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Description 

This  invention  relates  to  a  method  of  forming 
threshold  switching  devices  which  exhibit  negative 
differential  resistance  and  to  the  devices  formed 
thereby.  The  method  comprises  depositing  a  silicon 
dioxide  film  derived  from  hydrogen  silsesquioxane 
resin  between  at  least  two  electrodes  and  applying  a 
voltage  above  a  threshold  voltage  across  the  electro- 
des. 

Numerous  devices  which  exhibit  threshold 
switching  are  known  in  the  art.  For  example,  Ovshins- 
ky  in  U.S.  Patent  No.  3,271  ,591  describes  such  devic- 
es  in  which  semiconductor  materials,  such  as  crystal- 
line  oramorphous  tellurides,  selenides,  sulfides  or  ox- 
ides  of  substantially  any  metal,  are  deposited  be- 
tween  electrodes.  The  semiconductors  and  methods 
specifically  set  forth  in  this  reference,  however,  are 
not  the  same  as  those  claimed  herein.  As  such,  the  j- 
V  curves  in  this  reference  differ  from  those  of  the 
present  application. 

Threshold  switching  with  negative  differential  re- 
sistance  is  also  known  in  various  metal  oxide  thin 
films.  For  instance,  Bullot  et  al.,  Phys.  Stat.  Sol.  (a) 
71,  K1  (1982),  describe  threshold  switching  in  vana- 
dium  oxide  layers  deposited  from  gels;  Ansari  et  al., 
J.  Phys.  D:Appl.  Phys.  20  (1987)  1063-1066  describe 
threshold  switching  in  titanium  oxide  films  formed  by 
thermally  oxidizing  a  titanium  metal  layer;  Ramesham 
et  al.,  NASA  Tech  Briefs,  December  1989,  p.  28,  de- 
scribe  the  switching  in  manganese  oxide  films;  and 
Morgan  et  al.,  Thin  Solid  Films,  15  (1973)  123-131, 
describe  switching  and  negative  differential  resis- 
tance  in  aluminum  oxide  films.  The  materials  and 
characteristics  described  in  these  references,  how- 
ever,  differ  from  those  described  herein. 

The  switching  and  negative  differential  resis- 
tance  characteristics  of  silicon  oxide  films  have  like- 
wise  been  described.  For  instance,  Simmons,  Hand- 
book  of  Thin  Film  Technology,  Chapter  14  (1970),  de- 
scribes  electronic  conduction  through  thin  insulating 
films,  including  silicon  oxide,  as  well  as  their  negative 
resistance  and  memory  characteristics;  Al-lsmail  et 
al.,  J.  Mat.  Sci.  20  (1985)  2186-2192,  describe  switch- 
ing  and  negative  resistance  in  a  copper-silicon  oxide- 
copper  system;  Morgan  et  al.,  Thin  Solid  Films,  20 
(1974)  S7-S9,  describe  threshold  switching  and 
memory  in  silicon  oxide  films;  Boelle  et  al.,  Applied 
Surface  Science  46  (1  990)  200-205,  describe  the  cur- 
rent-voltage  characteristics  of  silica  films  derived 
from  sol-gel  low  temperature  methods;  and  Klein,  J. 
Appl.  Phys.,  40  (1  969)  2728-2740,  describes  the  elec- 
trical  breakdown  of  silicon  oxide  films.  As  with  the  pri- 
or  metal  oxide  references,  however,  these  too  do  not 
describe  the  methods  and  characteristics  described 
herein. 

Thin  film  silica  coatings  derived  from  hydrogen 
silsesquioxane  resin  are  also  known  in  the  art.  For  in- 

stance,  Haluska  et  al.  in  U.S.  Patent  No.  4,756,977 
describe  forming  such  films  by  diluting  hydrogen  sil- 
sesquioxane  resin  in  a  solvent,  applying  the  solution 
to  a  substrate,  drying  the  solvent  and  heating.  Such 

5  coatings  are  taught  therein  to  provide  protection  and 
electrical  insulation. 

The  present  inventors  have  now  found  that 
switching  devices  with  desirable  features  can  be 
formed  by  depositing  a  thin,  hydrogen  silsesquioxane 

10  derived  silicon  dioxide  film  between  at  least  2  electro- 
des  and  applying  a  voltage  above  a  threshold  voltage 
across  the  electrodes. 

The  present  invention  relates  to  a  method  of 
forming  a  threshold  switching  device  having  negative 

15  differential  resistance.  The  method  comprises  depos- 
iting  a  non-dense  silicon  dioxide  film  derived  from  hy- 
drogen  silsesquioxane  resin  between  at  least  two 
electrodes.  A  voltage  above  a  certain  threshold  vol- 
tage  is  then  applied  across  the  electrodes  to  complete 

20  formation  of  the  device. 
The  device  formed  in  this  manner  is  character- 

ized  in  that  I)  the  conductive  state  of  the  thin  film  can 
be  converted  to  the  resistive  state  with  memory  by  de- 
creasing  the  applied  voltage  from  a  sufficiently  high 

25  value  to  a  value  below  the  threshold  voltage  at  a  suf- 
ficiently  high  rate,  2)  it  can  be  converted  from  a  resis- 
tive  state  to  a  conductive  state  with  memory  by  the 
application  of  a  threshold  voltage  and  3)  the  applica- 
tion  of  voltage  above  a  threshold  voltage  results  in  the 

30  film  exhibiting  stable  negative  differential  resistance. 
The  present  invention  is  based  on  the  discovery 

that  thin  films  of  silicon  dioxide  derived  from  hydro- 
gen  silsesquioxane  resin  (thin  films)  exhibit  novel 
threshold  switching  and  negative  differential  resis- 

35  tance.  This  was  particularly  unexpected  since  the  thin 
films  herein  are  conventionally  used  as  electrical  in- 
sulation  materials. 

