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Abstract

This paper presents the design of orientation stages for high-resolution imprint lithography machines. These machines implement a n
lithography process known as Step and Flash Imprint Lithography (SFIL) and are intended for 1) sub 100 nm imprint demonstrations ¢
flat substrates and 2) investigation of potential defect propagation during step and repeat imprinting. SFIL is an imprint lithography proce:
that is a combination of chemical and mechanical steps and its implementation at room temperature and low pressure makes it an attrac
process as compared to other imprint techniques. A critical component of an imprint machine is the orientation stage that is required
provide uniform intimate contact between the template and substrate surfaces. The orientation stage requirements are distinct from th
used in photolithography since the depth of focus of projection optics allows for larger errors in the orientation alignment. Also, due tc
contact between the template and substrate surfaces in imprint lithography, the separation kinematics must be carefully controlled in t
SFIL process. Two different orientation stages are designed for single- and multi-imprint machines. In order to eliminate the particl
contamination due to frictional contacts, all joints are made with flexure joints. Imprint experiments have been performed to demonstra
sub 100 nm imprints. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction sures. High temperatures and pressures can cause major
technical problems in accurate overlaying of multiple
Step & Flash Imprint Lithography (SFIL) has been layers of a circuit and are hence undesirable. Fig. 1
introduced as a low cost approach that can potentially illustrates the SFIL process [1]. Since it is impractical to
generate circuit patterns with sub 100n line width have a zero gap between the template and substrate, the
without expensive projection optics [1,2]. Imprinting on imprinted feature on the substrate surface has a thin film
curved substrates has also been demonstrated using temef etch barrier and this layer is called the base layer in
plates patterned by lon Beam Proximity Printing [3]. Fig. 1. For a practical imprint lithography process, the
SFIL is a room temperature and low pressure process thatbase layer needs to be thin (usually 19® or less) and
largely relies on chemical and mechanical steps to trans-uniform across the imprinted area. The maximum thick-
fer high resolution patterns. One could probably best ness variation of the base layer needs to be less than the
describe SFIL as a micro-molding process (See [4-8] for height of the imprinting feature for a successful etch-
other imprint processes under development). SFIL anding process. Fig. 2 illustrates relative configurations
other imprint lithography techniques are similar in the of template and substrate that lead to undesirable base
fact that they use the topography of a template to define layers.
the pattern created on the substrate. The key difference
between SFIL and other imprint lithography techniques is
the use of a liquid etch barrier. This low viscosity solu- 2. Imprint machines
tion eliminates the need for high temperatures and pres-
Two imprint machines have been developed for the fea-
* Corresponding author. Tel+1-512-471-6546; fax-+1-512-471-  Sibility study of the SFIL process. Fig. 3 shows a schematic
8727. diagram for the SFIL process. A single-imprint machine
E-mail addresssv.sreeni@mail.utexas.edu (S.V. Sreenivasan). was developed to investigate the resolution limit of the SFIL
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Fig. 1. The Step and Flash Imprint Lithography process.
A critical mechanical issue for these imprint machines

process and to support the development of materials assolS the fine orientation stage that must bring the template
ciated with the transfer layer and the etch barrier. A multi- and substrate surfaces into contact while minimizing rel-
imprint machine that can perform repeated imprints on 8 ative lateral motions. In this work, passive compliant
inch wafers was developed for the purpose of defect prop- Orientation stages that generate their motions by pushing
agation analysis [9]. It can also provide an accurate control the template against the substrate were developed. The
of the base layer to enable the oxygen etch transfer. Thestages were, however, designed keeping in mind that they
major machine components of the multi-imprint machine can be modified to make them piezo-actuated for future
include the following: (a) A micro-resolution Z-stage that research. The need to minimize particle generation from
can control the average distance between the template an@rientation stages and other moving bodies is important
substrate, and can control the imprinting force; (b) An since particle contamination can be a major source of
automated XY-stage for the step and repeat positioning; () defect propagation in this process.

A pre-calibration stage that assists in obtaining parallel |n this investigation, first, kinematic requirements of
alignment between the template and substrate by compenthe orientation stages were studied (Section 3). Passive
§ating fgr orientation errors introduced during 'Fhe tem'pla.te stages satisfying the kinematic requirements were devel-
installation; (d) A vacuum chuck that has a uniform distri- o564 next using flexure mechanisms. Presence of sliding
bution of vacuum applied to the bottom of the substrate and contacts in mechanical joints can cause wear, generate

thabt thats i calrefultly pOI'Shﬁd surf::ce to. efrllstutre thtit' theundesirable particles and lead to stiction that makes pre-
substrate has low topography vanations ('.s attowithin a - ii5n motion control difficult. Presence of clearances in
few tens of nanometers); (e) A fine-orientation flexure stage .

that augments the alignment capability of the pre-calibration joints can Ie_ad to reduced repeatability in the motion of
; . ; the mechanism.

stage to provide a highly accurate parallel alignment of the F ¢ tion by elastic def i d

template and substrate; the alignment accuracy is of the exures generate motion by €lastic deformation an

order of tens of nanometers across an inch; (f) A flexure can avoid all thg problem.s assomgted W'th frictional

based substrate calibration stage that orients the top of thd®ints. Also, provided elastic and fatigue limits are not

substrate surface parallel with respect to the plane of the €Xceeded, flexures can provide extremely repeatable mo-

XY-stage; (g) An exposure source that is used to cure thetion and long life for the stage. Flexure stages are be-

etch barrier; (h) An automated fluid delivery system that can COMing quite common in the precision engineering in-

accurately dispense known amounts of the liquid etch bar- dustry [10,11].

rier; and (i) Load cells that can provide both imprinting and

separation force data.

