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A method  for  repairing  X-ray  lithographic 
masks  using  focused  ion  beam  technology is 
described  and  demonstrated.  The  ion  beam is 
used  for  mask  imaging,  for  absorber  milling 
for  opaque  repair,  and  for  deposition  of  X-ray- 
opaque  material for  clear  repair.  Solutions  to 
the  unique  problems  faced in executing  these 
tasks  on  the  high-resolution,  high-aspect-ratio 
patterns  characteristic of  X-ray  masks  are 
discussed.  Several  effects of material 
redeposition  during  opaque  repair  are 
explored.  The  significance  of  this  same 
redeposition  during  clear  repair  and  the 
resulting  advantage  gained in using  a  high- 
yield  deposition  process  are  illustrated. 
Examples  of  repairs  and  printed  images  of 
these  repairs  are  shown  for  feature  sizes 
smaller  than 0.25 pm. 

Introduction 
More than any other type of lithography practiced in the 
semiconductor industry today, X-ray proximity printing 
puts extreme demands on the mask maker. In addition to 
the high-resolution patterning required for 1 : 1 printing, 
these masks must be defect-free. While a full field 
projection optical mask typically contains hundreds of chip 
sites, an X-ray mask contains at most a few chip sites, 
making it economically imperative that the mask be totally 
free of defects. Since direct fabrication of a perfect mask is 
not a realistic possibility, the repair of defects is an 
essential part of X-ray mask fabrication. 

Masks today are fabricated as close to perfect as is 
practical and are then inspected for defects using 
automated tools. The mask and a list of the locations of its 
defects are then passed to a repair tool, where all or most 
of the defects are removed. Optical masks generally have 
been repaired using focused laser beams [l].  Excess 
chrome absorber is thermally evaporated using short laser 
pulses, while  missing absorber is replaced by laser-induced 
chemical vapor deposition of optically opaque material [2]. 
More recently, tools based on the focused ion  beam (FIB) 
have been introduced for mask repair [3-71. In these more 
advanced tools, the thermal processes affected by laser 
beams have been replaced by inherently higher-resolution 
ion  beam techniques. Commercial FIB repair tools are now 
commonly used in photomask manufacturing in cases 
where resolution demands cannot be met by conventional 
laser tools. In the case of X-ray masks, the small feature 
size and  large thermal conductivity of the masks make 
laser repair unsuitable. Ion-beam-based tools are clearly 
the most feasible choice for X-ray mask repair [8-111. 

A focused ion beam provides the three basic functions 
required for mask repair: imaging for defect location by 
scanning ion microscopy; material removal for opaque 
repair by physical sputtering; and material addition for 
clear repair by ion-induced deposition of X-ray-opaque 
material. The unique structure of X-ray masks presents 
interesting challenges to the effective use of all three ion 
beam functions. Beyond the high resolution required to 
image,  mill, or deposit features on these 1:l masks, the 
thick absorber and resulting high-aspect-ratio patterning 
make both removal and addition of material more  difficult. 
This paper describes how each of the three ion  beam 
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Schematic of the  three  basic  components of a focused ion beam 
mask-repair  tool: ion gun, sample  chamber,  and  computer system. 

functions is  implemented  in X-ray mask repair, with 
particular attention to the challenges faced. 

Equipment 
The basic components of a focused ion  beam mask-repair 
system, the ion gun, the sample chamber, and the 
computer, are shown schematically in Figure 1. Typically, 
the beam is 25-50 keV Gat focused to a diameter of 
50-100  nm with a current in the range of 10-100 pA 
(current density of approximately 1 A/cmz). The gun  itself 
consists of a Ga  liquid metal ion source (LMIS), an 
electrostatic ion optical focusing  column, electrostatic 
beam deflectors and blankers, and a secondary-electron/ion 
detector. The mask is held  on a high-precision motorized 
stage inside a load-locked vacuum chamber. Both the ion 
gun and sample chamber are operated under high vacuum 
conditions with differential  pumping between the two. 
Depending on the degree of automation in the tool, a 
computer is used to control gun operation, mask handling 
and stage positioning,  image acquisition and processing, 
and repair execution. In addition, it is typically able to 
receive information regarding defect location and type 
directly from the inspection tool. 

minimum  linewidth of the mask (25  nm on a 0.25-pm 
Since the desired repair accuracy is typically 10%  of the 

mask), the stability of all these components is extremely 
important. Mechanically, the vacuum system housing the 
gun  and stage structure must be immune to vibration and 
long-term thermal drift. To some degree, the mechanical 
instabilities can be compensated for by using a laser 
interferometer to measure stage motion and correct for it 
through feedback to the offsets of the beam-deflection 
electronics. Similarly, the high-voltage  power supplies, ion 
source, and deflection electronics must have low  noise and 
be stable over the period of time  needed to repair a defect. 
This  time  is of the order of several minutes and includes 
the time required to capture an  image,  define  and  align the 
repair, and execute the repair. 

