
Europaisches  Patentamt 

European  Patent  Office 

Office  europeen  des  brevets 

©  Publication  number: 0  3 0 5   9 2 8  

A 2  

©  EUROPEAN  PATENT  A P P L I C A T I O N  

©  Application  number:  88113976.0  ©  Int.  CI.4:  H01  L  31/18  ,  C23C  1 6 / 4 0  

©  Date  of  filing:  26.08.88 

©  Priority:  31.08.87  US  90851  ©  Applicant:  Solarex  Corporation 
1335  Piccard  Drive 

©  Date  of  publication  of  application:  Rockville  Maryland  20850(US) 
08.03.89  Bulletin  89/10 

@  Inventor:  O'Dowd,  James  G. 
©  Designated  Contracting  States:  1970  New  Rodgers  Road,  Apt.  I-32 

AT  BE  CH  DE  ES  FR  GB  GR  IT  LI  LU  NL  SE  Levittown  Pennsylvania  19056(US) 
Inventor:  Catalano,  Anthony  W. 
Box  205,  Swamp  Road 
Furlong  Pennsylvania  18925(US) 
Inventor:  Fortmann,  Charles  M. 
164  Summit  Trace  Road 
Langhorne  Pennsylvania  19047(US) 
Inventor:  Lee,  Ora  Jean 
1405  New  Rodgers  Road,  Apt.  2-7 
Bristol  Pennsylvania  19007(US) 

©  Representative:  Patentanwalte  Grunecker, 
Kinkeldey,  Stockmair  &  Partner 
Maximilianstrasse  58 
D-8000  Miinchen  22(DE) 

©  Method  of  depositing  textured  tin  oxide. 

©  A  method  of  forming  a  textured  layer  of  tin  oxide  on  a  vitreous  substrate  in  which  the  thickness  and  degree 
of  texture  of  the  layer  can  be  controlled  independently  of  one  another.  The  method  comprises  the  steps  of 
depositing  a  first  film  of  tin  oxide  on  the  substrate  by  chemical  vapor  deposition  from  a  first  reactant  mixture  of 
tin  chloride,  water,  and  an  alcohol  and  depositing  a  second  film  of  tin  oxide  on  the  first  tin  oxide  film  by  chemical 
vapor  deposition  from  a  second  reactant  mixture  of  tin  chloride  and  water.  Where  the  substrate  is  ordinary  soda 
lime  glass,  it  preferably  is  first  coated  with  a  film  of  silicon  dioxide.  The  method  permits  deposition  of 

^   substantially  uniform  layers  of  tin  oxide  in  a  continuous  deposition  process. 
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METHOD  OF  DEPOSITING  TEXTURED  TIN  OXIDE 

BACKGROUND  OF  THE  INVENTION 

5 

Field  of  the  Invention 

The  present  invention  relates  to  a  method  of  depositing  a  textured  layer  of  transparent  conductive 
w  material  on  a  substrate.  More  particularly,  the  present  invention  relates  to  a  method  of  controlling  the  texture 

of  a  tin  oxide  layer  independently  of  the  overall  thickness  of  the  layer. 

Description  of  the  Related  Art 
rs 

Many  photovoltaic  devices  require  the  fabrication  of  a  layer  of  transparent  conductive  material  on  a 
transparent  substrate  to  provide  an  electrically  conductive  element  on  the  light-entry  surface  of  a  semicon- 
ductor  body  that  does  not  substantially  interfere  with  propagation  of  light  into  the  semiconductor  body 
through  the  light-entry  surface. 

20  Fig.  1  shows  a  photovoltaic  device  10  comprised  of  a  plurality  of  series-connected  photovoltaic  cells  12 
formed  on  a  transparent  vitreous  substrate  14  and  subjected  to  solar  radiation  16  passing  through  substrate 
14.  Each  photovoltaic  cell  12  includes  a  front  electrode  18  of  transparent  conductive  oxide,  a  photovoltaic 
element  20  made  of  a  semiconductor  material,  such  as  for  example,  hydrogenated  amorphous  silicon  in  a 
PIN  structure,  and  a  back  electrode  22  of  a  metal  such  as  aluminum.  The  back  electrode  22  of  each  cell  12 

25  is  connected  to  the  front  electrode  of  an  adjacent  cell  12  by  an  interconnect  portion  24. 
Front  electrodes  18  typically  are  formed  by  depositing  a  film  of  transparent  conductive  oxide,  such  as 

tin  oxide  (SnOa),  on  a  glass  substrate  14  by  chemical  vapor  deposition.  The  tin  oxide  film  then  is  divided 
into  a  plurality  of  front  electrodes  18  by  removing  narrow  strips  of  material  between  the  desired  front 
electrodes.  One  such  method  for  removing  the  strips  of  tin  oxide  is  laser  ablation. 

30  The  tin  oxide  film  fabricated  on  the  supporting  substrate  must,  of  course,  permit  light  to  propagate 
through  to  the  photovoltaic  semiconductor  material  (photovoltaic  elements  20  in  Fig.  1).  The  tin  oxide  layer 
also  serves  to  conduct  the  charge  carriers  generated  in  the  photovoltaic  material  out  of  the  device.  It  is 
further  desirable  to  provide  a  textured  surface  on  the  deposited  tin  oxide  film  to  scatter  light  passing  into 
the  photovoltaic  elements.  Scattering  the  light  at  the  interface  between  the  tin  oxide  front  electrodes  18  and 

35  the  photovoltaic  elements  20  increases  the  effective  path  length  of  light  in  the  photovoltaic  elements,  thus 
increasing  the  probability  that  a  photon  will  be  absorbed  and  produce  a  free  charge  carrier. 

