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The  present  invention  relates  generally  to  a 
device  for  modulating  the  transmission  and  reflec- 
tion  of  electromagnetic  radiation.  More  particularly, 
the  invention  is  directed  to  such  a  device  compris- 
ing,  inter  alia,  a  discrete,  persistent  layer  of  elec- 
tromagnetic  radiation  reflecting  metal,  a  transition 
metal  compound  ion  storage  layer,  and  a  fast  ion 
conductor  in  electrical  communication  there- 
between. 

Generally,  in  a  multi-layered  device  for  modu- 
lating  electromagnetic  radiation  employing  an  elec- 
trochromic  material,  a  physical/chemical  change  is 
produced  within  the  electrochromic  layer  in  re- 
sponse  to  electron  or  ion  transfer  caused  by  an 
externally  applied  electrical  potential.  This  change 
results  in  modulation  of  the  reflectivity  and  trans- 
missivity  of  the  device  with  respect  to  electromag- 
netic  radiation  directed  thereagainst.  Such  devices 
generally  comprise  consecutive  layers  of  electroch- 
romic  material,  an  electrolyte-containing  fast  ion 
conductor,  and  a  counterelectrode.  The  exchange 
of  ions  between  the  electrochromic  and  fast  ion 
conductor  layers,  when  an  electrical  potential  is 
applied  across  the  device,  comprises  the  mecha- 
nism  by  which  the  electrochromic  layer  becomes 
either  bleached  (substantially  transparent,  either 
lightly  coloured  or  colourless)  or  opaque.  By  re- 
versing  the  polarity  of  the  electrical  potential  ap- 
plied  across  the  device,  it  may  be  "switched"  be- 
tween  the  bleached  and  opaque  states.  Depending 
upon  the  magnitude  and  duration  of  the  applied 
electrical  potential,  an  intermediate,  generally  col- 
oured,  translucent  state  may  be  induced,  wherein 
the  electrochromic  layer  contains  a  concentration 
of  ions  sufficient  only  to  reduce  the  transmissivity 
of  the  device  but  not  make  it  completely  opaque  to 
electro-  magnetic  radiation.  Thus,  depending  upon 
the  manner  in  which  the  device  is  operated,  i.e., 
the  polarity,  magnitude,  and  duration  of  the  voltage 
applied,  it  may  be  adjusted  to  have  an  electromag- 
netic  radiation  transmissivity  from  0%  to  greater 
than  about  90%,  with  an  inversely  corresponding 
reflectivity. 

In  typical  electromagnetic  radiation  modulating 
devices,  the  electrochromic  layer  comprises  an  in- 
organic  metal  oxide,  most  commonly  a  transition 
metal  oxide  such  as,  for  example,  tungsten  oxide. 
The  electrolyte-containing  fast  ion  conductor  layer 
adjacent  the  electrochromic  layer  is  generally 
adapted  to  provide  a  positively  charged  light  cation 
such  as,  for  example,  a  lithium  ion.  As  an  example 
of  the  operation  of  a  typical  electrochromic  device, 
when  lithium  ions  are  introduced  into  a  tungsten 
oxide  electrochromic  layer,  the  layer  changes  from 
a  colourless  transparent  state  to  a  dark  blue-black 
colour;  where  the  tungsten  oxide  electrochromic 
layer  is  sufficiently  thick,  the  induced  coloration 
causes  the  tungsten  oxide  electrochromic  layer  to 

become  opaque  to  electromagnetic  radiation,  e.g., 
the  visible  portion  of  the  electromagnetic  spectrum. 

The  electrolyte-containing  fast  ion  conductor 
layer  may  be  a  liquid  electrolyte  solution  such  as, 

5  for  example,  lithium  perchlorate  in  propylene  car- 
bonate;  a  gel  such  as,  for  example,  a  solution  of 
methanol  in  polyvinyl  butyral  doped  with  lithium 
chloride;  or  a  solid  such  as,  for  example,  porous 
silicon  dioxide  doped  with  lithium  salts. 

io  Counterelectrodes  are  generally  prepared  from 
a  transition  metal  oxide  such  as,  for  example,  vana- 
dium  oxide  or  tungsten  oxide,  or  an  electroconduc- 
tive  polymer  such  as,  for  example,  polypyrrole  or 
polythiophene. 

75  In  those  electrochromic  devices  generally 
known  in  the  prior  art  and  discussed  hereinabove, 
the  electrochromic  layer  is  the  medium  which  pro- 
vides  the  variation  in  electromagnetic  radiation  tran- 
smissivity  and  reflectivity;  the  electrolyte  fast  ion 

20  conductor  and  counterelectrode  layers  generally 
being  transparent. 

