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This paper presents computer calculations of
thermoelastic effects in X-ray lithography masks
caused by the absorption of X-rays during
exposure. Several mask structures are
considered, with different substrate and
absorber materials, using finite element
analysis. Part | of the paper deals with short-
pulse X-ray irradiation (e.g., from gas plasma,
laser-heated plasma, or exploding wire
sources), and Part Il describes irradiation during
exposure with a synchrotron-storage-ring X-ray
source. For the short-pulse irradiation, results
indicate a maximum rise in temperature on the
mask of about 30°C for a 2-ns exposure with a
10-mJ/cm2 X-ray pulse. Mechanical static
analysis shows that the maximum stress in the
absorber films, which is due to maximum
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temperature differences in the mask layers,
occurs at the end of the pulse. The magnitude of
the induced thermoelastic stress is found
comparable to the intrinsic stress level of the
mask materials (typically 2-5 x 10° dyn/cm?).
The analysis indicates that when pulse
amplitudes reach 10 mJ/cm’, there will be a
need for experimental study of X-ray mask
distortion during exposure to short X-ray pulses.
A one-dimensional model is developed for the
case of storage-ring irradiation. The model
predicts distortions of the printed image due to
a thermal wave developed on the mask by
scanning of the X-ray beam. Experimental
results are presented showing that the effect is
negligible under normal operating conditions but
may become noticeable for operation in vacuum
or without proper heat sinks.

Introduction

This paper presents computer simulations of the
thermoelastic behavior of X-ray lithography masks
during X-ray exposure. The results were obtained using
commercially available finite element analysis programs
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(NASTRAN1 and CAEDSZ). In its simplest structure,
shown in Figure 1, an X-ray lithography mask consists of
an X-ray-transparent substrate coated with a patterned
metailic X-ray absorber. The mask is irradiated from the
substrate side to replicate the pattern on a resist-coated
wafer. Mask heating during X-ray lithography exposure
using proximity printing is of concern, since it may cause
pattern displacements (mask distortion) and mechanical
failure due to stresses that may be developed in the mask
substrate and absorber.

Two kinds of X-ray exposure situations are considered
in this paper. In Part I, the X-ray mask is subjected to
short, intense X-ray pulses (e.g., from a plasma source, a
laser-heated plasma X-ray source, or an exploding wire
source). In Part II, the X-ray lithography is performed
using a scanning beam from a synchrotron-storage-ring
source. A theoretical calculation is presented using a one-
dimensional model predicting heat-wave-like
deformations of the mask and the printed image.

The studies presented here shed light on the feasibility
of reducing thermoelastic effects, which cause distortion
and reduce lifetime in X-ray lithography masks.

l. Short-pulse irradiation

X-ray lithography using short X-ray pulses generated
from hot plasmas is an area of great interest because of
the possibility of realizing, relatively inexpensively, an
alternative to a storage-ring X-ray source [1]. The
thermal and mechanical behavior of X-ray masks under
pulse heating has been studied by Ballantyne et al. [2]
and Hyman et al. [3], using both a theoretical model and
a finite element analysis program. Their results are in
relatively good agreement with the more complete
computer simulations presented in this paper and others
[4~6] previously published by us.

o Model for short-pulse irradiation

A microscopic model with adiabatic boundary conditions
is used for the heat calculations. The mask consists of
identical rectangular sections 2 ym thick by 5 X 7 um.
The model used for each mask section is shown in Figure
2. The finite element model is constructed, for multiple
material layers, using CAEDS. To simplify the
calculations, we divide the mask substrate into two layers
of elements. Furthermore, the incident X-ray flux is
assumed to be absorbed uniformly by the mask substrate.
This is a reasonable assumption, since for example the Si
substrate absorbs only about 23% of the incident X-ray
flux at 8.3 A. The absorber pattern used in the
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Model used in the calculations. A mask substrate section 5 um X
7 pm with Au absorber elements is shown. The Au features are
formed by 0.5-um-square elements 0.2 pm thick.
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Model used in the calculations. The absorber is shown sandwiched
between the substrate (left) and the He (right). As explained in the
text, the He layer is shown with a thickness of 2 um instead of the
40-um thickness actually used.

calculations consists of several lines and pads comprising
three layers of finite elements. Each layer is 0.2 um thick
and is made up of 0.5-um-square elements. The
absorber/substrate coverage is about 30% (typical of
some lithographic levels). Calculations using 100%
coverage are also performed, and the temperatures are
found not to differ appreciably from the hottest areas of
the 30% coverage case. Again, to simplify the
calculations, each absorber layer is assumed to absorb the
incident X-ray flux uniformly. The absorption in each
layer is calculated from the known absorption coefficients
of the absorber materials. For the Au absorber, the
calculated total absorption of the three layers is 94% of
the X-ray flux at the incident wavelength of 8.3 A. All
the absorbed energy is assumed to be converted into heat,
which is assumed to be conducted to the mask substrate
or through the He gas. (The exposures are conducted in a
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He atmosphere to reduce the rise in temperature of the
mask.) The heat loss by radiation, which may be
dominant during the length of the X-ray pulse, is
neglected because of uncertainties in the emissivity of the
mask components. In addition, energy transformed into
thermoelastic waves is also neglected. These assumptions
may lead to higher predicted temperatures and may cause
an underestimation of the value of the maximum X-ray-
pulse amplitude that a given mask structure can
withstand due to thermoelastic effects.