As  applied  to  the  surface  of  a  transparent  conductive  oxide  layer,  a  "textured"  surface  has  a  dominant 
local  peak-to-valley  variation  in  height  greater  than  about  0.2  micrometers.  The  textured  surface  is 
comprised  of  pyramidal  microcrystallites  ranging  in  size  typically  from  about  0.1  to  1.5  micrometers  in 

40  diameter  as  measured  on  scanning  electron  microscope  (SEM)  photographs. 
One  conventional  method  for  fabricating  a  textured  layer  of  tin  oxide  on  a  substrate  is  disclosed  in  U.S. 

Patent  No.  4,532,537,  issued  to  Kane.  Kane  discloses  a  method  of  depositing  a  layer  of  textured  tin  oxide 
on  a  glass  substrate  by  chemical  vapor  deposition  from  an  atmosphere  including  tin,  oxygen,  hydrogen,  and 
a  conductivity  modifying  dopant  such  as  fluorine.  The  primary  reactants  are  tin  chloride  (SnCU)  and  water 

45  (H20),  both  of  which  are  introduced  by  bubbling  nitrogen  (N2)  through  the  reactants.  The  substrate  is  held 
at  an  elevated  temperature  lower  than  the  temperature  at  which  the  substrate  softens.  It  is  known  that 
texture  increases  with  an  increase  in  deposition  temperature. 

The  prior  art  textured  tin  oxide  deposition  method  taught  by  Kane  works  well  during  batch  processing. 
This  method,  however,  is  inadequate  when  applied  to  continuous  processing,  that  is,  when  a  plurality  of 

so  substrates  are  successively  moved  through  the  deposition  chamber  along  a  belt  or  roller  conveying 
apparatus.  We  have  found  that  the  method  disclosed  by  Kane  tends  to  produce  non-uniform  texture  in  a 
continuous  deposition  system  and  that  the  texture  becomes  increasingly  non-uniform  as  the  film  thickness 
is  increased. 

Another  disadvantage  of  the  above-described  prior  art  method  is  that  texture  is  directly  related  to  film 
thickness.  Texture  increases  as  the  overall  thickness  of  the  tin  oxide  layer  increases.  Consequently,  an 
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overly  thick  film  with  poor  optical  qualities  (i.e.,  decreased  transparency)  often  results  from  an  effort  to 
increase  the  texture  of  a  tin  oxide  layer.  Furthermore,  the  electrical  properties  of  the  tin  oxide  layer  vary 
with  the  layer's  thickness.  For  example,  sheet  resistance  is  inversely  proportional  to  layer  thickness.  The 
prior  art  methods  of  depositing  textured  tin  oxide  layers  provide  no  means  for  producing,  for  example,  a  15 

5  n/n  layer  and  a  25  Q/n  layer  having  comparable  light-scattering  properties.  In  designing  photovoltaic 
devices,  it  is  desirable  to  be  able  to  adjust  the  thickness  and  texture  of  the  tin  oxide  film  independently  of 
one  another.  Conventional  deposition  methods  do  not  provide  such  a  capacity. 

The  present  invention  is  intended  to  provide  a  method  of  fabricating  a  substantially  uniformly  textured 
layer  of  tin  oxide  on  a  vitreous  substrate  in  a  continuous  processing  operation. 

10  The  present  invention  also  is  intended  to  provide  a  method  of  fabricating  a  textured  layer  of  tin  oxide  on 
a  vitreous  substrate  in  which  the  degree  of  texture  and  thickness  of  the  layer  can  be  controlled  substantially 
independently  of  one  another. 

Additional  advantages  of  the  present  invention  will  be  set  forth  in  part  in  the  description  that  follows  and 
in  part  will  be  obvious  from  that  description  or  can  be  learned  from  practice  of  the  invention.  The 

75  advantages  of  the  invention  can  be  realized  and  obtained  by  the  method  particularly  pointed  out  in  the 
appended  claims. 

SUMMARY  OF  THE  INVENTION 
20 

The  present  invention  overcomes  the  problems  of  the  prior  art  methods  of  fabricating  textured  tin  oxide 
layers  on  a  vitreous  substrate  by  depositing  two  films  of  tin  oxide  from  separate  reactant  mixtures  and 
activating  nucleation  of  the  tin  oxide  deposited  in  the  first  film  by  adding  an  alcohol  to  the  first  reactant 

25  mixture. 
To  overcome  the  problems  of  the  prior  art  methods  and  in  accordance  with  the  purpose  of  the 

invention,  as  embodied  and  broadly  described  herein,  the  method  of  this  invention  of  forming  a  textured 
layer  of  transparent  conductive  oxide  on  a  vitreous  substrate  comprises  the  steps  of  depositing  a  first  film  of 
tin  oxide  on  the  substrate  by  chemical  vapor  deposition  from  a  first  reactant  mixture  of  tin  chloride,  water, 

30  and  an  alcohol  while  holding  the  substrate  at  a  preselected  reaction  temperature  and  depositing  a  second 
film  of  tin  oxide  on  the  first  film  by  chemical  vapor  deposition  from  a  second  reactant  mixture  of  tin  chloride 
and  water  while  holding  the  substrate  at  the  preselected  reaction  temperature. 

Where  the  substrate  contains  surface  impurities,  as  in  the  case  of  ordinary  soda  lime  glass,  the  method 
of  this  invention  preferably  comprises  the  additional  step  of  depositing  a  film  of  silicon  dioxide  on  the 

35  substrate  prior  to  depositing  the  first  film  of  tin  oxide.  The  first  tin  oxide  film  then  is  deposited  on  the  silicon 
dioxide  film.  Each  of  the  first  and  second  reactant  mixtures  preferably  includes  a  conductivity  modifying 
dopant,  such  as  hydrofluoric  acid. 

