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High-resolution lithographic capability is
required for the fabrication of fully scaled
semiconductor devices at minimum dimensions
of 0.5 um to 0.25 um—the prototype for the
semiconductor logic and memory CMOS devices
of the 1990s. Electron-beam exposure tools
provide this capability. Fully scaled 0.5-um test
devices were fabricated using a modified EL-3
variable shaped-electron-beam system, while
0.25-um ground-rule lithography was
accomplished with a Gaussian round-electron-
beam Vector Scan system. An important part of
this technology is the selection of lithographic
resist system and the process used for pattern
definition and transfer. Twelve or more
lithographic steps are often needed for circuit
devices with the above minimum dimensions.
For fully scaled applications, each one of these
pattern levels must be defined by electron-beam
lithography, and each level may require a
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specific lithographic resist. Thus, the electron-
beam system and the resist process must be
mutually compatible if the required resolution,
feature size control, and pattern-level-to-pattern-
level overlay accuracy are to be achieved. This
paper discusses the successful integration of
e-beam lithography and resist technologies and
their application to CMOS device fabrication.

Introduction
Progress in the fabrication of prototype high-density VLSI
semiconductor devices has been achieved through the use of
electron-beam (e-beam) lithography. Its application to small-
structure patterning has resulted in a systematic reduction of
minimum feature size and a corresponding increase in the
circuit density needed for future memory and logic chips.

For complex circuits twelve or more lithography steps are
required. Each successive level must be accurately patterned
and precisely overlaid with respect to previously defined
patterns. The ability of control pattern definition and overlay
is critical to device performance, and is a direct function of
the overall e-beam writing accuracy. Table 1 shows how
linewidth control and pattern overlay precision become
more stringent as minimum dimensions are reduced.

Table 1 indicates that as the minimum feature size
decreases there are corresponding increases required in the
precision of the linewidth and overlay of the pattern levels.
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In general, the feature size control should equal about 20%
of the minimum feature size (mfs) and the level-to-level
overlay accuracy must be better than 25% of the mfs. This is
part of the convention for “fully scaled” devices, where all
dimensions and tolerances shrink accordingly. For fully
scaled minimum features of 25 um, the minimum feature in
the x and y dimensions shrinks to this dimension (e.g.,
contact holes), the linewidth control limit is 0.05 gm (500
A), and the overlay must be within 0.06 zm (600 A).
Therefore, as feature sizes decrease, the fully scaled
convention imposes upon e-beam lithography systems
further improvement and refinement of e-beam stability,
pattern placement, etc.

Advanced e-beam lithography

The Gaussian round-beam and the variable shaped-beam
systems are the two e-beam systems that have been used to
make the devices. Since both probe-forming concepts have
been extensively described [1-4], only the major
performance parameters are presented as background
material in this discussion of the fabrication of fully scaled
0.5-um CMOS devices and 0.25-um NMOS and PMOS
devices.

The Gaussian round e-beam system is of the “Vector
Scan” design in which the beam is positioned (vector-
deflected) directly to the exposure location, and the pattern
to be exposed and defined is then completed in a raster-scan
fashion. After completion of this pattern, the e-beam is
positioned at the beginning of the next pattern, which is also
completed in raster-scan mode. This procedure continues
sequentially for all patterns. The e-beam system uses a
lanthanum hexaboride single-crystal thermionic electron
emitter with a three-lens demagnifying configuration with a
pre-lens magnetic double deflection, and operates at a beam
energy of 25 keV. The probe size, set by adjusting lens
parameters, is typically set to one quarter of the pattern
minimum linewidth requirement. Total current density at
the cathode is in the range of 50 to 100 A/cmz. In order to
achieve accuracy and resolution over a typical VLSI chip
measuring 10 X 10 mm, the chip is patterned by writing a
stitched array of 0.8 X 0.8-mm subfields. This implies that
the actual subfield within which the beam is vector-addressed
and exposed is 0.8 X 0.8 mm in size. In order to fabricate
large chips, a matrix consisting of many of these fields is
stitched together. An x-y stage moves the position of the
wafer from subfield to subfield. The x-y table position is
tracked and measured by a laser interferometer and the
e-beam position adjusted to maintain placement accuracy of
each pattern element. In the Gaussian round-beam system,
the sequential exposure of single pixels at a relatively low
probe current results in a limited throughput. For this
reason, the total number of fabricated chips per wafer is
necessarily limited in order to reduce writing time to
acceptable levels.
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Schematic cross section of a CMOS device showing the levels of
lithography. The features are not drawn to scale.
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Table 1 Pattern dimensions vs. linewidth control and overlay.

