode.  As  a  result,  an 
electron  emission  current  was  observed  together  with 

is  emission  of  fluorescence  from  the  fluorescent  sub- 
stance.  This  proved  that  the  nanostructure  according  to 
this  example  could  function  as  a  good  electron  emitter. 
[0094]  As  described  above,  the  respective  embodi- 
ments  of  the  present  invention  can  bring  about,  for  ex- 

20  ample,  the  following  effects. 

(1)  A  narrow  titanium-containing  wire  having  a  di- 
ameter  of  several  tens  nanometers  to  several  hun- 
dreds  nanometers  can  be  produced  with  ease. 

25  (2)  A  narrow  titanium-containing  wire  having  excel- 
lent  linearity  can  be  produced.  In  particular,  titanium 
oxide  whisker  having  excellent  crystallinity  can  be 
obtained. 
(3)  A  nanostructure  comprising  titanium  as  a  main 

30  material  can  be  obtained. 
(4)  A  nanostructure  provided  with  narrow  titanium- 
containing  wires  having  a  specific  directional  prop- 
erty  and  a  uniform  diameter  arranged  at  regular  in- 
tervals  on  a  substrate  can  be  obtained. 

35  (5)  A  high-performance  electron-emitting  device  ca- 
pable  of  emitting  electrons  in  a  greater  amount  can 
be  obtained. 

1  .  A  process  for  producing  a  narrow  titanium-contain- 
ing  wire,  comprising  steps  of: 

(i)  providing  a  structure  comprising  a  substrate 
having  a  titanium-containing  surface  and  a  po- 
rous  layer  containing  narrow  pores  extending 
towards  the  surface;  and 
(ii)  forming  narrow  titanium-containing  wires  in 
the  respective  narrow  pores  by  heat  treatment 
of  the  structure  obtained  in  the  step  (i). 

2.  The  process  according  to  Claim  1  ,  wherein  the  step 
(i)  comprises  sub-steps  of: 

forming  an  aluminum-containing  film  on  the 
substrate,  and 
anodically  oxidizing  the  aluminum-containing 
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film. 

3.  The  process  according  to  Claim  1  ,  wherein  the  step 
(ii)  comprises  a  sub-step  of  conducting  the  heat- 
treatment  of  the  structure  at  a  temperature  ranging 
from  500°C  to  900°C  under  an  atmosphere  contain- 
ing  water  vapor  of  at  least  1  Pa. 

4.  The  process  according  to  Claim  1  ,  wherein  the  step 
(ii)  comprises  a  sub-step  of  conducting  the  heat- 
treatment  of  the  structure  at  a  temperature  ranging 
from  500°C  to  900°C  under  an  atmosphere  contain- 
ing  water  vapor  of  at  least  1  Pa  and  hydrogen. 

5.  A  nanostructure  comprising  a  substrate  having  a  ti- 
tanium-containing  surface,  and  narrow  titanium- 
containing  wires  on  the  surface,  the  narrow  titani- 
um-containing  wires  extending  in  the  direction  sub- 
stantially  vertical  to  the  surface. 

6.  The  nanostructure  according  to  Claim  5,  wherein 
the  narrow  wires  are  present  in  respective  narrow 
pores  of  a  porous  layer  provided  on  the  surface,  the 
narrow  pores  extending  in  the  direction  vertical  to 
the  surface. 

7.  The  nanostructure  according  to  Claim  6,  wherein 
the  narrow  wire  has  a  diameter  of  300  nm  or  smaller. 

8.  The  nanostructure  according  to  Claim  6,  wherein 
the  narrow  wire  contains  at  least  one  compound  se- 
lected  from  the  group  consisting  of  titanium  hydride, 
titanium  oxide,  titanium  nitride  and  titanium  carbide. 

9.  The  nanostructure  according  to  Claim  6,  wherein 
the  narrow  wire  contains  at  least  one  compound  se- 
lected  from  the  group  consisting  of  titanium  silicide, 
titanium  boride,  titanium  phosphide,  aluminum-tita- 
nium  alloy  and  iron-titanium  alloy. 

10.  The  nanostructure  according  to  Claim  6,  wherein 
the  porous  layer  is  an  anodically  oxidized  film. 

11.  The  nanostructure  according  to  Claim  10,  wherein 
the  porous  layer  is  an  anodiclly  oxidized  film  con- 
taining  aluminum. 

12.  The  nanostructure  according  to  Claim  6,  wherein 
the  narrow  wire  is  titanium  oxide  whisker. 

13.  A  narrow  titanium-containing  wire  produced  in  ac- 
cordance  with  the  production  process  according  to 
Claim  1. 

14.  The  narrow  titanium-containing  wire  according  to 
Claim  13,  wherein  the  narrow  wire  has  a  diameter 
of  300  nm  or  smaller. 

15.  The  narrow  titanium-containing  wire  according  to 
Claim  13,  wherein  the  narrow  wire  comprises  tita- 
nium  oxide  as  a  main  component. 

5  16.  The  narrow  titanium-containing  wire  according  to 
Claim  13,  wherein  the  narrow  wire  is  a  whisker  crys- 
tal. 

17.  An  electron-emitting  device  comprising  a  structure, 
10  which  comprises  a  substrate  having  a  titanium-con- 

taining  surface,  a  porous  layer  containing  narrow 
pores  extending  towards  the  surface,  and  narrow 
titanium-containing  wires  respectively  formed  in  the 
narrow  pores;  a  counter  electrode  arranged  in  an 

is  opposing  relation  to  the  titanium-containing  sur- 
face;  and  a  means  for  applying  a  potential  between 
the  titanium-containing  surface  and  the  counter 
electrode. 
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