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Abstract

Tungsten absorber with low and stable stress is critical to the applicability of X-ray
mask technology for producing submicrometer features. This thesis focuses on reduc-
ing stress non-uniformity created by plasma heating through a new approach called
helium backside temperature homogenization. This technique successfully produces
absorber with uniform stress. Although low stress absorber has been obtained, the
reproducibility of the stress is poor.
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Chapter 1

Introduction

As the trend for ever smaller device dimensions continues in VLSI chip manufacture,
X-ray lithography is well positioned to be the technology of the future. Compared to
optical lithography, X-ray lithography has the advantage of higher resolution; com-
pared to electron/ion beam writing, X-ray lithography has higher throughput [24].
It remains to be determined if optical lithography will be practical for feature size
of 0.25 micron and below, while sub 100nm features have been successfully produced
using X-ray. Electron beam direct write is good for mask generation; however, it is
far more expensive than X-ray to print large volumes of wafers. The distortion in
the X-ray mask membrane may be a major obstacle to the general adoption of X-ray
lithography.

Since X-ray lithography is a one-to-one replication technique, the quality of the
replicated patterns depends critically on pattern-placement accuracy in the X-ray
masks. In fact, it is one of the most serious issues in X-ray lithography. Therefore,
it is important to achieve precise control of the absorber film stress, since this stress
can cause a pattern displacement error of the absorber on the thin membrane. For
a minimum feature size of 100nm and below, the absorber should have less than
5 x 107dynes/cm? internal stress [13].

Many studies have been done to produce a low stress absorber for the X-ray mask.
One area that has not received proper attention is the non-uniformity in absorber

stress caused by a thermal gradient in the membrane during absorber deposition



process. Non-uniform stress can cause pattern displacement errors depending on
their positions on the membrane. Therefore, following the techniques used in previous
studies on thermal effects in X-ray masks for synchrotron irradiation and reactive ion
etching [5] [17], helium is used as a cooling gas for the membrane during the absorber
deposition process.

This method is called helium backside temperature homogenization (HBTH),
where helium is introduced into a gap between the back of the membrane and a
massive heat sink. The high conductivity of this gas provides a very efficient homog-
enization mechanism. The membrane temperature is controlled by the equilibrium
between the absorbed power input and the heat removed by conduction through the
helium to the heat sink surface. To keep the temperature constant, the heat sink
temperature is separately controlled.

In this work, we characterize the HBTH and related technologies. In chapter 2, we
detail the physical background involved in HBTH, i.e. X-ray lithography, absorber
and RF sputtering, and stress. In chapter 3, we analyze the effects of deposition
conditions. In chapter 4, we introduce the HBTH experimental setup. In chapter
5, we summarize the measurement techniques and analysis of the results. Finally in

chapter 6, possible future works are suggested.



Chapter 2

Physical Background

In this chapter, I want to discuss the basic technologies and concepts involved in this

thesis.

2.1 X-ray Lithography

X-ray lithography is a technique to print patterns onto substrates. An X-ray mask is
made of a transmissive membrane and patterned absorber, as depicted in Figure 2.1.

The mask is held in close proximity of the wafer (0 — 50um) [6]. X-rays are shone
through the thin membrane and expose the resist in the clear areas. To achieve high
contrast printing, the absorber must have high X-ray attenuation.

SiN, is a good membrane material because it has high X-ray transparency. The
mask membrane used in the NanoStructures Laboratory at the Massachusetts Insti-
tute of Technology for x-ray masks is 31mm in diameter and 1.0pm thick Si-rich SN,
whose fabrication process of the membrane has been developed at MIT [16].

Mask can be fabricated with an additive process or a subtractive process. The
additive process usually involves electroplating Au. This process has the advantage
of producing low stress film. The disadvantages are Au has a large thermal expansion
coefficient and plating is a wet chemical process, which is more prone to defects.

In the substrative process, W or Ta is deposited by sputtering. Ta has better
dry etching characteristics, while W has higher density than that of Ta. Suzuki

10
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Figure 2-1: X-ray Lithography Mask

has developed a more simplified x-ray mask fabrication with a subtractive tungsten

absorber pattern fabrication process using a single-layer resist as an etching mask

[23].

