Thermal analysis of an x-ray mask membrane in a plasma environment
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Quantifying the temperatures of a membrane while the mask is in a plasma environment is essential
in controlling absorber stress due to deposition, and both etch rate and feature profile due to etching.
Temperature gradients across the membrane during deposition lead to nonuniform stress across the
absorber resulting in large distortions during pattern transfer [W. Dauksher et al, J. Vac. Sci.
Technol. B 13, 3103 (1995)]. This article presents a procedure to obtain the steady state temperature
profile of a mask/membrane while in a plasma environment (deposition or etch) subjected to
different cooling configurations. Membrane heat fluxes and heat transfer coefficients were
determined using a thermal transient technique which compares analytical solutions to experimental
results. The steady state temperature profile of the membrane was then obtained by using these
fluxes and heat transfer coefficients in a three-dimensional finite element model. The analysis
procedure was demonstrated on a mask subjected to no helium backside cooling and a mask
subjected to flowing helium backside cooling. Good agreement was obtained between the finite
element solution, analytical solution, and the experimental results. @ 1995 American Vacuum

Society.

I. INTRODUCTION

The effort to achieve sub-0.25 wm x-ray lithography de-
pends, in part, on the ability to maintain strict fabrication
control leading to low distortion x-ray masks. In particular,
minimizing temperature gradients within an x-ray mask
membrane during plasma deposition is essential in control-
ling absorber properties and stress. Membrane temperature
gradients and, thus, deposited metal stress gradients must be
rigidly controlled in order to minimize distortions after pat-
tern transfer. Temperature gradients over the membrane dur-
ing etch can result in variations in etch rates and final etch
profile. To quantify the temperature gradients in the mask,
both the incident heat flux and thermal boundary conditions
are needed. This article presents results from thermal tran-
sient experiments which are then used in a finite element
analysis to determine the entire mask temperature profile
while in a plasma environment during either deposition or
etching.

There is an inherent difficulty in measuring the entire
membrane temperature distribution in a plasma environment
during deposition or etching. Previously reported measure-
ments used a Luxtron fluoroptic thermemeter to make a
single point measurement at the membrane center for various
cooling configurations.' Although this past study reported
temperatures at the membrane center, there was no informa-
tion as to the temperature gradients across the membrane.
Previous analytical studies published for a mask subiected to
a vniform heat flux on the surface, considered either only
radial conduction or backside conduction to static helium in
the gap between the mask and chuck.” Relatively few other
related investigations have been done to determine mask
temperature distributions.*

It is advantageous to predict mask temperature distribu-
tions for various cooling conditions using finite element heat
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transfer models. To correctly compute the temperature distri-
bution, however, the incident heat flux, effective mask emis-
sivity, and heat transfer coefficients are needed. In this inves-
tigation, thermal transient experiments were designed to
determine the previously mentioned heat transfer character-
istics. Data from the thermal transient tests were used in
conjunction with analytical solutions to determine the re-
guired inputs to the finite element models. The following
sections describe the experiments performed, analytical solu-
tions, the finite element model, a comparison between mea-
sured and computed transient membrane temperatures, and
steady state membrane temperature distributions.

Il. EXPERIMENTAL SETUP

Typical Motorola-style x-ray masks (see Fig. 1 for mask
cross section and material properties) with molybdenum
thermistors (1000 A) were fabricated, fit with lead connec-
tions and strain releases, and calibrated for various tempera-
tures. The thermistor calibration indicated a linear relation-
ship between resistance and temperature. These masks had
40-mm-diam silicon nitride membranes, 2.3 wm thick. The
gap between the membrane and the cooling chuck was |
mm. Figure 2 shows the thermistor layout, along with a typi-
cal thermistor mask with the leads attached. Each mask had
two thermistors with one located in the center of the mem-
brane and the second located at points labeled either 1, 2, or
3 in Fig. 2. The masks were loaded into a PlasmaTherm 770
electron cyclotron resonance (ECR) etching system and
backside cooling conditions were set. Four leads per ther-
mistor were used in order to eliminate the effect of lead
resistance on the measurements. Thermistor lead wires were
connected to a high speed analog-to-digital data acquisition
board.
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F1G. 1. Schematic and material properties of the Motorola-style mask.

