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©  Improved  photomask  for  semiconductor  fabrication. 

©  A  phase  shifting  mask  and  a  method  of  making 
it.  Opaque  areas  of  the  mask  are  bounded  first  by  a 
thin  zone  of  transparent  material  and  then  by  a 
thicker  zone  of  transparent  material.  These  two 
zones  transmit  light  such  that  there  is  a  180  degree 
phase  difference.  This  light  interacts  to  provide  a 
high  contrast  edge,  which  permits  mask  features  to 
be  small  and  dense. 
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TECHNICAL  FIELD  OF  THE  INVENTION 

This  invention  relates  to  semiconductor  circuit 
fabrication,  and  more  particularly  to  a  phase-shift- 
ing  photomask  whose  clear  phase-shift  areas  are 
self  aligned  with  its  opaque  blocking  areas. 

BACKGROUND  OF  THE  INVENTION 

Microcircuit  fabrication  requires  that  precisely 
controlled  quantities  of  impurities  be  introduced 
into  tiny  regions  of  a  silicon  substrate,  and  subse- 
quently  interconnected.  The  patterns  that  define 
these  regions  are  created  by  lithographic  pro- 
cesses. 

The  first  basic  step  of  the  lithographic  process 
is  applying  a  photoresist  material  as  a  thin  film  to 
the  substrate,  i.e.,  an  oxide  layer  on  silicon.  The 
photoresist  layer  is  then  exposed  through  a  mask, 
which  contains  clear  and  opaque  features  that  de- 
fine  the  pattern  to  be  created  on  the  photoresist 
layer.  The  areas  in  the  photoresist  that  are  exposed 
to  the  light  are  made  either  soluble  or  insoluble  in  a 
specific  solvent  known  as  a  developer.  Following 
development,  the  regions  of  the  substrate  no  long- 
er  covered  by  the  resist  are  removed  by  etching, 
thereby  replicating  the  mask  pattern  in  the  oxide 
layer. 

A  recent  development  in  lithography  has  been 
the  use  of  phase  shift  masks.  Instead  of  using 
single  clear  edge  area  to  bound  opaque  regions,  a 
series  of  two  clear  edge  areas  are  used.  The  result 
is  a  double  boundary,  with  a  first  boundary  zone 
transmitting  light  of  one  phase,  and  an  second 
boundary  zone  transmitting  light  of  a  phase  that  is 
180  degrees  different.  The  result  is  that  the  edges 
of  opaque  regions  are  defined  with  an  intensity 
curve  that  is  much  steeper  than  would  occur  at  a 
single  boundary  zone  of  a  non  phase  shifting  mask. 
The  boundaries  having  these  steep  intensity  curves 
are  referred  to  as  a  "high  contrast  boundaries". 
This  high  contrast  effect  can  be  used  to  make 
resist  edges  with  steeper  walls.  The  end  result  is 
shapes,  such  as  lines  and  spaces,  having  much 
finer  resolution  than  is  possible  with  non  phase 
shifting  masks.  For  example,  lines  and  spaces  can 
be  made  much  narrower  and  more  dense. 

A  problem  with  the  use  of  phase  shift  masks  is 
in  accurately  aligning  the  double  boundary  with  the 
edges  of  the  opaque  areas.  For  example,  when  the 
opaque  area  is  a  narrow  line,  each  side  of  the  line 
must  have  equal  boundaries  to  obtain  the  desired 
high  contrast  effect.  In  existing  phase  mask  fabrica- 
tion,  the  opaque  areas  are  typically  fabricated  as  a 
first  layer  on  a  mask  glass,  with  thicker  phase 
shifting  glass  fabricated  over  the  opaque  regions 
such  that  the  boundaries  of  the  former  overlap  the 
boundaries  of  the  latter.  The  need  to  fabricate  two 

separate  layers  can  easily  give  rise  to  misalign- 
ment  between  them. 

Other  problems  with  existing  phase  shifting 
masks  are  that  some  are  useful  only  as  positive 

5  tone  masks.  Also,  some  are  difficult  to  repair,  espe- 
cially  those  having  the  opaque  areas  fabricated  on 
top  of  phase  shifting  areas. 

