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Deep-UV Conformable-Contact Photolithography  for 
Bubble Circuits 

Abstract: The  techniques of deep-ultraviolet(UV) cOnfOrmdble-COntact photolithography are described  and some preliminary work 
reported on their application to  the fabrication of high-density  bubble  memory  circuits by single-level masking. A quantitative analysis 
of tolerance  requirements  for linewidth,  mask-to-wafer gap, and exposure is made  for printing with conventional UV and  deep-UV,  for 
feature sizes in the range 2.5 pm  to 0.1 pm. A new type of mask-to-wafer  holder is described, utilizing a diaphragm to achieve  contact. 
The holder can be used for  either a conformable wafer or a conformable  mask,  or  for both conformable wafer and  mask,  and  for  the liquid 
gap technique. Developmental  bubble memory circuits on amorphous and garnet materials  have  been  fabricated using deep-UV con- 
formable-contact  photolithography,  electroplating, liftoff, and ion milling. 

Introduction 
Single-level masking, an inherently  simple method of 
fabricating  magnetic  bubble  memory  circuits, requires a 
photolithographic  technique capable of high resolution 
and high throughput. The  experiments  reported  here 
show  that conformable mask lithography at deep-ultra- 
violet (UV) wavelengths (2000 A to 2600 A) is a 
promising method for reproducing,  from an  electron- 
beam-fabricated mask,  conductor lines  and  spacings  less 
than  one micrometer  wide. 

A printer operating at conventional UV wavelengths 
utilizes a light source, a condenser,  and a  mask-to-wafer 
holder. These basic components  are retained in the 
deep-UV printer. However,  because of the  requirement 
to  transmit in the  deep-UV  range,  the glasses  used for 
the  condenser  and mask substrate  are replaced by 
quartz,  sapphire,  and fluoride optical  materials. A new 
type of mask-to-wafer  holder is also developed to  ensure 
intimate contact. 

High resolution,  deep-UV conformable printing is a 
special case of diffraction printing [ 1 1 ,  defined as a tech- 
nique in which no focusing  element exists between the 
mask and the  wafer, and in which the dimension of the 
patterns  on  the mask is of the  same  order of magnitude 
as that of the printing wavelength. The resolution of dif- 
fraction printing is limited solely by diffraction, as  the 
name implies. Therefore, when the minimum feature size 
(MFS) in a memory  circuit is reduced in the submicro- 
meter  range,  the allowable gap between the mask and 
the wafer decreases  to a distance no larger  than the 
thickness of the photoresist. This  becomes  an intimate- 
contact situation that  can be achieved  economically  only 
by making one of the  contacting  elements conformable 
to  the  other,  hence  the  name  conformable-contact print- 

ing. At wavelengths  in the  deep-UV  range,  the resolu- 
tion and  the gap tolerance of conformable-contact print- 
ing are  further improved, e.g., 0.25-pm lines  can be 
obtained in the  resist image having a height-to-width 
aspect ratio of seven,  compared  to an aspect  ratio of 3.3 
for printing at  conventional UV wavelengths [ 21. 

The conformable mask technique  was first adopted by 
Smith [2-41. Recently Hause and  Sullivan [5] pub- 
lished their conformable-mask work in which a  more 
sophisticated  mask-to-wafer  holder  utilizes pressures 
larger  than one  atmosphere.  In  our  work, conformable 
wafers with rigid masks as well as conformable masks 
with rigid wafers are used. The conformable  wafer tech- 
nique is more  compatible for use with amorphous bubble 
materials and  semiconductor  device fabrication. Also, 
the use of the rigid mask lessens  the risks of pattern 
dimensional change  and accidental  mask  breakage. In 
addition, in previous work, conformable masks larger 
than  the wafers  were  used to provide the  pressure seal. 
We  use masks and  wafers of identical sizes instead,  and 
a  diaphragm for the pressure seal. The  contact  process is 
thus simplified. A conformable mask can  be  copied onto 
a rigid mask,  or  onto  another conformable mask,  and 
vice versa.  The  opaque and transparent  parts  on  the 
mask can be interchanged or  preserved, depending on 
whether liftoff or etching is used. These  processes will 
be  discussed in the  next section. 