The  accompanying  drawings,  which  are  incorporated  in  and  which  constitute  a  part  of  the  specification, 
illustrate  at  least  one  embodiment  of  the  invention  and,  together  with  the  description,  explain  the  principals 

40  of  the  invention. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

Fig.  1  is  a  schematic  perspective  view  of  a  thin-film  photovoltaic  semiconductor  device  having 
transparent  electrodes  formed  from  tin  oxide; 

Fig  2  is  a  schematic  diagram  of  an  apparatus  used  for  depositing  a  layer  of  textured  tin  oxide  in 
accordance  with  the  method  of  this  invention;  and 

so  Fig.  3  is  a  schematic  cross-sectional  view  of  the  injector  of  the  apparatus  shown  in  Fig.  2  taken  along 
line  Ill-Ill  of  Fig.  2. 

DESCRIPTION  OF  THE  PREFERRED  EMBODIMENTS 
55 

Reference  now  will  be  made  in  detail  to  the  presently  preferred  embodiment  of  the  invention. 
The  present  invention  provides  a  method  for  depositing  a  layer  of  tin  oxide  on  a  vitreous  substrate  by 
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reacting  tin  chloride  and  water  at  the  surface  of  the  substrate  in  a  continuous  processing  operation  so  that 
the  resulting  tin  oxide  layer  is  uniformly  textured  across  the  area  of  the  substrate  and  the  layer  is  free  from 
visible  cosmetic  defects. 

In  understanding  this  invention,  it  is  important  to  distinguish  between  "haze"  and  "texture."  Haze  is  an 
s  unavoidable  consequence  of  tin  oxide  deposition  and  refers  to  a  slight  surface  topography  that  is  a  function 

of  the  thickness  of  the  tin  oxide  layer.  A  tin  oxide  layer  having  a  thickness  of  one  micrometer  typically  will 
have  a  surface  topography  having  microcrystallites  less  than  0.1  micrometer  in  diameter.  The  term  texture 
applies  to  films  having  surface  features  greater  that  0.2  micrometers.  The  distinction  between  textured  and 
hazy  tin  oxide  layers  is  important  in  terms  of  their  optical  properties.  When  applied  to  photovoltaic  cells 

70  otherwise  identical  in  structure,  the  cell  having  a  textured  tin  oxide  layer  on  the  light  entry  side  of  the 
photovoltaic  elements  will  have  a  much  larger  efficiency  than  an  identical  photovoltaic  cell  having  a  hazy 
layer  tin  oxide  because  the  textured  layer  will  provide  effective  scattering  of  light. 

As  used  herein,  the  term  "scattered  transmission"  is  defined  as  the  percentage  of  light  energy  incident 
on  a  coated  substrate  that  is  transmitted  through  the  substrate  at  all  non-incident  angles.  Hazy  tin  oxide 

75  layers  typically  have  a  scattered  transmission  of  less  than  1%  for  light  having  a  wavelength  of  700  nm. 
Textured  layers  scatter  more  than  1%  of  incident  light  at  700  nm.  For  a  given  film,  the  value  of  scattered 
transmission  normally  decreases  with  increasing  wavelength. 

The  method  of  this  invention  for  fabricating  a  layer  of  textured  tin  oxide  on  a  substrate  is  primarily  a 
two-step  process.  The  first  step  includes  depositing  a  first  film  of  tin  oxide  on  a  substrate  by  a  chemical 

20  vapor  deposition  (CVD)  reaction  between  tin  chloride  and  water  that  is  moderated  by  the  addition  of  trace 
amounts  of  alcohol  to  the  reaction.  The  second  step  includes  depositing  a  second  film  of  tin  oxide  on  the 
first  tin  oxide  film  by  CVD  from  a  reactant  mixture  of  tin  chloride  and  water  without  moderation  with  alcohol. 
The  texture  of  the  overall  tin  oxide  layer  is  controlled  primarily  by  selecting  the  proper  ratio  between  the 
thickness  of  the  first  film  and  the  thickness  of  the  second  film. 

25  The  method  of  the  present  invention  now  will  be  described  with  reference  to  the  apparatus  shown  in 
Figs.  2  and  3  of  the  drawings.  Fig.  2  is  a  schematic  representation  of  a  vitreous  substrate  30  being 
conveyed  in  the  direction  of  arrow  A  in  a  deposition  chamber  containing  a  CVD  system  34. 

In  accordance  with  the  presently  preferred  embodiment  of  the  invention,  a  flat  substrate  30  of  ordinary 
soda  lime  glass  first  is  coated  with  a  film  of  silicon  dioxide  (Si02).  We  have  found  that  uniform  deposition  of 

30  tin  oxide  on  ordinary  soda  lime  glass  is  difficult  because  of  impurities  that  normally  exist  on  the  surface  of 
such  low-grade  vitreous  substrates.  When  deposited  directly  on  ordinary  soda  lime  glass  or  lower-grade 
Pyrex®,  the  tin  oxide  layer  tends  to  be  nonuniform  and  contain  numerous  pinholes  and  other  blemishes. 
Furthermore,  the  nucleation  of  the  tin  oxide  on  the  substrate  has  been  found  to  be  a  function  of  the  glass 
manufacturing  process;  substrates  obtained  from  different  glass  vendors  might  provide  different  textured 

