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ABSTRACT

In X-ray lithography at deep submicron linewidths, the occurrence of thermal-induced dimensional
instability of the mask structure under high-intensity X-ray irradiation is still a critical issue. To investigate
the thermal effects of lithographic mask, a three-dimensional finite element technique in combination with
a design-oriented methodology was used to simulate the distributions of temperature, stress, and displace-
ment on an X-ray mask, which consisted of a thin silicon (Si) membrane carrying tungsten (W) absorber
patterns. Some important results were derived from the present analysis: (1) the maximum temperatures
occurred in the regions where the W absorber patterns were most densely populated; (2) the thermal stresses
usually centered on the Si-W interface and the edges of W absorber; and (3) the thermoelastic displacements
were directed from the center in the mask towards the mask edges. It was also shown that, for a mask
structure with 0.25-um minimum linewidth corresponding to the design rules of 256 Mb DRAM, the mask
temperature variation must be maintained within 3.42 °C to suppress microdistortion to within the acceptable
limit of 25 nm.

Key Words: X-ray lithography, thermal-induced dimensional instability, mask structure, finite element
technique, silicon membrane, tungsten absorber, microdistortion.

I. Introduction

Considering the mass production of the next gen-
eration ULSI chips in the latter part of this decade, X-
ray lithography (XRL) is now emerging as a very strong
contender because of its clear potential for resolving
features smaller than a tenth of a micron, and its sig-
nificant processing advantages over coventional opti-
cal lithography, including its simple resist scheme, dust
particle immunity, extreme depth of focus, and large
field size (Hector er al., 1993; Guo et al., 1993).
Especially from the viewpoint of cost, XRL is in a
favorable position for the manufacture of high volume
standard circuits such as dynamic random access
memory (DRAM) chips due to its major assets of
excellent process latitude, high throughput and yield
(Koek et-al., 1993). Since the 256 Mb DRAM (0.25-
um design rule or minimum linewidth) is regarded as

the first generation of ULSIs which cannot be produced
economically by means of optical lithography, it will
provide the first opportunity for bringing XRL into the
semiconductor industry (Fleminger al., 1992). In order
to realize this opportunity, quarter-micron scale X-ray
mask technology needs to be established first.

An X-ray mask consists of a membrane of low
atomic weight material which has relatively good trans-
parency for X-rays and a metallic absorbing pattern of
high atomic weight material which has high X-ray
stopping capability. The making of an X-ray mask is
complicated by the fact that no thick, rigid, mask blank
material which is transparent to soft X-rays is available.
Therefore, very thin membrane (2~4um thick) carrying
X-ray opaque material (0.5~1 um thick) must be used,
and there are problems of both durability and dimen-
sional stability. Specifically, the mask may be sub-
jected to substantial heating and thermal stress by high-
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intensity X-ray sources during exposure, leading to a
serious problem of mask distortion. If the magnitude
of mask distortion exceeds 10% of the absorber mini-
mum linewidth, the required mask-to-mask overlay
accuracy for integrated circuit fabrication will deterio-
rate. Presently, both synchrotron storage rings and
plasma sources are being extensively used as high
power X-ray sources for lithography applications.
Synchrotron radiation is generated when relativistic
electrons in circular motion are deflected by a magnetic
field, and it has nearly time-constant radiation power
(Wilson, 1992). Since the synchrotron radiation reach-
ing the mask is generally prefiltered by the grazing
mirror and vacuum window inside the beamline (i.e.,
the radiation transport system), the maximum power
on the mask is about 150 mW/cm?. On the other hand,
the plasma source is different in that radiation is
emitted by a high temperature and density short-lived
plasma, which is produced by either a high power laser
source or an electrical discharge (Chaker et al., 1992).
The intensity is distributed isotropically and de-
livered in a very short time duration of 5~20 ns with
extremely high power pulses amounting to 10°~10°
W/cm?.

Because the fabrication and metrology of an X-
ray mask are intricate, time consuming and very ex-
pensive, it is unreasonable to use a quantity of mask
prototypes in conducting experiments to study thermal-
induced mask distortions during the initial stage of
mask design . Thus, an effective approach, like the
finite element method, should be applied to probe the
problems early in the design cycle to decrease costs
and shorten the development time. Finite element
models have been successfully used in many fields of
engineering. Such models can in principle be made
arbitrarily accurate by dividing the model into a suf-
ficient number of elements. In this paper, the
thermophysical response of an X-ray mask structure
comprising a quarter-micron scale tungsten (W) ab-
sorber on silicon (Si) substrate membrane under high
intensity X-ray irradiation was investigated by finite
element modeling. In order to obtain reasonable
numerical solutions, a design-oriented methodology
was employed in the calculations.  In other words,
the models and assumptions adopted here were care-
fully planned in advance to approximate the practical-
configuration in XRL exposures. By using the com-
mercially available MSC/NASTRAN finite element
program with the IDEAS pre-post processor system,
the transient behaviors of an X-ray mask regarding
temperature, stress, and displacement were simulated.
Also, a powerful CONVEX C210 minisupercomputer
was used in the present work to deal with the extremely
large amounts of data and to save computer time. The