It is desired to model a gap of 40 um (typical for
proximity printing) filled with He at atmospheric pressure
between the mask and the wafer, which is held at room
temperature. To reduce the number of elements, and
therefore decrease the required CPU time, a 2-um He gap
is used instead of the actual 40-um gap, and the thermal
conductivity of He is scaled down by a factor of 20 in the
direction perpendicular to the plane of the mask, to
compensate for the smaller gap. The scaled thermal
conductivity and He gap in the model yield the same
thermal resistance as the real 40-pm gap. The model with
the He layer is shown in Figure 3.

The values used in the calculations for the thermal and
mechanical parameters of the different materials are
shown in Table 1. An X-ray pulse with total energy of
10 mJ/cm’ is assumed to be incident on the mask in all
cases treated below. That total pulse energy is beyond the
reach of today’s plasma sources for X-ray lithography
applications, but it is representative of what may be
needed in a system with high wafer throughput.

The microscopic model described above is also used
for the thermal stress calculations. The 5 X 7-um mask
structure is assumed to be free of intrinsic stress (in
normal operation, a mask is typically under a tension of
5% 10° dyn/cmz). This assumption is justified, since for
mask fatigue considerations we are mainly interested in
the stress at the interface between the absorber features
and a Si or polyimide substrate. The global distortions
(distortions over large distances) induced by the thermal
stresses are not calculated in this microscopic model.
However, for a uniform illumination of the whole surface
of the X-ray mask (as from a plasma X-ray source),
global distortions are expected to be small as long as the
induced thermal stress does not change the mask
substrate stress locally from tensile to compressive. This
criterion is used below to estimate the maximum allowed
pulse amplitude. Von Mises stress values are obtained for
different mask structures and different pulse lengths.

Von Mises stress is the root mean square value of the six
components of stress (three components each of normal
and shear stress) and is considered 1o be representative of
the actual stress on the structure. The results for
nonuniform illumination (storage-ring irradiation) are
shown in Part II.
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Table 1 Thermomechanical parameters.

Poisson Thermal Thermal Young’s modulus, E Thickness, t Density, d  X-ray mass absorption
ratio, v conductivity, k expansion, o (x 107" dyn/cmz) (um) (g/cm’) coefficient at 8.3 A
(W/ecm-"C) (x 10% (cm’/g)
Si 0.279 1.49 2.3 1.3 2 2.3 543
Au 0.33 3.15 14.2 0.74 0.6 19.6 2305
w 04 1.78 4.5 3.45 0.6 19.3 1776
He 0.0014 40 16.8
Ta 0.4 0.54 6.5 1.86 0.6 16.6 1688
C 0.07 6.55 1.2 11.2 2 32 718
SiC 0.27 0.41 2.3 38 2 3.21 643
Table 2 Thermoelastic effects.
Mask type A=834 r=10A
Maximum rise Maximum Maximum rise Maximum
in temperature, 5T Von Mises stress, ¢ in temperature, 5T Von Mises stress, ¢
0 (dyn/cm? X 10'8) Q) (dyn/cm? x 107%)
Si-Au 31.80 2.80 30.46 2.68
Si-Ta * * 36.10 2.80
Si-W 28.00 2.00 30.40 1.98
SiC-Au 29.70 3.05 24.27 2.30
SiC-W 26.70 2.50 25.60 2.15
SiC-Ta * * 29.38 2.76
C-Au 21.52 2.7 18.01 1.60

The following parameters are fixed for all calculations: mask structure, as described in text; pulse energy = 10 mJ, /sz; pulse length = 2 ns.

® Not calculated.

o Calculations for short-pulse irradiation

Several mask structures consisting of different substrate
and absorber materials are considered. The results are
summarized in Table 2, for two X-ray wavelengths of
interest in X-ray lithography, and are discussed in detail
in the following sections. Color graphic representations of
the temperature and stress distribution in the X-ray mask
at times during and after the application of the X-ray
pulse are also presented.

Si-Au mask structure

Computer simulations are performed for an X-ray mask
with a Si substrate and a Au absorber. As mentioned
previously, all the substrate materials are 2 ym thick and
the absorber films 0.6 um thick. In practice, the thickness
of the substrate and absorber may differ for different
materials. Incident X-ray pulses with total energy of

10 mJ/cm’ and various lengths (2, 5, 10, 20 and 30 ns)
are used in the calculations, for two different X-ray
wavelengths. Figure 4 is a contour plot of the
temperature distribution on the mask for the Si-Au
mask structure at the end of a 2-ns pulse with 8.3-A
wavelength. This plot is similar to the results obtained for
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all the mask structures studied. One can see in the figure
that the maximum temperature of 31.6°C occurs at the
Au features that are closer together on the Si substrate.
Calculations for the case of 100% coverage indicate a
maximum rise in temperature very close to the
maximum encountered in the 30% coverage case. Heat
transfer between the Au features can also be seen. The
temperature range between the hottest and coolest Au
features is about 6°C for the 30% Au coverage used in
our calculations. One can also see that the calculated
temperature is very uniform through the thickness of the
Au absorber because of the good thermal conductivity
of Au.

The response of the mask as a function of time to
pulses of various lengths and 8.3-A wavelength is shown
in Figure 5. For each pulse length, the figure shows the
temperature (calculated at a Au feature of the mask
where the maximum rise in temperature was calculated)
vs. time. It is observed from the figure that for all the
pulse lengths, the maximum rise in temperature occurs at
the completion of the X-ray pulse. The temperature then
decays exponentially with a time constant determined by

the conduction of heat from the Au to the Si substrate. 721
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Thermal distribution of an X-ray-irradiated Si—~Au mask at the end
of a 2-ns pulse of 8.3 A and 10 mJ/cm? total energy. The brighter
areas indicate higher temperatures (temperature values in °C).