These  novel  devices  show  features  beyond  those 
taught  in  the  prior  art.  For  instance: 

40  1.  The  devices  can  carry  high  current  density 
(eg.,  1  Amp/cm2); 
2.  The  devices  have  been  shown  to  operate  with 
thick  films  (eg.,  1  micrometer)  whereas  the  prior 
art  teaches  that  the  effect  does  mot  occur  in  films 

45  greater  than  0.5  micrometer  thick;  and 
3.  The  whole  jV  curve,  especially  the  negative 
differential  resistance  region,  has  been  shown  to 
be  stable  and  monotonic. 
As  used  in  this  disclosure,  the  expressions  "hy- 

50  drogen  silsesquioxane  resin"  or  "H-resin"  are  meant 
to  include  those  hydridosilane  resins  which  are  fully 
condensed  [(HSi03/2)n]  as  well  as  those  which  are 
only  partially  hydrolyzed  and/or  partially  condensed 
and,  thereby,  may  contain  residual  SiOR  and/or  SiOH 

55  substituents  (wherein  OR  is  a  hydrolyzable  group); 
and  the  expression  "thin  film"  is  used  to  describe  the 
silicon  dioxide  films  derived  from  hydrogen  silses- 
quioxane. 
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The  invention  will  be  described  with  specific  ref- 
erence  to  the  figures.  Figure  1  is  a  cross-sectional 
view  of  a  representative  device  of  this  invention 
wherein  electrodes  (1)  and  (2)  are  separated  by  the 
thin  film  (3).  Although  this  Figure  exemplifies  a  sand- 
wich  electrode  configuration,  such  an  arrangement  is 
not  critical  and  nearly  any  configuration  appropriate 
for  a  given  device  application  may  be  used.  For  exam- 
ple,  arrangements  such  as  coplanar,  transplanar, 
crossed  grid  arrays,  two  dimensional  circular  dot  pat- 
tern,  etc.  may  be  used. 

The  shape  of  the  electrodes  and  the  materials 
from  which  they  are  constructed  may  be  any  conven- 
tionally  known  in  the  art.  For  instance,  the  electrodes 
can  be  made  of  nearly  any  electrically  conductive  or 
semiconductive  material  such  as  gold,  silver,  alumi- 
num,  platinum,  copper,  gallium  arsenide,  chromium, 
silicon,  etc.  Likewise,  the  electrodes  can  be  used  in 
nearly  any  shape  or  form  desired,  such  as  a  wire  or 
a  conventional  lead,  provided  they  have  at  least 
enough  device  area  to  enable  the  desired  current 
flow.  Particularly  preferred  herein  is  the  use  of  gold 
electrodes. 

Contact  between  the  electrodes  and  the  thin  film 
can  be  established  by  techniques  well  known  in  the 
art.  For  instance,  the  electrodes  may  be  formed  on 
the  thin  film  by  evaporating  or  sputtering  the  appro- 
priate  electrode  material  in  vacuum.  Alternatively,  the 
thin  film  may  be  deposited  directly  onto  preformed 
electrodes  to  create  the  appropriate  contact  or  the 
preformed  electrodes  may  be  adhered  to  the  thin  film 
by  conventional  techniques. 

The  thin  films  (3)  of  this  invention  comprise  sili- 
con  dioxide  derived  from  hydrogen  silsesquioxane 
resin.  Generally,  these  films  may  be  of  any  thickness 
desired.  Those  in  the  range  of  between  about  50  and 
5,000  nanometers  are,  however,  preferred  with  those 
in  the  range  of  between  about  100  and  600  nanome- 
ters  being  especially  preferred. 

Such  thin  films  may  be  formed  by  any  appropriate 
method.  A  particularly  preferred  technique  comprises 
coating  a  substrate  with  a  solution  comprising  a  sol- 
vent  and  hydrogen  silsesquioxane  resin,  evaporating 
the  solvent  to  form  a  preceramic  coating  and  then 
converting  the  preceramic  coating  to  the  thin  film. 
Other  equivalent  methods,  however,  are  also  contem- 
plated  herein. 

As  defined  above,  the  hydrogen  silsesquioxane 
resins  which  may  be  used  in  this  invention  are  those 
with  the  structure  (HSi03/2)n.  Such  resins  are  gener- 
ally  produced  by  the  hydrolysis  and  condensation  of 
silanes  of  the  formula  HSiX3,  wherein  X  is  a  hydrolyz- 
able  group  and  they  may  be  either  fully  hydrolyzed 
and  condensed  (HSi03/2)n  or  their  hydrolysis  or  con- 
densation  may  be  interrupted  at  an  intermediate  point 
such  that  partial  hydrolyzates  (which  contain  Si-OR 
groups  wherein  OR  is  a  hydrolyzable  group)  and/or 
partial  condensates  (which  contain  SiOH  groups)  are 

formed.  Though  not  represented  by  this  structure, 
these  resins  may  contain  a  small  percentage  of  silicon 
atoms  which  have  either  no  hydrogen  atoms  or  more 
than  one  hydrogen  atom  attached  thereto  due  to  va- 

5  rious  factors  involved  in  their  formation  or  handling. 
Various  methods  for  the  production  of  these  res- 

ins  have  been  developed.  For  instance,  Collins  et  al. 
in  U.S.  Patent  No.  3,615,272,  describe  a  process  of 
forming  nearly  fully  condensed  H-resin  (which  may 

10  contain  up  to  1  00-300  ppm  silanol)  comprising  hydrol- 
yzing  trichlorosilane  in  a  benzenesulfonic  acid  hy- 
drate  hydrolysis  medium  and  then  washing  the  resul- 
tant  resin  with  water  or  aqueous  sulfuric  acid.  The  re- 
sultant  polymeric  material  has  units  of  the  formula 

15  (HSi03/2)n  in  which  n  is  generally  8-1000  and  has  a 
number  average  molecular  weight  of  from  about  800- 
2900  and  a  weight  average  molecular  weight  of  be- 
tween  about  8000-28,000. 