Exploratory optical exposure of the well-known elec- 
tron-beam resist [ 61 polymethyl methacrylate (PMMA) 
was  reported by Moreau  and Schmidt [7]. Bjorklund, 
Harris,  and Young [SI used PMMA  to  record holo- 
grams at 1140 A. We  measured the  deep-UV sensitivity 
and  absorption coefficient of PMMA and found that a 21 3 
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Table 1 Simulation parameters  ofthe PMMA and AZ photoresists. These  data  are used in the image evaluations in Figures 1 through 3. 

V e e p  UV,  using photoresist 
P M M A  2041 

Conventional U V ,  using photoresist 
A 2  13.505 

Wavelength ( A )  2050 2150 2250 2350 2450 2550 3130 3340 3660 4045 4358 
Source intensity 2 8 13 22 30 29 84 60 192 136 169 

spectrum 
(relative) 

photosensitivity 
(relative) 

Spectral 254.6 131.2 62.5 15.46 3.22 0.214  920 1680 I910 1820 1240 

Refractive 1.596 1.588 1.579 1.571 1.562 1.554 1.746 1.722 1.694  1.674 1.686 
index 

high-intensity illumination system can  be built to  reduce 
the  exposure time to a  practical  interval. Hence, this 
photoresist material is mainly used in the  present  deep- 
UV fabrication studies. A  detailed  description of the 
characteristics of PMMA  was published  recently [ 91. 

In  the  sections following, we discuss  the  resolution, 
gap,  and intensity tolerances of diffraction printing, the 
deep-UV  technique of conformable-contact printing, 
and  the application of these  techniques in the experi- 
mental  fabrication of high-density bubble circuits. 

Theoretical  prediction of performance of diffraction 
printing 
As the minimum feature size in a  circuit decreases,  the 
special requirements of printing conditions, of course, 
become  more  stringent. These  process  parameters in- 
clude wavelength,  degree of perfection of contact,  toler- 
ance of illumination energy,  and  photoresist  thickness. 
Because the limitations of MFS  are so important, a theo- 
retical analysis  was  made of image quality for various 
distances from  mask to photoresist  surface. Computa- 
tions are made of diffraction patterns of circuit configu- 
rations, of constant-intensity profiles along the  depth of 
the  resist,  and of the permissible  gap tolerance between 
mask and  wafer for various  values of MFS.  The  analysis 
thus  accounts  for several printing conditions: conven- 
tional UV  exposure, with  a large mask-to-resist  gap; 
deep-UV  exposure;  and intimate contact  between  mask 
and resist. 

This analysis  was done by simulation of diffraction 
printing images, which is complicated by several  inter- 
acting parameters.  As soon as  the incident light reaches 
a pattern it produces a diffracted image everywhere, 
especially in the plane of the  pattern [ lo]. It is absorbed 
in the  photoresist  and is multiply reflected at its sur- 
faces.  Moreover,  as the photoresist is being exposed,  the 
absorption coefficient decreases. We have  succeeded in 
simulating diffraction images of one-dimensional line 
patterns  from  the plane of the mask to infinity, assuming 

21 4 perfectly  conducting and infinitely thin opaque mater- 

ial on  the mask [ 10, 1 1 1 .  Transverse electromagnetic 
waves,  transverse magnetic waves,  or unpolarized light 
can be  used.  Polychromatic  radiation and  an arbitrarily 
illuminating wavefront are  treated  as superposition of 
monochromatic  plane  waves. However,  absorption, mul- 
tiple  reflection, and  exposure  saturation  are neglected. 
Therefore,  the simulation is more  accurate  for  PMMA 
2041 [ 121, which has  an  absorption coefficient [ 91 a 
factor of two smaller  than that of AZ1350J [ 9, 131, for 
the  transparent  substrate, which has a  refractive  index 
matching that of the  photoresist,  and  for low exposure 
levels. 

The  standard  objects  chosen  for evaluation are: 

1. A  typical  bar pattern consisting of three  transparent 
bars of identical width and  spaced by the  same width. 

2. A bar  pattern in which the  bars  are  separated by one- 
half of their width. 

The  former  corresponds  to  chevron  patterns  and  the 
latter  to  T-I  bar  patterns found in typical  bubble  memo- 
ry circuits.  The widths are  0.1,  0.25, 1.0, 2.0, and 2.5 
pm.  An unpolarized  plane wave is incident  normal to  the 
bar target. The intensity of the diffracted waves is com- 
puted  at  various distances from the plane of the mask. 
From  these intensity distributions,  the  constant-intensity 
profile along the  depth of the  photoresist is plotted. Be- 
cause  the form of these profiles is related to  the  de- 
veloped photoresist image,  they are used for  our  theoret- 
ical performance  evaluation. 