A  need  exists  for  a  phase  shift  mask  and  a 
method  of  making  it  that  avoids  misalignments 

io  between  the  transmitting  and  opaque  boundaries. 

SUMMARY  OF  THE  INVENTION 

One  aspect  of  the  invention  is  a  mask  for  use 
75  in  lithographic  semiconductor  fabrication,  which 

provides  phase  shift  boundaries  at  edges  of  the 
mask  features.  The  mask  is  fabricated  on  a  mask 
glass  substrate.  A  pattern  of  opaque  material  is  on 
the  mask  glass  surface.  This  pattern  is  comprised 

20  of  areas  of  opaque  material  separated  by  clear 
areas  of  mask  glass.  An  etch  stop  layer,  which  is 
light  transmissive,  covers  the  opaque  material  and 
the  dear  areas.  A  pattern  of  phase  shift  material  is 
on  the  surface  of  the  etch  stop  layer  in  areas  not 

25  covered  by  the  opaque  material.  The  phase  shift 
material  is  spaced  form  the  edges  of  the  opaque 
areas,  such  that  each  of  the  edges  is  bounded  first 
by  a  thin  zone  of  mask  glass  covered  by  the  etch 
stop  layer  and  then  by  a  thicker  zone  of  mask 

30  glass  covered  by  the  etch  stop  layer  and  the  phase 
shift  material.  The  thin  zones  and  the  thick  zones 
transmit  light  with  a  180  degree  phase  difference. 

The  mask  is  fabricated  by  uniformly  depositing 
the  etch  stop  layer  over  the  pattern  of  opaque 

35  areas.  The  phase  shift  layer  over  the  etch  stop 
layer  is  etched  so  that  material  over  the  opaque 
areas  as  well  as  down  along  their  edges  is  re- 
moved.  This  etching  creates  the  thin  zones  around 
these  edges.  The  non  removed  phase  shift  material 

40  defines  the  thick  zone. 
A  technical  advantage  of  the  invention  is  that  it 

provides  a  phase  shift  mask,  whose  phase  shift 
boundaries  are  self  aligned.  The  result  is  sharp 
contrast  edges  of  light  transmitted  through  the 

45  mask  during  use,  which  permits  semiconductor  fea- 
tures  to  be  small  and  dense. 

A  further  advantage  of  the  invention  is  that 
repair  of  defects  during  fabrication  is  easier  than 
with  conventional  phase  shift  masks.  If  a  defect 

50  occurs  at  any  layer,  it  can  be  etched  without  affect- 
ing  the  layers  beneath  it. 

Finally,  the  mask  encourages  uniform  intensity 
of  transmitted  light.  All  transmitted  light,  whether 
transmitted  through  only  the  thin  zone  through  the 

55  thick  zone,  is  also  transmitted  through  a  clear  etch 
stop  layer. 
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BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

Figure  1  is  a  top  plan  view  of  a  phase  shift 
mask  in  accordance  with  the  invention. 

Figures  2A  -  2C  illustrate  how  the  phase  shift 
mask  affects  the  intensity  of  transmitted  light. 

Figures  3A  -  3H  illustrate  the  process  of  mak- 
ing  spaces  on  the  mask  so  that  the  phase  shift 
regions  are  self  aligned  with  the  opaque  areas. 

Figures  4A  -  4H  illustrate  the  press  of  making 
opaque  areas  on  the  mask  so  that  the  phase  shift 
regions  are  self  aligned  with  the  opaque  areas. 

DETAILED  DESCRIPTION  OF  THE  INVENTION 

Figure  1  is  a  top  plan  view  of  a  portion  of  a 
mask  10,  such  as  might  be  used  for  semiconductor 
lithography.  Mask  10  has  a  pattern  of  shapes  that 
are  either  opaque  or  clear.  For  purposes  of  exam- 
ple  herein,  these  shapes  are  alternating  opaque 
lines  12  and  clear  spaces  14.  The  spaces  14  have 
two  zones  14a  and  14b,  which  have  different  thic- 
knesses.  The  geometries  of  the  shapes  on  mask 
10  are  not  important  to  the  invention,  expect  insofar 
as  any  edge  of  an  opaque  shape  is  bounded  first 
by  a  clear  thin  zone  14a  and  then  by  a  clear  thick 
zone  14b. 