Similarly,  Bank  et  al.  in  U.S.  Patent  No. 
20  5,010,159  teach  methods  of  forming  such  resins 

(which  may  contain  up  to  1000  ppm  silanol)  compris- 
ing  hydrolyzing  hydridosilanes  in  an  arylsulfonic  acid 
hydrate  hydrolysis  medium  to  form  a  resin  which  is 
then  contacted  with  a  neutralizing  agent.  A  preferred 

25  embodiment  of  this  latter  process  uses  an  acid  to  si- 
lane  ratio  of  about  6/1  . 

Other  methods,  such  as  those  described  by  Frye 
etal.  in  U.S.  Patent  No.  4,999,397,  comprising  hydrol- 
yzing  trichlorosilane  in  a  non-sulfur  containing  polar 

30  organic  solvent  by  the  addition  of  water  or  HCI  and  a 
metal  oxide  or  a  method  which  comprises  hydrolyzing 
a  hydrocarbonoxy  hydridosilane  with  water  in  an 
acidified  oxygen-containing  polar  organic  solvent, 
also  produce  such  hydridosiloxane  resins  and  are 

35  functional  herein. 
The  H-resin  is  then  deposited  on  the  surface  of 

the  substrate.  This  can  be  accomplished  in  any  man- 
ner,  but  a  preferred  method  involves  dissolving  the  H- 
resin  in  a  solvent  to  form  a  solution  and  then  applying 

40  this  solution  to  the  surface  of  the  substrate.  Various 
facilitating  measures  such  as  stirring  and/or  heating 
may  be  used  to  aid  in  the  dissolution.  Solvents  which 
may  be  used  include  any  agent  or  mixture  of  agents 
which  will  dissolve  the  H-resin  to  form  a  homogenous 

45  solution  without  affecting  the  thin  film  or  its  switching 
properties.  These  solvents  can  include,  for  example, 
alcohols  such  as  ethyl  or  isopropyl,  aromatic  hydro- 
carbons  such  as  benzene  or  toluene,  alkanes  such  as 
n-heptane  or  dodecane,  ketones,  esters,  glycol 

so  ethers  or  cyclic  dimethylpolysiloxanes,  in  an  amount 
sufficient  to  dissolve  the  above  materials  to  low  sol- 
ids.  Generally,  enough  of  the  above  solvent  is  used  to 
form  a  0.1-50  weight  percent  solution. 

Besides  H-resin,  the  coating  solution  may  also  in- 
55  elude  a  modifying  ceramic  oxide  precursor  such  that 

the  resultant  ceramic  coating  comprises  a  mixed  sili- 
con/metal  oxide.  Such  precursors  can  include,  for  ex- 
ample,  compounds  of  various  metals,  such  as  iron, 

3 
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aluminum,  titanium,  zirconium,  tantalum,  niobium 
and/or  vanadium.  These  compounds  generally  form 
either  solutions  or  dispersion  when  mixed  with  the  H- 
resin  and  must  be  capable  of  being  subsequently  pyr- 
olyzed  at  relatively  low  temperatures  and  relatively 
rapid  reaction  rates  to  form  modifying  ceramic  oxide 
coatings.  When  such  a  modifying  ceramic  oxide  pre- 
cursor  is  used,  it  is  generally  present  in  the  preceram- 
ic  mixture  in  an  amount  such  that  the  final  coating 
contains  0.1  to  30  percent  by  weight  modifying  cer- 
amic  oxide. 

Examples  of  modifying  ceramic  oxide  precursors 
include  tetra  n-propoxy  zirconium,  tetraisobutoxy  tita- 
nium,  aluminum  trispentanedionate,  pentaethoxy  tan- 
talum,  tripropoxy  vanadium,  pentaethoxy  niobium, 
zirconium  pentanedionate  and  titanium  dibutoxy  bis- 
pentanedionate. 

If  modifying  ceramic  oxide  precursors  are  to  be 
included  in  the  H-resin  preceramic  solution,  they  may 
be  simply  dissolved  in  the  solution  comprising  the  H- 
resin  and  the  solvent  and  allowed  to  stand  at  room 
temperature  for  a  time  sufficient  to  allow  the  modify- 
ing  ceramic  oxide  precursor  to  react  into  the  structure 
of  the  H-resin.  Generally,  a  period  of  greater  than 
about  2  hours  is  necessary  for  said  reaction  to  occur. 
The  solution  may  then  be  applied  to  the  substrate  as 
discussed  infra.  Alternatively,  the  modifying  ceramic 
oxide  precursor  may  be  hydrolyzed  or  partially  hydrol- 
yzed,  dissolved  in  the  solution  comprising  the  solvent 
and  H-resin  and  then  immediately  applied  to  the  sub- 
strate.  Various  facilitating  measures  such  as  stirring 
or  agitation  may  be  used  as  necessary  to  produce 
said  solutions. 