The  deep-UV  spectrum from  a Xe-Hg  arc lamp, com- 
bined with the spectral  photosensitivity of PMMA 2041 
(corresponding  to a solubility ratio of 100) given in Ref. 
[9], is taken  to simulate the diffraction images. This 
continuous  spectrum  can satisfactorily  be  simulated by 
six discrete lines in the range 2050 A to 2550 A at 100- 
A intervals. Decreasing  the interval produces negligible 
changes. Similarly,  conventional UV is simulated by the 
source  spectrum of the  Xe-Hg  arc lamp  combined  with 
the spectral  photosensitivity of AZ 13505 [ 141 at  the 
five dominant  Hg lines. The refractive  indices of the 
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Figure 1 Computed diffraction patterns  at various distances from a mask that contains 0.5-pm openings spaced 0.5 p m  apart. 

photoresists [15]  were  obtained  from A. J.  Warnecke 
with the  apparatus described in Ref. [ 161. These param- 
eters  are listed in Table 1 .  

Sample diffraction curves of the  0.5-pm  bar target are 
shown in Fig. 1 .  At  contact,  the image is different  from 
the intuitive  geometric image. Because of the standing 
wave caused by the interference of the diffracted waves 
from the  edges,  the geometric image has many sharp 
peaks spaced a half-wavelength apart. Unpolarized illu- 
mination is used,  and so the peaks  are also  found in the 
opaque regions of the mask. These peaks  quickly  disap- 
pear  as  the diffraction distance  increases.  At  0.6 pm the 
image sharpens.  It  broadens  at 1.5 pm and  then sharp- 
ens again at 2.4 pm.  At 2.7 pm,  the  three main peaks 
become  much  lower while secondary peaks  emerge. At 
3.3 pm,  the secondary  peaks  dominate.  A  two-bar image 
results. 

Sample  constant-intensity profiles are shown in Fig. 2. 
They  are  represented by the  cross section of a particular 
intensity level with the diffracted image at  each of 20 
distances from the mask. The  reference intensity of one 
corresponds  to  the intensity of the normally  incident 
plane  wave. The profile in Fig. 2 (d) shows  the  underex- 
posed or undeveloped  situation. 

Increasing  the  exposure  or  the  development time by a 
factor of 3.33 (assuming a  reciprocal  relationship be- 
tween  exposure  and  development)  results in the situation 
shown in Fig. 2(c).   The points at  the left and the right 
side are purposefully  joined  asymmetrically, to demon- 
strate  the  two possible  ways to  interpret  the  cross  sec- 

tions.  When the profile on  the right-hand side  results,  the 
unsupported  drop of unexposed  photoresist is removed 
by the developer.  Although overexposed  or  overdevel- 
oped,  the image shows a useful vertical profile for a pho- 
toresist  thickness below  two pm.  In  fact,  from printing 
experience it is well known that  the  slant angle of an over- 
cut profile [ 171 can be decreased by overexposure.  How- 
ever,  because of the high absorption of the AZ photore- 
sist, it is difficult to obtain vertical sidewalls simply by 
overexposing.  A  suitable profile for the liftoff process 

Figure 2 Computed constant-intensity profiles along the depth 
in photoresist.  Relative  intensities: (a)  and ( b ) ,  2.86; ( c ) ,  3 . 3 3 ;  
(d ) ,  1.00. 

2 3 0  1 2 3 
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Figure 3 Computation of permissible photoresist gap vs intensity for various minimum  feature sizes. The thickness of a combined 
air-and-photoresist gap can be evaluated by  taking into account the respective refractive indexes. 

can  be obtained  at intensity  2.86  shown in Fig. 2(a), 
where  there is a  bottleneck at 2.4 pm.  For PMMA, a 
proper combination of the  ratio of width to  absorption 
coefficient can result in vertical  sidewalls or undercut 
profiles [ 171. 

The regions enclosed by the  dots  shown in Fig. 2(a) 
are  exposed  and should be dissolved if they  have  not 
been protected by the unexposed  photoresist. Therefore, 
at a depth of 4.8 pm,  the developed photoresist image 
still gives three  bars,  whereas the diffraction curves of 
Figs. 1 ( e )  and 1 ( f )  indicate five bars.  This  demonstrates 
one of the  reasons for the superiority of positive  photore- 
sists  over negative photoresists. If a negative photoresist 
with similar optical parameters were  used, the  resultant 
developed image would resemble the  constant-intensity 
profile shown in Fig. 2(b).  The  photoresist  thickness 
here is limited to only 2.4 pm. 