More  specifically,  in  Figure  1  ,  the  clear  spaces 
14  are  comprised  of  two  zones  14a  and  14b  made 
from  different  thicknesses  of  transparent  material, 
such  that  they  transmit  light  with  a  known  phase 
difference.  In  the  preferred  embodiment,  this  phase 
difference  is  180  degrees,  which  provides  the 
maximum  contrast  to  define  the  mask  features. 

The  thin  zone  14a  is  mask  glass,  covered  by  a 
clear  etch  stop  layer  (not  shown).  The  thick  zone 
14b  is  mask  glass,  also  covered  by  the  etch  stop 
layer,  as  well  as  by  phase  shifter  material.  The  thin 
zone  14a  forms  a  first  boundary  15a  with  opaque 
area  12,  and  the  thick  zone  14b  forms  a  second 
boundary  15b  with  the  thin  zone  14a.  This  second 
boundary  15b  is  where  the  phase  shift  of  the 
transmitted  light  occurs. 

The  opaque  areas  12  of  mask  10  may  be  any 
type  of  known  light  blocking  material,  known  in  the 
art  of  photomasking.  An  example  of  a  suitable 
material  is  chrome.  The  mask  glass  may  be  any 
type  of  known  mask  glass.  The  phase  shift  glass 
may  be  the  same  type  of  material  as  the  mask 
glass,  but  with  a  thickness  that  is  calculated  to 
provide  the  desired  phase  difference. 

A  feature  of  mask  10  is  that  its  clear  zones  14a 
and  14b  are  self-aligned  with  respect  to  its  opaque 
areas  12.  Thus,  the  invention  ensures  that  each 
distance,  d,  is  the  same,  such  that  the  phase  shift 
boundary  15b  occurs  at  the  same  distance  from 
any  two  adjacent  edges  of  opaque  areas.  In  the 
example  of  Figure  1,  where  zones  14a  and  14b 

define  a  space,  each  thick  zone  14b  is  centered 
between  opaque  lines  12. 

Figures  2A  -  2C  illustrate  the  effect  of  the 
different  areas  of  mask  10  on  incident  light.  As 

5  shown  in  Figure  2A,  opaque  areas  12  do  not  trans- 
mit  any  light.  The  clear  zones  14a  and  14b,  which 
have  two  different  thicknesses,  transmit  light  to  an 
imaging  surface  20,  such  as  a  semiconductor  wa- 
fer-in-process. 

io  Figure  2B  shows  how  the  transmitted  light  has 
a  phase  difference  because  of  the  different  thick- 
ness  of  clear  zones  14a  and  14b.  Light  through  the 
thin  zone  14a  has  a  zero  phase,  whereas  light 
through  the  thick  zone  14b  has  a  180  degree 

is  phase  shift. 
The  solid  line  of  Figure  2C  illustrates  the  inten- 

sity  curve  of  the  transmitted  light  as  received  at  the 
imaging  surface  20.  The  dotted  line  illustrates  the 
intensity  curve  that  would  occur  if  a  single,  non 

20  phase  shifting,  clear  boundary  were  used.  As  in- 
dicated,  the  phase  shifted  curve  is  steeper  than 
would  occur  at  boundary  15a  if  boundary  15b  were 
not  also  present. 

Figures  3A  -  3H  illustrate  the  process  of  mak- 
25  ing  a  space  14  in  a  phase  shift  mask  10  in  accor- 

dance  with  the  invention.  The  steps  illustrated  in 
Figures  3A  -  3C  are  like  those  of  conventional 
mask  fabrication.  However,  the  steps  shown  in  Fig- 
ure  3D  -  3H  include  the  formation  of  an  etch  stop 

30  layer  34,  thin  zones  14a,  and  thick  zones  14b  that 
exhibit  the  self-alignment  feature  of  the  invention. 