2 Pulse length (ns)

Temperature (°C)

Time (ms)

Calculated temperature vs. time at a Au feature of a Si—Au mask
structure for 2-, 5-, 10-, 20-, and 30-ns pluses of 8.3-A wavelength.
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After this, the temperature remains fairly constant until
heat conduction through the He gas to the heat sink
becomes appreciable. Figure 5 shows that for all pulse
lengths, the mask reaches the initial ambient temperature
after about 10 ms. This indicates that it is possible to
operate under the assumed conditions with a 100-Hz
repetition rate for 10-mJ/cm’ pulses without causing any
appreciable average heating in the mask. Figure 5 also
shows that the maximum temperature increases as the
pulse length is decreased; this is because the peak power
increases with decreasing pulse length for a given total
X-ray pulse energy.

The time dependence of the calculated temperature on
the Si substrate due to a 20-ns X-ray pulse is shown in
Figure 6 for two locations, one on the absorber side next
to a Au feature, and one inside the substrate (halfway
through the thickness). The temperature of the first
location shows a relative maximum at the end of the
pulse due to the influence of the adjacent Au features.
The temperature of the second location shows an
essentially monotonic increase during the pulse and then
stabilizes until the heat is conducted away by the He gas
toward the heat sink (wafer).

The thermoelastic results for the Si-Au mask structure
are shown in Figure 7 for the Von Mises stress at the end
of a 2-ns pulse. It can be seen from Figure 7 that the
stress is maximum (2.8 X 10° dyn/cmz) inside the Au
absorber, close to the Si-Au interface. As the interface is
approached, the stress becomes slightly lower. The
highest calculated stress is somewhat lower than the
intrinsic stress in the substrate and absorber of present-
day X-ray masks, and if the pulse energy is increased

35
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25
Point on top of Si
(between Au features)

Temperature (°C)
8
L T T

//~4—— Point inside Si

Time (mas)

E Calculated temperature vs. time for two points on the Si substrate
z of a Si—Au structure for 2-ns pulses of 8.3-A wavelength and 10

mJ/cm? total energy. One point is adjacent to a Au feature; the other
point is in the middle of the Si substrate (halfway through the
thickness).
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Thermally induced Von Mises stress on X-ray mask at the end of a
2-ns X-ray pulse of 8.3-A wavelength for a Si—Au mask structure
(stress values in dyn/mm? X 10%),

until the induced stress overcomes the intrinsic stress of
the substrate, large global mask distortions may occur.
Subject to experimental verification, it is reasonable to
assume that with the use of X-ray pulses higher than

10 mJ, /cmz, thermal cycling may lead to unwanted
distortions and mask fatigue problems. Figure 8 shows
that the stress values decrease with increasing pulse
length, as expected from the calculated temperature
distributions shown above. For a puised X-ray source, the
maximum length of the pulse may be limited by X-ray
production efficiency considerations in the X-ray target.
Therefore, the use of long pulses to decrease the induced
stress may not be possible.

Si-polyimide mask structure

Organic films such as polyimide (PI) are currently used in
some X-ray mask structures for reasons that include ease
of mask handling and optical alignment. For the Si-PI
case, the calculations are performed with a mask
structure consisting of a 1-um-thick Si membrane coated
with a 1-um-thick polyimide film with a Au absorber on
top. The temperature distribution in the mask after a
20-ns pulse is shown in Figure 9. The maximum rise in
temperature at the Au absorber is 30.8°C. The time
dependence of the temperature calculated in a Au feature
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Stress (dyn/fem” x 1075

0 ) _ I J !
0 5 10 15 20 25 30

Pulse width (ns)

Dependence of stress (at the absorber—Si substrate interface) on pulse
width for a Si—Au structure. Pulse has 10 mJ/cm? total energy and
8.3-A wavelength.

Thermal distribution of Si-PI X-ray mask after a 20-ns pulse of
8.3-A wavelength and 10 mJ/cm? total energy, calculated at a Au
feature on an X-ray mask consisting of a 1-um Si membrane coated
with a 1-pm PI film (temperature values in °C).
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723




724

Au-~Pl interface

Temperatare (°C)
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Thermal response of X-ray mask with Si—PI-Au structure com-
pared with that of a Si—- Au mask structure. On the Si-Pi-Au mask,
two points are shown, one at the Au—PI absorber interface, and the
other at the Si-PI interface. The point on the Si—Au mask
is in the Au absorber.

W[ - R
1.64 16.4 311 34{ 4 45.8

9.00 237 53.1

Thermally induced Von Mises siress on X-ray mask at the end of
a 20-ns X-ray pulse of 8.3-A wavelength for a Si—PI structure
(stress values in dyn/mm? X 10%). The deformation of the struc-
ture is shown magnified 300x.
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on the PI film is shown in Figure 10 for a 20-ns pulse.
The calculated results in a Au feature for a 20-ns pulse
on a Si—Au structure are also shown for comparison in
Figure 10 (that curve also appears in Figure 5). The figure
shows that the presence of the PI film increases the
maximum temperature in the Au absorber by about
13°C, relative to the case without PI. The figure also
shows that the temperature in the Au feature on the PI
film remains relatively high after the completion of the
20-ns pulse until about 0.01 ms after the start of the
pulse, in contrast to the Si-Au case. This is due to the
low thermal capacity of the PI film, which delays heat
conduction from the Au feature to the Si substrate.
About 0.01 ms after the start of the pulse (a delay
determined by the thermal conduction properties of the
PI film), the temperature in the Au feature decreases to
about 11°C. After about 0.1 ms, the temperature in the
Au feature starts to decrease, due to conduction by the
He gas to the heat sink (wafer). This interpretation is
supported by results, shown in Figure 10, for the time
dependence of the temperature calculated at the Si-PI
interface. The figure shows that the temperature at a
point on the Si-PI interface increases after the
completion of the 20-ns X-ray pulse until it reaches a
plateau at about 30 ns. (Since there are two sources of
heat, the mask substrate and the Au absorber, the net
effect is a longer time to reach the first plateau.) It is also
observed that during the same interval, the temperature
of a point on the Au absorber-PI interface decreases.
Both points reach the same temperature (11°C) after
about 0.01 ms. This indicates that heat is being
transferred through the polyimide into the Si, and
thermal equilibrium is eventually reached.