The  dependence of the maximum  usable photoresist 
thickness  on  the fluctuation of the width of the image 
varies according  to  the metallization process  adopted. 
For  the liftoff process,  the minimum width throughout 
the  entire  depth of the  photoresist is crucial;  for  electro- 
plating it is the width at  the  substrate,  and  for ion mill- 

21 6 ing, the mean width. From  the  appearance of the typical 

photoresist image shown in Fig. 2 (a) ,  it is obvious  that 
smallest photoresist gap is allowed for the liftoff process, 
then ion milling, and finally electroplating. Here, we use 
the minimum-width criterion to  determine  the maximum 
usable  photoresist  thickness. A linewidth tolerance of 
*30% is used together with this minimum-width criterion 
to  obtain  the  data in Fig. 3. 

The  gap  tolerance of PMMA in Fig. 3 is larger  than 
that of AZ for all feature  sizes.  The gap tolerance of 
chevrons is almost  always better  than  that of T-I bars, 
except  at low intensities. The smaller feature  sizes  re- 
quire lower intensity.  For a given mask with a variety of 
chevron  and T-1 patterns  and  feature  sizes, this chart 
can be  used to  evaluate  the optimum  intensity to be 
used. 

A typical photoresist image goes  through  several 
width fluctuations  before it finally diminishes.  When the 
&30% limit is shifted  from one waist to  another, an 
abrupt  jump  occurs in the  curves of Fig. 3. The  one-pm 
AZ chevrons  have  an extraordinarily large gap tolerance 
because  the  jump  at this particular  pattern  occurs  at a 
shorter gap for PMMA. 

The  photoresist  gap  becomes  as large as  60  pm  for 
2.5-pm PMMA chevrons. Because the optical absorp- 
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tion of PMMA makes high-resolution printing impracti- 
cal beyond three  pm,  one  has  to  convert  the  excess pho- 
toresist gap to  an air gap  that is smaller because of its 
lower  refractive index. 

Window 

First 

Second 
vacuum 

Conformable-contact lithography 
The classical  way of achieving  intimate contact, by 
pressing together  two optically flat surfaces, is obviously 
not  practical for  contact printing. To achieve good con- 
tact, Smith [ 31 used a thin, flexible mask  instead to  con- 
form  to  the wafer. The mask does  not  have to be optic- 
ally flat but must  be reasonably  smooth.  Dust particles 
and  other imperfections outside  the desired area  do  not 
deteriorate  the diffraction image. Morever,  since  the 
contact  pressure is evenly distributed, mask  damage is 
greatly reduced. Using  this  conformable mask  tech- 
nique,  Smith  printed line patterns of 8000 A periodici- 
ty through  a 9800 A layer of AZ 1350 photoresist. 

To achieve  adequate  contact printing, we  have de- 
veloped a universal  mask-to-wafer  holder. It  possesses 
the following capabilities: 

1 .  It  takes  either a  conformable  mask and a rigid wafer, 
or a rigid mask and a conformable  wafer. Having  one 
rigid element ensures easy separation  after  contact. If 
both elements  are flexible, however, a strong seal is 
formed after intimate contact, which can be broken 
only by immersion in a liquid. In addition, being able 
to use  conformable  wafers makes  the conformable 
printing technology  compatible to  amorphous bubble 
material and most semiconductor  substrates.  Lastly, 
a rigid mask is easier  to handle, harder  to  break, and 
less  susceptible to changes in dimension. 

2. It  does not use  the conformable  element to provide 
the vacuum  seal, thus resulting in much less  strain on 
the conformable  element and permitting  large  thick- 
ness variation for the rigid element. In addition, a 
mask and wafer of the  same  size  can be used.  When 
2) is combined  with l ) ,  rigid and flexible, positive 
and  negative submaster masks  can be fabricated  from 
one single master mask of any type. 

3. Besides the vacuum pressure,  an independent posi- 
tive pressure  can be  applied. The  pressure  can be 
used  with the vacuum to  promote  contact.  It  is  also 
necessary when a high-refractive-index fluid is used 
in the gap [ 181. The vacuum  used to hold the  mask 
and the wafer evacuates  the fluid too quickly. The 
fluid can be completely  removed  before the  exposure 
is completed. 