U.S.  Patent  application  Serial  No.  07/338,261  to 
Demiryont  discloses  an  electrochromic  device, 
comprising  first  and  second  spaced-apart  transpar- 

25  ent  electrodes  and  an  electrochromic  matrix  ma- 
terial  layer  therebetween.  The  matrix  layer  com- 
prises  a  substantially  uniform  mixture  of:  a  metal 
salt  such  as,  for  example,  copper  chloride;  an  ion 
conductive  enhancer  such  as,  for  example,  lithium 

30  nitrate;  and  an  ion  conductive  material  such  as,  for 
example,  polyvinyl  butyral  gel.  Although  the  elec- 
trodes  are  transparent,  the  electrochromic  device 
appears  light  yellow  in  transmitted  colour  due  to 
the  colour  of  the  metal  salt  which  is  in  solution  in 

35  the  matrix  layer.  When  an  electrical  potential  is 
applied  across  the  electrodes,  the  metal  atoms  of 
the  metal  salt  plate  onto  the  cathode  while  the 
metal  salt  anions  migrate  toward  the  anode.  In  this 
state,  the  electrochromic  device  may  be  opaque  to 

40  electromagnetic  radiation,  depending  upon  the 
thickness  of  the  metal  layer  formed  at  the  cathode. 
The  device,  however,  has  what  is  known  in  the 
electrochromics  art  as  a  "short  term  memory."  The 
matrix  layer  readily  reverts  to  its  initial  state,  i.e., 

45  the  metal  layer  redissolves  back  into  the  matrix 
layer  which  takes  on  a  light  yellow  colour  in  trans- 
mitted  light,  when  the  electrical  potential  is  re- 
moved  from  the  electrochromic  device.  It  is  further 
disclosed  that  a  counterelectrode  may  be  inter- 

so  posed  between  the  matrix  layer  and  the  anode. 
This  counterelectrode  minimises  the  formation  of  a 
gas  at  the  anode  caused  by  the  migration  of  anions 
toward  the  anode  where  they  are  oxidised,  such  as 
occurs  when  copper  chloride  is  used  as  the  metal 

55  salt  resulting  in  the  production  of  chlorine  gas  at 
the  anode. 

U.S.  Patent  No.  4,256,379  to  Green  discloses 
an  electrochromic  device  comprising  consecutively: 
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a  first  electrode  such  as,  for  example,  tin  oxide 
coated  glass;  a  metal  sensitive  colourable  elec- 
trochromic  material  such  as,  for  example,  tungsten 
oxide;  a  metal  ion-containing  fast  ion  conductor 
such  as,  for  example,  rubidium  silver  pentaiodide; 
and  a  second  electrode  such  as,  for  example, 
silver.  The  metal  ion  of  the  fast  ion  conductor  is 
effective  to  colour  the  electrochromic  material  layer 
when  injected  therein.  The  second  electrode  must 
be  formed  from  a  material  containing  metal  iden- 
tical  to  the  metal  ions  of  the  fast  ion  conductor. 
Thus,  in  a  preferred  embodiment,  when  an  elec- 
trical  potential  is  applied  across  the  device,  silver 
ions  from  a  silver  second  electrode  are  injected 
into  a  rubidium  silver  pentaiodide  fast  ion  conduc- 
tor,  while  other  silver  ions  from  the  fast  ion  conduc- 
tor  are  injected  into  a  tungsten  oxide  electroch- 
romic  material  causing  it  to  turn  blue.  It  is  dis- 
closed  that  the  second  electrode  can  be  very 
small,  such  as  a  bag  contact  placed  on  the  surface 
of  the  fast  ion  conductor  layer  (as  opposed  to  a 
continuous  film  adhered  to  the  fast  ion  conductor), 
and  serves  merely  as  a  source  of  the  fast  metal 
ions.  The  second  electrode  does  not  participate  in 
the  modulation  of  the  transmitted  or  reflected  elec- 
tromagnetic  radiation. 

It  would  be  desirable  to  prepare  an  electromag- 
netic  radiation  modulating  device,  wherein  modula- 
tion  of  the  transmissivity  and  reflectivity  of  elec- 
tromagnetic  radiation  could  be  precisely  controlled 
over  a  wide  range.  Such  a  device  would  be  particu- 
larly  useful  were  it  able  to  substantially  reduce  the 
transmission  of  infrared  radiation  as  well  as  visible 
light  rays.  Thus,  the  device  could  be  used  to  pre- 
vent  the  passage  of  heat  energy  therethrough,  and 
would  therefore  be  especially  suited  for  use  as  an 
automotive  or  architectural  glazing.  Furthermore, 
the  usefulness  of  such  a  device  would  be  particu- 
larly  enhanced  were  it  able  to  maintain  an  estab- 
lished  transmissivity  or  reflectivity  after  the  removal 
of  an  electrical  potential. 

Accordant  with  the  present  invention,  a  device 
for  modulating  electromagnetic  radiation  such  as, 
for  example,  infrared  radiation  and  visible  light  rays 
has  surprisingly  been  discovered.  The  inventive 
device  is  prepared  from  an  electromagnetic  radi- 
ation  modulating  laminate,  comprising:  a  conduc- 
tive  substrate;  a  persistent  first  metal  layer  adhered 
to  the  conductive  substrate;  a  fast  ion  conductor 
layer,  containing  fast  ions  of  a  second  metal,  ad- 
hered  to  the  first  metal  layer;  a  transition  metal 
compound  ion  storage  layer  adhered  to  the  fast  ion 
conductor  layer;  and  an  electrode  adhered  to  the 
ion  storage  layer. 