More  specifically,  Figure  3A  illustrates  a  mask 
blank.  The  mask  blank  may  be  any  conventional 
mask  blank  having  two  layers,  a  transparent  layer 

35  31  and  an  opaque  layer  32.  For  purposes  of  exam- 
ple,  transparent  layer  31  is  glass  and  opaque  layer 
32  is  chrome. 

Figure  3B  illustrates  the  mask  imaging  process, 
which  includes  the  application  of  a  photoresist  lay- 

40  er  33,  and  its  processing  to  produce  images,  either 
optically  or  by  electron  beam  techniques. 

Figure  3C  illustrates  the  resist  pattern  transfer 
to  the  opaque  layer  32.  Typically,  this  is  accom- 
plished  with  wet  etching.  The  opaque  layer  32  now 

45  defines  a  pattern  of  opaque  areas  12,  such  as 
those  illustrated  in  Figures  1  and  2A. 

Figure  3D  illustrates  the  deposition  of  an  etch 
stop  layer  34  above  the  pattern  of  opaque  areas. 
Etch  stop  layer  34  may  be  any  light  transmitting 

50  material.  An  example  of  a  suitable  material  is 
nitride.  Typically,  etch  stop  layer  34  is  deposited 
by  means  of  chemical  vapor  deposition,  but  could 
be  sputter  deposited.  For  a  typical  mask  10,  etch 
stop  layer  34  might  be  about  200  angstroms  thick. 

55  Ideally,  etch  stop  layer  34  has  a  uniform  thickness, 
which  means  that  it  conforms  to  the  irregular  sur- 
face  resulting  from  the  formation  of  the  opaque 
areas. 

3 
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As  explained  below  in  connection  with  Figure 
3G,  etch  stop  layer  34  resists  etching  during  the 
formation  of  the  thick  zone  14b.  It  permits  con- 
trolled  etching  of  a  phase  shifter  layer  35,  such  that 
the  thin  zones  14a  are  formed. 

Figure  3E  illustrates  the  deposition  of  a  phase 
shifter  layer  35  above  etch  stop  layer  34.  Like  the 
material  used  for  etch  stop  layer  34,  the  material 
used  for  phase  shift  layer  35  is  any  light  transmit- 
ting  material.  However,  the  material  used  for  phase 
shift  layer  35  does  not  have  the  etch  resistant 
characteristic  of  etch  stop  layer  34.  An  example  of 
a  suitable  material  is  silicon  oxide.  Phase  shifter 
layer  35  may  be  the  same  material  as  mask  glass 
31,  such  that  the  controlling  factor  in  determining 
the  phase  difference  between  phase  shifter  zones 
14b  and  mask  glass  zones  14a  is  their  relative 
thickness. 

Figure  3F  illustrates  the  deposition  of  a 
photoresist  layer  36  of  negative  resist  material  over 
phase  shifter  layer  35.  Figure  3F  also  illustrates  the 
step  of  exposing  the  photoresist  layer  36  to  light 
incident  on  the  surface  of  the  mask  glass  31, 
thereby  making  the  exposed  areas  resistant  to 
etching. 

Figure  3G  illustrates  the  etching  process, 
whereby  the  non  exposed  areas  of  photoresist  lay- 
er  36  are  removed,  as  well  as  areas  of  shifter  layer 
35  that  are  not  covered  by  exposed  areas  of 
photoresist  layer  36.  The  etching  is  a  wet  etch  that 
is  chosen  so  as  to  not  affect  etch  stop  layer  34. 

The  etching  tends  to  etch  away  phase  shift 
layer  35  under  the  edges  of  the  exposed  areas  of 
photoresist  layer  36,  such  when  etching  is  stopped, 
the  remaining  areas  of  phase  shift  layer  35  are 
narrower  than  the  overlying  exposed  areas  of  resist 
layer  36.  As  a  result,  at  every  edge  of  an  opaque 
area,  the  etching  continues  laterally  outward  for 
some  predetermined  distance,  d.  However,  down- 
ward  etching  toward  mask  glass  layer  31  is  stop- 
ped  at  etch  stop  layer  34.  Etch  stop  layer  34 
remains  intact. 