Hl. ANALYTICAL SOLUTION

Analytical solutions were derived for the thermal transient
conditions imposed on the mask membrane. The objective in
using these analytical solutions for the transient cases was
twofold. First, the analytical solutions were used to deter-
mine the mask effective emissivity and heat transfer coeffi-
cient for a given helium flow condition. The analytical solo-
tions were used to curve fit data for cooling the mask with
radiation alone and for convection alone. Second, the ana-
lytical solutions to the thermal transient conditions were used
as benchmark test cases for the finite element models.

The analytical solutions, which predict the temperature of
the mask as it cools down, were based on a lumped capaci-
tance assumption where the membrane was considered to be
a constant temperature throughout. The solutions also as-
sume that the radial conduction to the Pyrex™ ring was neg-
ligible during the ceooling process and that the mask cooled
more rapidly than the Pyrex ring.

1060 A Moly
Thermistors: 125 ym wide
18 lines

SiN Membrane

For the radiation case, the mask was assumed to be small
relative to the surrounding radiative area and the surrounding
temperature was considered to be constant at room tempera-
ture. The resulting equation for the energy balance when the
plasma is turned off is given by

daT

mcud—f=—emAma(m—T§), (1)
where m is the mass of the membrane, C,, is the specific heat,
€,, is the emissivity, A,, is the membrane area, o is Stefan—
Boltzmann’s constant, and T,, and T, are the membrane and
background temperatures, respectively. Integrating this equa-
tion gives an implicit solution for time (r) as a function of
temperature as given by

mCU Tb+Tml Tb+ Tm,i
t= 7{In —In
4€,A,0Ty " | Ty=Tnl | Ty=Tp |
T T, :
-1 _m _ -1 n,t
+ 2] tan (Tb) tan (_Tb )“, 2)

where T, ; is the initial membrane temperature. Using the
measured temperature decay, a curve fit to the data was used
to determine the only unknown which is the mask emissivity,
€,, . After knowing the mask emissivity, the heat flux input to
the mask could be obtained through an energy balance at
time, ¢+ = 0. The heat flux to the mask was calculated from

q’,:Uern(Tfn,f_T;)' (3)

For the flowing helium case, a constant heat transfer co-
efficient on the backside of the membrane was assumed. The
resulting equation for the energy balance when the plasma is
turned off is given by

4T,
mcvW:_hAm(Tm_Tf)a (4)

where & is the heat transfer coefficient and T, is the fluid
temperature. Integrating this equation gives an exponential
temperature decay in the form

FiG. 2. Thermistor layout and an actual mask with thermistors and leads.
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Fi. 3. Experimental and analytical membrane temperature decay after a 60
s plasma with no backside cooling on the membrane. Analytical curves for
emissivity values of 0.10, 0.19, and 0.40.

—hA,
Tw=T+ (T~ Ty exp( C t). (5)
v

Similarly, a curve fit to Eq. (5) using the measured tempera-
ture decay for the mask was used to determine the only un-
known which was the heat transfer coefficient. In the actual
experiments, the top side of the membrane was exposed to a
vacuum, For this cooling configuration radiative cooling to
the chamber was ignored and only backside cooling was
taken into account. Since the heat transfer coefficient is de-
pendent on the helium flowrate and pressure, experimental
data for each condition must be analyzed to determine the
correct heat transfer coefficient.