The  transmission  and  reflection  of  electromag- 
netic  radiation  is  modulated  by  the  reversible  dis- 
solution  and  re-deposition  of  the  first  metal  layer. 
As  the  first  metal  layer  dissolves  into  the  fast  ion 

conductor  layer,  upon  the  application  of  an  appro- 
priate  electrical  potential,  the  transmissivity  of  the 
laminate  increases.  Reversing  the  polarity  of  the 
electrical  potential  causes  the  metal  to  re-deposit 

5  to  form  the  first  metal  layer. 
The  electromagnetic  radiation  modulating  lami- 

nates  of  the  present  invention  and  their  method  of 
production  are  particularly  useful  for  manufacturing 
solar  control  automotive  and  architectural  glazings. 

io  This  invention  is  directed  to  a  device  for  modu- 
lating  the  transmission  and  reflection  of  electro- 
magnetic  radiation.  The  device  includes  an  elec- 
tromagnetic  radiation  modulating  laminate,  com- 
prising  consecutively:  a  conductive  substrate;  a 

is  persistent  first  metal  layer;  a  fast  ion  conductor 
layer,  containing  fast  ions  of  a  second  metal;  a 
transition  metal  compound  ion  storage  layer,  adapt- 
ed  to  accept  or  reject  the  second  metal  fast  ions; 
and  an  electrode,  e.g.,  a  second  conductive  sub- 

20  strate. 
Depending  upon  the  thickness  of  the  first  metal 

layer,  the  laminate  will  be  partially  or  fully  opaque 
to  electromagnetic  radiation;  the  conductive  sub- 
strate,  fast  ion  conductor  layer,  ion  storage  layer, 

25  and  electrode  typically  being  substantially  transpar- 
ent.  Thus,  the  laminate  may  be  constructed,  by  the 
proper  selection  of  materials  and  thicknesses,  to 
transmit  or  reflect  a  precise  amount  of  electromag- 
netic  radiation  within  a  particular  region  of  the 

30  electromagnetic  energy  spectrum.  For  example,  it 
is  known  that  a  first  layer  of  silver  metal  effectively 
reflects  infrared  radiation  as  well  as  visible  light 
rays.  Therefore,  a  particular  thickness  of  silver  met- 
al,  in  combination  with  an  appropriate  conductive 

35  substrate,  fast  ion  conductor  layer,  ion  storage  lay- 
er,  and  electrode  will  reflect  a  precise  amount  of 
infrared  energy  and  simultaneously  provide  a  par- 
ticular  shading  coefficient  for  visible  light  rays 
transmitted  therethrough.  In  this  manner,  auto- 

40  motive  and  architectural  glazings  may  be  customis- 
ed  for  specific  solar  control  properties. 

When  a  voltage  is  applied  across  the  inventive 
laminate,  by  applying  a  positive  electrical  potential 
to  the  conductive  substrate  and  a  negative  elec- 

45  trical  potential  to  the  electrode,  first  metal  layer 
atoms  are  converted  into  positively  charged  metal 
ions  which  migrate  into  the  interface  region  of  the 
fast  ion  conductor  layer.  Simultaneously,  a  propor- 
tionate  number  of  second  metal  fast  ions  from  the 

50  fast  ion  conductor  layer  migrate  into  the  transition 
metal  compound  ion  storage  layer.  The  degree  to 
which  dissolution  of  the  first  metal  layer  into  the 
fast  ion  conductor  layer  occurs  is  controlled  by  the 
length  of  time  that  the  voltage  is  applied.  Thus,  the 

55  voltage  may  be  applied  for  a  long  period  of  time 
such  that  the  entire  first  metal  layer  dissolves  into 
the  fast  ion  conductor  layer,  or  for  a  lesser  period 
of  time  so  that  a  portion  of  the  first  metal  layer 
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remains.  When  the  electrical  potential  is  reversed, 
the  first  metal  layer  redeposits  from  the  fast  ion 
conductor  layer  onto  the  conductive  substrate. 
Conveniently,  the  first  metal  layer  of  the  present 
invention  is  "persistent",  meaning  that  it  has  the 
ability  to  remain,  after  removal  of  the  electrical 
potential,  in  the  electromagnetic  radiation  absorp- 
tive  state  to  which  it  is  changed  by  the  application 
of  an  electrical  potential  across  the  laminate;  as 
distinguished  from  a  non-persistent  layer  which  un- 
dergoes  automatic  reversal  to  its  initial  state  when 
the  electrical  potential  is  removed.  Thus,  the  trans- 
missivity  and  reflectivity  of  the  laminate  of  the 
present  invention  remains  constant  over  time  when 
the  voltage  is  removed  from  the  laminate. 

The  conductive  substrate  according  to  the 
present  invention  may  be  virtually  any  material 
which  is  known  to  be  useful  for  conducting  elec- 
trical  energy  and  against  which  consecutive  layers 
of  metal,  a  fast  ion  conductor,  a  transition  metal 
compound  layer  and  an  electrode  may  be  adhered. 
Clearly,  metals  including,  but  not  necessarily  limit- 
ed  to,  silver,  gold,  platinum,  copper,  aluminium, 
nickel,  chromium,  iron,  tin,  silicon,  titanium,  magne- 
sium,  tungsten,  and  zinc,  as  well  as  alloys  and 
multiple  layers  thereof  may  be  used  as  conductive 
substrates.  Furthermore,  such  metals  may  be  coat- 
ed  onto  a  support  material  at  a  thickness  from 
about  20  Angstroms  to  several  thousand  Angstr- 
oms,  to  from  a  conductive  substrate  according  to 
the  present  invention.  Suitable  support  materials 
include,  but  are  not  necessarily  limited  to  glass, 
quartz,  and  plastics  such  as  polycarbonates, 
polyacrylics,  polyesters,  polystyrenics,  celluosics, 
and  the  like,  as  well  as  copolymers  and  laminates 
thereof.  These  supports  may  be  in  the  form  of  a 
transparent  panel  intended  for  use  as  an  auto- 
motive  or  architectural  glazing,  a  mirror,  or  a  dis- 
play  device. 