2.2 Tungsten as Lithography Absorber

Tungsten can replace gold as a good X-ray absorber because it has high X-ray ab-
sorption, has a close thermal expansion match with membrane materials, and can be
patterned with a subtractive process.

The thickness of the absorber is chosen to give 10dB or more X-ray attenuation
at the wavelength used. At X-ray wavelength A = 1.3nm, 200nm Au or 250nm W
absorbers give 10dB attenuation [13].

Since the X-ray mask undergoes temperature changes during the various processes
involved in lithography, it is desirable to have matched thermal expansion coeffients on
film layers to minimize pattern degradation. Tungsten’s thermal expansion coefficent

(4.3x107°K ') best matches the coefficient of the membrane ( 2.7 x 106K 1), when

11
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Figure 2-2: RF Sputtering Deposition of W on X-ray Mask

compared to Au (14.3 x 107K ') and Ta (6.5 x 107K 1) [13].
Furthermore, tungsten can be patterned by reactive-ion-eching (RIE). RIE is a
“dry” process because the etching takes place in a plasma, not a “wet” chemical

solution.

2.3 Sputter Deposition of Tungsten

Tungsten (W) can be deposited by evaporation or sputtering. For absorber thick-
nesses of interest here, 0.1 to 1um, evaporation is not practical. Therefore sputtering
is the W absorber fabrication technique of choice because of its superior deposition
rate, 20.8nm/min at 200W RF power.

The basic theory of sputtering is illustrated in Figure 2.2. A large negative self bias

12



voltage appears on a circular W target. Therefore, the Ar ions generated in the RF
plasma are accelerated to the W target. When the heavy Ar ions reach the W target,
they remore or “sputter” W atoms from the target by exchange of kinetic energy and
momentum. Some of these W atoms are collected on the substrate (membrane) and
form a thin W absorber layer.

A serious problem in sputtering tungsten is the high stress in the deposited film.
For fabrication of stable long term x-ray masks, film stress must be controlled to the

required level of 1 x 108dyn/cm?(10M Pa) [13].

2.4 Absorber Stress

Stress in films is directly related to mask distortion. To control the distortion we
need low stress absorber film because the distortion becomes smaller as the absorber
stress decreases.

There are two major components of stress in a thin film, intrinsic stress and
thermal stress [3]. The intrinsic stress results from the structure and growth of films.
It depends on the conditions of the deposition process, which is explained in chapter
3. Thermal stress is due to the difference in the thermal-expansion coefficients of the

film and the substrate and is given by

ST}, = (aF - a,)ATEF (21)

where ar and a, are the average coefficients of expansion for W film and membrane,
AT is the difference in membrane temperature during W deposition and at measure-
ment, and Ep is the Young’s modulus of the W film [13].

When the intrinsic stress is controlled at a low level, thermal stress can become
the main contribution to stress. To minimize thermal stress, we want the thermal
expansion coefficients of the films to match. Furthermore, if there is a gradient in
temperature on the membrane during deposition, there will also be a corresponding
gradient in stress on the membrane. The elimination of this difference in thermal

stress is the focus of this work.
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Chapter 3

Absorber Fabrication via Sputter

Deposition

3.1 Sputter Deposition of Tungsten

Tungsten is deposited by RF sputtering as discussed in Chapter 2. To guarantee ex-
cellent adhesion to the substrate, a thin chrome adhesion layer, 5 to 15nm is sputtered
on the membrane before W sputtering. Cr is also useful as an etching stop in the
RIE absorber patterning step of mask fabrication process. To summarize, the process
of W fabrication involves three steps. First, a membrane is cleaned with a chemical
solution of NH,OH and H,;0, (RCA clean) to remove organic contamination . Sec-
ond, a thin Cr adhesion layer is sputtered on the membrane. Finally, 500nm of W is
sputtered. 500nm W corresponding to 20dB contrast. In an actual X-ray mask only
200 — 250nm of W is required. The final result is shown in Figure 3.1.