IV. MASK HEAT TRANSFER CHARACTERISTICS

Mask temperature measurements, as previously discussed,
were completed to provide the surface heat fux, effective
emissivity, and convective heat transfer coefficients for the
finite element models. Fabricated masks were placed in the
PlasmaTherm etching system and exposed to an 800 W ni-
trogen ECR plasma for 60 s. After the plasma was turned off,
the temperature decay was measured for various cooling con-
figurations and cormpared with the analytical solutions for the
temperature decay. The decay data were curve fit using the
appropriate analytical solution to obtain the emissivity and
convective heat transfer coefficients. After knowing the mask
emissivity, an energy balance was used to obtain the heat
flux. As shown in Fig. 3, the effective membrane emissivity
for this particular membrane was €,, = 0.19 and the heat flux
to the mask was g" = 1313 W/m?>,

Figure 4 shows that the heat transfer coefficient was k
= 41.6 W/m* K for a helium flowrate of 0 =4. scem, pres-
sure of P = 1.2 Torr, and gap width of 1 mm. Simnilarly, the
heat flux to the mask for the flowing helium case was ¢"
= 1313 W/m?. For this case the heat exchanger temperature
had been set to —34.4 °C, however the actual temperature of
the cooled flowing helium was found to be Ty = —16 °C.
The mean free path length (A) of helivm at P = 1.2 Torr and
a7, = —16 °C is nominally A=0.07 mm, which gives a
Knudsen number of Kn=0.07. As pointed out by Mondol,
Owen, and Smith,Z when the mean free path length is greater
than the gap width, Kn>>1, free molecular flow occurs result-
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FiG. 4. Experimental and analytical membrane temperature decay after a 60
s plasma with flowing helium on the back of the membrane (P=1.19 Torr,
flowrate=4.5 sccm). Analytical curves for heat transfer coefficient values of
25, 41.6, and 100 W/m’ K.

ing in the heat transfer coefficient being dependent on helium
pressure alone. For Kn=0.07 slip flow occurs.

V. FINITE ELEMENT MODELING

Finite element heat transfer models were developed to
fully model the ring, wafer, membrane, and aluminum cool-
ing chuck. Figure 5 shows a typical finite element model
{half-model shown} used for these calculations. The support
ring, aluminum chuck, and wafer were composed of eight-
noded, isoparmetric, three-dimensional thermal solid ele-
ments, while the membrane was modeled with four-noded,
quadrilateral thermal shell elements. Radiation was simu-
lated using radiation link elements attached to the membrane
surface, allowing for the true nonlinear solution to be ob-
tained through iterative numerical procedures. The material
properties used are listed in Fig. 1.

Boundary conditions were set depending upon the cooling
condition modeled. For the cases with no backside cooling,
the temperature of the aluminum chuck and the background
temperature for the radiation elements were fixed at room
temperature. These same boundary conditions were used for
the case including flowing He backside cooling, however the
appropriate heat transfer coefficient was applied to the un-
derside of the membrane elements.
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o

FiG. 5. Finite element thermnal model of the x-ray mask {Pyrex ring, silicon
wafer, silicon nitride membrane) and the aluminum cooling chuck. Models
include transient and steady state radiation, convection, and radial conduc-
tion solutions.
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FiG. 6. Transient finite element temperature results at the center and edge of the membrane due to a plasma being struck (time=0 s) and being tuned off
(time=60 s). No heliuim backside cooling. Analytical, finite element, and experimental results are shown for the temperature decay after the plasma has been

turned off.

The mask and chuck were initially set to a base tempera-
ture, and a flux was applied to the entire membrane surface
(simulating the plasma) for 60 s. The fiux was then shut off
and the model was allowed to cool back to the base tempera-
ture. The transient temperature response of the mask/
membrane was computed and compared to both the analyti-
cal solution and experimental measurements.