Alternatively,  the  conductive  substrate  may 
comprise  a  support  material  as  listed  hereinabove 
having  a  layer  of  a  metal  oxide  on  a  surface 
thereof.  Suitable  metal  oxides,  which  conveniently 
may  be  deposited  in  thicknesses  from  about  100 
Angstroms  to  several  thousand  Angstroms,  include 
but  are  not  necessarily  limited  to  tin  oxide,  indium 
oxide,  indium-  or  fluorine-doped  tin  oxide,  cadmium 
oxide,  antimony  oxide,  zinc  oxide,  and  the  like,  as 
well  as  mixtures  and  multiple  layers  thereof.  A 
preferred  conductive  substrate  comprises  a  glass 
support  having  a  layer  of  fluorine-doped  tin  oxide 
from  about  100  Angstroms  to  about  50,000  Ang- 
stroms  thick  thereon. 

For  the  preparation  of  certain  useful  devices 
employing  the  electromagnetic  radiation  modulat- 
ing  laminates  of  the  present  invention  such  as,  for 
example,  a  light  valve,  it  is  necessary  that  the 
conductive  substrate  be  transparent.  Such  a  trans- 

parent  conductive  substrate  may  comprise,  for  ex- 
ample,  an  electrically  conductive  metal  or  metal 
oxide  layer  on  glass.  The  thickness  of  the  metal  or 
metal  oxide  layer  must,  of  course,  not  be  so  great 

5  as  to  block  the  passage  of  visible  light  thereth- 
rough.  Generally,  the  operable  thickness  ranges  for 
transparent  metal  or  metal  oxide  layers  is  from 
about  80  Angstroms  to  about  300  Angstroms  for 
metal  and  about  1,000  to  about  20,000  Angstroms 

io  for  metal  oxide,  accompanied  by  a  corresponding 
variance  in  transmissivity  for  the  conductive  sub- 
strate. 

A  preferred  conductive  substrate,  comprising 
metal  or  metal  oxide  coated  glass,  may  be  pre- 

15  pared  by  any  conventional  coating  process  gen- 
erally  known  in  the  art  such  as,  for  example,  vacu- 
um  evaporation,  chemical  vapour  deposition,  sol- 
gel  deposition,  spray  pyrolysis  ion  plating,  sputter- 
ing,  etc.  Methods  for  depositing  metal  and  metal 

20  oxide  coatings  on  glass  are  more  fully  set  forth  in 
Kirk-Othermer,  "Concise  Encyclopedia  of  Chemical 
Technology,"  John  Wiley  &  Sons,  Inc.,  1985,  pp. 
477-478,  which  is  incorporated  herein  by  reference 
thereto. 

25  A  first  metal  layer  is  deposited  directly  onto 
and  adhered  to  the  conductive  substrate  by  any  of 
the  conventional  metal  deposition  processes  such 
as,  for  example,  vacuum  evaporation  from  a  metal 
source,  chemical  vapour  deposition  utilising  a 

30  metal-containing  reactive  precursor,  sputtering  from 
a  metal  target,  etc.  Metals  having  the  same  oper- 
ability  and  utility  include,  but  are  not  necessarily 
limited  to,  silver,  gold,  copper,  nickel,  chromium, 
tin,  silicon,  titanium,  tungsten,  lithium,  and  zinc,  as 

35  well  as  alloys  thereof.  The  first  metal  layer  is 
deposited  at  a  thickness  which  will  result  in  an 
ultimately  produced  electromagnetic  radiation  mod- 
ulating  laminate  having  specific  values  for  transmit- 
tance  and  reflectance.  Such  thicknesses  may  be 

40  determined  by  one  ordinarily  skilled  in  the  art  using 
no  more  than  routine  experimentation.  Useful  first 
metal  layer  thicknesses  generally  range  from  about 
20  Angstroms  to  about  2,000  Angstroms,  which 
result  in  electromagnetic  radiation  opacities  up  to 

45  100%.  Preferably,  the  first  metal  layer  is  from 
about  50  Angstroms  to  about  500  Angstroms  thick. 

A  fast  ion  conducting  layer  is  positioned  adja- 
cent  and  adhered  to  the  first  metal  layer,  and 
contains  fast  ions  of  a  second  metal.  The  fast  ion 

50  conducting  layer  generally  comprises  an  ion  con- 
ductive  material  and  an  electrolyte. 

The  ion  conductive  material  according  to  the 
present  invention  may  be  either  a  solid  or  a  gel, 
and  is  a  dielectric  material  which  conducts  ions  but 

55  insulates  against  the  movement  of  electrons.  Of 
course,  the  ion  conductive  material  must  be  ionical- 
ly  conductive  for  the  first  metal  layer  cations  and 
the  second  metal  fast  ions  supplied  by  the  elec- 

4 
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trolyte.  Generally,  the  ion  conductive  material 
would  have  an  ionic  conductivity  of  at  least  about 
10-5  (ohm*  cm)-1  and  a  negligible  electronic  con- 
ductivity  less  than  about  10-7  (ohm*  cm)-1. 