The basic repair sequence using a focused ion  beam 
system is illustrated in Figure 2. First, a defective region of 
the mask is positioned under the ion beam using location 
information  read  from the inspection tool. A high- 
resolution image of the area is taken with the beam and is 
stored and displayed by the computer. Next, an operator 
outlines the defect in this displayed image. The computer 
then controls the ion beam repair of the area. In the case 
of an opaque defect, the ion  beam  is simply scanned over 
the defect until  all of the excess absorber is  milled away. 
For a clear defect, a heavy-metal-bearing organometallic 
vapor is introduced through a small tube and the ion beam 
is scanned over the defect. This results in the dissociation 
of the adsorbed vapor and thereby fills  in the defect with 
X-ray-opaque material. Finally, the area is  reimaged to 
confirm the repair. 

The examples of focused ion  beam  imaging  and repair 
given in this paper were produced on a prototype system 
built at the IBM Thomas J. Watson Research Center in 
Yorktown Heights, New  York. This system was built 
around a JEOL JIBL 106D focused ion  beam  column.* An 
axial  multichannel plate detector was used for secondary- 
electron detection. Unless otherwise specified, a 15-PA 
100-keV Gat beam focused to a 60-nm diameter was used. 
The  effect of the higher than usual  beam energy used in 
this work is minimal, since the relevant Ga  ion stopping 
powers, and thus sputter and deposition yields, vary 
insignificantly  in this energy range. Masks  used in the 
examples shown consisted of approximately 600 nm  of 
electroplated gold on a silicon/polyimide or bare silicon 
membrane. Repaired masks were exposed using  beamline 
U6 on the WV storage ring at the National Light Source 
(Brookhaven National Laboratory). 

Imaging 
Imaging is accomplished by scanning ion microscopy 
(SIM) [12]. In this technique, a focused ion  beam is raster- 
scanned across the surface of a mask, and the resulting 
secondary electrons are collected (Figure 2). Secondary 

' JEOL Ltd., 1418 Nakagami, Akishima, Tokyo 196, Japan. 
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Position and image defect 

Sequence for executing a  repair, showing the three  basic  functions of focused ion beam  mask  repair:  imaging  by  scanning ion microscopy; 
opaque  repair  by  physical  ion  sputtering;  and  clear  repair  by  ion-beam-induced  heavy  metal deposition. 

ions may also be used in  imaging, but their signal  is microscopy (SEM). As with SEM, contrast is provided 
typically several orders of magnitude smaller. By in a number of ways. First, if an area of the sample is 
synchronizing the raster with the secondary-electron insulating, it charges up positively, and fewer secondary 
intensity, an  image of the mask surface is created. This electrons are emitted. Such an area appears dark in  an 
technique is analogous to that used in scanning electron image. Since most mask membrane materials proposed for 4P3 
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SIM image of an X-ray mask taken using 100-keV Ga’ primary ions and secondary-electron detection.  The mask consists of patterned 
electroplated gold on  a silicon/polyimide membrane. The mottled or “particle-board’’ appearance of the gold is due to variations of ion 
channeling in the polycrystalline gold. From [SI, reprinted with permission. 

use in X-ray lithography are conducting, this type of 
contrast is generally not important. Second, for a given 
bombarding ion,  different materials emit  different numbers 
of secondary electrons. Third, topography creates contrast, 
since a non-normally incident beam deposits more energy 
in the near-surface region  and thus emits more secondary 
particles. Since the edge slope of features on an X-ray 
mask is very  steep ( > S o ) ,  edges of features appear quite 
bright in SIM images. Finally, under certain conditions, 
contrast can be created by the grain structure of 
polycrystalline materials. This effect, which is absent in 
SEM imaging, can be quite strong for large-grained 
materials and poses a potential problem for mask repair. 