A serious problem in sputtering tungsten is the high stress in the deposited film.
For fabrication of X-ray masks, film stress must be controlled to the required level
as low as 1 x 108dyn/cm?(10M Pa). Even though results from the efforts to make
low stress tungsten are mixed, models for the origin of stress have been generally
accepted. The tensile stress of the film can be modeled using the interatomic forces
acting on the grain boundary [8]. Compressive stress is explained as the result of

atomic peening action.
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Figure 3-1: X-ray Membrane and Absorber Layers
3.2 Deposition Conditions and Absorber Stress

To minimize distortions in an X-ray mask, intrinsic stresses in the absorber films
must be low and reproducible. All the parameters related to sputtering conditions
can potentially have an impact on the absorber stress. As a result, the conditions such
as working gas (Ar) pressure, electric power, substrate temperature, base pressure,
and geometry of the vacuum chamber have been investigated in many works.

For example, Kadela observed that “stress in tungsten layers was heavily depen-
dent on the substrate, layer thickness, deposition rate and argon pressure and on
the electrical power used for sputtering” [9]. This statement made clear that many
parameters affect the W film stress. Even though a set of optimized parameters are
found for one facility, they won’t be the same under new conditions or a different
facility. Nonetheless, it is beneficial to have some general idea of each parameter’s
relationship with stress when finding the optimal parameters for a new experiment.

In the following paragraphs, I summarize some of the relationships.

Working Gas Pressure Working gas pressure strongly influences the stress of the
sputter-deposited film [7]. The stress shifts in the tensile direction when the pressure
is increased [13] [25]. The stress transition from compressive to tensile is characterized

by an abrupt slope[2] [13]. This abrupt transition is one of the difficulties in precisely
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controlling the W film stress with good reproducibility and obtaining stress stability.
The general agreement on the stress and pressure relationship ends here. The
exact shape of stress versus pressure curve varies depending on the vacuum system

and sputtering conditions.

Base Pressure Base pressure is the vacuum pressure before deposition is initiated.
A low base pressure can represent a good system cleanness. Kola claimed that a low

base pressure (P = 1 x 107torr) is necessary to produce stable a-phase W [12].

Substrate Temperature Chaker found that “the magnitude of the compressive
stress decreases almost linearly with temperature, with a slope §stress/8T of about
50M Pa per 100°C” [2]. Ku stated that a substrate temperature of 200°C is neces-
sary to produce stable low stress W with the MRC8620 RF sputtering system [13].
Therefore, 200°C is chosen as the temperature for the sputter depositions in this

work.

Stress Reproducibility There are different accounts in this area. Some have
achieved reproducible low stress absorbers, others have only partial or no success.

Yabe stated that smooth stress-free amorphous high density W absorber film was
obtained by optimizing parameters such as gas pressure, N, content in the working
gas, DC power density, and annealing temperature. The reproducibility of the film
stress was about +50M Pa or 5 x 108dynes/cm? [25]. Kola maintains that stress
reproducibility is better at low power because higher plasma heating of the substrates
and higher deposition rates give the atoms less time to find stable lattice sites [12].
Itoh and Hori found that it is difficult to precisely control the W film stress with good
reproducibility and obtain stress stability because the stress of a sputter-deposited
film varies just from a slight change in the working gas pressure. They said the stress
of tungsten absorber, however, can be reduced to as low as 5 x 107dyn/cm? with ion
implantation [7].

My results show that reproducing low stress W absorber is very difficult. Even

though the Ar pressure in the sputtering chamber is controlled within +0.01mtorr
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which is below the level of £0.05mtorr as specified by Kola [12]. So, there must be

other parameters that contribute to the poor reproducibility.

3.3 Other Techniques of Stress Reduction

People have tried different methods to reduce W stress post deposition. Most of
the schemes involve annealing and/or ion implantation. They are very successful as
some results show. In the following chapters, we develop a new method called helium
backside temperature homogenization, which aims to produce low and uniform stress

during deposition.

Annealing Yabe found that annealing shifts the film stress in the tensile direction
[25]. This suggests that stress can be compensated by properly controlling the an-
nealing process. Chaker successfully used rapid thermal annealing (RTA) process as
a post deposition stress correction [2]. Kanayama combined ion implantation and

annealing, and got similar results [10].

Ion Implantation Itoh and Hori performed Ne, Ar, Kr, Si ion implantations to
modify the absorber stress. They concluded that ion implantation is effective to
relieve the stress of W. Their explanation for the stress reduction is that the implanted
layer prevents the films from oxygen absorption at the grain boundary and also from
any decrease in the intercolumnar gaps. The volume expansion of the implanted layer
closes the intercolumnar gaps of the films [7].