simulation results obtained in this study may be useful
in defining future specifications for the design of
0.25-um scale X-ray mask structures for 256 Mb
DRAM.

II. Formulation

Incident X-ray power is transformed into heat
energy by absorption in mask materials, primarily due
to the photoelectric effect. The temperature rise of a
mask subjected to intense soft X-rays irradiation de-
pends on heat dissipating mechanisms with thermal
conduction, radiation, and convection, and then on the
mutual heat transfer among the membrane, absorber,
surrounding gas, and wafer, as illustrated in Fig. 1.
Consequently, the heat balance equation governing the
temperature distribution in the mask can be expressed
as follows (Chiba, 1992):

or _ ¢

2
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where T is the temperature change (K), ¢ is the thermal
conductivity, p is the density, C is the specific heat,
v is the convective heat transfer coefficient, D is the
thickness, H is the heat source due to absorption of X-
rays, 711 is the emissivity, B is the Stefan-Boltzmann
constant (=5.67 x 107*W em™2K™*), and T, is the initial
temperature.

As the influence of X-ray scattering is insignifi-
cant for soft X-ray lithography, Beer’s law of absorp-
tion can be applied in the calculation of mask heating
(Spiller, 1981). Assuming that the temperature varia-
tion along the film depth is uniform, the heat sources,
H, can‘be written as follows:

I
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Fig. 1. Schematic diagram of the X-ray exposure setup and heat
distribution mechanism.
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Hp:é—iexp(—Man—ﬂaDa)[l—CXP(_:uPDp)]’(4)

where [ is the incident X-ray power density, and i is
the linear absorption coefficient. The subscriptsm, a,
and p represent’the membrane, absorber, and proximity
gap, respectively. The linear absorption coefficient at
a wavelength of 10 A is assumed.

Because the mask materials are extremely thin
(only a few microns thick) when compared with the
entire mask window size (normally several centimeters
wide), the mask surface is considered to be in a state
of plane stress; that is, the only nonzero stresses are
O, Oy, Ty, and they are independent of the Z coor-
dinate. Thus, the displacements, u and v, in the plane
are also independent of Z. Assuming that the mask
materials are linearly elastic' isotropic, the thermal
expansion coefficient o is the same for all directions.
With Hooke’s law for plane stress, we can relate the
stresses to the strains, &, €, and ¥, as described below:

where & is the initial strain, E is the Young’s modulus,
vis the Poisson’s ratio, and T(X, y, ) is the temperature
profile on the mask surface. Based on the finite
element formulation, a discretization form can be
obtained..

Ill. Calculations

An X-ray mask structure with a 2-um-thick
Si membrane and a W absorber 0.8-um thick was
considered for computer simulations. The proposed
layout of the Si-W mask structure is shown in Fig. 2.
The Si membrane was a rectangle 6 X 7 um, and the
W absorbers (0.25-um minimum linewidth) com-
prise typical geometric features normally encountered
in a practical X-ray mask, such as a square pad,
pillar, line and space gratings. The entire mask struc-
ture was assumed to be surrounded by a helium
(He) environment. The values used in the cal-
culations for the thermophysical parameters of the
different materials are summarized in Table 1. In