It is known that the thermal expansion of PI films is
anisotropic and depends on the particular PI
composition. Therefore, to obtain more general resuits,
the stress calculations for the Si-PI mask structure are
performed for two cases with different values of the
thermal expansion of the polyimide film, which is
assumed to be isotropic in both cases. In one case, the
thermal expansion coefficient is set to the lowest
measured value in the plane of the film for the P1
composition (22 X 107°). In the other case, the thermal
expansion coefficient is set to the average of the in-plane
and out-of-plane values (66 X 10'6). The results for the
first case are shown in Figure 11. It is observed that the
maximum stress (5.3 X 10’ dyn/cm’) in the absorber
occurs at the Au-PI interface. This value is about one-
fourth the maximum stress in the case described above
of the mask structure without polyimide. For a thermal
expansion of 66 x 107° (the second case), the resulting
maximum stress at the interface is 1.87 x 10° dyn/cmz.
This value is comparable to the corresponding one
calculated for the mask structure without PI. Therefore,
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depending on the particular PI film and its deposition
conditions, its use as an intermediate layer may or may
not produce an appreciable change of the stress during
irradiation, compared to mask structures without
polyimide films.

Si-W mask structure
The results of the calculations of rise in temperature for
the Si-W mask structure (with the same geometry as the
Si—-Au structure) are shown in Figure 12 for a 0.6-um W
absorber on a 2-um Si substrate for a 2-ns pulse of 8.3-A
wavelength. The maximum rise in temperature in the W
film is about 28°C (somewhat lower than the case of the
Au absorber, because of the lower X-ray absorption of
the W film). The figure also shows that there is a
temperature gradient through the thickness of the W
features due to the relatively lower thermal conductivity
of W when compared with Au.

The stress calculations for the Si-W mask structure for
a 2-ns pulse, shown in Figure 13, indicate that the

Thermal distribution on an X-ray mask with Si—-W structure after a
2-ns, 10-mJ/cm? X-ray pulse of 8.3-A wavelength (temperature
values in °C).
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Thermally induced Von Mises stress on a Si~W X-ray mask at the
end of a 2-ns pulse of 8.3-A wavelength for a Si-W structure
(stress values in dyn/mm? x 10%).

maximum stress at the Si-W interface is 2.07 % 10°
dyn/cm2 (about 30% lower than the calculated value for
the case of a Au absorber). This is a surprising result,
since we would have expected a much lower stress value
due to the better matching of the thermal expansion
coefficients of Si and W. The unexpected result may be
attributed to the fact that W has a larger value of Young’s
modulus than Au (about five times greater), as shown in
Table 1.

Si-Ta mask structure

Because of space limitations, the figures for this case and
the following have been omitted. The maximum rise in
temperature in this structure for a 2-ns X-ray pulse at 10
A is 36.1°C and is the largest of all the materials studied.
This may be attributed to the relatively low thermal
conductivity of Ta. The Von Mises stress simulations
indicate a maximum value of 2.80 x 10 dyn/cm’. This
relatively large value may be attributed to the difference
in thermal expansion between Si and Ta. It is interesting
to note that the stress in Au, despite an even larger
mismatch with Si, is comparable when Si substrates are
used. This is due to the relatively high Young’s modulus
of Ta and its low thermal conductivity (lower than W),
The lack of good heat dissipation creates a severe thermal
gradient through the thickness of the Ta absorber film.
Since Ta films thicker than 0.6 um will be required in

I A. SHAREEF ET AL.
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Rise in temperature at a point on the Au absorber where the rise in
temperature is maximum vs. time, for a diamond—Au X-ray mask at
two different wavelengths.

Thermal distortion of diamond—Au X-ray mask (2-ns, 8.3-A-
wavelength X-ray pulse). The graph has been magnified ( 1000 ) to
show the effect of the larger expansion of Au relative to diamond.
The maximum displacement of the Au absorber is about 1 ppm.

order to achieve adequate mask contrast, no stress
improvement is expected. Therefore, the thermoelastic
effects on Si-Ta and SiC-Ta structures at 8.3 A are not
calculated in this paper.

SiC-Au mask structure
For a 2-ns pulse at 8.3 A on a SiC-Au mask, the
maximum rise in temperature is 29.7°C. The

1. A. SHAREEF ET AL.

corresponding Von Mises stress has a maximum value of
3.05 x 10° dyn/cm’ because of the large thermal
expansion mismatch between SiC and W. Both
temperature increase and stress are reduced with
operation at a longer wavelength (10 A), as shown in
Table 2.

SiC-W mask structure

The thermal response of this structure and the Von Mises
stress are shown in Table 2. It is observed from Table 2
that the maximum rise in temperature and corresponding
maximum Von Mises stress are reduced somewhat from
the case of the SiC-Au mask structure. The reductions,
however, are not as large as might be expected based on
thermal expansion matching between W and Si, because
of the poor thermal conductivity of W.

SiC-Ta mask structure

The thermoelastic results for this structure are also shown
in Table 2. The calculations were performed only at a
wavelength of 10 A.