Kanayama used ion bombardment as a stress-compensation technique in X-ray
absorber layers and found that compressive stress of 101°dyn/cm? can be completely
compensated to less than 5210°dyn/cm? in 0.4pm thick WNx layers by ion bombard-
ment at an elevated temperature (300°C) [10].

17



Chapter 4

Helium Backside Temperature

Homogenization (HBTH)

This chapter introduces the helium backside temperature homogenization as a method
to produce uniform stress tungsten absorber for X-ray masks. In the following sec-
tions, we first discuss why HBTH is needed. Then, we review the pressure dependence
of helium heat conductivity and present the HBTH experimental set up and control.
Finally, we calculate the resulted temperature profile on the membrane based on a

heat transfer model.

4.1 Motivation

The plasma produced during RF sputterring has sufficient power to raise the temper-
ature of the substrate material. In my experiments without HBTH the MRC 8620
sputter system raises the temperature of the heat sink from 28°C to 48°C by plasma
heating alone. Since the Si rim on the mask, the Pyrex supporting ring, and the
Aluminum holder have large thermal mass, they act like a heat sink. Moreover, the
thin membrane is a very poor conducting material. So the plasma heating not only
raises the temperature of the membrane, but also produces a non-uniform tempera-
ture profile on the membrane. The center of the membrane has a higher temperature

than the edge of the membrane. Consequently the thermal stress at the center is also
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Figure 4-1: HBTH Setup

higher.

To avoid the temperature gradient caused by plasma heating during the deposition
process, we applied a temperature homogenization method with helium as a cooling
gas. Because helium has high thermal conductivity, it can quickly dissipate the heat
from plasma, maintain a constant temperature on the entire membrane, and eliminate
the non-uniform thermal stress.

Interestingly, gas cooling has been used successfully in the reactive ion etching
(RIE) [17], X-ray synchrotron radiation [5] on membranes, and ion implantation
process [11] [19] [20] on silicon wafers. However, no work has yet been done with
gas cooling of membranes during sputtering deposition to address the problem of

non-uniform stress caused by plasma heating.

4.2 HBTH Aparatus

The design considerations and actual setup for HBTH are explained in this section.
The basic parameters that need to be determined are gap dimensions and helium
pressure, as shown in Figure 4.1. In addition, a control mechanism is needed to

regulate the helium pressure and mask holder temperature.
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4.2.1 Gap and Pressure

The conductivity of helium gas depends on the size of the gap at the back of the
membrane and the helium pressure. At low pressures, the conductivity of helium
increases with pressure; at high pressure, the conductivity reaches a constant value
which is independent of the pressure. The pressure is considered to be low if the
mean free path of helium gas molecules is greater than the gap between two heat
conducting surfaces [4]. In the HBTH case, the two surfaces are the membrane and
the surface of the heat sink.

Mean free path, denoted as [, of He gas molecules at 25°C' and 1ltorr is 1.47 X
10~!mm. At other temperature and pressure, [ varies as v/T/p, where T is temper-
ature and p is helium pressure [11]. From this relationship, ! at 200°C and 5torr is
3.86 x 10~ 2mm. If we set the gap at 1mm, then 5torr or more is definitely in the
high pressure region.

At high pressures, the conductivity of He becomes a constant and the heat transfer

is given by,

E/A =k(Tm — Tmn)/g (4.1)

where E is heat transfer rate (power transfer) from hot membrane surface to heat sink
plate, g is the gap between the two plates, & is the heat conductivity of helium, which
is a constant of 1.436mW/emC [4], T, is the temperature of the membrane, T, the
temperature of the heat sink. From Equation 4.1, helium transfers 14.36mw/cm? by

conduction if the temperature differential is 1°C and the gap is 1mm.

Membrane Deflection Helium pressure within the gap is set at 5torr as deter-
mined above. This pressure is higher than the Ar pressure (< 20mtorr) in the
chamber, so the membrane is slightly bulged up. The deflection of the membrane can

be calculated using the following formula,

dta, t E
_ A0, 8 B e (4.2)

P r2 3ril —
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for a membrane with radius r, deflection height h, film thickness ¢, intrinsic stress o,,
and bulk modulus E/1 — v at a pressure differential p {1]. The calculated membrane
deflection is 100um using data from Gabrielle Owen [18]. This deflection is low enough

to maintain a constant thermal transfer.