The test pattern shown consists of the outlines of three 
A SIM  image of  an  IBM X-ray  mask  is  shown in Figure 3. 

424 squares patterned in a field of gold absorber. The striking 

“particle-board” or mottled appearance of the image 
makes the pattern itself  difficult to discern. This 
appearance is caused by the microstructure of the 
polycrystalline gold absorber rather than by surface 
topography. The gold grains which are oriented with a low- 
index crystallographic plane  parallel to the ion  beam 
appear dark, since this orientation results in significant  ion 
channeling. The ion channeling reduces the stopping power 
or amount of energy deposited in the near-surface region, 
and, as a result, fewer secondary particles are emitted. 
Conversely, the bright grains seen in the image correspond 
to grains which are misoriented with respect to the ion 
beam.  In these cases, the ions’ energy is deposited nearer 
the surface, resulting  in  more secondary-electron emission. 
While this channeling contrast is  well understood [12, 131 
and is  useful in characterizing the microstructure of thin 
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SIM image of an X-ray mask similar to that  in  Figure 3,  but coated with 40 nm  Ta film. The channeling contrast has been suppressed by the 
thin film of nonchanneling material. From [8], reprinted with permission. 

films  [14,  151, it can pose a problem for mask repair. It 
clearly dominates all other contrast in Figure 3, making 
unambiguous defect identification  difficult. It should be 
pointed out, however, that the conditions for this example 
were optimized to better illustrate this problem. In addition 
to the image  being taken with a high degree of contrast, a 
large  ion dose was used. The latter cleans up any residual 
surface contamination that might serve as a thin 
dechanneling layer, as is discussed below. 

in  ion  images [8]. Since the critical angle for channeling 
(ion acceptance angle) is inversely proportional to the 
velocity of the incident ion, the number of grains which 
are aligned to the ion  beam within this critical angle can be 
reduced by increasing the velocity of the ion. In addition, 
the difference in secondary-electron yield of the channeled 

There are several ways to minimize channeling contrast 

versus nonchanneled ions decreases as the velocity of the 
ion increases and the ion mass decreases. Unfortunately, 
high-energy  highly focused light ions are difficult to obtain. 
Such ion  beam systems require sources whose operation is 
far less reliable than that of liquid metal Ga sources. In 
addition, they require the use of a mass separated ion 
optical column. Al l  in  all, the increased complexity and 
lower reliability of the tooling make this approach 
undesirable in manufacturing. 

Another approach is to deposit a thin film  of amorphous 
or fine-grained,  randomly oriented, crystalline material on 
top of the electroplated gold. Figure 4 is a SIM image  of a 
mask which was similar but had a 40-nm-thick tantalum 
film deposited over the patterned large-grained gold. The 
fine  grain size and oxidized surface of the thin Ta film 
minimizes the ion channeling and removes the “particle- 
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High-magnification images of an X-ray mask taken using an ion dose of (a) 1.6 X l O I 4  and  (b) 2.7 X lOI4 iondcm’. Since these ion doses are 
estimated to etch less than 2 nm of material from the mask, many such images may be taken before significant damage is done to the mask. 

Example of opaque repair, showing SEM micrographs of (a) the mask after removal of a 1/2-pm  “nose” on the left-hand feature,  and (b) an 
image of the repaired region printed in  1/2 pm PMMA resist using a 25-pm mask-to-wafer gap. 

board” appearance. Such a dechanneling layer could also advantage that it can be regenerated in the repair tool if it 
be deposited in situ in the ion beam system. For example, is eroded away through repeated imaging. 
ion-beam-iniiuced deposition could be used to locally Perhaps the most  significant way in which SIM imaging 
deposit a carbon thin film. This is the same process that is differs  from the more familiar SEM imaging is not in 

426 used for clear repair of optical masks [6, 161 and has the contrast mechanisms but in the simple fact that ion beams, 
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Before revair After repair 

Example of the  effect  of  redeposition of sputtered material during  opaque  repair.  The SEM micrographs of the mask (top)  compare 
unrepaired (left) and repaired (right) “defects”  on 1-ym lines, where the “defects”  are located 0.25 y m  from neighboring features. SEM 
micrographs of the same regions imaged in 0.8 y m  of terpolymer resist using a 40-pm mask-to-wafer gap (bottom) demonstrate that the 
redeposited material is sufficiently X-ray-opaque to print. 
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Bias  due  to  interior  redeposition  measured  for  lines  milled  into 
1/2 p,m electroplated gold as  a function of the designed linewidth 
(bias = designed width - measured width). 