35  coatings  despite  holding  the  tin  oxide  deposition  parameters  constant. 
The  silicon  dioxide  film  32  provides  the  surface  with  a  chemically  uniform,  reproducible  surface  coating 

so  that  the  subsequent  tin  oxide  reaction,  which  is  a  surface  reaction,  produces  a  tin  oxide  layer  of  uniform 
thickness  and  texture.  The  thickness  of  the  silicon  dioxide  film  does  not  appear  to  be  critical,  and  we  have 
found  that  silicon  dioxide  films  having  thicknesses  of  30-600  nanometers  provides  a  proper  surface  for 

40  uniform  deposition  of  textured  tin  oxide. 
When  tin  oxide  is  deposited  in  accordance  with  the  present  invention  on  a  substrate  formed  of  a  more 

expensive  and  impurity-free  material,  such  as  quartz,  Corning®  7059  glass  or  higher-grade  Pyrex®,  the 
substrate  surface  normally  is  sufficiently  free  of  defects  that  a  uniform  tin  oxide  layer  can  be  deposited 
directly  on  the  substrate  without  an  intervening  silicon  dioxide  film. 

45  The  silicon  dioxide  film  can  be  deposited  by  any  conventional  method,  for  example,  by  using  a 
chemical  injector  such  as  a  Watkins-Johnson  Model  No.  968587.  The  chemical  reaction  producing  the 
silicon  dioxide  film  32  preferably  occurs  at  the  surface  of  the  glass  rather  than  at  the  injector  nozzle  or  in 
the  gas  phase. 

In  accordance  with  the  invention,  substrate  30  (coated,  if  necessary,  with  silicon  dioxide  film  32  where 
so  substrate  30  is  comprised  of  ordinary  soda  lime  glass)  is  conveyed  through  a  first  deposition  chamber  in 

which  a  first  film  of  tin  oxide  is  deposited  on  the  substrate  by  chemical  vapor  deposition  from  a  first 
reactant  mixture  of  tin  chloride,  water,  and  an  alcohol  while  holding  substrate  30  at  a  preselected  reaction 
temperature.  Suitable  alcohols  include  the  lower  alkanols,  that  is,  methanol,  ethanol,  propanol,  butanol,  and 
mixtures  thereof.  In  the  presently  preferred  embodiment,  the  alcohol  constituent  of  the  first  reactant  mixture 

55  is  methanol.  Similar  results  have  been  obtained  with  propanol  and  butanol  as  the  reaction  moderator.  We 
would  expect  other  alcohols,  such  as  ethanol  or  hexanol,  also  to  be  suitable  substitutes  for  methanol. 

In  accordance  with  the  invention  and  with  specific  reference  to  apparatus  34  shown  in  Figs.  2  and  3,  the 
tin  oxide,  water,  and  alcohol  are  brought  together  in  dilute  form  by  a  carrier  gas,  preferably  nitrogen,  at  an 
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injector  36.  Injector  36  is  sized  to  deliver  the  reactants  to  an  injection  zone  spanning  the  width  of  substrate 
32  passing  beneath  it.  As  shown  in  Fig.  3,  injector  36  has  three  concentric  jets  38,  40,  and  42.  Jets  38,  40, 
42  direct  the  constituents  of  the  first  reaction  mixture  onto  the  surface  of  substrate  32,  which  is  held  at  a 
preselected  reaction  temperature  preferably  above  500°  C.  When  depositing  on  a  soda  lime  glass  substrate 

5  the  maximum  reaction  temperature  should  be  about  540°  C  to  prevent  thermal  warping  of  the  substrate.  The 
tin  chloride  and  water  react  at  the  surface  of  the  substrate  to  form  tin  oxide  in  accordance  with  the  following 
chemical  reaction: 

SnCU  +  2H20  -  Sn02  +  4HCI. 
70 

Central  jet  38  directs  a  mixture  of  nitrogen  and  tin  chloride  onto  substrate  32  via  conduit  44.  A  nitrogen 
carrier  gas  is  passed  through  a  first  bubbler  46  containing  tin  chloride  held  at  a  constant  temperature, 
preferably  at  about  34°  C.  The  flow  rate  of  the  nitrogen  carrier  gas  passing  through  the  tin  chloride  is 
regulated  by  a  flow  meter  (not  shown)  and  is  controlled  by  control  valve  48.  Output  conduit  50  of  first 

75  bubbler  46  is  connected  to  conduit  44.  Conduit  44  contains  nitrogen  diluent  gas  flow  controlled  by  control 
valve  52  and  regulated  by  a  flow  meter  (not  shown). 

In  accordance  with  the  invention,  a  mixture  of  alcohol  and  water  is  conducted  to  outer  jet  42  of  injector 
36  by  conduit  54.  Nitrogen  diluent  flow  is  introduced  into  conduit  54  through  control  valve  56.  The  nitrogen 
diluent  gas  flows  supplied  through  control  valves  52  and  56  ensure  that  the  reactant  mixture  at  injector  36 

20  has  sufficient  gas  velocity.  The  water  and  alcohol  are  introduced  into  conduit  54  through  second  and  third 
bubblers  58  and  60,  respectively.  Second  and  third  bubblers  58,  60  have  a  common  output  conduit  62, 
which  connects  to  conduit  54.  Second  bubbler  58  contains  water  held  at  an  elevated  temperature, 
preferably  about  80°  C,  and  preferably  contains  1  part  concentrated  hydrofluoric  acid  (HF)  to  99  parts  water 
to  provide  fluorine  doping  in  the  resulting  tin  oxide  film.  A  nitrogen  carrier  gas  controlled  by  control  valve  64 

25  carries  water  vapor  to  output  conduit  62.  The  alcohol  held  in  third  bubbler  60  preferably  is  methanol  held  at 
a  temperature  of  approximately  4°C  and  is  introduced  into  output  conduit  62  by  nitrogen  carrier  gas 
controlled  by  control  valve  66. 