4.2.2 Experimental Setup

A schematic layout of the setup is shown in figure 4.2. The setup consists of a
temperature controlled aluminum (Al) heat sink, a helium pressure control loop, and
two vacuum isolation valves (valve one and valve two).

The heat sink’s temperature is maintained at 200°C during sputtering. It is heated
for at least an hour before deposition so that the mask glass supporting ring and the
Si rim on the mask achieve thermal equilibrium with the Al holder.

The gap between the back side of the mask membrane and the aluminum holder
is 1mm. While the vacuum chamber is being pumped down to base pressure, valve
one is closed and valve two is open so the gap behind the membrane also achieves a
vacuum. When the desired base pressure is obtained and the deposition begins, valve
two is closed and valve one is open to allow helium to flow into the gap.

The helium pressure and flow control loop consists of a control valve, a pro-
grammed controller, and a pressure gauge. The controller gets pressure measurement
from the pressure gauge and then adjusts the position of the control valve so that
the helium pressure stays at the pre-set 5torr pressure. This pressure is maintained
throughout the deposition process.

This setup makes sure the gap behind the membrane is filled with helium at a
constant pressure and the heat sink’s temperature is constant. The temperature on
the membrane is therefore homogenized. Figure 4.3 summarizes the improvement that
is possible with HBTH [15]. A more detailed mathematical model for the temperature

profile on the membrane is discussed in the next section.
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4.3 Temperature Profile on Membrane

The model presented here is developed by Heinrich et al [5]. Symbols and values used

in this section are listed below.

1. a thermal diffusion length.
2. Tpee maximum temperature differential on the membrane.
3. T, = 473K = 200°C temperature of the heat sink.
4. T temperature difference of the membrane relative to the heat sink.
5. P, = 0.1W/cm? heat flux from plasma to membrane.
6. a,.q heat transfer coefficient due to radiation.
7. ag. heat transfer coefficient due to helium conduction.
8. Qeff = rqd + ag. effective heat transfer coefficient.
9. A = 1.48W/em K membrane thermal conductivity.
10. Age = 1.436 x 1073W/em K helium thermal conductivity.
11. d = 1pm thickness of the membrane.
12. b = 3.1cm diameter of the membrane.
13. dge = 1lmm distance of the gap between the membrane and mask holder.
14. € = 1 emissivity of membrane.

15. 0 = 5.6696 x 10~ 8Wm 2K —* Stefan-Boltzmann constant.

Among these values the thermal diffusion length and maximum temperature dif-
ferential on the membrane are the most important in calculating the temperature

profile on the membrane. The rest are necessary to derive these two values.
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In the HBTH setup, the membrane dissipates heat by thermal radiation from
surfaces and conduction through helium gas to the heat sink, as indicated in Figure
4.4. The heat flow and heat-transfer coefficients can be calculated.

(1) The heat flow due to thermal radiation is given by
Jrad = padT, where a,,q = 2(4€0T2) is the heat transfer coefficient assuming T' < To,.

(2) The heat flow from membrane to heat sink is given by
Jue = ag.T, where ag. = Mge/dy. is the heat transfer coefficient due to helium
conduction.

Notice this is the same equation as Equation 4.1 in the new notation. The effective
heat transfer coefficient is the sum of the radiation and conduction coefficients.

With these basic heat loss mechanisms in mind, we now consider the steady-state
one dimensional case with a power distribution P(z) = P, for —4/2 < « < b/2 and
P(z) = 0 elsewhere. The coordinates are defined as in Figure 4.5. The heat transfer
differential equation for this case is given by

, 0T P(z)

— T 4T =

6232 Qeyrf (43)

where @ = (Ad/acss)!/? is the thermal diffusion length. The boundary condition is
T(z = £2) = 0. The solution of this temperature profile is

(o) = 21 - by, (4.4

26



The relevant coefficients are calculated below.

Qrad = 2(4€0T3) = 4.7 x 1073 W/cm’K

age = Age/dm.=1.44 x 107*W/em’K

Qeff = Opog+age=19x1072W/em’K
a = (Md/a.ss)? = 0.088cm

Tmee = T(z=0)=5K < T,=473K.

For comparison, the temperature profile is calculated without HBTH, where the
only heat transfer is through radiation. The solution is the same as Equation 2.4

except for values a.f; and a.