unlike an electron beam, sputter-erode material from 
surfaces being imaged. It is, therefore, important to 
minimize the ion dose (ions/cm2) used to create an  image. 
This is especially true in the case of a gold X-ray mask, 
since the sputter yield of gold is very high (up to 25 atoms 
per incident ion).  High-quality,  high-magnification  images 
can be obtained using  ion doses of less than 1 X 1015 
ions/cm2. Since this dose erodes less than 5 nm  of material 
from even a gold substrate, several images can be taken 
before significant  damage  is done to the X-ray mask. 
Figure 5 shows computer-stored images of a mask created 
using an  ion dose of less than 3 x 1014 ions/cm2. 

Opaque  repair 
Opaque defects are regions of unwanted absorber material 
on the mask. They can result from patterning errors, resist 

428 adhesion problems, and protrusions in the plating base 

Comparison of analytical  model (solid line)  with  measurements 
of redeposition.  The  lateral  extent  of  material  redeposited  on  a 
U2-pm-high  feature is displayed  as  a  function of the separation 
between it and the feature sputtered away. 

which extend above the resist. Focused ion beam repair of 
these defects is  accomplished  through deliberate physical 
sputtering. As shown schematically in Figure 2, the ion 
beam is scanned repeatedly over the defect until  it is 
sputtered away. The etch rate is determined by its sputter 
yield, or number of atoms removed per incident ion.  By 
specifying the deflection of the beam and the total ion dose 
delivered (ions/cm2), opaque defects can be removed in a 
controlled manner. Figure 6(a) shows an example of such a 
repair executed on  an  IBM test mask.  In this case, the 
1/2-pm protrusion on the left-hand feature was removed. 
Only  an outline remains where the ion beam etched into 
the underlying membrane. No trace of the original defect is 
seen in the resulting printed image [Figure 6(b)]. The ion 
beam etching required for this repair took approximately 
18 seconds. 

At  first glance, the resolution of this repair technique 
should be governed by the spatial extent of the ion beam 
itself and by the lateral straggle of individual ions as they 
penetrate the mask. Since the ion beam diameter is 
significantly larger than the ion straggle (approximately 
10 nm), the resolution of the repair should be to first order 
that of the focused ion beam. However, there are several 
other important factors to consider, especially in the  case 
of the materials and structures present on X-ray masks. 

P. G. BLAUNER AND J. MAUER IBM J .  RES. DEVELOP. VOL. 37 NO. 3 MAY 1993 



Scanning  atomic  force  micrograph of a  polycrystalline  electro- 
plated gold surface after bombardment by 1.4 X 10l6 ions/cm2 of 
100-keV Ga’ . The large variations in height within the 5 X 7-pm 
irradiated area are a result of differences in the sputter rates of the 
different  grain  orientations  due to ion channeling  effects.  The 
lower regions (40 nm deep) correspond to grains which would ap- 
pear light in a SIM image of the surface. 

One such factor is the redeposition of sputtered material 
[8,  171. Some of the absorber atoms ejected during the 
sputtering process may  not be permanently removed from 
the mask because they strike and stick to nearby features 
in the pattern. The  large aspect ratio and dense patterns 
found  on X-ray masks exaggerate this effect. An example 
is shown in Figure 7. The top photographs are SEMs of an 
IBM test mask  with simulated defects protruding from a 
1-pm line, 0.25 pm away from a neighboring  line. 
Unrepaired and repaired defects are shown on the left  and 
right, respectively. As a result of repair, material is 
redeposited both on the neighboring  line  and  on the 
repaired line adjacent to the repair itself. The unrepaired 
and repaired defects are shown below printed in resist. 
Note that the redeposited material, consisting mainly of 
gold, prints clearly. Furthermore, redeposition occurs not 
only on nearby features, but also with the feature being 
sputtered. For example, when a line  is sputtered into gold, 
redeposition causes the measured linewidth to be  smaller 
than the designed  linewidth. As is shown in Figure 8, this 
so-called interior redeposition causes a significant bias in 
large features, where the volume of material being 
removed is large. 

estimated by  simple analytical modeling of redeposition 
on adjacent edges. Figure 9 compares such a model 
with experimental results by plotting the lateral extent of 
material redeposited on a 1/2-pm-high feature as a function 
of the separation between it and a feature sputtered away. 