A  platinum,  rhodium  or  copper  catalyst  may  also 
be  used  herein  to  increase  the  rate  and  extent  of  hy- 
drogen  silsesquioxane  resin  conversion  to  silicon  di- 
oxide.  Generally,  any  platinum,  rhodium  or  copper 
compound  or  complex  which  can  be  solubilized  will  be 
functional.  For  instance,  an  composition  such  as  pla- 
tinum  acetylacetonate,  rhodium  catalyst 
RhCI3[S(CH2CH2CH2CH3)2]3,  obtained  from  Dow 
Corning  Corporation,  Midland,  Mich,  or  cupric  naph- 
thenate  are  all  within  the  scope  of  this  invention. 
These  catalysts  are  generally  added  in  an  amount  of 
between  about  5  to  1000  ppm  platinum,  rhodium  or 
copper  based  on  the  weight  of  H-resin. 

If  the  above  solution  method  is  used,  the  coating 
solution  is  applied  by  techniques  such  as  spin  coat- 
ing,  dip  coating,  spray  coating  or  flow  coating  and  the 
solvent  allowed  to  evaporate.  Any  suitable  means  of 
evaporation  may  be  used  such  as  simple  air  drying  by 
exposure  to  an  ambient  environment  or  by  the  appli- 
cation  of  a  vacuum  or  mild  heat. 

The  resultant  preceramic  coating  is  then  convert- 
ed  to  the  silicon  dioxide  thin  film.  Generally,  this  is 
done  at  a  temperature  and  in  an  environment  which 
will  not  result  in  the  formation  of  a  fully  dense  film  (2.2 
g/cm3).  For  instance,  such  silicon  dioxide  films  may 

be  formed  by  heating  the  preceramic  coating  in  air  at 
a  temperature  of  from  about  100  to  about  600°C.  For 
other  environments  (eg.  ammonia,  oxygen,  nitrogen, 
etc.),  however,  the  temperature  may  vary. 

5  It  is  generally  important  that  the  resultant  thin  film 
is  not  completely  dense  so  that  the  observed  behav- 
ior  can  occur.  The  exact  density,  however,  is  not  crit- 
ical  and  can  vary  over  a  wide  range.  Generally,  the 
density  is  in  the  range  of  between  about  40  and  95%, 

10  with  densities  in  the  range  of  between  about  60  and 
90%  being  preferred. 

After  the  thin  film  is  formed,  the  necessary  elec- 
trodes  are  attached  in  the  manner  described  above 
such  that  a  voltage  can  be  applied  across  the  thin 

15  film. 
A  newly  created  device  prepared  in  this  manner 

initially  exhibits  an  undefined,  non-specific  resis- 
tance.  For  instance,  some  devices  may  exhibit  resis- 
tance  values  as  low  as  1  ohm  while  others  exhibit  val- 

20  ues  above  10  megohm.  Those  with  very  low  resis- 
tance  often  have  shorts  between  the  electrodes  due 
to  pin  holes  and  other  device  flaws.  If  present,  such 
shorts  should  be  "blown  out"  by  applying  a  voltage 
sufficiently  high  to  vaporize  the  electrode  around  the 

25  short  (eg.,  10-20  V  from  a  low  impedance  voltage 
source). 

Voltage  is  then  slowly  applied  across  the  film  of 
the  device  and  increased  until  the  threshold  voltage 
is  reached,  at  which  point  the  resistance  of  the  device 

30  suddenly  falls.  Upon  such  a  voltage  application,  the 
device  is  completely  formed  and  it  remains  in  its  low 
resistance  state. 

To  obtain  lower  threslold  voltages  and  more  re- 
producible  results,  the  devices  of  the  invention  may 

35  be  placed  in  a  non-oxidizing  environment.  Examples 
of  suitable  environments  include  nitrogen,  argon,  hel- 
ium,  carbon  dioxide  and  the  like.  Alternatively,  how- 
ever,  establishing  a  vacuum  or  encapsulating  the  de- 
vice  can  also  provide  the  desired  environment. 

40  The  following  discussion  describes  the  character- 
istics  of  a  typical  device  formed  in  the  above  manner 
and  the  procedures  to  switch  the  device  from  its  ON 
state  to  an  OFF  state  and  back  again.  The  typical  de- 
vice  consists  of  a  silica  thin  film  with  a  thickness  of 

45  about  200  nanometers  and  device  area  of  about  0.1 
cm2.  Avoltage  (measured  in  volt  (V))  is  applied  across 
the  electrodes  and  the  current  through  the  device  as 
well  as  the  voltage  across  the  device  are  both  meas- 
ured.  The  current,  measured  in  ampere  (A)  is  convert- 

so  ed  to  a  current  density  and  given  in  ampere/cm2.  The 
results  are  plotted  in  a  diagram  of  current  vs.  voltage 
and  referred  to  as  a  jV  curve.  The  following  values  are 
only  representative  of  the  above  device  and  are  not 
meant  to  be  limiting. 