Figure  3H  illustrates  the  result  of  the  etching 
process.  Portions  of  the  phase  shifting  layer  35 
remain  where  overlying  areas  of  exposed  resist 
layer  36  prevented  the  phase  shift  material  from 
being  etched  away.  These  portions  define  the  thick 
zones  14b  of  Figures  1  and  2A.  A  distance,  d, 
separates  the  edge  of  the  remaining  areas  of  opaq- 
ue  layer  32  from  the  edge  of  the  remaining  areas 
of  phase  shift  layer  35.  Comparing  Figure  3H  to 
Figure  1,  this  distance,  d,  defines  the  thin  zones 
14a. 

Figures  4A  -  4H  are  similar  to  Figures  3A  -  3H, 
except  that  they  illustrate  the  formation  of  an  opaq- 
ue  line  12  rather  than  a  clear  space  14.  As  in 
Figure  3H,  after  fabrication,  the  edges  of  the  opaq- 
ue  areas  12  are  defined  by  a  phase  shifting  bound- 

ary  15b.  A  distance,  d,  defines  a  thin  zone  14a  on 
either  side  of  the  line  12,  and  d  is  the  same  on 
both  sides. 

It  is  clear  from  the  above  that  an  advantage  of 
5  the  invention  is  that  where  the  opaque  areas  are  to 

define  lines  and  spaces,  or  any  other  feature,  the 
phase  shift  zones  14a  and  14b  are  self-aligned  with 
respect  to  the  feature  edges.  The  distance,  d,  that 
defines  the  width  of  the  thin  zone  14a,  i.e.,  the 

io  distance  to  the  phase  shifting  boundary  15b,  is  the 
same  on  each  side  of  the  opaque  area  12  or  clear 
space  14.  This  is  an  inherent  result  of  the  wet 
etching  steps  of  Figures  3G  and  4G. 

This  self  alignment  capability  becomes  more 
is  important  as  features  on  mask  10  become  smaller. 

If  d  is  not  balanced  on  both  sides  of  the  feature, 
the  high  contrast  boundary  will  not  occur,  or  will 
occur  only  on  one  side. 

Another  advantage  of  the  invention  is  that  re- 
20  pairs  may  be  easily  made  during  fabrication  of  any 

layer.  Defects  in  the  pattern  of  opaque  layer  32  can 
be  repaired  before  the  etch  stop  layer  34  is  depos- 
ited.  There  is  no  underlying  layer  that  needs  to 
remain  undisturbed.  The  etch  stop  layer  34  can  be 

25  repaired  by  using  an  etch  that  will  not  affect  the 
mask  glass  31  .  Similarly,  defects  in  the  phase  shift 
layer  35  can  be  etched  off  by  using  an  etch  that 
will  not  disturb  etch  stop  layer  34. 

30  Other  Embodiments 

Although  the  invention  has  been  described  with 
reference  to  specific  embodiments,  this  description 
is  not  meant  to  be  construed  in  a  limiting  sense. 

35  Various  modifications  of  the  disclosed  embodi- 
ments,  as  well  as  alternative  embodiments,  will  be 
apparent  to  persons  skilled  in  the  art.  It  is,  there- 
fore,  contemplated  that  the  appended  claims  will 
cover  all  modifications  that  fall  within  the  true 

40  scope  of  the  invention. 

Claims 

1.  A  mask  for  use  in  lithographic  semiconductor 
45  fabrication,  which  provides  phase  shift  bound- 

aries  of  the  mask  features,  comprising: 
a  mask  glass  substrate; 
a  pattern  of  opaque  material  on  the  sur- 

face  of  said  mask  glass  substrate,  said  pattern 
50  being  comprised  of  areas  of  said  opaque  ma- 

terial  separated  by  clear  areas  in  which  said 
mask  glass  is  not  covered  by  said  opaque 
material; 

an  etch  stop  layer  covering  said  opaque 
55  material  and  said  clear  areas,  said  etch  stop 

layer  being  light  transmissive;  and 
a  pattern  of  transparent  phase  shift  ma- 

terial  on  the  surface  of  said  etch  stop  layer  in 

4 
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areas  not  covered  by  said  opaque  material, 
said  phase  shift  material  being  spaced  from 
the  edges  of  said  opaque  areas  such  that  each 
of  said  edges  is  bounded  by  a  thin  zone  of 
said  mask  glass  covered  by  said  etch  stop 
layer  and  then  a  thick  zone  of  said  mask  glass 
covered  by  said  etch  stop  layer  and  said 
phase  shift  material. 