The amount of  gold redeposited is larger than would be 

Three sigma linewidth variation measured in lines sputtered into 
1/2 p m  of electroplated gold as a function of the linewidth of the 
feature. 

The model predicts a rapid increase in redeposition as the 
aspect ratio (feature height to feature separation) increases 
above one. However, the measurements show a markedly 
higher  and more variable increase in redeposition as a 
function of aspect ratio. Scanning electron micrographs of 
these features reveal that uneven sputtering of Au grains 
(discussed below) causes faceting of the feature being 
sputtered. The  resulting  change  in  surface  normal, in essence, 
directs the sputtered material toward the adjacent edge. 

There are several strategies for minimizing redeposition 
effects [8]: 1) multiple scans of the ion  beam to reduce 
redeposition within a repair; 2) eroding the center of the 
defect first,  followed by the edge, to reduce the volume of 
absorber available for redeposition on adjacent features; 
and 3) trimming  up the areas surrounding the defect to 
remove redeposited absorber. A more attractive alternative 
is to chemically enhance the physical sputtering process by 
using a reactive gas which forms a volatile compound with 
the absorber. Unfortunately, with a gold absorber, the 
choice of gas is  not obvious. 429 
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SEM micrograph illustrating high-resolution opaque repair. This 
fine  pattern  was  sputtered  directly  into  the  600-nm-thick  large- 
grained polycrystalline gold absorber of  an X-ray mask. From [8], 
reprinted with permission. 

A more subtle factor affecting the resolution of opaque 
repair is  ion  channeling, the effect  of which on imaging 
was discussed previously. Figure 10 shows a scanning 
atomic force micrograph of an electroplated gold surface 
taken after sputtering with 100 keV Gat for a dose of 
1.4 X 10l6 ionslcm’.  Although the ion dose was constant 
within the 5 X 7-pm  region etched, large variations in the 
erosion rate  are evident. In some regions little gold has 
been removed, while in others it has been sputtered to a 
depth of  40 nm.  What distinguishes these different  regions 
is the extent of ion channeling in  individual grains of the 
polycrystalline gold.  The relatively small stopping power of 
channeled ions results in a lower sputter yield for grains 
which are aligned  with the ion  beam. These grains 
correlate with those that appear dark in SIM images. The 
magnitude of this effect depends on the microstructure of 
the material. Sputter yield variations of approximately 5 to 
more than 25 atoms per incident ion have been observed 
[8] for large-grain polycrystalline gold such as is seen in 

430 Figure 3. In order to be assured of clearing  an entire defect 

in such an absorber, it  is necessary to deliver an  ion dose 
which  is  sufficient to remove even the slowest-sputtering 
grains. The resulting over-etching of the faster-sputtering 
grains can result in variations in the linewidth of ion- 
eroded patterns which degrade the achievable resolution. 
At the edge of a feature, the wing of the ion  beam erodes 
the fast-sputtering misoriented grains more  rapidly, thereby 
increasing the linewidth variation of the feature. However, 
interior redeposition of material tends to mask these 
variations because of grain structure. Since interior 
redeposition affects larger features more strongly, they 
exhibit less linewidth variation than do small features, as 
seen in Figure 11. The smallest features also have less 
variation because the  edge receives more ion dose and, 
therefore, sufficient dose to clear all grains. Figure 12 
shows a complex 150-nm pattern etched directly into large- 
grained electroplated gold where little linewidth variation is 
evident. 