Suitable  solid  ion  conductive  materials  include, 
but  are  not  necessarily  limited  to,  silicon  dioxide, 
tantalum  oxide,  niobium  oxide,  zirconium  oxide, 
titanium  dioxide,  hafnium  oxide,  alumina,  yttrium 
oxide,  and  lanthanum  oxide,  as  well  as  mixtures 
thereof.  These  solid  ion  conductive  materials  may 
be  produced  by  conventional  deposition  techniques 
such  as,  for  example,  chemical  vapour  deposition 
or  sol-gel  formation.  Generally,  these  materials  are 
formed  so  as  to  have  a  degree  of  porosity  to  allow 
free  movement  of  the  fast  ion  therethrough. 

The  ion  conductive  material  may  alternatively 
be  a  gel  such  as,  for  example,  an  organic  resin. 
Suitable  organic  materials  include,  but  are  not  nec- 
essarily  limited  to,  a  copolymer  of  hydroxyethyl 
methacrylate  and  2-acrylamide-2-methylpropane 
sulfonic  acid,  melamine  resin,  silicone  resin,  xylene 
resin,  vinyl  acetate  resin,  a  copolymer  of  vinyl 
chloride  and  vinyl  acetate,  polycarbonate  resin,  a 
resin  of  a  cellulosic  derivative,  polyvinyl  carbazole 
resin,  polyethylene  oxide  resin,  polypropylene  ox- 
ide  resin,  polyacrylonitrile  resin,  poly- 
methacrylonitrile  resin,  and  polyvinylidene  fluoride 
resin,  as  well  as  mixtures,  copolymers,  and  deriva- 
tives  thereof.  Gel  electrolytes  are  preferred  in  this 
invention  because  they  provide  a  faster  response 
time  for  the  first  metal  layer  dissolution  and  re- 
deposition. 

The  preferred  ion  conductive  material  is  one 
having  good  adhesive  properties,  and  which  is  a 
gel  made  of  a  polymer  such  as,  for  example, 
polyvinyl  butyral  resin,  polyvinyl  alcohol  resin, 
polyacrylic  acid  resin,  or  polyvinyl  acetate  resin,  as 
well  as  mixtures,  copolymers,  and  derivatives 
thereof.  Polyvinyl  butyral  resin  is  a  particularly  pre- 
ferred  ion  conductive  material,  in  view  of  its  weath- 
erability  and  adhesiveness. 

The  electrolyte  of  the  fast  ion  conductor  layer 
is  dissolved  or  dispersed  substantially  uniformly 
throughout  the  gel  or  solid  ion  conductive  material, 
respectively.  Cations  of  a  second  metal  (which  may 
be  the  same  as  the  first  metal)  are  thereby  pro- 
vided  throughout  the  ion  conductive  layer  matrix. 
Useful  electrolytes  include,  but  are  not  necessarily 
limited  to,  anion-cation  pairs,  wherein  the  cation  is 
selected  from  cations  such  as  Li  ,  Na  ,  K  ,  Cs  , 
Mg++  +  ,  (CH3)+)N  +  ,  Ag  +  ,  Cu  +  ,  (C2H5)+N  +  ,  (C3H7)- 
+  N  ,  (C+Hg^N  ,  etc.,  and  the  anion  is  selected 
from  anions  such  as  BF+-,  CIO4-,  I-,  Br-,  NO3-, 
PFG-,  AsFg-,  CF3SO2-,  CI-,  and  the  like,  as  well 
as  mixtures  thereof.  The  amount  of  electrolyte  to 
be  employed  in  the  fast  ion  conductor  layer  de- 
pends  upon  various  factors,  including  the  particular 
cation-anion  pair  chosen,  the  switching  rate  de- 

sired,  etc.  Selection  of  the  preferred  electrolyte  as 
well  as  its  concentration  in  the  fast  ion  conductor 
layer  will  be  apparent  to  one  ordinarily  skilled  in 
the  art  in  view  of  the  present  disclosure.  Particu- 

5  larly  preferred  electrolytes  are  lithium 
tetrafluoroborate  and  lithium  perchlorate,  as  well  as 
mixtures  thereof. 

Conventional  methods  may  be  used  to  form 
the  fast  ion  conductor  layer  having  a  normalised 

10  concentration  of  electrolyte  dispersed  throughout 
the  ion  conductive  material  matrix.  For  example, 
when  starting  with  a  solid  ion  conductive  material 
powder  and  solid  electrolyte  powder,  the  compo- 
nents  may  be  thoroughly  admixed  with  a  common 

15  solvent  such  as,  for  example,  a  lower  alkyl  alcohol, 
dried,  and  compressed  between  the  first  metal 
layer  and  ion  storage  layer  to  form  and  adhere 
thereto  the  fast  ion  conductive  layer.  An  alternative 
method  is  to  codeposit  a  solid  ion  conductive  ma- 

20  terial  and  an  electrolyte  by  conventional  deposition 
methods  such  as,  for  example,  vacuum  evaporation 
or  chemical  vapour  deposition,  directly  onto  the 
first  metal  layer.  Yet  another  method  for  forming 
the  fast  ion  conductor  layer  utilising  a  solid  ion 

25  conductive  material  is  by  the  well  known  sol-gel 
process,  wherein  a  conductive  substrate  having  a 
first  metal  layer  deposited  thereon  is  dipped  into  a 
solution  of  an  electrolyte  in  an  ion  conductive  ma- 
terial  forming  precursor,  withdrawn  at  a  specified 