Qeff = Olpgd = 4.7 x 10_3W/cm2K
a = (Md[aess)t? = 0.17Tem
Trmee = T(z=0)=21K < T, =473K.

The two temperature profiles are plotted in Figure 4.6, which shows that without
HBTH the center of the membrane has a much higher temperature than the edge of
the membrane. The result is higher thermal stress in the center.

The graph shows that HBTH has two positive effects. First, it reduces the tem-
perature differential by more than four times. Because thermal stress is directly
proportional to the temperature on the membrane, reduction in the temperature dif-
ferential during sputtering helps to reduce the thermal stress. Second, it produces a
more uniform temperature profile across the membrane because of the reduced ther-
mal diffusion length (a). A more uniform temperature profile minimizes the effect of
high compressive stress at the edges as observed by Ku [13]. My results confirmed
the above predictions because the stress measured on the membrane are uniform.
Discussion of the results is in the next chapter.

The assumed emissivity of 1 is high. A more realistic value is probably around

0.2 [21]. Using € = 0.2 the temperature profiles are shown in Figure 4.7. We see that
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Figure 4-6: Temperature Profile of Membrane with High Emissivity
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the effect of HBTH is much more dramatic in this case.
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Chapter 5

Measurement and results

5.1 Membrane Characterization

In order to measure the absorber stress, we need to know the thickness and intrinsic
stress of the membrane. This section outlines the methods used for these measure-

ments.

5.1.1 Membrane Thickness

The membrane thickness is obtained using a spectrometer which can measure the
membrane transmission at different wavelengths. Since the transmission depends on
the the membrane thickness and its optical properties, the measured data can be
fitted to a relationship and the best fitting parameters contain enough information
to calculate the thickness. Typical data and a fitting curve are shown below.

This technique was used in characterization of X-ray masks by Moel [16]. Gabrielle
Owen improved this method and facilitated most of the thickness data used in this

thesis [18].

5.1.2 Membrane Stress

A bulge test similar to the one used by Bromley is used to measure the stress of the

membrane. It applies a differential pressure between the front and backside of the
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Figure 5-1: Data and Fitting Curve from Spectrometer
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Pyrex ring

membrane

Figure 5-2: Bulge of Pressurized Membrane

membrane, and measures the resulting membrane bulge or deflection as depicted in
Figure 5.2.

The amount of deflection at the center of the membrane can be used to measure
its intrinsic stress. Bromley derived the following formula, using hoop stress formula
on a circular membrane and assuming the deflection is small,

_ 4o, b 8t FE

——0h 1
r2 3rtl — v (5.1)

P

where t, 7, h, 0,, 1—1_'77 are the thickness, radius, deflection, intrinsic stress and bulk
modulus of the membrane, and p is the differential pressure applied [1].

Since ¢ and r are known, o, and % can be determined by measuring h at various
p’s and fit the data to the above formula.

This technique can be extended to measure stress in films deposited on a mem-
brane by measuring the properties of the composite layers. In addition, it may be
used in a in situ stress control setup because it measures the stress non-destructively.

This possibility is explored in chapter 6.
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Figure 5-3: Membrane Out-of-Plane Distortion

5.2 Absorber Stress

In this section, absorber stress is measured using a substrate bending model. First,
the equation of absorber stress is introduced. Then, the process involved in the

measurement is described.

5.2.1 Owut-of-plane Distortion and Absorber Stress

Yanof’s model of membrane deflection due to the bending from the absorber stress
and membrane intrinsic stress is used to derive the following relationship for an X-ray

mask half covered with absorber,

20,n

= —-———ta(l T %?) (5.2)

Ta

with an absorber stress of o, and thickness ¢,, membrane stress of o, and thickness
t,, and total out-of-plane deflection of p[13] [26]. Since §,, t, and o, are determined
from the techniques described in last section, we can calculate o, by measuring 7 and
ta . A cross-section view of out-of-plane distortion 7 is given in Figure 5.3.

The X-ray mask half covered with absorber is made using a photolithography

process described in the next section. Its out-of-plane distortion is measured using a
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Linnik interferometer.