4. With these  improvements,  an interferometric  study 
shows  that typical silicon wafers 0.4 mm thick con- 
form  well, maintaining a  gap  less  than one fringe wide 
across  the  entire 25-mm diameter field. Quartz plates 
as thick as 0.55 mm have  also been  successfully  used. 

Window Conformable 
/ 

Diaphragm +Pressurized 
nltrogen 

1 

Second 
vacuum' 

Wafer 

(b) 

Figure 4 The mask-to-wafer  holder. (a) Conformable wafer 
mode. (b)  Conformable mask mode. 

The holder is illustrated in Fig.  4 in the  two modes of 
operation  described, namely, the conformable mask and 
the conformable  wafer  modes. 

Figure  4(a)  shows  the holder with rigid mask and  a 
conformable  wafer. The mask is held to  the window as- 
sembly by the first vacuum, so that  the mask can be 
handled  easily. To achieve contact,  the wafer is loaded 
on  the diaphragm and then  the mask assembly on  the 
wafer. The  second vacuum is then drawn, causing the 
diaphragm to move upwards  to seal the  opening and apply 
uniform pressure  on  the wafer. For tighter contact, posi- 
tive pressure  can be applied from below the diaphragm. 
When  a  high-refractive-index fluid  is used,  the second 
vacuum is not drawn,  to avoid evacuating the fluid  in 
the gap  during exposure. Only  the  positive pressure is 
used to maintain intimate contact.  After  exposure,  the 
second vacuum  can be drawn  to  evaporate  the fluid for 
easy  separation of the mask and the  wafer. 

Figure 4(b) shows the holder with a  conformable 
mask and a rigid wafer.  It is the same  holder as in Fig. 
4(a) but  turned  upside down, with the wafer taking the 
position of the mask and  vice versa.  However, a full 
diaphragm would block the illumination. Therefore, a 
ring diaphragm with a  pressurized chamber is added on 
top.  The  other  operations  are similar to  those of the  pre- 
vious case. 21 7 
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Figure 5 Scanning  electron  microscope  picture of one-microm- 
eter T-I bar  openings in an AZ-1350 photoresist 3.6 pm thick. 

When unusual circumstances call for printing from 
conformable  mask to conformable wafer,  either mode of 
operation  can be used  with the addition of the thick sup- 
porting  blank. 

Figure  5 is a scanning electron  microscope picture of 
one-pm  T-I bars in AZ 1350 photoresist 3.6 pm thick. 
The intimate contact  enables nine 2 mm X 2 mm chips, 
spaced  4 mm center-to-center,  to be uniformly printed. 
The horizontal lines in the  photoresist  are  due  to  stand- 
ing waves  caused by the  interference of the image beam 
and the reflected beam  from the wafer at  the dominat- 
ing 4050 A Hg line. 

Deep-UV lithography 
As  discussed in the first section,  the wavelength of the 
printing light should  be reduced, in order  to  increase  the 
height-to-width aspect ratio in the developed photoresist 
and  to allow imperfect contact. We have  chosen  the 
range  2000 A to 2600 A instead of the  conventional 
range  3  100 A to  4500 A ,  the new interval being the 
shortest possible  without the complications of vacuum 
systems  and unknown  optical elements.  Various  aspects 
discussed here  include the materials used,  the  choice of 
a light source with  a  suitable spectral  characteristic,  and 
the  exposure time  intervals. 

Photoresist 
The key material  for deep-UV lithography is a photore- 
sist  that is sensitive in this region. Few high-resolution 
photoresists respond  below  3000 A. Moreau  and 

218 Schmidt [ 71 reported  photoreaction in polymethyl  meth- 

B. J .  LIN 

acrylate (PMMA). Exposure of approximately an  hour 
were required. However,  PMMA is the most  popular 
electron beam photoresist with well known coating,  de- 
veloping,  and  processing characteristics,  and is therefore 
well worth  serious consideration.  Our sensitivity mea- 
surements indicated that a high-power illumination system 
can  reduce  the printing  time to 4 to 10  minutes for a 
38-mm diameter  area through a typically one-pm thick- 
ness of PMMA 2041. 