£ = g_; - % (o, - vo.y)+ of (x,y,t) (5) addition, two different X-ray sources were used in
8—&——1-(0‘—V0' Y+ ol (x t) (6) ;
y~ ay “Ey x Y Mask for X-ray (A=1 nm) Lithography
(A) Macroscopic Crossectional View
y=ou, v _2001+V), )
xy ay ox E Xy ! mask window (~4 cm) {
W absorber Si membrane
: ‘ t A )
In matrix form, the above equations become l:n :l
o, 1 v 0
o \=-_—E v 1 0
1=V 0 (1-v)/2
Txy (B) Microscopic Top view
k Tpm 1
T —
8x —-oT
o) e —or (8) o Si membrane E- HH .
Y = W absorber 6w ¥ 0.25pm
Yy l
or Geometry of pattern structures on X-ray mask
{O’}=[Q]{€—80}, (9) Fig. 2. Layout of the Si-W mask used in the calculations.
Table 1. Thermophysical Parameters Used in the Calculations
Poisson Young’s Density Thermal Thermal Absorption Thickness Specific
ratio modulus expansion conductivity coefficient heat
x 10'? dyn/cm? g/em? 10°%/°C Wiem°C um™ um J/kg°C
Si 0.28 1.30 2.30 2.33 1.57 0.203 2.0 712
w 0.40 3.45 19.3 4.50 1.78 5.003 0.8 132
He 1.8 x 107 1.5 x 107 5.39 x 107 40 5193
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the calculations. One was a synchrotron beam with
a power density of 150 mW/cn’, and the other was
a plasma X-ray pulse with a power density of
5x10° W/cm® in a very short time duration of 10 ns.
Table 2 shows the two cases considered, which were
selected in order to simulate the actual operating
conditions. The assumed X-ray wavelength was
10 A.

The analysis of heat transfer in the mask structure
(a solid continuum) can be reduced by finite element
techniques to the solution of a set of equilibrium
equations in which the unknowns are defined at a
discrete set of points. Hence, the general equation that
is solved when finite element methods are applied to
heat transfer analysis may be written in the form (MS
Corp., 1988)

(K1{q}+[BI{q}={P}+{N}, (10)
where [K] is the symmetric matrix of the constant heat
conductiohn coefficients, {g} is the vector of the tem-
perature at grid points, [B] is the symmetric matrix of
the constant heat capacity coefficients, {¢} is the vector
of the temperature gradient, {P} is the vector of the
applied heat flows that are known as a function of time,
and {N} is the vector of the nonlinear heat flows that
depend on temperature. The detailed derivation ¢an
be found in the handbook of thermal analysis published
by the MS Corporation (MS Corp., 1988). Heat transfer
analysis with the MSC/NASTRAN program utilizes all
of the normal analytical tools provided for structural
analysis, the discrepancy being that the arrays [K1, [B],
{P} and {N} are computed from thermo-physical prop-
erties, rather than from structural properties.

For transient thermal analysis, the capabilities
offered by MSC/NASTRAN Solution Sequence 89 (SOL
89) were used in the present study. After the tempera-
ture distribution was obtained, SOL 24 was employed
in the stress analysis by assuming freedom from intrin-
sic stress. For the microscopic model construction,
three layers of elements in the thickness direction were
applied. Accordingly, the total number of solid ele-
ments and grids was 6480 and 7760, respectively. The
finite element models used for the calculations are
shown in Fig. 3.

Table 2. Computational Cases Considered

Case 1 Case 2

Source type
Power density
Exposure time

Synchrotron radiation
150 mW/em?
1 sec

Plasma pulse
5 x 10® mW/cm?
10 ns

Si membrane

(b)

He gas

Fig. 3. Finite element models of the Si-W mask structure used in
the calculations. (a) without He surrounding; (b) with He
surrounding.

IV. Results and Discussions

When the mask was placed next to the wafer with
a small proximity gap in an exposure chamber, the heat
flowed from the irradiated mask surface into the He
gas filling the gap and induced a free convection state.
Due to an extremely small X-ray attenuation for He gas,
the heat source due to absorption of X rays in the gap
could be neglected. Since the static He gas boundary
layer involved had an exceptionally large length mag-
nitude (up to several centimeters) compared to the
much smaller proximity distance (only 40 um), the
cooling effect resulting from free convection was
negligible; therefore, thermal conduction from the mask
through the surrounding He gas to the wafer (a heat

- sink with a constant temperature of 25°C) was the most

important heat transfer mechanism.

1. Temperature and Thermal Stress
Distributions

A. Case 1

Figure 4 illustrates the transient response of tem-
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TEMPERATURE-MAG MIN: 26.93 MAX: 27.13 (unit: °C)

2710 [

27.02 i

26,93 K

Fig. 4. Temperature distribution of the Si-W mask structure irra-
diated by a synchrotron source with 150 mW/cm? power
density for a 1-sec exposure.

perature distribution on the mask structure for Case 1.
Strip-like distinctive temperature zones are observed
from this figure, indicating the existence of a tempera-
ture gradient from the region of the W square pad to
the region of isolated pillars. It can be seen that higher
peak temperatures occurred in the mask areas having
a greater percentage of absorber coverage. This result
is very reasonable in view of the fact that more than
98% of the incoming X-ray power was absorbed by the
mask regions covered by the W pattern; i.e., almost all
of the X-ray flux incident on the W absorber was
absorbed whereas the uncovered regions absorbed only
about 2%. As shown in Fig. 4, the maximum tempera-
ture (27.13°C) took place in the region of the W square
pad where the density of absorber coverage was high-
est, and the heat was transferred in a diagonal direction
from right to left.