30  rate  to  form  a  gel  fast  ion  conductor  layer  on  the 
first  metal  layer,  then  dried  and  consolidated.  A  gel 
based  fast  ion  conducting  layer  may  be  prepared 
by  thoroughly  admixing  the  organic  material  and 
electrolyte  and  casting  a  layer  of  the  mixture  onto 

35  the  first  metal  layer,  or  by  injecting  the  mixture 
between  and  adhering  it  to  the  first  metal  layer  and 
the  transition  metal  compound  ion  storage  layer. 
Selection  of  the  preferred  method  for  forming  the 
fast  ion  conducting  layer,  including  other  methods 

40  not  specifically  recited  herein,  will  be  apparent  to 
those  ordinarily  skilled  in  the  art  in  view  of  the 
present  disclosure. 

Typically,  the  thickness  of  the  fast  ion  conduc- 
tor  layer  ranges  from  about  1,000  Angstroms  to 

45  about  5  mm.,  depending  upon  the  starting  materi- 
als  for  the  fast  ion  conductor  and  its  desired  perfor- 
mance.  Since  a  small  potential  will  provide  an 
enormous  field  strength,  thinner  films  are  generally 
preferred  over  thicker  ones.  Where  the  fast  ion 

50  conductor  is  a  solid,  a  preferred  thickness  range  is 
from  about  1,000  Angstroms  to  about  1  mm. 
Where  the  fast  ion  conductor  is  a  gel,  a  preferred 
thickness  range  is  from  about  0.5  mm.  to  about  5 
mm.  Another  important  factor  for  determining  the 

55  thickness  of  the  fast  ion  conductor  layer  is  the 
thickness  of  the  persistent  first  metal  layer  and 
whether  the  ultimately  produced  laminate  is  in- 
tended  to  operate  so  as  to  cause  the  first  metal 

5 
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layer  to  completely  or  only  partially  dissolve  into 
the  fast  ion  conductor  layer. 

The  transition  metal  compound  ion  storage  lay- 
er  may  comprise  any  of  the  transition  metal  com- 
pounds  known  in  the  art  as  useful  for  the  transport 
and  storage  of  ions  including,  but  necessarily  limit- 
ed  to,  transition  metal  oxides,  sulphides,  oxysul- 
fides,  selenides,  tellurides,  chromates,  molybdates, 
tungstates,  vanadates,  niobates,  tantalates, 
titanates,  stanates,  and  the  like,  as  well  as  mixtures 
thereof.  Contemplated  transition  metals  include,  but 
are  not  necessarily  limited  to,  tungsten,  titanium, 
vandaium,  chromium,  manganese,  cobalt,  nickel, 
copper,  yttrium,  niobium,  molybdenum,  silver,  ce- 
rium,  hafnium,  tantalum,  etc.  Preferred  transition 
metal  compound  ion  storage  layers  include  Ti02, 
V205,  Mn203  W03,  Ce02,  and  Ce02-Ti02.  The 
thickness  of  the  ion  storage  layer  may  vary  over 
wide  limits  from  about  100  Angstroms  to  about 
10,000  Angstroms,  depending  upon  the  particular 
transition  metal  compound  chosen,  the  nature  of 
the  fast  ion,  and  the  number  of  fast  ions  which  are 
to  be  accommodated  in  the  ion  storage  layer.  Such 
transition  metal  compound  layers  may  be  prepared 
by  the  conventional  methods  mentioned 
hereinabove  such  as,  for  example,  sputtering,  reac- 
tive  sputtering,  pyrolysis,  chemical  vapour  deposi- 
tion,  sol-gel  deposition,  and  the  like.  Convention- 
ally,  where  the  fast  ion  conductor  layer  is  a  solid, 
the  ion  storage  layer  may  be  deposited  directly 
onto  and  adhered  to  the  fast  ion  conductor  layer. 
Where  the  fast  ion  conductor  layer  is  a  gel  which 
has  been  cast  onto  the  first  metal  layer,  the  ion 
storage  layer  may  be  formed  independently,  e.g., 
by  deposition  onto  an  electrode,  and  thereafter 
mechanically  adhered  to  the  fast  ion  conductor 
layer  by  pressing  thereagainst. 

The  laminate  further  comprises  an  electrode 
adjacent  and  adhered  to  the  ion  storage  layer. 
Such  an  electrode  may  comprise,  for  example,  one 
or  more  Dag  contacts  applied  to  the  surface  of  the 
ion  storage  layer,  or  a  second  conductive  substrate 
(as  defined  hereinabove)  adhered  to  the  surface  of 
the  ion  storage  layer  opposite  the  fast  ion  conduc- 
tor  layer. 

Thus,  an  electromagnetic  radiation  modulating 
laminate  may  be  prepared  comprising  consecu- 
tively  a  conductive  substrate,  a  persistent  first  met- 
al  layer,  a  fast  ion  conductor  layer,  a  transition 
metal  compound  ion  storage  layer  and  an  elec- 
trode. 