Diamond(C)-Au mask structure

The results for this structure for 10-A and 2-ns X-ray
pulses are presented in Table 2. For pulses of 10-A
wavelength, the diamond-Au structure offers some
advantages. Figure 14 shows the thermal response of a
diamond-Au X-ray mask for X-ray pulses of 8.3-A and
10-A wavelengths. For the 10-A case, there is no
appreciable peak in temperature at the Au features on the
mask. Therefore, the temperature difference between the
Au and the diamond substrate is reduced, and the
induced stress is also considerably decreased compared
to its value for 8.3 A, as observed from Table 2. For the
8.3-A wavelength, the maximum temperature calculated
for the diamond substrate is about 70% of that of the
other two substrates. However, the maximum calculated
value for the Von Mises stress of the diamond-Au mask
structure is relatively high (3.05 x 10® dyn/cm?), as
shown in Table 2 (which is about the same as the
intrinsic stress of the substrate and absorber materials).
The large induced stress is due to the large difference in
the thermal expansion coefficient of the two materials.
The stress can be seen in Figure 15, where the expansion
of the Au absorber on the diamond substrate has been
magnified.

o Performing mask irradiation with short X-ray pulses:
System considerations

Effect of X-ray wavelength on the mask thermal behavior
Figure 16 shows the calculated temperature vs. time at a
Au feature for an X-ray mask with a Si substrate, for two
different wavelengths. The maximum rise in temperature
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of the mask absorber occurs at the end of the pulse and is
slightly higher for the pulse with the short wavelength.
However, after the completion of the 2-ns pulse, the
calculated temperature of the Au feature is higher for the
10-A X-ray pulse. This behavior is explained by the
greater X-ray absorption of the Si substrate at the longer
wavelength. For both wavelengths, most of the incident
X-ray energy from the substrate is absorbed by the Au.

A similar behavior is observed from Table 2 for the W
absorber on a SiC substrate at the two wavelengths, and
differs from the case of the Au absorber due to the lower
thermal conductivity of W. The thermoelastic effects in
the diamond-Au structure, discussed above, indicate that
the 10-A wavelength is advantageous for this particular
structure.

Effect of substrate material for Au absorber

The calculated temperature (for 8.3-A X-ray pulses) at a
Au feature on the mask is shown in Figure 17 for three
different substrate materials 2 gm thick. The Si and SiC
substrates present essentially the same behavior.
However, the maximum calculated temperature at the
Au absorber is lower for the SiC substrate. This is due to
the higher X-ray absorption of SiC relative to Si, which
decreases the incident energy into the Au absorber.

Choice of substrate and absorber material

Table 2 shows that there are some material combinations
for which the thermoelastic effects are relatively low, in
particular the diamond-Au structure at 10-A irradiation.
Similarly, the SiC-W mask structure offers somewhat
lower stresses than Si-Au at 10-A irradiation.

The results presented in Table 2 indicate that in order
to reduce the thermoelastic effects, it is advantageous to
match the thermal expansion of the mask substrate with
the thermal expansion of absorber materials of high
thermal conductivity and low Young’s modulus relative
to the substrate.

Il. Mask irradiation with synchrotron storage
ring

In X-ray lithography systems utilizing a scanning beam
from a synchrotron storage ring as a light source, the
dimensional stability of X-ray masks is also an area of
concern for high-resolution X-ray lithography. This is
because the high radiation doses required to expose
conventional resists may cause increases in temperature
in the mask materials, leading to thermoelastic
distortions during resist exposure [7-11]. Thermal
expansion can release the initial intrinsic tensile stress in
the mask membranes, resulting in distortion of the
pattern. The corresponding intrinsic relative strain of
X-ray membranes is usually of the order of 107°~107°.
For a Si membrane, for instance, tension release requires
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Temperature (°C)
8

mask where the rise in temperature was maximum. Results are
shown for a Si—Au X-ray mask irradiated with 2-ns X-ray pulses of
two different wavelengths.

%‘ Temperature vs. time calculated at a Au absorber feature of a Si-Au
!
11

Si

Temperature (°C)
8
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O
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Maximum rise in temperature vs. time at Au absorber on X-ray
masks of three different substrate materials.

a temperature increase of 30-100°C. Significant mask
distortions may actually occur for much lower
temperature increases, as described below.

A synchrotron storage ring emits an intense, narrow
fan of radiation. As shown in Figure 18, this fan of X-ray
radiation is scanned along the Y axis on the mask to
expose the desired wafer area. For X-ray exposures in a
storage-ring system, the mask is subjected to localized
heating by a scanning beam of an effectively finite width.
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The hot strip on the membrane produced by the
absorbed X-ray energy causes a maximum displacement
close to the edges of the membrane. The magnitude of
this displacement [10] is less than 6, = a7, o) =
30 nm for a Gaussian-shaped temperature distribution
with T, = 1°C and ¢ = 5 mm (the thermal expansion
coefficient o = 3 X 107°/°C). If it is assumed that all the
absorbed X-ray energy (for example, 100 mW/cmz) is
converted into heat, and also that the thermal properties
of the membrane are the same as for the bulk material,
the temperature increase in vacuum is expected to be of
the order of 30°C. In a He atmosphere, the increase will
be less than 1°C. The above estimate indicates that mask
distortions may be too high if the X-ray exposures take
place in vacuum and are tolerable, but not negligible, in a
He atmosphere. Nevertheless, there is at present no
experimental evidence that the predicted high
temperatures are in fact taking place. The experimental
results presented below are expected to shed some light
on this issue.

o Mask-temperature measurements

The measurement of the temperature distribution in an
X-ray mask is not a simple task. Most commonly used
techniques involve radiometers and infrared cameras
[12, 13]. However, these techniques require knowledge of
the thermal emission properties of the membranes. It has
been reported [13] that the value of emissivity for a
membrane may be quite different from that of the same
material in bulk form; in addition, the thermal radiation
process may be influenced by interference effects of the
emitted radiation in the film and by changes of electrical
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conductivity with temperature. To overcome these
limitations, a technique was developed to measure the
temperature of thin membranes using metal resistors on
the membrane surface [6].