In  accordance  with  the  invention,  a  separator  gas  flow  of  nitrogen  is  carried  to  intermediate  jet  40  by 
conduit  68.  The  flow  of  the  separator  gas  is  controlled  by  a  control  valve  70.  The  separator  gas  prevents  the 

30  reactants  from  reacting  at  and  clogging  injector  36.  As  an  alternative  to  introducing  hydrofluoric  acid  to  the 
water  in  bubbler  58,  fluorine  doping  of  the  tin  oxide  can  be  accomplished  by  adding  hydrogen  fluoride  gas 
to  nitrogen  conduit  68. 

As  is  well  known  in  the  art,  a  CVD  reaction  between  the  hydrofluoric  acid-containing  water  and  tin 
chloride  (or  water  and  tin  chloride  in  the  presence  of  hydrogen  fluoride  gas)  at  heated  substrate  30  will 

35  produce  a  tin  oxide  film  doped  with  fluorine  on  substrate  30.  The  introduction  of  alcohol  at  a  molar  ratio 
preferably  less  than  or  equal  to  about  1  :4  based  on  the  total  reactant  mixture  moderates  the  tin  chloride- 
water  reaction  to  produce  a  uniform  first  film  of  tin  oxide  on  top  of  silicon  dioxide  film  32  (or  directly  on  a 
substrate  comprised  of  quartz  or  Corning®  7059  glass,  both  of  which  are  essentially  Si02).  More  preferably, 
the  molar  flow  ratio  of  alcohol  to  total  reactact  mixture  for  the  first  tin  oxide  film  is  less  than  or  equal  to 

40  about  1  :20.  In  the  absence  of  alcohol  in  the  reaction,  the  tin  oxide  formed  on  the  moving  substrate  is  non- 
uniform  and  typically  results  in  alternating  light  and  dark  stripes.  In  effect,  the  striped  tin  oxide  layer  exhibits 
excessive,  uncontrolled  texture.  We  believe  that  the  absence  of  defects  in  the  silicon  dioxide  surface  inhibits 
uniform  nucleation  of  tin  oxide  on  the  surface. 

Nucleation  of  the  tin  oxide  is  activated  by  adding  alcohol  to  the  reaction.  It  is  believed  that  the  alcohol 
45  acts  as  a  surface  catalyst  allowing  formation  of  Si02:Sn02  bonds.  Although  the  first  film  of  tin  oxide 

fabricated  in  accordance  with  the  invention  is  specular,  that  is,  does  not  have  significant  surface  texture, 
varying  the  concentration  of  the  alcohol  in  the  reaction  mixture  changes  the  degree  of  microstructure  of  the 
final  textured  tin  oxide  coating. 

In  accordance  with  the  invention,  a  second  film  of  tin  oxide  then  is  fabricated  on  the  first  tin  oxide  film 
so  in  a  second  deposition  chamber  using  the  same  apparatus  as  shown  in  Fig.  2  with  the  exception  of  third 

bubbler  60.  No  alcohol  is  contained  in  the  reactant  mixture  forming  the  second  tin  oxide  film.  As  indicated 
above,  the  second  tin  oxide  film  has  a  textured  surface  with  the  extent  of  texture  being  a  function  of  the 
amount  of  alcohol  used  in  the  first  tin  oxide  film  reaction.  The  degree  of  surface  texture  decreases  as  the 
amount  of  alcohol  in  the  first  reactant  mixture  increases.  Alcohol  is  not  required  to  moderate  the  deposition 

55  of  the  second  tin  oxide  film  because  the  first  tin  oxide  film  provides  a  surface  willing  to  accept  tin  oxide 
deposition  in  a  manner  believed  to  be  similar  to  epitaxial  growth. 

As  is  well  known  in  the  art,  the  deposition  chambers  must  be  isolated  from  the  outside  atmosphere. 
Isolation  preferably  is  provided  by  nitrogen  curtains  at  the  entrance  of  each  deposition  chamber.  Preferably, 
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nitrogen  curtains  comprise  nitrogen  gas  flowing  at  about  15  liters/minute.  The  chambers  also  must  be 
exhausted  to  remove  by-products  of  the  CVD  reaction. 

Tin  oxide  layers  having  a  sheet  resistance  of  approximately  5-70  Q/a  have  been  deposited  using 
water/methanol  molar  flow  ratios  of  1/10  to  1000/1  and  using  water/tin  chloride  molar  flow  ratios  of  2/1  to 

5  30/1  in  depositing  the  first  tin  oxide  film  and  using  water/tin  chloride  molar  flow  ratios  of  2/1  to  30/1  during 
deposition  of  the  second  tin  oxide  film.  For  large-area  solar  panels,  the  desired  sheet  resistance  of  the  tin 
oxide  layer  typically  is  about  9-1  6  fl/n. 

By  depositing  a  tin  oxide  layer  in  the  two-step  fashion  described  above,  the  texture  and  thickness  of  the 
resulting  tin  oxide  layer  can  be  controlled  independently  of  one  another.  As  stated  above,  decreasing  the 

10  proportionate  amount  of  alcohol  in  the  reaction  producing  the  first  tin  oxide  film  increases  the  texture  of  the 
resulting  layer.  For  a  given  thickness  of  tin  oxide,  increasing  the  amount  of  tin  chloride  (and  the  resulting 
film  thickness)  in  the  first  deposition  step  relative  to  the  amount  of  tin  chloride  in  the  second  deposition  step 
will  decrease  the  texture.  The  overall  thickness  of  a  layer  (and  hence  its  conductivity)  can  be  varied  by 
increasing  or  decreasing  the  thicknesses  of  both  tin  oxide  films. 