5.2.2 Photolithography Process

The absorber film (W and Cr) is sputtered on an X-ray mask using the HBTH setup
in chapter 4. To make an X-ray mask half covered with absorber, a photolithography
technique is used. This process is illustrated in Figure 5.4.

The X-ray mask is RCA cleaned to remove organic contamination. Then a thin
Cr adhesion layer (10nm) and a W absorber layer (500nm) are sputter-deposited
on the membrane. The membrane is then coated with photo resist (1822) and oven
baked. The next step is to expose the resist on half of the membrane using UV light.
The exposed resist is then washed off with a developer. The final step are W and Cr
etching and removing the remaining resist.

The top view shows that half of the mask is covered with absorber. The interface
between the absorber and the membrane is a step with height equaling the thickness
of the absorber. This mask is then put under the Linnik interferometer to measure

the step height and out-of-plane distortion.

5.3 Result and Analysis

To test the helium backside temperature homogenization method, a number of sput-
tering experiments on a single membrane as well as on different membranes were
carried out. If the absorber stress is uniform, then HBTH is successful.

During these depositions, helium was flowed at a fixed pressure in the small gap
between the membrane and the mask holder to homogenize the temperature of the
membrane. A detailed explanation of the setup was presented in chapter 4.

The sputtering system used was a MRC 8620 upgraded with a new Cryo pump and
a new Cr target. The base pressure before sputtering was below 3 x 10~%torr. Working
gas was Argon (Ar). The pressure range tested was from 16.85mtorr to 20mtorr.
Membrane temperature was kept at 200°C to ensure the stable a phase W [13]. RF

power applied was 200W, and peak-to-peak voltage was 1.5KV. Pre-sputtering on
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the shutter was done for 5 minutes to clean the targets from any oxidization.

After one month of continuous sputter runs in an effort to find the zero-stress Ar
pressure and data for stress at different pressures, I got the following results.

Data show that very low stress tungsten absorber over an entire membrane can be
produced with the HBTH, which proves that our approach is correct. Unfortunately,
the low stress is not readily reproducible. At Ar Pressure of 19.92mtorr, zero-stress
W was produced; however, the sputter runs at the same pressure failed to obtain the
same stress.

Nonetheless, all HBTH data consistently show a uniform stress over the entire
membrane, as shown in Figure 5.5. Notice that when the stress is tensile, the uni-
formity is very good except for one. The exception is the data with an upward tilt
at the edge of the membrane. Since the normal thermal gradient induced stress non-
uniformity should be lower at the edge, this is probably an error in measurement.

Figure 5.6 summarizes the thickness of tungsten at different Ar pressures. The
error bar in thickness is +=15nm, since that is the accuracy of the Linnik interferom-
eter. And Figure 5.7 gives the relationship between stress and pressure. Its error bar
is calculated by setting An = 15nm and use the formula

20,An

AO’a = m. (5.3)

It shows the stress value at any pressure is not reproducible. Data for these two
figures are summarized in Table 5.1.

In chapter 3, we listed working gas (Ar) pressure, electric power, substrate temper-
ature, base pressure, and geometry of the vacuum chamber as important deposition
conditions which influence the absorber stress. Because working gas (Ar) pressure,
RF power, membrane temperature, and base pressure in the sputter experiments were
satisfactorily controlled, the uncertain parameters left are the geometry of the vac-
uum chamber. Since sputtering is in a plasma environment, the chamber geometry
can have a significant effect on the stress of the absorber.

Nonetheless, the goal of building and characterizing the helium backside tem-
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Table 5.1: W Stress Data

Ar Absorber | Stress | Absorber | Membrane | Membrane
Pressure | Stress Error | Thickness | Stress Thickness
(mtorr) | (MPa) (MPa) | (nm) (MPa) (nm)
17.25 -233.5 33.6 519 850 1123
17.29 -308.9 36.6 486

17.29 -445.6 35.6 497

17.36 -519.5 32.9 527

19.76 -349.2 7.7 521 210 918.1
19.92 -442.9 7.7 520

19.92 0 7.6 526

19.92 389.6 8.8 473

19.92 234.6 7.7 521

20 74.3 74 538

20 298.9 6.9 565

perature homogenization scheme with a tungsten absorber on an X-ray mask has
been accomplished with the above experiments. Due to the poor reproducibility of
low stress tungsten absorber, an in situ monitor scheme is probably a good way to

improve this situation.
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