The results of thermal stress calculations for the
mask structure are shown in Fig. 5. It is observed
that the thermal-induced stresses were concentrated
on the Si-W interface of the square pad and gratings.
The calculated maximum Von Mises’s stress (i.e., square
root of the sum of the the squares of all stresses) at
the Si-W interface was 1.2 x 10® dyn/cm?® The mis-
match of thermal expansion coefficients between the
W absorber and Si substrate could be expected to
contribute to the buildup of thermal stress at the in-
terface region. Therefore, in this case and under the
worst condition, the most probable means of mask
failure is peeling of the W absorber from the Si
membrane as a consequence of induced shear stress at
the interface which exceeds the adhesion strength be-

STRESS-VON MISES MIN: 0.00138 MAX: 1.23480 (unit: kgf/mm®)

0.32521

0.16330
000138 B8

Fig. 5. Profile of the thermally-induced Von Mises’s stress on the
Si-W mask structure exposed by a synchrotron source with
150 mW/cm? power density for a 1-sec exposure. (1 kgf/
mm?=9.807 x 107 dyne/cm?)

tween them.

Currently, X-ray mask design sometimes uses an
inteerediate layer (e.g., chromium, lead, or platinum)
to provide adequate bonding between the mask ab-
sorber and membrane. Because such intermediate layers
are very thin (200~300 A), any defect in the layers may
initiate cracks and subsequent stress cumulation at the
interface regions, leading to fatal denudation of the
absorber from the membrane. Therefore, application
of such interface materials as adhesion promoters must
be done very carefuly in mask design.

B. Case 2

A plot of the temperature distribution on the mask
structure irradiated by a 10-ns X-ray pulse is shown
in Fig. 6. Itis observed that the maximum temperature
of 28.25°C occurred at the W square pad, where the
heat was transferred through the thickness of the W
absorber. Figure 7 illustrates the time dependence of
the calculated temperature at the points on the upper
layer and bottom layer of the W absorber. The tem-
perature of the point on the upper layer reached a
maximum at the end of the pulse (i.e., 10 ns) and then
exponentially decayed to a uniform temperature on a
timescale of order 25 ns due to the heat conduction
through the W absorber into the Si membrane. On the
other hand, the temperature of the point on the bottom
layer of the W absorber (near the Si-W interface) showed
essentially an increase during the length of the pulse,
and then it stabilized at the same temperature of the
point on the upper layer of the W absorber, representing
that the thermal equilibrium state was eventually
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TEMPERATURE-MAG MIN: 26.36 MAX: 28.25 (unit: °C)
2825

2708 H

7M1

27 44

2717

2690

2663

2636

Fig. 6. Temperature distribution of the Si-W mask structure after
a 10-ns, 5 x 10® mW/cm? plasma X-ray pulse.

28 A .
/ \,/ Point on top of W absorber]

/ / | Point on bottom of W absorberJ
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Fig. 7. Time dependence of the calculated temperature on the W
absorber due to a 10-ns plasma X-ray pulse.

reached.

Since the duration of the high-intensity pulsed X-
ray irradiation was very short, especially compared to
the estimated time needed for heat propagation from
the mask through the helium gas to the cooled wafer
(several microseconds), serious thermal impact prob-
lems could arise with the plasma source. The stress
calculations of the mask structure for Case 2 shown
in Fig. 8 indicate that the thermal stresses not only
centered on the Si-W interface, but also on the region
around vias on the W square pad. The maximum
calculated stress value in Case 2 was 1.6 X 10° dyn/
cm?, which was somewhat higher than that in the Case

STRESS-VON MISES MIN: 0.00374 MAX: 1.64126 (umt: kgf/mm?)

164126 p

136047 B8

Fig. 8. Profile of the thermally-induced Von Mises’s stress on the
Si-W mask structure after a 10-ns, 5 x 10® W/cm? plasma
X-ray pulse. (1 kgf/mm?=9.807 x 107 dyne/cm?)

1. It is also observed from the figure that large stress
could be induced in the vicinity of the edges (i.e., the
corner points) of the W absorbers. The corner points
were the locations where mask failure could take place
in either the form of excess plastic strain or in the mode
of absorber delamination resulting from shear loading.
It is therefore reasonable to doubt that thermal cycling
generated by repetitive X-ray pulses can result in un-
wanted mask distortion and lifetime problems. Based
on the simulated results, it is suggested that there is
a need to conduct acceleration testing for thermal
stress-induced mask failure to evaluate the mask ther-
mal stability and failure threshold.

