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1. Imtroduction

The photolithography process is central to integrated circuit fabrication. Through
this process an integrated circuit is patterned by imaging a photomask onto a
layer of photoresist. The light source currently being used by the semiconductor
industry in the photolithographic process for 0.35 micron feature size is the mer-
cury lamp. This light source has wavelengths of 436 nanometers (g-line) and 365
nanometers (i-line). As the feature size for integrated circuits moves below 0.35
microns, a new source of shorter wavelength light and higher power must be found
to replace the mercury lamp. Excimer lasers are capable of producing wavelengths
at 248 nanometers and 193 nanometers which could allow for design features down
to 0.18 microns. Accordingly, as mercury lamp technology reaches its limits with
the introduction of the “shrink” version of the 64 megabit DRAM (0.32 micron)
and advanced microprocessors, the semiconductor industry will shift to excimer
DUV lithography starting in ~1996. Furthermore, higher performance integrated
circuits will require improved spatial resolution, larger projection areas, and higher
throughput lithographic strategies. Wavefront enhancement technologies such as
phase shift masks and/or off axis illumination will play an important role in these
new generations of integrated circuits.

Since deep-UV lithography was first demonstrated using KrF excimer lasers,
[1,2] the performance and reliability of these deep UV light sources have contin-
uously improved. Current excimer laser models satisfy the optical specification
and uptime requirements necessary for pilot integrated circuit production. At-
tention has now been focused on the Cost of Ownership (CoQ) for these excimer
laser light sources. Both line-narrowed KrF lasers for stepper/scanner systems
and broadband KrF lasers for scanner systems must achieve reductions in CoO in
order to compete on cost basis with I-line steppers using phase shifting masks or
non-conventional illumination schemes.



The key technological needs for excimer lasers in microlithography are: 1) low-
ered operating costs (longer chamber lifetimes, lower gas consumption); 2) higher
repetition rates (> = 1000 Hz) for scanned exposures; 3) improved pulse to pulse
energy repeatability; and 4) both line-narrowed (refractive lenses) and broadband
(reflective/catidioptic) optics.

As feature size shrinks, there are two choices for decreasing the resolvable
linewidth, W. From the relationship

A

‘ W= klm (1)
where A is the illumination wavelength, N A is the numerical aperture of the optical
system, and k; is a system dependent parameter. It is obvious that a smaller W
can result from either a reduction of the illumination wavelength A or a larger
imaging system numerical aperture, NA. The desire for shorter wavelengths will
lead to the adoption of excimer lasers (KrF and ArF) as high brightness UV
illumination sources. Achieving a larger numerical aperture is a challenge and is
one of the reasons for the high cost of modern photolithographic steppers. The
depth of focus (DOF) is given by

A
DOF = ky 5775 - (2)

Thus, decreasing A and increasing the N A cause a serious degradation to the depth
of focus and, consequently, the final image at the wafer. In particular, the inverse
square relationship between DOF and N A is a serious problem. A smaller DOF
requires a more stable and controlled, and hence costlier, stepper. The problem of
reduced DOF becomes important as the surface of the fabricated wafer becomes
increasingly non-planar as process steps increase in complexity.

An alternate approach to decreased W and increased DOF is to alter the
optical system coefficients ky and k2. One technique that has been shown to
significantly improve both resolution limit and depth of field of the photolitho-
graphic image is that of phase shifting [4-6]. By appropriate optical manipulation,
the electric field of adjacent regions of the photolithographic image can be made
to be 180° out of phase with one another. This assures that when these images
overlap (due to diffraction) there will be some place where the two images exactly
cancel one another, resulting in near 100% contrast. The desired phase shift is
usually accomplished by making some regions of the photolithographic mask op-
tically thicker than in other regions. This is achieved by either etching regions
of the mask, or by adding an additional layer to the mask, and then etching it
away from unwanted regions. The finished mask and the resultant image at the
silicon wafer surface are shown schematically in Figure 1. Besides the alternating
phase-shift regions mentioned above, phase-shift regions can be placed at the rim
of larger structures to enhance the contrast of their image. More recently, chrome-
less phase shift masks [6], as well as attenuating masks which achieve the desired
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Figure 1: Comparison of Conventional and Phase-Shift Masking

phase shift effect by propagating some of the light through lossy regions in the
mask, have been studied [7,8].

While any of these approaches to phase shifting have shown significant promise
and offer distinct advantages over conventional photolithography, implementing
the phase shifting technique to deep UV wavelengths requires tighter tolerances
for the appropriate phase shift material as the wavelength is decreased. It is also
much harder to find appropriate phase shifting materials which do not absorb
strongly in the DUV region.

Recently, we reported progress on a novel phase shifting technique which does
not require special phase shifting regions built into the mask [9-11]. By using a
reflective chrome mask in a laser-based interferometric scheme, the desired phase
shift can be achieved.

As outlined in Figure 2, light from a laser is divided into two beams by a beam
splitter. One beam passes through the mask, while the other is reflected off the
back of the mask. The two beams are then imaged onto the wafer surface. The
optical path lengths of the two beams are adjusted so that their relative phase
is 180° apart and the desired phase-shift effect is achieved. With this technique,
we have demonstrated that it is possible to write line and space patterns with a
linewidth of less than 0.3 um using a frequency tripled Nd:YAG laser at 355 nm as
the illumination source. CCD camera imaging, as well as computer simulations,
obtained using DEPICT [12], show the effectiveness of this new scheme, as shown
in Figure 3. One of the unique features of this approach is that both the amplitude
and the phase of the two incident images are independently adjustable even after
mask fabrication, which is not the case for most other phase shifting techniques.
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Figure 2: Interferometric Phase-Shift Technique
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Figure 3: Simulation results for the interferometric phase-shift method, Levenson-

type phase-shift mask and transmission mask
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In this paper we report on recent investigations where the interferometric tech-
nique described above is combined with off-axis illumination [13]. The ability to
independently control the amplitude of the two out-of-phase beams is especially
helpful in this application. Improved resolution, as well as greater depth of focus,
result from applying this new imaging scheme.