55  Threshold  switching,  as  displayed  by  this  device, 
is  similar  to  that  known  in  the  art  for  other  thin  films. 
As  voltage  less  than  the  threshold  voltage  (about  3 
volts)  is  applied  to  an  electrode  thereon,  the  thin  film 

4 
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exhibits  a  high  impedance  as  would  normally  be  as- 
sociated  with  an  insulator.  The  resistivity  of  the  device 
in  this  "OFF"  state  is  generally  in  the  range  of  between 
about  108  ohm  cm  and  about  1011  ohm  cm.  When  the 
applied  voltage  is  raised  above  this  threshold  voltage,  5 
however,  the  thin  film  is  rapidly  converted  to  a  state 
of  low  resistivity  and  the  device  supports  a  high  cur- 
rent  density.  The  resistivity  in  this  "ON"  state  is  typi- 
cally  in  the  range  of  between  about  104  ohm  cm  and 
about  107  ohm  cm.  10 

This  threshold  switching  behavior  is  graphically 
displayed  in  Figure  2.  Line  1  shows  that  when  the  de- 
vice  is  in  the  OFF  state,  the  current  density  increases 
only  slightly  as  the  applied  voltage  is  increased. 
When  the  applied  voltage  reaches  the  threshold  vol-  15 
tage,  x,  the  device  rapidly  switches  from  the  OFF 
state  to  the  ON  state  wherein  the  current  density  is 
suddenly  increased  by  2  or  three  orders  of  magnitude 
or  more  (dotted  line). 

Once  in  this  ON  state,  the  jV  tracing  follows  lines  20 
2,  3  and  4  wherein  the  current  rises  steeply  with  vol- 
tage  in  the  first  quadrant  (line  2)(and,  symmetrically 
to  it,  in  the  third  quadrant)  until  it  reaches  a  maximum 
current,  (p),  at  a  voltage  (y).  Increasing  the  voltage 
beyond  this  value  results  in  a  decrease  in  current  den-  25 
sity  until  a  minimum  (q)  is  reached  at  voltage  (z),  i.e., 
the  device  exhibits  a  voltage  controlled  negative  dif- 
ferential  resistance  or  NDR  (line  3).  Typically,  the  val- 
ues  for  (y)  range  between  4-6  V  and  for  (z)  between 
8-1  0  V.  At  voltages  above  (z),  the  jV  curve  show  the  30 
high  resistivity  characteristic  of  an  insulator  (line  4). 

Especially  advantageous  in  devices  of  this  inven- 
tion  is  the  fact  that  the  jV  curve  is  wide  and  "stable" 
in  the  NDR  region,  i.e.,  no  uncontrollable  transitions 
occur  as  the  applied  voltage  is  changed,  although  the  35 
jV  curve  is  noisier  in  this  region  than  in  the  low  voltage 
part  (line  2).  Thus,  any  point  on  the  jV  curve  can  be 
isolated  and  maintained,  provided  the  source  impe- 
dance  of  the  voltage  supply  is  smaller  by  magnitude 
than  the  negative  differential  resistance  of  the  device  40 
at  that  point. 

The  jV  curve  of  the  device  in  its  ON  state  can  be 
completely  traced  out  for  both  increasing  and  de- 
creasing  voltages,  through  the  maximum,  at  a  suffi- 
ciently  low  rate  of  change  of  the  applied  voltage.  In  45 
particular,  the  curve  is  continuous  through  the  origin 
which  means  (i)  there  is  no  holding  current  necessary 
to  maintain  the  ON  state  and  (ii)  the  device  has  a 
"memory"  of  the  ON  state  even  when  no  voltage  is  ap- 
plied.  50 

To  convert  the  device  from  the  ON  state  to  the 
OFF  state  requires  that  the  applied  voltage  be  re- 
moved  or  reduced  to  a  value  around  zero  at  a  suffi- 
ciently  high  slew  rate  from  a  voltage  above  (z).  As 
shown  in  Figure  3,  the  jV  curve  of  the  device  does  not  55 
go  through  the  current  peak  (p)  when  the  applied  vol- 
tage  is  rapidly  lowered  in  this  manner.  Rather,  it  fol- 
lows  a  direct,  nearly  linear  path  (line  5).  Typical  slew 

rates  for  efficiently  switching  the  device  OFF  are 
greater  than  about  1  V/millisecond  with  rates  greater 
than  about  1  V/microsecond  being  preferred.  It  is  to 
be  noted  that  a  device  in  the  ON  state  may  be  turned 
OFF  by  a  voltage  pulse  starting  from  zero,  provided 
the  pulse  voltage  is  larger  or  approximately  equal  to 
(z)  (i.e.,  the  pulse  reaches  into  line  4)  and  the  fall  time 
of  the  pulse  meets  the  slew  rate  requirement.  Typical- 
ly,  a  voltage  of  10  V  for  a  duration  of  1  microsecond 
or  longer  is  adequate. 

When  the  device  is  turned  OFF  in  the  above  man- 
ner,  it  has  a  high  resistance,  typically  2  or  3  orders  of 
magnitude  higher  than  in  the  ON  state.  The  resis- 
tance  can  be  determined  by  measuring  the  jV  curve 
in  the  OFF  state  overa  small  range  of  the  applied  vol- 
tage  (up  to  the  threshold  voltage).  The  device  will  re- 
main  in  the  OFF  state  as  long  as  the  applied  voltage 
does  not  exceed  the  threshold  voltage.  Such  a  device 
in  the  OFF  state  can  be  converted  to  the  ON  state  as 
described  above. 

Although  the  mechanism  for  the  effects  descri- 
bed  above  is  not  fully  known,  the  inventors  have 
shown  that  the  nanostructure  of  the  thin  film  is  essen- 
tial  for  switching  and  negative  differential  resistance. 
In  particular,  the  structure  of  the  electronic  states  as- 
sociated  with  the  internal  surfaces  of  silicon  dioxide 
derived  form  hydrogen  silsesquioxane  are  assumed 
to  be  responsible  for  the  behavior  of  the  material.  The 
mechanism  for  switching  between  the  ON  and  OFF 
states  is  proposed  to  be  a  solid-state  electrochemical 
redox  reaction  between  the  electronic  states  dis- 
cussed  above. 