o Metal resistors as temperature sensors

A set of metal resistors was fabricated in the central
region (5 mm X 10 mm) of a Si X-ray mask. Gold
resistors 50 nm thick were placed on a 1.5-um-thick
intermediate insulating layer of PI, to avoid contact with
the heavily doped, conductive Si substrate. The resistor

20.8}F

207F

20.6

Temperature (°C)

205}

20 30
Position of X-ray beam (mm)
(@)

‘,“‘\\
i “
2 | :
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g 4 5
: J "
= 5 '\...
2r ‘_-" _"\'
& N,
o -
,.,-wf"‘". \"
20F 1 1 |
0 10 20 30

Position of X-ray beam (mm)
®)

Temperature rise profile at the center of the mask during X-ray beam
scanning, for (a) 35-um mask—wafer gap, 20 torr of He; (b) 25-mm
mask-wafer gap, in vacuum. Incident power distribution
parameters: maximum — 55 mW/cm?, standard deviation (width) —
op = 2.5mm.

—
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pattern was fabricated by optical lithography and wet
etching. The etched resistors were covered with an
organic layer =1 um thick. Each resistor consists of a
serpentine 4 mm long and 10 um wide, covering a
rectangular area measuring 0.5 mm X 2 mm. These gold
resistors have a resistivity of 6500 Q at room temperature,
which increases linearly from room temperature to 100°C
with a slope of 20 ©/°C. The sensitivity and response
time of the measuring system are of the order of 0.02°C
and 1 ms, respectively. The measured thermal time
constant for the membrane in vacuum with a 25-mm
mask-wafer gap is 230 = 70 ms.

o Experimental results (temperature measurements)

A boron-doped Si membrane 2.5 um thick was used as a
mask substrate with a set of eight resistors fabricated
near the center of the membrane [6]. The mask-wafer
assembly, with a preset gap, was scanned through the
X-ray beam from the storage ring at the rate of 0.01 cm/s.
Temperature readings were recorded by an eight-channel
data-acquisition system. All eight resistors were sampled
within an interval of =100 ms. The rise in temperature
was analyzed for gap settings of 25 mm and 35 um, both
in vacuum and in a low~pressure helium atmosphere of

I \
7Vacuum, 35 um‘i
) Pty v
4} i
i S

i : [y \

Rise in temperature (°C)

0 5 10 15 20 25

Pasition of X-ray beam (mm)

§ Temperature rise profiles at the center of the mask during X-ray
§ beam scanning.
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20 torr. The temperature profiles measured at the center
of the mask (as the beam is scanned along the mask) for
20 torr He and a 35-um gap are shown in Figure 19(a).
Results in vacuum with a 25-mm gap are presented in
Figure 19(b). The temperature rise measurements for all
four situations are shown in Figure 20,

The temperature measurements performed by this
technique were compared with calculations based on a
one-dimensional model [14]. The results of the
calculations and the experimental values for the rise in
temperature are shown in Figure 21 and in Table 3 for
vacuum and 20 torr He atmosphere. The parameters
of the power density distribution absorbed in a
25-mm-square membrane were P, = 30 mW/cm” and
op = 2.5 mm.

There is no good agreement between the
measurements and the calculations, especially for the
vacuum environment. In this case the rise in temperature
is expected to be 25°C, independent of the mask-wafer
gap. The experimental values are significantly lower and
gap-dependent, as shown in Table 3. The calculations
show that the mask thermal conductivity is responsible
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§ Calculated mask thermoelastic distortions for different X-ray beam
§ positions. Calculations were made for a 25-mm-wide Si mask,
thermal expansion coefficient—a = 2.6 x 1075/°C, v = 0.25,
standard deviation for incident power— o, = 2.5 mm, standard
deviation for temperature distributions — o, = 5.0 mm.

for only a few percent of the energy losses. However, it
significantly reduces the maximum rise in temperature
(see Table 3), because it causes a more even distribution
of the thermal energy over the mask surface, in this way
enhancing the radiation losses. The discrepancies shown
in Table 3 for a large gap may be explained by assuming

I. A. SHAREEF ET AL.

Table 3 Maximum rise in terperature (°C) in X-ray mask.

AT, Vacuum 20 torr He

25-mm 35-um 25-mm 35-um

gap gap gap gap
Calculated” 25 25 13 0.07
Calculated’ 9.7 9.7 6.3 0.07
Measured 6.6 4.1 2.1 0.3

*With and “without membrane thermal conductivity.

different thermal parameters for the mask materials. It
has been suggested [15] that temperature increases and
thermal loads for the optical components used to shape
synchrotron radiation are overestimated when
conventional calculation methods and material properties
are utilized. The experimental results presented above
support this statement. On the other hand, for a low-
pressure helium atmosphere and a 35-um gap, the
measured value of 0.3°C is higher than the calculated one
of 0.07°C. The latter results are not well understood and
may be attributed to our inability to determine the actual
helium pressure inside the gap.

e Model of thermoelastic distortions

In this section a new, one-dimensional model and
experimental results are presented that relate
thermoelastic distortion of the mask during X-ray beam
scanning to the blurring and displacement of the printed
image [6].