2.  The  mask  of  Claim  1,  wherein  said  opaque 
material  comprises  chrome. 

3.  The  mask  of  Claim  1  or  Claim  2,  wherein  said 
etch  stop  layer  comprises  nitride. 

4.  The  mask  of  any  preceding  Claim,  wherein 
said  thin  zone  has  the  same  width  at  any  edge 
of  a  feature  of  said  pattern  of  said  opaque 
material 

5.  The  mask  of  any  preceding  Claim,  wherein 
said  mask  glass  and  said  phase  shift  material 
comprise  the  same  material. 

6.  The  mask  of  any  preceding  Claim,  wherein 
said  mask  glass  and  said  phase  shift  material 
have  a  relative  thickness  such  that  the  light 
transmitted  through  them  has  shifted  in  phase 
by  180  degree  by  travelling  therethrough. 

7.  The  mask  of  any  preceding  Claim,  wherein 
said  pattern  of  phase  shift  material  is  fab- 
ricated  by  photoresist  and  wet  etching  meth- 
ods,  wherein  said  etching  removes  areas  of 
said  phase  shift  material  not  covered  by  ex- 
posed  photoresist  material  and  is  controlled 
such  that  etching  is  permitted  to  continue 
downward  along  said  edges  of  said  opaque 
areas  so  as  to  define  said  thin  zones. 

8.  A  method  of  making  a  mask  for  use  in  lithog- 
raphic  semiconductor  fabrication,  which  pro- 
vides  phase  shift  boundaries  of  the  mask  fea- 
tures,  comprising  the  steps  of: 

fabricating  a  pattern  of  opaque  material  on 
the  surface  of  a  mask  glass  substrate,  said 
pattern  being  comprised  of  areas  of  said  opaq- 
ue  material  separated  by  clear  areas  in  which 
said  mask  glass  is  not  covered  by  said  opaque 
material; 

depositing  an  etch  stop  layer  covering  said 
opaque  material  and  said  clear  areas,  said  etch 
stop  layer  being  light  transmissive;  and 

fabricating  a  pattern  of  phase  shift  material 
on  the  surface  of  said  etch  stop  layer  in  areas 
not  covered  by  said  opaque  material,  said 
phase  shift  material  being  spaced  from  the 
edges  of  said  opaque  areas  such  that  each  of 

said  edges  is  bounded  by  a  thin  zone  of  said 
mask  glass  covered  by  said  etch  stop  layer 
and  then  a  thick  zone  of  said  mask  glass 
covered  by  said  etch  stop  layer  and  said 

5  phase  shift  material. 

9.  The  method  of  Claim  8,  wherein  fabricating 
said  pattern  of  opaque  material  comprises 
fabricating  the  patterns  by  conventional 

io  photoresist  and  etching  methods. 

10.  The  method  of  Claim  8  or  Claim  9,  further 
comprising  depositing  said  etch  stop  layer  with 
a  chemical  vapor  deposition  process. 

15 
11.  The  method  of  any  of  Claims  8  to  10,  wherein 

fabricating  said  pattern  of  phase  shift  material 
comproses  fabricating  by  photoresist  and  wet 
etching  methods,  wherein  said  etching  re- 

20  moves  areas  of  said  phase  shift  material  not 
covered  by  exposed  photoresist  material  and 
is  controlled  such  that  etching  is  permitted  to 
continue  downward  along  said  edges  of  said 
opaque  areas  so  as  to  define  said  thin  zones. 

25 
12.  The  method  of  any  of  Claims  8  to  11,  further 

comprising  depositing  said  phase  shift  material 
to  a  thickness  calculated  to  result  in  transmit- 
ted  light  with  a  180  degree  phase  difference 

30  from  light  transmitted  through  said  mask  glass. 
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