VI. TRANSIENT ANALYSIS USING FINITE ELEMENT
MODELS

A comparison between the mask temperature decay (using
the finite element model) and the measured and analytical
predictions was made for both the case with no helium and
flowing helium. Figure 6 shows the finite element results of
the temperature decay at the membrane center and edge for
the no helium case. These results were obtained using an

emissivity of €,, = 0.19 and heat flux of ¢" = 1313 W/m?.
The finite element model indicates a more rapid temperature
decay at the edge which is a result of radial conduction.
Recall, that radial conduction is not included in the analytical
solution. Also, note the good agreement between the finite
element model and the measured temperature decay at the
edge of the membrane. The membrane edge temperature
measurement is an independent check on the finite element
model.

Figure 7 shows the temperature decay for the lowing he-
lium case. These results were obtained using a heat transfer
coefficient of # = 41.6 W/m*K and a heat flux of ¢"
= 1313 W/m® In this case, there is better agreement be-
tween the finite element model and the analytical solution,
indicating that both the radial conduction at the membrane
center and radiation from the top of the membrane are mini-
mal.
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FIG. 7. Transient finite element temperature tesults at the center of the membrane due to a plasma being struck (time=0 s) and being turned off {time=60 s).
Flowing helivm backside cooling (P = 1.19 Torr, flowrate=4.5 sccm). Analytical, finite element, and experimental results are shown for the temperature

decay after the plasma has been turned off.

JVST B - Microelectronics and Nanometer Structures




3054

Laudon et al.: Thermal analysis of an x-ray mask membrane

3054

#  Experimental-No Helium Cooling
—=+— Finite Element-Flowing He
4  Experimental-Flowing He

—o— Finite Element, No Helium Cooling

P=1.19 Torr
Flownate = 4.5 sccm

€  Experimental-Static He, P =0.26 Torr

<

Membrane
Temperature _
(C) 100 |

:
/]

<

—

iy,

~

o,

S

Zaul
.E ]
2
."'

..
B
55

5

Ul

50

“
2
7

T <5

ﬁ
i 7
TP
\\Elr"",
R
=2

=

i
T
S ¥

&,

e
5
H

11
X
b

!

o
[T
BEESS
3

Radius (mm)

Flowing He Backside Cooling

FiG. 8. Steady state membrane temperature vs radius for the no helium, flowing helium, and static helium backside cooling. Finite element results are shown
both in plotted form and in contour form, for the no helium and flowing helium cases. Experimental results are shown for all three cases.

VIl. STEADY STATE TEMPERATURE RESULTS

The steady state membrane temperature distribution was
obtained from the finite element model using the mask heat
transfer characteristics previously discussed. Figure 8 com-
pares the radial mask temperature distribution predicted by
the model with those temperatures measured just after the
plasma was shut off. The computed and measured cases
shown in Fig. 8 include no helium backside cooling and
flowing helium backside cooling (heat exchanger set to room
temperature). When no helium cooling is present, mask cen-
ter temperatures reached approximately 240 °C. Experimen-
tal results only are shown for the case of static helium (P
= 0.26 Torr), Temperature contours from the finite element
models are shown on the right-hand side of Fig. 8. The flow-
ing helium cooling condition produced a relatively uniform
temperature profile in comparison with the no cooling case.

VIII. CONCLUSIONS

Transient temperatures were measured on a mask mem-
brane in an etching environment after turning off the plasma
to determine various heat transfer characteristics of the mask.
These characteristics included the incident heat flux, effec-
tive membrane emissivity, and heat transfer coefficient for a
selected helium flow condition. These temperatures were
compared to analytical and finite element calculations. Good
agreement was found between calculated and measured tem-
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perature decays. Using these characteristics in the finite ele-
ment models, the steady-state temperature distribution in the
mask was computed for both the no helium and flowing he-
livm cases. Again, good agreement between calculated and
measured temperatures was found for both cases. Based on
these results, minimal temperature rise and subsequently
minimal gradients occurred for the flowing helium case.
Now that these experimental and computational modeling
procedures have been verified, these techniques can be used
to optimize the membrane cooling process and predict a us-
able membrane area.
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