Minimum Linewidth Critical level
Jfeature size control (20% mfs) overlay (25% mfs)
(um) (um) (pm)
1.0 0.2 0.25
0.5 0.1 0.13
0.25 0.05 0.06
0.1 0.02 0.025

The variable shaped-beam system EL-3 [3] is an advanced
EL-3 system which was modified for 0.5-um ground-rule
lithography. This system was used to fabricate fully scaled
CMOS devices. A schematic cross section of a CMOS device
is shown in Figure 1.

The Vector Scan and EL-3 lithography tools have the
capability for 0.5-um ground-rule device fabrication. A
further refined Vector Scan system has successfully
demonstrated 0.25-um device capabilities.

Electron-beam tool and process characteristics
A thorough understanding of all the parameters that
influence the accuracy of the pattern definition and transfer
process has become increasingly critical to the successful
fabrication of VLSI chips. Sources of error which affect the
accuracy of electron-beam lithography are manifold, some
being specific to electron-beam systems while others are of a
more general nature. These error sources must be thoroughly
understood and controlled as dimensions continue to be
reduced. The more common sources of error are attributed
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to 1) electron beam/electron optics, 2) overall system
thermal stability, 3) magnetic environment interaction, 4)
electron beam/resist/substrate interaction, and 5) resist
system/process control.

Each of these parameters is important, and each one could
be the limiting factor determining ultimate system
performance. Not all of these error sources are completely
independent of the others. Compromises in system
performance may be necessary. For example, when the beam
energy increases, the resolution of the system will usually
improve; the electron beam becomes “stiffer,” reducing the
potential for perturbation of the e-beam by environmental
conditions. Both of these factors contribute to an
improvement in resolution. However, accurate pattern
element definition in resist, especially at high pattern
density, is also limited by the well-known proximity effect
[5-7]; i.e., adjacent areas not directly exposed to the incident
e-beam receive partial exposure from backscattered
electrons. The proximity effect is particularly severe for
dense patterns with dimensions and spacings of 1 um or less.
Numerical approximations of this effect are included in the
software of the e-beam exposure system, which controls the
exposure and assigns the required dose to all shapes.

Figure 2 shows cross sections of resist patterns as they
were exposed with and without proximity correction. The
images were taken with a scanning electron microscope with
the sample tilted at a 30° angle (tilted up with respect to the
bottom of the figure). In these micrographs, the bright area is
the resist surface, while the dark area is the cross section of
the resist. Test patterns were exposed on both Vector Scan
and EL-3 systems; the examples shown in Figure 2 are from
an EL-3 system. Figure 2(a) shows isolated lines and a
spaced line array, without proximity correction, while Figure
2(b) shows the same patterns with proximity correction. The
nominal linewidth is 0.5 um. The base dose was adjusted
such that the isolated lines [the uppermost row in Figures
2(a) and (b)] developed to the nominal dimensions. The
same exact dose was provided for exposure of the line-space
array and the isolated line in the middle and bottom rows,
respectively, of Figure 2(a). Since less overall area is exposed
here, the contributing backscatter exposure is less, and the
overall exposure dose is insufficient to completely develop
the line—space array. For the isolated line—bottom
micrograph—almost no development occurred. Algorithms,
which were derived for exposure control so that each pattern
receives the correct exposure dose regardless of geometrical
differences, are resident in the software of the e-beam control
systems. As can be seen in Figure 2(b), with these algorithms
it is possible to develop the three patterns of Figure 2(a) to
their nominal dimensions.