75  The  advantages  of  the  present  invention  are  illustrated  further  by  the  following  examples. 

Example  I 

20  A  layer  of  tin  oxide  was  deposited  on  a  rectangular  glass  substrate  coated  with  silicon  dioxide  according 
to  the  method  of  this  invention  using  the  reactant  molar  flows  set  forth  in  Table  I.  The  substrate  measured 
approximately  30  cm  by  33  cm.  The  substrate  was  held  at  a  reaction  temperature  of  about  540'  C.  Watkins- 
Johnson  Model  No.  968587  CVD  injectors  were  used  to  deposit  the  tin  oxide.  The  substrate  was  conveyed 
through  two  deposition  chambers  on  a  conveyor  belt  moving  about  15  cm/min.  A  first  tin  oxide  film  was 

25  deposited  on  the  substrate  in  chamber  1  in  a  reaction  moderated  by  methanol.  A  second  tin  oxide  film  was 
deposited  on  the  first  tin  oxide  film  in  chamber  2  in  a  reaction  without  methanol 

TABLE  I 

Reactant  Molar  Flow  (moles  X 
10-2/min) 

Chamber  I  Chamber  2 

SnCU  0.516  0.258 
H20  9.730  4.040 
CH3OH  0.190 
HF  0.017  0.017 

40  The  ratio  of  tin  chloride  flow  in  chamber  1  to  tin  chloride  flow  in  chamber  2  was  approximately  2:1  .  The 
total  molar  tin  flow  was  0.0077  mole/min,  which  resulted  in  a  total  layer  thickness  of  about  1.2  micrometers. 
The  molar  percentage  of  methanol  in  the  reactant  mixture  in  chamber  1  was  about  1.82%.  The  resulting  tin 
oxide  layer  had  a  sheet  resistance  of  about  9.9  n/a  and  a  scattered  transmission  of  about  5.3%  at  700  nm. 

45 
Example  II 

A  tin  oxide  layer  was  deposited  in  accordance  with  the  invention  on  a  30  cm  by  33  cm  silicon  dioxide- 
coated  glass  substrate  under  the  same  deposition  conditions  as  for  Example  I,  except  that  the  molar  flows 

50  of  the  reactants  were  revised  to  have  a  greater  tin  chloride  flow  during  the  deposition  of  the  second  film 
than  during  deposition  of  the  first  film.  The  molar  flows  for  Example  II  are  set  forth  in  Table  II. 

55 
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TABLE  II 

Reactant  Molar  Flow  (moles  X 
10~2/min) 

Chamber  I  Chamber  2 

SnCI*  0.194  0.580 
H20  3.660  9.040 
CH3OH  0.145 
HF  0.017  0.017 

The  ratio  of  tin  chloride  flow  in  chamber  1  to  tin  chloride  flow  in  chamber  2  was  approximately  1  :3.  The 
total  molar  tin  flow  was  0.0077  mole/min,  the  same  as  for  Example  I,  which  resulted  in  a  total  thickness  of 
approximately  1.4  micrometers.  The  molar  percentage  of  methanol  in  the  reactant  mixture  in  chamber  1 
was  about  3.61%.  The  resulting  tin  oxide  layer  had  a  sheet  resistance  of  about  15  Q/n  and  a  scattered 
transmission  of  about  9.1%  at  700  nm.  In  comparison  to  the  layer  deposited  in  Example  I,  this  example 
exhibited  substantially  greater  light  scattering  with  no  significant  increase  in  film  thickness  by  virtue  of 
decreasing  the  thickness  of  the  methanol-moderated  film. 

Example  III 

A  tin  oxide  layer  was  deposited  in  accordance  with  the  method  of  this  invention  on  a  30  cm  by  33  cm 
silicon  dioxide-coated  Pyrex®  substrate  held  at  a  reaction  temperature  of  about  600°  C.  As  with  Examples  I 
and  II,  Watkins-Johnson  Model  No.  968587  CVD  injectors  were  used,  and  the  substrate  was  conveyed 
through  the  two  deposition  chambers  at  a  rate  of  about  15  cm/min.  The  reactant  molar  flows  used  to 
deposit  Example  III  are  set  forth  in  Table  III. 

TABLE  III 

Reactant  Molar  Flow  (moles  X 
10"2/min) 

Chamber  I  Chamber  2 

SnCU  0.0595  0.357 
H20  0.532  3.20 
CH3OH  0.0264 
HF  0.00132  0.00666 

The  ratio  of  tin  chloride  flow  in  chamber  1  to  tin  chloride  flow  in  chamber  2  was  approximately  1  :6.  The 
total  molar  tin  flow  was  0.0042  mole/min,  which  resulted  in  a  total  layer  thickness  of  approximately  0.7 
micrometers.  A  tin  oxide  layer  of  this  thickness  is  desirable  in  certain  photovoltaic  devices,  such  as  stacked 
junction  devices.  The  molar  percentage  of  methanol  in  the  reactant  mixture  of  chamber  1  was  about  4.26%. 
Despite  its  decreased  thickness,  the  tin  oxide  layer  of  this  example  had  a  scattered  transmission  of  about 
8%  at  700  nm  by  virtue  of  the  substantially  greater  thickness  of  the  second  film  relative  to  the  first  film.  The 
sheet  resistance  for  the  layer  was  about  26  fl/o. 