The  effects  described  above  suggest  potential 
applications  for  these  devices  as  switches,  sensors, 
memory  elements,  etc. 

The  following  non-limiting  examples  are  provided 
so  that  those  skilled  in  the  art  will  understand  the  in- 
vention. 

Example  1 

Figure  4  shows  the  device  created  by  this  exam- 
ple.  8  contact  pads  (3)  were  applied  to  a  2.54  x  3.81 
cm  (1"  x  1.5")  Corning  7059  Trade  Mark  glass  slide 
(1)  by  a  silk  screening  process  using  gold  frit  paste 
(conductive  coating  #8835  by  Electroscience  Labora- 
tories  (Trade  Mark)).  The  slide  with  the  silk  screened 
contact  pads  was  dried  in  air  at  150°C.  and  then 
baked  at  520°C.  for  30  minutes.  Back  electrodes  (4) 
were  then  deposited  across  the  contact  pads.  These 
electrodes  were  deposited  by  a  process  which  com- 
prised  placing  the  slide  in  a  deposition  chamber  which 
was  pumped  down  to  1  mPa  using  liquid  nitrogen  in 
a  cold  trap,  establishing  an  argon  glow  discharge 
therein  at  a  suitable  pressure  between  1  .5  and  3  kilo- 
volts  for  10  minutes  and  evaporating  a  3  nm  thick  lay- 
er  of  chromium  and  a  180  nm  thick  layer  of  gold 
through  a  stainless  steel  mask. 

5 
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The  contact  pads  on  the  slide  were  masked  and 
a  135  nm  thick  silicon  dioxide  thin  film  (2)  was  then 
applied  to  the  surface  of  the  slide.  The  thin  film  was 
applied  by  diluting  hydrogen  silsesquioxane  resin 
(prepared  by  the  method  of  Bank  et  al.  in  U.S.  Patent  5 
No.  5,010,159)  to  about  10%  in  a  cyclic  dimethylpo- 
lysiloxane  solvent,  coating  the  surface  of  the  slide 
with  this  solution,  spinning  the  slide  at  3000  RPM  for 
1  0  seconds  and  pyrolyzing  the  slide  in  a  furnace  in  air 
for  3  hours  at  400°C.  to  form  the  thin  film.  10 

Top  electrodes  (5)  were  then  deposited  on  the 
thin  film  by  the  same  process  as  before  which  com- 
prised  placing  the  slide  in  a  deposition  chamberwhich 
was  pumped  down  to  1  mPa  using  liquid  nitrogen  in 
a  cold  trap  and  then  evaporating  a  1  00  nm  thick  layer  15 
of  gold  through  a  stainless  steel  mask.  The  area  of  the 
device  was  0.15  cm2. 

This  device  was  then  mounted  in  a  measurement 
chamber  where  the  electrodes  of  one  of  the  four  de- 
vices  were  connected  to  the  measuring  equipment  by  20 
applying  wires  to  the  contact  pads.  The  chamber  was 
then  purged  with  nitrogen  and  a  variable  voltage  was 
applied  across  the  thin  film.  The  voltage  V  across  the 
device  and  the  current  I  through  the  device  were 
measured  for  each  voltage  and  the  current  density  j  25 
was  calculated  from  the  device  area  A. 

The  j-V  curve  of  Figure  5  was  obtained  from  this 
device.  This  curve  clearly  shows  the  transition  of  the 
device  from  its  OFF  state  to  its  ON  state  as  well  as  a 
full  curve  of  the  device  in  its  ON  state.  30 

Example  2 

A  device  was  created  in  the  same  manner  as  in 
Example  1  exceptforthe  method  of  film  formation.  In  35 
this  example,  the  thin  film  was  applied  by  diluting  hy- 
drogen  silsesquioxane  resin  (prepared  by  the  method 
of  Bank  et  al.  in  U.S.  Patent  No.  5,010,159)  to  about 
25%  solids  in  a  solvent  comprising  a  mixture  of  hep- 
tane  (5%  by  wt)  and  dodecane  (95%  by  wt),  coating  40 
the  surface  of  the  slide  with  this  solution,  spinning  the 
slide  at  3000  RPM  for  10  seconds  and  pyrolyzing  the 
slide  in  a  furnace  in  air  for  3  hours  at  400°C.  The  re- 
sultant  film  was  about  450  nm  thick.  After  this  film  had 
cooled,  a  second  thin  film  was  deposited  on  top  of  the  45 
first  in  the  same  manner  as  before.  The  dual  layerf  ilm 
was  then  approximately  910  nm  thick. 

Top  electrodes  were  then  deposited  in  the  same 
manner  as  Example  1.  The  j-V  characteristics  were 
measured  and  showed  nearly  the  same  results  as  Ex-  50 
ample  1. 

This  example  shows  that  the  thin  films  of  this  in- 
vention  are  not  thickness  limited  as  in  the  prior  art. 