When the X-ray beam with strip-like cross section (see
Figure 18) is moving in the Y direction, the absorbed
energy produces a hot strip on the membrane, with a
temperature distribution T(y), where y is the position on
the membrane in this one-dimensional model. The rise in
temperature AT(y, Y) at y for each position Y of the
beam will induce in the mask distortions é(y, Y'), which
depend on the thermal expansion coefficient « and the
Poisson ratio » of the material:

i4
5y, Y) = a(l + u)f AT( - Y, Y)ds
0

L
—aten? [ are-vva o
0

where L is the length of the membrane. This expression
is the solution of the following thermoelastic equation
[16] reduced to a one-dimensional case [17] for a plane
strain-stress state,

with the boundary conditions corresponding to zero
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displacement at the edges of the membrane: §(0, Y) =
o(L, Y) = 0. As an approximation, the Poisson ratio in
this paper was taken to be » = 0.25 for Si and boron
nitride. An expression similar to Equation (1) was
obtained in [9], but without the factor (1 + »).

Another special situation occurs when there is a
uniform temperature distribution over a whole mask:
AT(y, Y)= T.. Then there is no distortion:

5=afl + ) (Tcy—%TcL> =0.

Figure 22 illustrates the mask distortion for different
positions of the X-ray beam on the mask. When the
beam is positioned close to the top edge of the mask, all
the points on the mask shift down. As the beam moves
down the mask, the direction of the displacement for the
points near the top edge of the mask changes: The points
shift to the top. And when the beam is at the center of
the mask, all the displacements are directed toward the
edges (outward). Similar behavior can be observed when
the beam is located below the mask center. In this case,
the directions of the displacements are reversed relative
to the case above. The above description indicates that
during beam scanning, the mask distortions are not fixed,
but all the points on the mask move back and forth in
the plane of the mask. It is expected that an image from
the mask printed on the wafer will reflect this movement.
During exposure with a scanning beam, each point on
the mask is projected to a slightly different place on the
wafer, and the printed image depends on the average
position of each point on the mask, weighted according
to the X-ray beam energy distribution P(Y'). The shift of
the printed features §, () is given by

A

iy, Y)P(y - Y)dY

—A

8..(») = (8(y)) =

B

A
f P(y — Y)dY

—A

where 24 is the scanning range.

Useful approximate expressions of the distortions of
the printed image can be obtained for the area of the
exposure field relatively far from the edges,

(M =a(l + V)ATOO'T<1 - ZIy) ,

where AT, and o, are the maximum and the standard
deviation of the temperature distribution, respectively.
A maximum displacement of

Op

max 3
o, =a(l + V)AT00T<1 - T)

m

can be expected for the positions in the exposure field
given by y = 1.5¢; and y = L — 1.5¢,. In addition to
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being displaced, the feature edges of the printed image
will be smeared (blurred). Presented in terms of the
standard deviation (RMS), the edge blur is given by the
expression

T ¥) = V(1)) — (3(»))°.

The maximum value of the blur, which occurs at the
center of the exposure field, can be estimated using the
expression

max ”Pa'l'
2

O = a(l + v)AT, —\/__—T—?’
Ip T

which also includes a parameter for the X-ray beam
intensity distribution ¢,,. For a 25-mm Si membrane with
thermal expansion coefficient [18] a = 2.6 X 10°/°C
and with temperature and X-ray beam distribution
parameters ¢, = 5 mm, ¢, = 2.5 mm, we obtain
numerical values for maximum displacement
o = 6.5 nm/°C and for blur oy, = 7.2 nm/°C.

The phenomena described above are shown in Figure
23. From the analysis, we find that all the displacements
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Thermoelastic printed image blur: (a) image printed at 20 torr of He:
(b) image printed in vacuum. Boron nitride mask obtained from
University of Wisconsin, Maximum X-ray intensity — 80 mW/cm?,
mask—wafer gap 30-40 um. Beam scanned in vertical direction.

in the printed image are directed inward: The image
actually shrinks in a nonlinear fashion while the mask
expands. Moreover, the movement of the feature during
exposure should manifest itself in a smearing of the
feature edges—thermoelastic blur—with a magnitude 2o,
as shown in Figure 23. For comparison, peak-to-peak
mask distortions are given on the same plot.

o Experimental results (thermoelastic distortion)

In order to experimentally study thermal distortion of
printed images, several X-ray masks with different
patterns were printed on wafers coated with PMMA
resist, using the X-ray radiation from the storage ring
(Alladin, 800 MeV, 2.08-m radius) at the University of
Wisconsin [6].

L A. SHAREEF ET AL.

A mask-wafer assembly with a gap of 30-40 um was
scanned through the narrow X-ray beam (with cross
section 5 mm X 30 mm). The power density was
maintained at typical X-ray lithography levels of about
80 mW/cmz. Slow scanning rates of =1 cm/min were
chosen, to provide quasistatic exposure conditions and
exposure doses of 3 J Jem’.

For the studies of the thermoelastic-blur effect,
chevron-type patterns were used on a boron nitride
membrane 75 mm in diameter. The feature sizes varied
from 0.7 um to 3.5 um. During printing, the direction of
the scan was parallel to one set of lines in the chevron
pattern and perpendicular to the other set. Scanning
electron microscope (SEM) micrographs of the resist
images of the chevron patterns printed in a low-pressure
He atmosphere are shown in Figure 24(a) and for
vacuum in Figure 24(b). The beam was scanned in the
vertical direction. The quality of the edges of the lines in
the image exposed in helium does not depend on the
direction of the X-ray beam scan. The slightly rough
edges reflect imperfections of the image on the mask. The
experiments conducted in vacuum clearly reveal a
smearing effect: The lines perpendicular to the scan are
blurred, while those oriented along the direction of the
scan are well-defined and smooth. To corroborate the
above results, a second set of exposures was made after
the mask was rotated 90° (to change the orientation of
the lines printed in the first set of experiments). In both
experiments, the wafers were slightly underdeveloped in
order to emphasize the line profile of the printed image.
The results of both sets of exposures were identical. An
estimate of the smearing effect made with our model
predicts a value of 2¢ = 0.25 um, which is comparable to
the SEM observations shown in Figure 24(b). (For the
estimate, the following assumptions were made: a
maximum rise in temperature of AT, = 25°C on the
mask, with absorbed maximum power 50 mW/cm’ and
op=0;=25mm;a=22X 107%/°C was taken from [4].)