It  will  be  apparent  to  those  skilled  in  the  art  that  modifications  and  variations  can  be  made  in  the 
method  of  this  invention  without  departing  from  the  scope  of  the  invention.  For  example,  alcohols  other  than 
methanol,  such  as  propanol,  butanol,  or  ethanol,  can  be  used  to  moderate  the  tin  chloride/water  reaction 
during  deposition  of  the  first  film,  in  addition,  a  tin  oxide  layer  can  be  deposited  without  fluorine  doping  by 
omitting  hydrogen  fluoride  from  the  reactions.  The  invention  in  its  broader  aspects  is,  therefore,  not  limited 
to  the  specific  details  and  illustrated  examples  shown  and  described.  Accordingly,  it  is  intended  that  the 
present  invention  cover  such  modifications  and  variations  provided  that  they  fall  within  the  scope  of  the 
appended  claims  and  their  equivalents. 
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Claims 

1.  A  method  of  forming  a  textured  layer  of  transparent  conductive  oxide  on  a  vitreous  substrate, 
comprising  the  steps  of: 

5  depositing  a  first  film  of  tin  oxide  on  said  substrate  by  chemical  vapor  deposition  from  a  first  reactant 
mixture  comprising  tin  chloride,  water,  and  alcohol  while  holding  said  substrate  at  a  preselected  reaction 
temperature;  and 
depositing  a  second  film  of  tin  oxide  on  said  first  tin  oxide  film  by  chemical  vapor  deposition  from  a  second 
reactant  mixture  free  of  alcohol  and  comprising  tin  chloride  and  water  while  holding  said  substrate  at  said 

io  preselected  reaction  temperature. 
2.  The  method  of  claim  1  ,  wherein  said  preselected  reaction  temperature  is  at  least  about  500  *  C. 
3.  The  method  of  claim  1  ,  wherein  the  alcohoi  in  said  first  reactant  mixture  is  methanol. 
4.  The  method  of  claim  1  ,  wherein  the  alcohol  in  said  first  reactant  mixture  is  propanol. 
5.  The  method  of  claim  1  ,  wherein  the  alcohol  in  said  first  reactant  mixture  is  butanol. 

15  6.  The  method  of  claim  1  ,  wherein  the  molar  ratio  of  alcohol  to  the  total  of  said  first  reactant  mixture  is 
less  than  or  equal  to  about  1  :4. 

7.  The  method  of  claim  1  ,  wherein  the  molar  ratio  of  alcohoi  to  the  total  of  said  first  reactant  mixture  is 
less  than  or  equal  to  about  1  :20. 

8.  The  method  of  claim  1,  further  comprising  the  step  of  depositing  a  film  of  silicon  dioxide  on  said 
20  substrate  prior  to  said  first  film  depositing  step. 

9.  The  method  of  claim  8,  wherein  said  silicon  dioxide  film  is  about  30-600  nanometers  thick. 
10.  The  method  of  claim  1,  wherein  each  of  said  first  and  second  reactant  mixtures  further  includes  a 

conductivity-modifying  dopant. 
11.  The  method  of  claim  10,  wherein  said  conductivity  modifying  dopant  is  fluorine. 

25  12.  The  method  of  claim  11,  wherein  said  dopant  is  introduced  to  each  of  said  reactant  mixtures  by 
hydrofluoric  acid  to  said  water  in  said  respective  reactant  mixture  in  a  molar  ratio  of  water  to  hydrofluoric 
acid  of  about  99:1. 

13.  The  method  of  claim  11,  wherein  said  dopant  is  introduced  to  each  of  said  reactant  mixtures  by 
adding  hydrogen  fluoride  gas  to  said  respective  reactant  mixture. 

30  14.  A  method  of  forming  a  textured  layer  of  transparent  conductive  oxide  on  a  vitreous  substrate, 
comprising  the  steps  of: 
depositing  a  first  film  of  tin  oxide  on  said  substrate  by  chemical  vapor  deposition  from  a  first  reactant 
mixture  comprising  tin  chloride,  water,  and  alcohol  while  holding  said  substrate  at  a  preselected  reaction 
temperature,  said  first  reactant  mixture  being  conveyed  to  a  first  injection  zone  at  said  substrate  by  a  first 

35  carrier  gas  containing  tin  chloride,  a  second  carrier  gas  containing  water,  and  a  third  carrier  gas  containing 
alcohol;  and 
depositing  a  second  film  of  tin  oxide  on  said  first  tin  oxide  film  by  chemical  vapor  deposition  from  a  second 
reactant  mixture  free  of  alcohol  and  comprising  tin  chloride  and  water  while  holding  said  substrate  at  said 
preselected  reaction  temperature,  said  second  reactant  mixture  being  conveyed  to  a  second  injection  zone 

40  at  said  first  tin  oxide  film  by  a  fourth  carrier  gas  containing  tin  chloride  and  a  fifth  carrier  gas  containing 
water. 

15.  The  method  of  claim  14,  wherein  each  of  said  first  and  fourth  carrier  gases  is  nitrogen  and  is 
bubbled  through  a  supply  of  tin  chloride  held  at  a  temperature  of  about  34*  C. 

16.  The  method  of  claim  14,  wherein  each  of  said  first  and  fifth  carrier  gases  is  nitrogen  and  is  bubbled 
45  through  a  supply  of  water  held  at  a  temperature  of  about  80°  C. 