2. Pattern Displacement Contour

The calculations of temperature distributions
presented above show that mask temperature rises were
kept under 3.3°C by using He gas to thermally connect
the mask to the wafer (i.e., mask-wafer thermal cou-
pling). Even though the temperature was low, the ther-
mal distortion problem could occur when the tempera-
ture gradient-existed. The effect of such small tem-
perature rises on nonlinear absorber .patterri stability

. and overlay accuracy involved in the lithography pro-

cess is still an open question.

An important and identical result obtained from
the displacement analysis of the mask structure for both
the synchrotron and plasma source, as shown in Fig.
9, indicates that thermoelastic displacements were di-
rected from the center in the mask towards the mask
edges. This result suggests that during X-ray exposure
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DISPLACEMENT-VON MISES MIN: 6.78E-10 MAX: 7.31E-08 (unit : mm/°C)

7.31E08
s.28e.08
52408
421608 g
3.17E-08

21408 i

1.106-08 |

6.78E-10

Fig. 9. Graphic plot of the thermal displacement on the Si-W mask
structure after X-ray irradiation.

the in-plane distortions on the mask were not fixed
but shifted outward; that is, the behavior of thermal
distortions was dynamic response. In this case, the
mask was expanding. It is considered that the direc-
tion of shift resulted from the thermal stresses
acting toward the mask rims. We therefore presume
that the feature edges of the printed image on the
wafer would blur due to the in-plane motion of
points on the mask. This prediction is in good agree-
ment with similar experimental results observed by a
number of previous researchers (Vladimirsky et al.,
1989).

This thermal-induced pattern displacement, caused
by the local temperature change during the lithography
process, was determined by the X-ray power absorbed
in the mask, the heat loss mechanism, and the elastic
and geometric properties of the mask material. An
estimate of the maximum displacement for the Si-W
mask structure predicts a magnitude of §,,,=7.31 X
10°AT mm. In general, the absorber feature position
shift must be restricted to within one tenth of the
minimum feature size (critical dimension). For the
quarter-micron design rule of 256 Mb DRAM, the value
of 6., should be within 0.025 ym. This means that
the temperature change needs to be controlled to within
3.42°C (initial temperature: 25°C). In other words, the
tolerable maximum and minimum temperatures are
28.42°C and 21.58°C, respectively. This interpretation
of the temperature control in the mask/wafer unit is an
important issue which must be taken into account to
avoid unexpected temperature variation arising under
certain conditions, such as cooling system breakdown
or poor cooling design.

V. Conclusions

The influence of heavy X-ray irradiation on the
thermophysical behavior of a silicon-tungsten (Si-W)

‘mask structure in semiconductor microlithography was

examined by numerical simulation. To approach re-
alistic physical conditions in X-ray lithographic expo-
sure, arelatively large three-dimensional finite element
model with 6480 elements and 7760 grids was created
to simulate the Si-W mask under thermal loading. The
finite element calculation was carried out by using the
commercially available MSC/NASTRAN program with
the IDEAS pre-post processor system on a powerful
CONVEX C210 minisupercomputer. Investigations
focused on the temperature distrubutions, the thermal
stress profiles, and the thermal displacement contour
in the Si-W mask structure. The simulated results can
provide both qualitative and quantitative information
for optimal mask-design to minimize in-plane thermal
distortion, as follows:

(1) A more densely populated absorber pattern is
expected to produce higher peak temperatures.
The maximum temperature is found to take place
at the W square pad, which locally has greatest

. percentage coverage on the Si mask membrane.

«2) The thermally-induced stresses are prone to ac-
cumulate at the Si-W interface and the corners
of W feature. Furthermore, in the case of a
plasma source, it is of interest that the thermal
stresses also build up in the vicinity of voids on
the W square pad.

(3) During X-ray exposure, the temperature-induced
pattern position shift or in-plane thermal distor-
tions are directed outward. This phenomenon
indicates that the thermal stresses in the W ab-
sorber and the Si membrane act toward the edges
of the mask structure. )

(4) In order to keep the thermoelastic displacement
below 0.025 um for the Si-W mask designed with
a critical dimension of 0.25 um, precise control
of localized temperature variation to within
3.42°C is needed. )

(5) Under the conditions assumed in this study, it
is confirmed that the temperature rises, and that
corresponding thermoelastic distortions on the
mask can be accommodated within acceptable
limits when using helium, which has a high
thermal conductivity and absorbs little X-ray
flux, as a heat exchange medium.
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