To measure the shift of the features in the printed
image, a boron-doped Si X-ray mask with an array of
crosses was used. The positions of the crosses on the
mask and wafers were measured with a NIKON® 2I tool.
The measurements performed on the wafers exposed in
He did not reveal appreciable shifts. This was expected
from the measured rise in temperature on the mask,
which was about AT, = 0.3°C (see Table 3). Smearing of
the edges of the pattern printed in vacuum would have
allowed detection of shifts exceeding 0.2 um. For a
25-mm Si membrane, this shift corresponds to a
temperature increase of the order of AT, = 35°C, which
is significantly higher than the temperatures observed in
all our measurements in vacuum,

3 NIKON is a trademark of Nikon Corporation, Tokyo, Japan.
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Nevertheless, thermoelastic distortions have been
observed by other authors [19-21]. One of the papers
reported measurements of the distortion of the printed
image [20] obtained from a mask with a polyimide
membrane (see Table 4). In those experiments, the
thermoelastic distortions were noticeable, since the
thermal expansion coefficient of polyimide films [10, 19]
is about ten times higher than the corresponding value
for silicon. The author [20] estimates a maximum rise in
the temperature distribution of AT, =~ 40°C for his
experimental conditions. The results of calculations with
our model with a AT, = 40°C rise in temperature are
given in Table 4.

We observe that with the 40°C rise in temperature, the
calculated shifts differ appreciably from the
measurements reported in [20]. The table also shows
good agreement between the experimental values [20]
and the results predicted by the model using an increase
in temperature of AT, = 10.6°C as a fitting parameter. In
view of the results of the temperature measurements
presented in this paper, the lower temperature value
(10.6°C) required to fit the quoted experimental data
appears reasonable. The following data were used for the
calculations: thermal expansion coefficient of polyimide
[4] a =23 % 10~* and Poisson ratio v = 0.40; mask
membrane size [20] L,, = 50 mm, half-width of the
X-ray beam intensity and temperature distributions [20]
r,=7mm.

Conclusions

In Part I of this paper, results of computer calculations of
thermoelastic effects on several mask structures are
presented. Commercially available finite element
computer codes were used. The results indicate that it is
possible to obtain some reduction in the magnitude of
the thermoelastic effects by proper selection of the
substrate and absorber materials and the system
operating wavelength. In particular, for pulsed X-ray
lithography systems operating at 10 A, there are some
advantages in using X-ray masks of SiC-W, Si-W, or,
preferably, diamond-Au. In addition, the calculations
show that there is only a modest decrease (about 30%)
in the stress in the W absorber of the Si-W structure
compared with the stress in the Au absorber in the Si-Au
structure. The magnitude of the stress reduction caused
by the use of a PI film between the Au and the Si
substrate is found to depend on the thermoelastic
properties of the particular polyimide film. The results
also indicate that the pulse repetition rate can be as high
as 100 Hz without causing appreciable heating of the
mask, when the exposures are performed in a He
atmosphere with a 40-um gap. The results presented in
this paper are conservative, since radiation and other
energy-dissipative effects (such as thermally induced
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Table 4 Thermoelastic image distortions.

Position of Calculated  Values Calculated
X-ray beam, Y values using reported values using
(mm) AT, =40°C  in[20] AT, = 10.6°C
(pm) (um) (pm)
25.0 0.0 0.0 0.0
15.0 2.99 0.70 0.79
5.0 1.04 0.38 0.28
0.0 0.0 0.0 0.0
-5.0 -1.04 -0.32 —0.28
-15.0 -2.99 —0.63 -0.79
-25.0 0.0 0.0 0.0

sound waves) were not considered in the calculations.
However, in some cases it was found that the calculated
maximum stress values were comparable to the values of
the materials’ intrinsic stress. This indicates that when
powerful X-ray sources become available (with X-ray
pulse amplitudes similar to the one used in these
calculations—about 10 mJ/cm’), there will be need

for experimental determination of the maximum
thermoelastic effects and thermal cycling of the mask
substrate and absorber materials from the point of view
of mask distortion and lifetime (fatigue).

For the case of X-ray irradiation with a storage ring,
presented in Part II, a technique was developed for
temperature measurements on thin membranes by the
use of built-in metal resistors. Using this technique, we
determined the rise in temperature in an X-ray mask
under realistic operating conditions, with a 35-um
mask-wafer gap. The experimental results using the
resistor probes differ from the calculations, showing a
significantly lower rise in temperature in vacuum and a
higher rise in temperature in helium. More work is
required to understand these results fully.

A new feature of thermoelastic distortion during X-ray
beam scanning—a smoothing effect in the printed
image—was recognized and modeled. The predicted
distortions of the printed image are significantly smaller
than the pattern distortions on the mask during exposure,
and are directed inward (toward the center of the
exposure field). The relatively small distortion values on
the printed image result from the averaging effect of
beam scanning. In addition, the model predicts a small
magnitude for the blur of the edges of the printed
features.

Finally, the experimental results on thermoelastic
distortion agree with the predictions and show that the
effects are detectable in SEM observations when the
mask-wafer assembly is operated in vacuum. However,
the effect is negligible for operation in a low-pressure He

atmosphere, as is planned for X-ray lithography systems. 733
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