In  operation,  a  positive  electrical  potential  is 
applied  to  the  laminate  conductive  substrate  and  a 
negative  electrical  potential  is  applied  to  the  elec- 
trode.  This  causes  atoms  at  the  surface  of  the  first 
metal  layer  to  be  converted  into  cations  which 
migrate  into  the  interfacial  region  of  the  fast  ion 
conductor.  The  fast  ion  conductor  containing  the 

first  metal  cations  is  substantially  transparent.  Si- 
multaneously,  fast  second  metal  ions  from  the  fast 
ion  conductor  layer  migrate  into  the  transition  metal 
compound  ion  storage  layer.  The  electrical  poten- 

5  tial  may  be  applied  for  a  period  of  time  sufficient  to 
completely  dissolve  the  first  metal  layer,  or  the 
potential  may  be  removed  at  an  earlier  time  there- 
by  leaving  a  portion  of  the  first  metal  layer  between 
the  conductive  substrate  and  the  fast  ion  conductor 

10  layer.  The  polarity  of  the  electrical  potential  may  be 
reversed  to  re-deposit  the  first  metal  layer  between 
the  conductive  substrate  and  the  fast  ion  conductor 
layer. 

In  this  fashion,  the  laminate  may  function  as  a 
15  device  for  modulating  the  transmission  and  reflec- 

tion  of  electromagnetic  radiation,  e.g.,  infrared  radi- 
ation  and  visible  light  rays,  directed  thereagainst. 
Such  a  device  is  commonly  referred  to  in  the  art  as 
a  "light  valve."  The  thickness  of  the  first  metal 

20  layer  may  be  determined,  based  upon  the  desired 
maximum  reflectivity  (or  minimum  transmissivity) 
desired  for  the  ultimately  produced  device. 

The  laminate  can  be  constructed  so  as  to  op- 
erate  between  extreme  ranges,  from  totally  opaque 

25  to  substantially  transparent.  For  example,  where 
cerium  oxide  or  a  mixture  of  cerium  oxide  and 
titanium  dioxide  is  used  as  the  transition  metal 
compound  ion  storage  layer,  the  migration  of  fast 
ions  into  the  ion  storage  layer  does  not  cause  it  to 

30  change  colour;  the  cerium  oxide  or  mixture  of  ce- 
rium  oxide  and  titanium  dioxide  remains  neutral 
transparent.  However,  where  the  transition  metal 
compound  ion  storage  layer  comprises,  for  exam- 
ple,  vanadium  oxide,  the  migration  of  lithium  ca- 

35  tions  into  the  ion  storage  layer  causes  it  to  turn 
blue.  Thus,  the  extreme  states  for  such  a  device 
having  a  vanadium  oxide  ion  storage  layer  range 
from  totally  opaque  to  blue  transparent.  As  is  read- 
ily  apparent  to  one  ordinarily  skilled  in  the  art,  a 

40  great  variety  of  electromagnetic  radiation 
wavelength  bandwidth  transmissivities  and  reflec- 
tivities,  as  well  as  perceived  colours,  are  obtainable 
by  varying  the  materials  of  construction  and  thic- 
knesses  for  each  of  the  layers  of  the  electromag- 

45  netic  radiation  modulating  laminate  utilising  no 
more  than  routine  experimentation. 

Generally,  where  the  electromagnetic  radiation 
modulating  laminate  of  the  present  invention  is 
employed  in  a  light  valve,  the  conductive  substrate 

50  and  electrode  must  both  be  substantially  transpar- 
ent.  During  operation,  means  for  supplying  an  elec- 
trical  potential,  such  as  a  battery  and  associated 
electrical  leads,  is  used  to  apply  a  voltage  across 
the  conductive  substrate  and  electrode.  The  light 

55  valve  thereby  may  be  reversibly  switched  between 
its  opaque  and  transmissive  states  by  applying 
voltages  in  the  range  from  about  2  volts  to  about  -2 
volts.  Such  light  valves  are  typically  operated  using 
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low  voltages,  and  can  provide  suitable  visual  con- 
trasts  with  an  electron  transfer  of  only  several  mil- 
licoulombs  of  electrical  charge  per  square  cen- 
timetre  of  laminate  area.  Switching  from  transmis- 
sive  to  reflective  is  easily  accomplished  by  polarity 
changes  or  voltage  sweeps. 

EXAMPLE 

A  conductive  substrate  is  prepared  by 
pyrolytically  depositing  a  layer  of  fluorine-doped  tin 
oxide  about  2,000  Angstroms  thick  onto  a  sheet  of 
sode-lime-silica  glass.  A  persistant  first  metal  layer 
of  copper  about  450  Angstroms  thick  is  deposited 
by  thermal  evaporation  over  the  fluorine-doped  tin 
oxide  layer  of  the  conductive  substrate.  An  elec- 
trode  is  prepared  in  the  same  manner  as  the  con- 
ductive  substrate  above,  by  pyrolytically  depositing 
a  layer  of  fluorine-doped  tin  oxide  about  2,000 
Angstroms  thick  onto  a  sheet  of  soda-lime-silica 
glass.  A  transition  metal  compound  ion  storage 
layer  of  tungsten  trioxide  about  2,000  Angstroms 
thick  is  pyrolytically  deposited  onto  the  fluorine- 
doped  tin  oxide  layer  of  the  electrode.  Finally,  the 
first  metal  layer  of  the  conductive  substrate  and  the 
transition  metal  compound  ion  storage  layer  of  the 
electrode  are  superposed,  and  a  fast  con  conductor 
layer  is  injected  therebetween.  The  fast  ion  con- 
ductor  layer  material  comprises  a  polyvinyl  butyral 
resin  doped  with  lithium  perchlorate  to  give  a  con- 
ductivity  of  about  10-+(ohm*cm)-1.  The  electro- 
magnetic  radiation  modulating  laminate  so  con- 
structed  has  an  llluminant  A  transmissivity  of  about 
2%. 