Phase shifting can increase the depth of focus by about 50%. Off-axis illumi-
nation can add an additional 40% of depth of focus [14]. However, since off-axis
llumination uses the first order diffracted beam (amplitude 1Y instead of the prin-
cipal or zero order beam (amplitude %), the image contrast is reduced by about
5%. The additional use of an attenuated phase shift mask with a transmission of
about 5% can compensate for this, however, and the equalized intensity can result
in a 100% image contrast [15].

2. Experimental Set-Up
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Figure 4: Experimental scheme of the off-axis illumination, combined with inter-
ferometric phase shifting. The mask is illuminated symmetrically from both sides
with a beam splitter and two mirrors (M;, My).

F igure 4 shows the experimental arrangement. The mask was a patterned evap-



orated, reflective chrome layer on fused silica substrate, forming a line and space
pattern, with a spatial frequency of 16 um.

The output from an Ar* laser beam operating at 457.9 nm was split into
two beams and used to illuminate both the front and back surface of the mask.
The intensity and the phase of the back illumination was controlled by a variable
attenuator and a piezo-controlled linear translator, respectively. A microscope
objective (magnification (M) = 20X, NA = 0.4) was used to image the mask onto
the photoresist. The mask to objective distance was adjusted to the microscope
tube length to ensure a nominal magnification ratio of 20X and high image quality.
The off-axis illumination angle of the mask was 1° and the first order diffraction
angle was 0.7° while all other diffraction orders were rejected by the aperture of
the lens. The image of the line-space patterns formed by the lens L1 was magnified
with two microscope objectives, L2 and L3, in tandem (M = 20X, NA = 0.5, and
M = 40X, NA = 0.65). Special care was taken to avoid any optical degradation of
the image by lenses L2 and L3. The imaging lens L2 was mounted on a precision
translator to measure the depth of focus of the image. The magnified image was
projected by lenses L2 and L3 onto a CCD camera.

3. Experimental Results

The performance of the new scheme was evaluated by two different methods. In the
first the image was evaluated by CCD camera measurements of the image. The
second method of evaluation consisted of making actual patterns in photoresist
and then observing them using either a scanning electron microscope or an atomic
force microscope.

The experimental results using the CCD camera, along with calculated simu-
lation results, are shown in Figure 5. Figure 5.1a shows the results obtained with
only the front of the mask illuminated. The simulation (5.1b) predicts a contrast
ratio C

C = Ima:t: - Imin (3)

Ima:v + Irm’n

of about 90%, taking into account the zero and first order diffracted beams from an
equal lines-and-space pattern. However, the simulator assumes perfect reflectivity
for the chrome layer and ignores the dielectric reflection from the clear regions of
the mask. Taking these into account (chrome reflectivity Reprome = 0.7 and mask
reflectivity Rpmqsk = 0.032), the calculated image contrast decreases to about 67%,
as compared to the 69% measured in this experiment.

Figure 5.2a shows the image of the mask when the front reflected beam was
blocked and only the transmitted beams were intercepted by the imaging micro-
scope lens L1. A careful comparison of Figure 5.1a and 5.2a shows (see the vertical
dotted lines), that these images are spatially shifted by half the period of the pat-
tern. This means that there is no transmission from the back side, where there is
a reflection from the front side of the mask (see Figure 4).
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Figure 5: Intensity patterns obtained by the CCD camera. The (a) figures show
the measured and the (b) figures show the calculated curves. 5.1: blocking the back
llumination; 5.2: blocking the front illumination; 5.3: using both beams with 180°
phase difference; 5.4: using both beams with 0° phase difference on the surface of
the mask.

Figure 5.3a shows the interference pattern, when both beams were used and
the phase of the transmitted image was shifted by T with respect to the reflected
image, using the piezo-controlled translator of mirror M2. The intensity of the
transmitted beam was adjusted with the attenuator shown in Figure 4, so that the
peak intensity of the transmitted pattern was equal to the minimum intensity of
the reflected pattern (see Figures 5.1a and 5.2a). Due to the 7 phase shift of the
patterns, the electric fields are subtracted, resulting in a nearly 100% modulation
depth of the image. Due to the high spatial coherence of the illuminating laser
beam, the high contrast of the image remains for almost a 5 pm defocus in either
direction. When the phase shift between the transmitted and reflected images is
set to 0 or multiples of 2, the electric fields of the two beams are added and the
visibility decreases (Figure 5.4a) significantly.



The image of the line-space patterns was also recorded in a photoresist (Shipley
94314) using the off-axis-phase shifted scheme, with the 457.8 nm Ar+ ion laser
line. An atomic force microscope image of an exposed photoresist is shown in
Figure 6. A feature size of 0.4 pm in the image plane can be calculated, knowing
the period of the line-space pattern on the mask and the magnification of the
objective L1. This value agrees well with the period of the exposed pattern.

Figure 6: AFM image of patterns produced on the photoresist.

4. Conclusions

The feasibility of a new high resolution photolithography scheme combining off-
axis illumination with interferometric phase shifting was demonstrated. Using a
laser operating at 457.9 nm, feature sizes of 0.4 um were obtained with a DOF
of 10 pm. Because of the freedom to adjust the relative phase and amplitude of
the two illuminating beams, the modulation depth could be improved to almost
100%. This freedom of adjustment makes this scheme a useful test bed for studying
various phase shifting and off-axis illumination schemes.
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