The spectral  photosensitivity of PMMA 2041 [9] is 
of a reasonable  order of magnitude. The long exposure, 
compared  to  that of AZ 13505, is due  to  the low output 
from the mercury arc lamp in the region 2000 A to 2600 
A. The sensitivity of PMMA 2041 becomes negligible at 
wavelengths above 2600 A. Thus,  the need for  an  ex- 
pensive  and  lossy  high-pass interference filter is elim- 
inated. 

Source 
A Hanovia  I-kW  Xe-Hg  arc lamp  was chosen  as the 
deep-UV  source.  Though its deep-UV  output is only a 
small portion of its total  radiation output,  the  absolute 
output in deep-UV is still the highest  available, except, 
of course, for  similar arc lamps with higher power rat- 
ings in the  present  experimental  setup  exposure times 
are  between five and  ten minutes for  PMMA. 

Mask 
Fused  quartz  and  sapphire  are  both  transparent in deep 
UV.  They  are of considerable  mechanical strength  and 
are available in large diameters with a  variety of thick- 
nesses.  We found them both  suitable for  the  substrate of 
a deep-UV mask. 

There  are  advantages and disadvantages for both 
chromium  and  aluminum. Chromium  has good adhe- 
sion on  quartz and is difficult to  scratch.  However, be- 
cause of lower reflectivity and  extinction coefficient, 
a  larger thickness is required of chromium than of alu- 
minum. The larger thickness  presents mask fabrication 
problems when 0.125-pm MFS is required by chemical 
etching. Aluminum has been found satisfactory for 
0.25-pm and 0.125-pm masks. 

Because  aluminum is malleable it would appear  to be 
susceptible  to  scratches.  From  our regular inspections, 
in which we  do  not seriously search  for  the  increase of 
defects, a  typical  aluminum-on-quartz  mask lasts ap- 
proximately 50 prints in a standard  laboratory  atmo- 
sphere, without the  setup of a  clean  room. Its durability 
is attributed mostly to  the  even distribution of stress in 
the intimate contact. Although too few  samples have 
been  run to  date with  chromium-on-quartz masks  to 
provide  any meaningful information, it is generally be- 
lieved that they are more durable  that  the aluminum 
counterpart. 
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(d)  ( e )  

Figure 6 Bubble circuit patterns obtained by deep-UV conformable-contact  lithography.  Wafers in (a)  to  (d)  are  amorphous  Gd-Cq- 
Mo and in (e) are  garnet. (a) Electroplated pattern of a  magnetic  bubble  circuit. The Permalloy bars  are 1.2 p m  wide  and 3000 A 
high. (b)  Evaporated Permalloy  layer on developed  photoresist  before liftoff. The  bar width is 1 pm. (c) Sputtered Permalloy  and gold 
layers on bubble  wafer. Unwanted metals and the photoresist  have been  lifted. The bar is 0.5 p m  wide and 6000 A high. (d)  Developed 
photoresist as  an ion-milling mask. The  bar is 0.5 pm wide  and 1.5 pm high. (e) Permalloy bars on a  bubble  wafer after ion milling. The 
bar is 1 pm wide and 3000 A high. 

Fabrication of bubble circuits 
Generally speaking, the single-level fabrication of masks 
requires a 3000-A layer of Permalloy patterns and  an- 
other 300 A of similar conductor  patterns  on a film  of 
magnetic  bubble  material. 

The  two metallic layers may be  electroplated  onto  the 
bubble  material. In this case,  the thickness of the pho- 
toresist  has  to be  only slightly more  than that of the 
metals. For  easy printing and good resolution, the pho- 
toresist  thickness should  be kept  at a minimum. NO 
photoresist residue  should be left on  the wafer. 

The  two metallic layers can  also be  fabricated by the 
liftoff process.  In this case,  the  thickness of the pho- 
toresist  has  to be  considerably  larger  than 6000 A. In 
practice, more than 8000 A is required. The profile of 
the developed photoresist  has  to be either vertical or 
undercut.  Otherwise,  the desired part of the  metals  can- 
not be  separated from the  rest. We have  been  able  to 

obtain  vertical side walls in a single layer of PMMA 
2041. Therefore  there is no  loss in resolution  in our lift- 
off process. As in the previous case,  no  photoresist resi- 
due is allowed. 