An  electrical  potential  of  about  two  volts  is 
applied  to  the  laminate;  the  negative  potential  to 
the  electrode,  and  the  positive  potential  to  the 
conductive  substrate.  The  laminate  bleaches  to  a 
transmissivity  of  about  65%  in  about  150  seconds. 
When  the  polarity  of  the  applied  electrical  potential 
is  reversed,  the  transmissivity  of  the  laminate  re- 
verts  to  about  2%. 

It  is  observed  that  any  established  level  of 
transmissivity  between  about  2%  and  about  65% 
remains  fixed  over  time  when  the  electrical  poten- 
tial  is  removed. 

This  example  may  be  repeated  with  similar 
success  by  substituting  the  generically  or  specifi- 
cally  described  reactants  and/or  reaction  conditions 
recited  herein  for  those  actually  used  in  the  pre- 
ceding  example. 

Claims 

1.  An  electromagnetic  radiation  modulating  lami- 
nate,  comprising: 

A)  a  conductive  substrate; 
B)  a  persistent  first  metal  layer  adhered  to 

the  conductive  substrate; 
C)  a  fast  ion  conductor  layer,  containing  fast 
ions  of  a  second  metal,  adhered  to  the  first 
metal  layer; 

5  D)  a  transition  metal  compound  ion  storage 
layer  adhered  to  the  fast  ion  conductor  lay- 
er;  and 
E)  an  electrode  adhered  to  the  ion  storage 
layer. 

10 
2.  An  lectromagnetic  radiation  modulating  lami- 

nate  according  to  Claim  1,  wherein  the  con- 
ductive  substrate  comprises  a  glass  support 
having  at  least  one  layer  comprising  a  metal 

is  oxide  thereon  from  about  100  Angstroms  to 
about  50,000  Angstroms  thick. 

3.  An  electromagnetic  radiation  modulating  lami- 
nate  according  to  Claim  2,  wherein  the  metal 

20  oxide  comprises  fluorine-doped  tin  oxide. 

4.  An  electromagnetic  radiation  modulating  lami- 
nate  according  to  Claim  2,  wherein  the  con- 
ductive  substrate  is  substantially  transparent. 

25 
5.  An  electromagnetic  radiation  modulating  lami- 

nate  according  to  any  one  of  the  preceding 
claims,  wherein  the  first  metal  layer  is  from 
about  50  Angstroms  to  about  500  Angstroms 

30  thick. 

6.  An  electromagnetic  radiation  modulating  lami- 
nate  according  to  any  one  of  the  preceding 
claims,  wherein  the  fast  ion  conductor  layer 

35  comprises  a  gel  ion  conductive  material. 

7.  An  electromagnetic  radiation  modulating  lami- 
nate  according  to  any  one  of  claims  1  to  5, 
wherein  the  fast  ion  conductor  layer  comprises 

40  an  electrolyte  selected  from  the  group  consist- 
ing  of  lithium  tetrafluoroborate  and  lithium  per- 
chlorate. 

8.  An  electromagnetic  radiation  modulating  lami- 
45  nate  according  to  any  one  of  the  preceding 

claims,  wherein  the  transition  metal  compound 
ion  storage  layer  comprises  an  oxide  selected 
from  the  group  consisting  of  Ti02,  W03,V205, 
Mn203,  Ce02,  and  Ce02-Ti02. 

50 
9.  An  electromagnetic  radiation  modulating  lami- 

nate  according  to  any  one  of  the  preceding 
claims,  wherein  the  electrode  comprises  a 
glass  support  having  at  least  one  layer  com- 

55  prising  a  metal  oxide  thereon  from  about  100 
Angstroms  to  about  50,000  Angstroms  thick. 

10.  A  process  for  preparing  an  electromagnetic 
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radiation  modulating  laminate,  as  claimed  in 
any  one  of  the  preceding  claims,  the  process 
comprising  the  steps  of: 

A)  providing  a  conductive  substrate; 
B)  adhering  a  persistent  first  metal  layer  to  5 
the  conductive  substrate; 
C)  adhering  a  fast  ion  conductor  layer,  con- 
taining  fast  ions  of  a  second  metal,  to  the 
first  metal  layer; 
D)  adhering  a  transition  metal  compound  10 
ion  storage  layer  to  the  fast  ion  conductor 
layer;  and 
E)  adhering  an  electrode  to  the  ion  storage 
layer. 

75 
11.  A  process  for  modulating  the  transmission  and 

reflection  of  electromagnetic  radiation,  com- 
prising  the  steps  of: 

A)  providing  an  electromagnetic  radiation 
modulating  laminate,  as  claimed  in  any  one  20 
of  claims  1  to  9, 
B)  directing  electromagnetic  radiation 
against  the  laminate;  and 
C)  applying  a  polarity-reversible  electrical 
potential  across  the  conductive  substrate  25 
and  the  electrode,  to  reversibly  dissolve  at 
least  a  portion  of  the  first  metal  layer  into 
the  fast  ion  conductor  layer. 
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