Example  3  55 

A  device  was  created  in  the  same  manner  as  in 
Example  1  exceptforthe  method  of  film  formation.  In 

this  example  a  coating  solution  was  formed  by  mixing 
0.462  g  Fe(02C5H7)3,  0.487  g  hydrogen  silsesquiox- 
ane  resin  (prepared  by  the  method  of  Bank  et  al.  in 
U.S.  Patent  No.  5,010,159)  and  9.9  g  2,4  pentan- 
dione.  This  solution  was  coated  onto  the  surface  of 
the  slide,  the  slide  was  spun  at  1500  RPM  for  15  sec- 
onds  and  the  coated  slide  was  pyrolyzed  in  a  furnace 
in  air  for  1  hours  at  400°C. 

Top  electrodes  were  then  deposited  in  the  same 
manner  as  Example  1.  The  j-V  characteristics  were 
measured  and  showed  nearly  the  same  results  as  Ex- 
ample  1. 

Example  4  (comparative) 

A  device  was  created  in  the  same  manner  as  in 
Example  1  exceptforthe  method  of  film  formation.  In 
this  example,  the  thin  film  was  formed  from  Accu- 
glas™  305  Trade  Mark  (lot  7794)  (an  organopolysilox- 
ane)  by  coating  the  surface  of  the  slide  with  this  sol- 
ution,  spinning  the  slide  at  3000  RPM  for  10  seconds 
and  pyrolyzing  the  slide  in  a  furnace  in  air  for  1  hour 
at  400°C.  The  resultant  film  was  about  200  nm  thick. 

Top  electrodes  were  then  deposited  in  the  same 
manner  as  Example  1.  The  j-V  characteristics  were 
measured  and  are  displayed  in  Figure  6.  This  Figure 
shows  that  thin  films  derived  from  other  silica  precur- 
sors  differ  from  those  derived  from  H-resin.  Specifi- 
cally,  this  Figure  shows  that  the  threshold  voltage  for 
the  ON  transition  is  much  lower,  the  NDR  regime  is 
wide  and  noisy  and  the  jV  characteristic  is  erratic. 

Example  5  (comparative) 

A  device  was  created  in  the  same  manner  as  in 
Example  1  exceptforthe  method  of  film  formation.  In 
this  example,  the  thin  film  was  formed  by  a  vapor  de- 
position  process  which  comprised  placing  the  slide  in 
an  electron  cyclotron  resonance  reactor  and  kept  at 
a  substrate  temperature  of  450°C.  A  source  gas  mix- 
ture  of  25%  SiH4  and  75%  Ar  and  02  for  a  ratio  of 
02:SiH4  =  2.2:1  was  admitted  into  the  reactor  at  a  total 
pressure  of  1  Pa  and  a  microwave  plasma  was  main- 
tained  in  the  reactor  at  a  power  of  400  W  for  12  min- 
utes.  The  resultant  film  was  about  170  nm  thick. 

Top  electrodes  were  then  deposited  in  the  same 
manner  as  Example  1.  The  j-V  characteristics  were 
measured  and  are  displayed  in  Figure  7.  This  Figure 
shows  that  thin  films  formed  by  chemical  vapor  de- 
position  differ  from  those  derived  from  H-resin.  Spe- 
cifically,  this  Figure  shows  1)  a  low  ON  current  and 
small  ON/OFF  ratio,  2)  higher  threshold  voltage  for 
ON  transition,  3)  a  very  steep  NDR  regime  and  4)  the 
jV  characteristic  is  erratic. 

6 
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Claims 

1.  A  method  of  forming  a  threshold  switching  device 
having  negative  differential  resistance  compris- 
ing  creating  a  device  by  depositing  a  non-dense  5 
silicon  dioxide  film  derived  from  hydrogen  silses- 
quioxane  resin  between  at  least  two  electrodes 
and  applying  a  voltage  above  the  threshold  vol- 
tage  across  the  electrodes. 

10 
2.  The  method  of  claim  1  wherein  the  silicon  dioxide 

film  is  deposited  by  a  process  which  comprises 
coating  a  substrate  with  a  solution  comprising  a 
solvent  and  hydrogen  silsesquioxane  resin, 
evaporating  the  solvent  to  form  a  preceramic  15 
coating  and  then  pyrolyzing  the  preceramic  coat- 
ing. 

3.  The  method  of  claim  1  wherein  the  device  is 
placed  in  non-oxidizing  atmosphere.  20 

4.  A  method  of  forming  threshold  switching  device 
having  negative  differential  resistance  compris- 
ing  creating  a  device  by  depositing  a  non-dense 
film  comprising  silicon  dioxide  and  one  or  more  25 
modifying  ceramic  oxides  between  at  least  two 
electrodes  and  applying  a  voltage  above  the 
threshold  voltage  across  the  electrodes,  wherein 
the  film  comprising  silicon  oxide  and  a  modifying 
ceramic  oxide  is  derived  from  hydrogen  silses-  30 
quioxane  resin  and  a  modifying  ceramic  oxide 
precursor. 