Clear  repair 
Regions of the mask where the X-ray absorber is 
unintentionally missing are clear defects. Resist residue on 
the plating base, pinholes in the substrate or plating base, 
poor adhesion of the absorber, and patterning errors can 
all produce clear defects. The basic method of repairing 
clear defects using ion-beam-induced thin-film deposition is 
illustrated in Figure 2. An organometallic vapor is directed 
over the mask in the region to be repaired. The focused 
ion  beam  is then scanned over the defect, decomposing 
the adsorbed precursor molecules. The nonvolatile 
metal atoms are left on the surface, while the volatile 
components desorb. The  ion  beam also sputters material 
from the surface. Net deposition of the metal occurs when 
more atoms are added through decomposition than are 
removed by sputtering. This process can be characterized 
by a deposition yield, the net  number of atoms deposited 
per incident ion. The ion  beam scanning is repeated until 
the defect is  filled  with  an X-ray-opaque film. 

technique for a variety of applications [16,  18-23]. For 
X-ray mask repair, there are two important criteria that 
must be met to successfully implement clear-defect repair. 
First, the deposited material must be a heavy metal so as 
to be an  efficient  X-ray absorber. Focused ion-beam- 
induced deposition of several heavy metals has been 
reported in the literature, including Au, Pt, and W from a 
variety of precursors [8, 20,  22,  24-26]. Second, the 
deposition yield  or net number of atoms deposited per 
incident ion  must be large. The reason for this is  more 
subtle than simple  minimizing of the time required to 
repair a defect. Since sputtering is occurring during the 
deposition process, redeposition of sputtered material will 
affect pattern resolution during clear repair just as it does 
in opaque repair. By  maximizing the deposition yield, the 

Many  different materials have been deposited using this 
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ter case, since a 25 times smaller ion dose was required for the 
thick.  A  SEM micrograph (b) of the  same region imaged in 0.5 
p m  of PMMA resist  printed  using  a  25-pm  mask-to-wafer  gap 
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relative contribution of redeposited, sputtered material can 
be  minimized. 

An example of the significance of the deposition yield 
is shown in Figure 13. The top photograph is a SEM 
micrograph of a 2 X 0.5-pm rectangular tungsten deposit 
made across the edge of a 600-nm-thick electroplated gold 
pattern on a silicon substrate. The right-hand  edge of the 
deposit was positioned 0.25 pm from the adjacent gold 
absorber. This deposit was made  using the same tungsten 
deposition process commonly available on commercial 
tools designed for integrated circuit modification [24, 261. 
It is characterized by a deposition yield of  1-2 atoms per 
incident ion. The deposit was somewhat thinner than the 
intended 0.5 pm and took more than ten minutes to write. 
The bottom photograph shows a SEM micrograph of a 
similar repair done using a gold deposition process recently 
developed at IBM. This process is characterized by a yield 
of over 70 atoms per ion  and results in  films which are 
composed of approximately 50 at. % Au, 50 at. % C 181. 
As a consequence of this high yield, the gold  film was 
deposited with a 25 times smaller ion dose, was 
approximately 0.6 pm thick, and was written in less 
than one minute. A comparison of the two micrographs 
illustrates the reduction in redeposition which occurs as a 
result of the reduced ion  dose. 

Examples of high-yield,  high-resolution clear X-ray 
repairs are shown in Figure 14(a). Here, missing  gold pads 
in the centers of the three left-hand arrays have been filled 
in. The repaired pads have dimensions of 0.5, 0.35, and 
0.25 pm and are approximately 0.6 pm thick. A resist 
image  of the repaired region is shown in Figure 14(b). The 
spatial resolution and aspect ratio achievable using this 
high-yield deposition process are illustrated in Figure 15. 
Here, a regular array of  36 gold pillars each corresponding 
to an  individual  beam spot was written on a Si substrate. 
The pillars are approximately 150  nm  in diameter and 
10 pm high and were written with a deposition yield of 
approximately 75 atoms per incident ion. The diameter of 
these pillars is approximately 100  nm larger than the 60-nm 
estimated diameter of the focused ion  beam used to write 
them. To date, they represent the smallest spatial 
resolution and largest aspect ratio written by ion-beam- 
induced deposition known to the authors. 

Summary 
At present, only focused ion beams have adequate spatial 
resolution to repair defects in X-ray masks. We have 
demonstrated how this technology can be practically 
implemented for this purpose by showing that 1) 
nondestructive, high-resolution  images of X-ray masks can 
be obtained; 2) opaque defects can be removed by ion 
beam sputtering of the unwanted absorber; 3) clear defects 
can be repaired by ion-beam-induced deposition of gold. 
The prototype FIB repair tool used in this work is 
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currently used to repair masks for various X-ray 
lithography device programs at IBM. Many of the 
prototype features are being incorporated in a commercial 
1/4-pm X-ray mask repair tool to be  built by the Micrion 
Corporation, Peabody, Massachusetts. 
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