The energy of the incident e-beam also has a profound
effect upon the range of the proximity effect. This is
discussed by Broers [6] in this issue of the IBM Journal of
Research and Development.
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Similar to the proximity effect is the influence of electron-
beam probe size (measured as the width at half maximum of
an e-beam with a Gaussian distribution of beam current
density and as the edge slope definition [8] for a shaped
e-beam) on exposed resist profiles. As shown in the scanning
electron micrographs of Figure 3 for single-line exposures,
the beam size has an effect upon the development of the
exposures [9]. The lines shown are nominally 0.3 um wide.
The e-beam size, as indicated at the top of each micrograph,
increases from left to right proceeding from the left
uppermost figure to the lower right figure. The micrographs
demonstrate conclusively the degradation of the exposed and
developed patterns with increasing e-beam size. A change of
about 0.02 um in beam diameter alters the exposure profiles
significantly, as is evident in the middle micrographs.

From the preceding discussion, it is evident that e-beam
exposure tools satisfy all of the requirements, i.e., resolution,
linewidth, pattern overlay, etc., for submicron (0.25-um)
circuit devices. However, the e-beam tool cannot be viewed
as an independent entity, but must be considered as an
integral part of a lithographic system in which the resist
material and development process are equally important.
The resist and process development must be coupled closely
with the functional dependencies of the e-beam tool.

Measurements of linewidth and overlay tolerance must be
performed in order to guarantee lithographic accuracy and
thereby achieve the required device performance. This is
accomplished by measuring resist images with a low-voltage
scanning electron microscope with a precision and accuracy
of about £100 A. As can be seen from the line scan traces at
the top of Figure 4, the proper choice of the measurement
points is critical in defining linewidths. The line scans are the
measured secondary electron currents as the e-beam is
scanned across the lines between the two arrows shown in
the micrographs. Shown are 0.4-um lines spaced 0.6 pm
apart; the right micrograph is an isolated space. This
technique has been used to measure a wide spectrum of
feature sizes ranging from minimum linewidths of 0.1 to
3 pm.

Fully scaled 0.5-um test device fabrication

This section describes and discusses a few of the processing
steps in the fabrication of a prototype chip with 0.5-um
ground rules. All of the electron-beam lithography in this
test-device fabrication used the modified EL-3 variable
shaped-beam system in the direct-write mode. This provides
the advantage of chip-to-chip registration, thus allowing
accurate level-to-level overlay. Before the actual exposure of
the pattern in any one of the levels, the electron-beam
deflection field is calibrated with respect to the four corner
marks of the chip field and, if necessary, adjusted
accordingly. This calibration of both chip field and exposure
field at every chip guarantees that all levels of lithography are
registered to the same marks, which in turn provides precise
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Comparison of 0.5-um lithographic images with and without proximity corrections. The uppermost row of Figures 2(a) and 2(b) shows isolated
resist lines which were exposed to achieve optimum development. The identical exposure was used for the spaced line array and the single line in
Figure 2(a). Similar arrays shown in Figure 2(b) were exposed using proximity correction.
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0.273 um

The effect on resist profile and resist development as a function of e-beam diameter [9]. The image degradation with increasing beam diameter is

clearly apparent. Note that increases in beam diameter as small as ~0.02 pm cause significant changes in the resistimages. The nominal linewidth
. 1503 pm.
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Linewidth measurements on resist images using alow-voltage scanning electron microscope. The two top figures are line scans across the patterns
shown below. The middle micrographs are top views; the bottom are SEM micrographs of the lines.