5.  The  method  of  claim  4  wherein  the  film  is  depos- 
ited  by  a  process  which  comprises  coating  a  sub-  35 
strate  with  a  solution  comprising  a  solvent,  hydro- 
gen  silsesquioxane  resin  and  the  modifying  cer- 
amic  oxide  precursor,  evaporating  the  solvent  to 
form  a  preceramic  coating  and  then  pyrolyzing 
the  preceramic  coating.  40 

6.  The  method  of  claim  4  wherein  the  device  is 
placed  in  non-oxidizing  atmosphere. 

45 
Patentanspruche 

1  .  Verfahren  zur  Herstellung  eines  Schwellwertschal- 
ters  mit  negativem  differentiellen  Widerstand,  bei 
dem  man  eine  Vorrichtung  schafft,  indem  man  zwi-  50 
schen  mindestens  zwei  Elektroden  einen  nicht 
dichten  Film  aus  Siliciumdioxid  aufbringt,  der  sich 
von  einem  Hydrogensilsesquioxan-Harz  herleitet, 
und  zwischen  den  Elektroden  eine  Spannung 
oberhalb  der  Schwellwertspannung  anlegt.  55 

2.  Verfahren  nach  Anspruch  1,  wobei  der  Film  aus 
Siliciumdioxid  mittels  eines  Verfahrens  aufge- 

bracht  wird,  bei  dem  man  ein  Substrat  mit  einer 
ein  Losungsmittel  und  ein  Hydrogensilsesquio- 
xan-Harz  enthaltenden  Losung  beschichtet,  das 
Losungsmittel  verdampft,  so  dali  eine  prakerami- 
sche  Beschichtung  entsteht,  und  dann  die  prake- 
ramische  Beschichtung  pyrolysiert. 

3.  Verfahren  nach  Anspruch  1,  wobei  die  Vorrich- 
tung  in  einer  nicht  oxidierenden  Atmosphare  an- 
geordnet  wird. 

4.  Verfahren  zur  Herstellung  eines  Schwellwert- 
schalters  mit  negativem  differentiellen  Wider- 
stand,  bei  dem  man  eine  Vorrichtung  schafft,  in- 
dem  man  zwischen  mindestens  zwei  Elektroden 
einen  nicht  dichten,  Siliciumdioxid  und  ein  oder 
mehrere  modif  izierende  keramische  Oxide  enthal- 
tenden  Film  aufbringt  und  zwischen  den  Elektroden 
eine  Spannung  oberhalb  der  Schwellwertspan- 
nung  anlegt,  wobei  der  Siliciumdioxid  und  ein  mo- 
difizierendes  keramisches  Oxid  enthaltende  Film 
sich  von  einem  Hydrogensilsesquioxan-Harz  und 
einem  Vorlauferstoff  fur  ein  modif  izierendes  ke- 
ramisches  Oxid  herleitet. 

5.  Verfahren  nach  Anspruch  4,  wobei  der  Film  mit- 
tels  eines  Verfahrens  aufgebracht  wird,  bei  dem 
man  ein  Substrat  mit  einer  ein  Losungsmittel,  ein 
Hydrogensilsesquioxan-Harz  und  einen  Vorlau- 
ferstoff  fur  das  modif  izierende  keramische  Oxid 
enthaltenden  Losung  beschichtet,  das  Losungs- 
mittel  verdampft,  so  dali  eine  prakeramische  Be- 
schichtung  entsteht,  und  dann  die  prakerami- 
sche  Beschichtung  pyrolysiert. 

6.  Verfahren  nach  Anspruch  4,  wobei  die  Vorrich- 
tung  in  einer  nicht  oxidierenden  Atmosphare  an- 
geordnet  wird. 

Revendications 

1.  Un  procede  de  formation  d'un  dispositif  de 
commutation  a  seuil  presentant  une  resistance 
differentielle  negative  comprenant  la  creation 
d'un  dispositif  par  depot  d'un  film  de  dioxyde  de 
silicium  non  dense  derivantd'une  resine  d'hydro- 
genosilsesquioxane  entre  au  moins  deux  electro- 
des  et  I'application  entre  les  electrodes  d'une 
tension  electrique  superieure  a  la  tension  de 
seuil. 

2.  Le  procede  de  la  revendication  1  dans  lequel  le 
film  de  dioxyde  de  silicium  est  depose  parun  pro- 
cessus  qui  comprend  le  revetementd'un  substrat 
par  une  solution  comprenant  un  solvant  et  une  re- 
sine  d'hydrogenosilsesquioxane,  I'evaporation 
du  solvant  pourformerun  revetement  precerami- 
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que,  puis  la  pyrolyse  du  revetement  precerami- 
que. 

3.  Le  procede  de  la  revendication  1  dans  lequel  le 
dispositif  est  place  dans  une  atmosphere  non  5 
oxydante. 

4.  Un  procede  de  formation  d'un  dispositif  de 
commutation  a  seuil  presentant  une  resistance 
differentielle  negative  comprenant  la  creation  10 
d'un  dispositif  par  depot  d'un  film  non  dense 
comprenant  du  dioxyde  de  silicium  et  un  ou  plu- 
sieurs  oxydes  ceramiques  modifiants  entre  au 
moins  deux  electrodes  et  I'application  entre  les 
electrodes  d'une  tension  electrique  superieure  a  15 
la  tension  de  seuil,  dans  lequel  le  film  compre- 
nant  du  dioxyde  de  silicium  et  un  oxyde  cerami- 
que  modifiant  derive  d'une  resine  d'hydrogeno- 
silsesquioxane  et  d'un  precurseur  d'oxyde  cera- 
mique  modifiant.  20 

5.  Le  procede  de  la  revendication  4  dans  lequel  le 
film  est  depose  par  un  processus  qui  comprend 
le  revetement  d'un  substrat  par  une  solution 
comprenant  un  solvant,  une  resine  d'hydrogeno-  25 
silsesquioxane  et  le  precurseur  d'oxyde  cerami- 
que  modifiant,  I'evaporation  du  solvant  pour  for- 
mer  un  revetement  preceramique,  puis  la  pyroly- 
se  du  revetement  preceramique. 

30 
6.  Le  procede  de  la  revendication  4  dans  lequel  le 

dispositif  est  place  dans  une  atmosphere  non 
oxydante. 
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