The  two metallic layers  can be predeposited and  the 
unwanted  portions  can  then  be  ion-milled, using the  pho- 
toresist  as a  mask to  protect  the wanted part.  In this 
case,  the ion-milling parameters and the  photoresist 
thickness  are closely  related. Therefore,  the  thickness 
should be carefully  controlled. In  order  to  obtain vertical 
sidewalls on  the metallic layer, the sidewalls of the pho- 
toresist should  be  kept  vertical. In this case,  however, 
some slight residue of photoresist is permitted. 

The magnetic  bubble  materials  used here  are usually 
either  Gd-Co-Mo  or  garnet.  The  amorphous  Gd-Co-Mo 
is evaporated  onto glass substrates, 0.25 mm thick, 
which are conformable and  are printed in the conforma- 
ble wafer  mode. The  garnets  are usually grown on 0.75- 
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mm-thick substrates  and  therefore  are usually  printed in 
the conformable  mask  mode.  Although either  deep-UV 
lithography or conformable printing is adequate  for 
printing the  one-pm lines and 0.5-prn  spacings, the pro- 
cess of the combined technique has been used to permit 
relaxed tolerances. 

Experimental  results 
Figure  6  illustrates patterns photographed with scan- 

ning electron microscopy.  Figure 6(a)  shows a part of 
magnetic  bubble  memory  circuit  consisting of 1.2-pm 
Permalloy bars spaced less than 0.3 pm  apart  on  amor- 
phous  material.  A rigid 3.2-mm-thick aluminum-on- 
quartz  opaque background mask and 4000 A of PMMA 
2041 was used. The nickel-iron Permalloy  bars  were 
deposited by electroplating. 

Figure  6(b)  shows  the  preparation  for  the liftoff pro- 
cess.  The Permalloy was  evaporated  on  the  photoresist 
and  the bubble  material,  resulting in the configuration 
shown.  The profile of the  photoresist openings  should be 
vertical or slanted so that  the Permalloy on  the  photore- 
sist and the Permalloy on  the  bubble material are  discon- 
tinuous,  enabling the unwanted permalloy to  be  washed 
off with the  photoresist  later. 

Figure 6(c) shows  part of a  bubble  memory  circuit in 
which the metals have already  been lifted off. The width 
of the  bars  and  the gaps  between them  are intended to 
be 0.05 pm and 0.25 pm, respectively.  Permalloy  and 
gold,  each layer of 3000 A thickness,  were  deposited by 
sputter gun [ 191. A rigid aluminum-on-quartz, opaque- 
background mask 3.2 pm thick and a  1.2 pm layer of 
PMMA  204 1 were  used. 

Figure  6(d)  shows developed 0.5-pm  chevron  pat- 
terns  spaced  0.25 pm  apart in a 1.2-pm  layer of pho- 
toresist, intended to be an ion-milling mask to  protect 
the wanted areas in the uniform  Permalloy layer under- 
neath. A  conformable aluminum-on-quartz,  transparent- 
background mask 0.25 mm thick was used. In this case, 
both  the mask and  the wafer are conformable. The 
mask-wafer  holder was  used in the conformable  wafer 
mode  with a rigid quartz blank above  the conformable 
mask. Figure 6(e) shows  1-pm Permalloy bars  after 
ion milling. 

Concluding remarks 
An experimental deep-UV conformable printing tech- 
nique is described.  Its ultimate  limitations are predicted 
theoretically and some  preliminary  fabrication results  on 
single-level bubble circuits  are  reported. 

The  work  described  here  does  not include an align- 

reasonably anticipated. However,  to utilize the ulti- 
mate resolution  capability, which requires  alignment 
accuracy of 0.03 pm (t of the  resolution), new meth- 
ods will have  to be  found. An  electron microscope is 
needed  for viewing but  this would drastically increase 
the installation cost.  It could be justified  only by the high 
throughput and  the large aspect ratio of height to width. 
Of course,  for all high-resolution uses  the original mask 
has  to be made by electron-beam fabrication. The  aspect 
ratio  can  then be amplified with deep-UV conformable 
printing. The full-wafer  processing advantage of deep- 
UV conformable printing is not possible if a significant 
dimensional change in the wafers occurs  after  heat pro- 
cessing. These  various  handicaps,  however,  are of no 
concern  for single-level bubble  circuits. 

Because of the intimate contact,  the probability of 
mask damage is inherently  higher  than for  other, non- 
contact printing technologies. This could  be minimized 
to a  practical level by carefully  controlling the cleanliness 
of the printing environment, and by using wave-guiding 
mask protective  layers [ 201. 
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