17.  The  method  of  claim  14,  wherein  said  third  carrier  gas  is  nitrogen  and  is  bubbled  through  a  supply 
of  alcohol  held  at  a  temperature  of  about  4*  C.  * 

18.  The  method  of  claim  14,  wherein  the  alcohol  in  said  first  reactant  mixture  is  methanol. 
19.  The  method  of  claim  14,  wherein  each  of  said  second  and  fifth  carrier  gases  further  contains 

so  hydrofluoric  acid. 
20.  The  method  of  claim  19,  wherein  the  molar  ratio  of  water  to  hydrofluoric  acid  in  each  of  said  second 

and  fifth  carrier  gases  is  about  99:1. 
21.  The  method  of  claim  14,  wherein: 

said  first  injection  zone  includes  three  concentric  jet  areas; 
55  said  first  carrier  gas  is  conveyed  to  one  of  said  jet  areas  of  said  first  injection  zone;  and 

said  second  and  third  carrier  gases  are  conveyed  in  common  to  another  of  said  jet  areas  of  said  first 
injection  zone. 
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22.  The  method  of  claim  21  ,  wherein: 
said  second  injection  zone  includes  three  concentric  jet  areas; 
said  fourth  carrier  gas  is  conveyed  to  one  of  said  jet  areas  of  said  second  injection  zone;  and 
said  fifth  carrier  gas  is  conveyed  to  another  of  said  jet  areas  of  said  second  injection  zone. 

5  23.  The  method  of  claim  22,  further  comprising  the  step  of  conveying  a  separator  gas  to  a  third  one  of 
said  jet  areas  in  each  of  said  first  and  second  injection  zones,  said  third  one  of  said'jet  areas  being  located 
radially  between  said  one  and  said  another  of  said  jet  areas  of  each  respective  injection  zone. 

24.  The  method  of  claim  23,  wherein  said  separator  gas  is  nitrogen  and  further  includes  hydrogen 
fluoride  gas. 

10  25.  A  method  of  forming  a  textured  layer  of  transparent  conductive  oxide  on  a  vitreous  substrate, 
comprising  the  steps  of: 
depositing  a  first  film  of  tin  oxide  on  said  substrate  in  a  first  deposition  chamber  while  said  substrate  is 
conveyed  through  said  first  deposition  chamber,  said  first  tin  oxide  film  being  deposited  by  chemical  vapor 
deposition  from  a  first  reactant  mixture  comprising  tin  chloride,  water,  and  alcohol  while  holding  said 

75  substrate  at  a  preselected  first  reaction  temperature; 
conveying  said  substrate  from  said  first  deposition  chamber  to  a  second  deposition  chamber;  and 
depositing  a  second  film  of  tin  oxide  on  said  first  tin  oxide  film  in  said  second  deposition  chamber  while 
said  substrate  is  conveyed  through  said  second  deposition  chamber,  said  second  tin  oxide  film  being 
deposited  by  chemical  vapor  deposition  from  a  second  reactant  mixture  free  of  alcohol  and  comprising  tin 

20  chloride  and  water  while  holding  said  substrate  at  a  preselected  second  reaction  temperature. 
26.  The  method  of  claim  25,  wherein  the  molar  ratio  of  alcohol  to  the  total  of  said  first  reactant  mixture 

is  less  than  or  equal  to  about  1  :4. 
27.  The  method  of  claim  25,  wherein  the  molar  ratio  of  alcohol  to  the  total  of  said  first  reactant  mixture 

is  less  than  or  equal  to  about  1  :20. 
25  28.  The  method  of  claim  25,  wherein  the  alcohol  in  said  first  reactant  mixture  is  methanol. 

29.  The  method  of  claim  28,  wherein: 
the  molar  ratio  of  tin  chloride  in  said  first  reactant  mixture  to  tin  chloride  in  said  second  reactant  mixture  is 
about  2:1  ;  and 
the  molar  ratio  of  methanol  to  the  total  of  said  first  reactant  mixture  is  about  1.82:100. 

so  30.  The  method  of  claim  28,  wherein: 
the  molar  ratio  of  tin  chloride  in  said  first  reactant  mixture  to  tin  chloride  in  said  second  reactant  mixture  is 
about  1  :3;  and 
the  molar  ratio  of  methanol  to  the  total  of  said  first  reactant  mixture  is  about  3.61:100. 

31  .  The  method  of  claim  28,  wherein: 
35  the  molar  ratio  of  tin  chloride  in  said  first  reactant  mixture  to  tin  chloride  in  said  second  reactant  mixture  is 

about  1  :6;  and 
the  molar  ratio  of  methanol  to  the  total  of  said  first  reactant  mixture  is  about  4.26:100. 

32.  A  vitreous  substrate  having  a  transparent  conductive  layer  disposed  thereon,  fabricated  by  a 
process  comprising  the  steps  of: 

40  depositing  a  first  film  of  tin  oxide  on  said  substrate  by  chemical  vapor  deposition  from  a  first  reactant 
mixture  comprising  tin  chloride,  water,  and  alcohol  while  holding  said  substrate  at  a  preselected  reaction 
temperature;  and 
depositing  a  second  film  of  tin  oxide  on  said  first  tin  oxide  film  by  chemical  vapor  deposition  from  a  second 
reactant  mixture  free  of  alcohol  and  comprising  tin  chloride  and  water  while  holding  said  substrate  at  said 

45  preselected  reaction  temperature. 
33.  The  substrate  of  claim  32,  wherein  said  transparent  conductive  layer  has  a  sheet  resistance  of 

approximately  5-70  0/n. 
34.  The  substrate  of  claim  32,  wherein  said  transparent  conductive  layer  has  a  sheet  resistance  of 

approximately  9-16  Q/a 
so  35.  The  substrate  of  claim  32,  wherein  said  transparent  conductive  layer  has  a  thickness  of  less  than 

about  1.5  micrometers  and  a  scattered  transmission  of  more  than  about  5%  at  700  nm. 
36.  The  substrate  of  claim  35,  wherein  said  transparent  conductive  layer  has  a  sheet  resistance  in  the 

range  of  9-16  Q/a 
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