.

pattern overlay. This implies that a registration level
consisting of cluster marks [10] which define the chip size
and wafer layout is the first patterning step. Redundant sets
of marks are also included in the same lithography step for
recovery purposes in case the primary marks are degraded or
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destroyed during subsequent processing steps. All other

lithography levels are referenced and calibrated to the

registration marks before pattern writing, guaranteeing that

the overlay precision is within the capability of the electron-

beam tool. 519
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To fabricate device chips, many processing steps,
lithography, implants, etc. must be performed in a particular
processing sequence. Only those processing steps which
utilize e-beam lithography are discussed here. The first
lithography step after the registration mark defines the
recessed silicon oxide (ROX) level. This pattern level, which
delineates the gate, source, and drain areas, is formed
through an image-reversal technique which depends on an
aluminum lift-off process [11]. The lift-off process generates
an undercut resist profile over which a thin aluminum film is
deposited over the patterned resist surface; the lift-off of the
remaining resist forms a metal etch mask. In Figure 5 are
two scanning electron micrographs of a portion of the device
pattern after the lift-off process [12]. The micrograph on the
0.5-pum e-beam lithography for recessed oxide (ROX) in a fully left is of 0.5-um lines; the nght micrograph shows an
scaled CMOS device [12]. enlargement of a 0.5-um line.

An important step in the lithography sequence is the
definition of the polysilicon gate region. The metal lift-off
image-reversal process is again used. A 1.0-um-thick resist
imaging layer is required for this step. The actual lithography
for the polysilicon-level mask after completion of the metal
lift-off is shown in the top-view scanning electron
micrograph shown on the left in Figure 6 [12]. On the right,
the pattern of a small portion of the array shows a 0.6-um
feature size.

Final device performance is not determined solely by the
poly-gate-to-ROX dimensions and overlay, but is also
dependent upon the precise control of the size and
placement of contact holes in the source, drain, and gate
regions. A multilayer resist strategy is used for the imaging
and pattern transfer process. A minimum contact hole size
of 0.4 um X 0.4 um and a contact-to-poly-gate overlay
accuracy of 0.1 um are required for this level. A portion of
the reactive-ion-etched contact hole array is shown in Figure
7. The right micrograph is an enlargement of the one on the
left; a contact hole is shown near the middle of this
micrograph.

In order to provide interconnection between discrete
device elements, a level of metal alloy wiring is defined and
accurately overlaid to the contact hole array. A 1.0-um-thick
resist is exposed to produce an undercut profile which
provides the lift-off mask required for the formation of the
interconnect metallization. The fine-line patterning of this
metal level with 0.6-um-wide lines with a 1.2-um pitch, as
shown in Figure 8, provided the means to make dynamic
electrical performance measurements on these devices. The
performance of a 31-stage ring oscillator was measured, and
an average delay time of 75 picoseconds per stage was
recorded.

The successful completion of functional CMOS devices
demonstrated that device design and device technology, in
conjunction with electron-beam lithography techniques, can
be used to produce fully scaled 0.5-um integrated circuit
devices. This was achieved by using an EL-3 system. The

f 0.5-wm c-beam lithography for CMOS poly-gate definition [12].

0.4-um X 0.4-pm contact holes for a CMOS device.
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lines with a 1.2-pum pitch.

higher resolution capability of the Vector Scan Gaussian
round-beam system was utilized in NMOS and PMOS test
devices with minimum feature dimensions of 0.25 ym. A
section of the poly-gate-level lithography for these devices is
shown in the SEM top-view micrograph of Figure 9. This
figure demonstrates that dimensions in CMOS device
fabrication can be further reduced.

Summary

Electron-beam lithography systems of the EL-3 type and the
Gaussian round-beam Vector Scan type have been applied
t0 0.5-um and 0.25-um semiconductor device fabrication.
An overall integration of lithography tools, processes, and
device technology was successfully demonstrated. The
acquired knowledge and understanding of potentially
limiting factors, such as proximity effect, electron-beam
system instabilities, electron beam/substrate interactions,
and other error sources affecting electron-beam lithography
accuracy, provide the basis for further reductions in
minimum dimensions. This continued trend translates
directly into increased circuit density and higher
performance for chips of the future.
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0.25-um resist image. This image is a top view of the resist pattern
taken in an SEM before pattern transfer through lift-off process.
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