3. Orientation stages for imprint machines

Fig. 4 shows two flat surfaces representing the template

and substrate surfaces respectively. A proper alignment

. . - between these two flats ideally leads to a perfectly uniform
Fig. 2. Relative positioning of the template and substrate that leads to

undesirable base layers: (a) a wedge shaped base layer and (b) a base Iayér"mcace FontaCt_bet\Neen them_' SUCh_an alignment can be
that is too thick. accomplished with one translation (z displacement) and two
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Fig. 4. Orientation alignment motions for (a) a substrate orientation stage
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Fig. 6. Substrate orientation stage and a FEA analysis showing the de-
formed ring structure under a vertical load.

barrier has already been UV exposed, excessive lateral dis-

and (b) a template orientation stage. x and y are axes are on the substratplacements may destroy transferred images.

surface.

tilting motions @ and B) between two flats. The x and y
axes are located on the substrate surface.

3.1. Lateral motion error due to coupled tilting motions

The three necessary orientation motions were identi-
fied above. In an ideal situation, the translation motions
of a template in x and y (see Fig. 4 for the axes) should
be eliminated. Fig. 5 shows a coupled effect between
tilting and translation. Coupled motions arise when a
tilting axis does not exist on the surface of the template.
A lateral displacement the templai#, is given byd, =
lo#SINO = | ¢ 6, (Wheno is small) where] is the offset
of the tilting axis from the surface and is the tilting
angle in radians.

As an example, wheth,s = 5 mm and6 = 0.0001

3.2. Orientation stage for single-imprint machine

For the single-imprint machine, a substrate orientation
stage has been developed [12]. The basic element of the
flexure is derived from the work presented by Badami
al. [9]. They presented a ring that is comprised of three
fixed-fixed beams. The mid-point of each of these beams
(points B, P,, and R in Fig. 6) provide a vertical de-
flection due to an applied vertical load. A modified ver-
sion of this design yields the distributed flexure stage of
Fig. 6. This three degree-of-freedom (DOF) stage was
developed keeping in mind the need for making the stage
actively controlled. A high resolution z directional gap
control can be achieved in addition to orientation align-
ment by this flexure using piezo actuators attached at the
points R, i = 1, 2 and 3.

The three Points, ;Pof the fixed-fixed beams are con

radian,d is 500 nm. Such an excessive lateral displacement Nected to a vacuum chuck. To avoid shearing due to relative
of the template must be avoided for a high-resolution im- motion between the template and substrate, the flexure ring
print process. During a separation process in which the etchis installed such that the orientation axes are aligned with
the template and substrate interface. The parameters of the
ring (material and geometry) can be arrived at by using the
desired motion range for the z-translation and the two tilting
motions [12].

A numerical result from an FEA analysis is discussed
next. No linear or rotational displacements are allowed at
the three locations where the flexure ring connects to the
base (Q in Fig. 6). These conditions simulate a rigid
structure supporting the flexure ring. Six linearly inde-
pendent forces and moments (each column of mdgjix
were applied to the structure. The top three elements of
each column of matrix+ denote linear forces and the
lower three elements denote moments applied about the
center of the vacuum chuck. The top three elements of
each column of matrixT denote rotations about x-y-z
axes and the lower three elements denote translations in
the directions of x-y-z axes. Fig. 6 shows the coordinate
system used for the FEA model.

Center of rotation

I, = Offset

Template

. Substrate
Tilting angle

Fig. 5. Lateral motion of the template due to tilting about an offset axis.
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66.7 0 0 0 0 0
0 66.7 0 0 0 0 forces
_ 0 0 —66.7 0 0 0
F=l o o 0 0  -1840.2 362.6
0 0 0 0 124.10 1796.2 moments
0 0 0 —1416.5 0 0
0 —0.0005 0 0 —0.0116 0.0023
0.0005 0 0.0016 0 0.0007 0.0101L rotation
B 0 0 0 —0.0001 0 0
T= 0.0197 0 0.0240 0 0.0013 0.020
0 0.0198 0 —0.0005 0.0225 -0.0045 translation
—0.0013 0.0001 -1.4180 0 0.0011 -0.036

The information contained i andT describes the result-  3.3. Template orientation stage for multi-imprint machine
ing displacement; for a set of six linearly independent
force-momentd;. The first column ofF, f,, represents a Multi-imprinting can be performed via moving a sub-
66.7 N (15 Ib.) force applied along the x axis. The first strate to various positions while holding a template station-
column ofT, t,, indicates that the stage undergoes a 0.0005 ary in x and y directions. For the multi-imprint process, it is
radian rotation about the y axis and translates 0.0197 mmnecessary to have a flexure based orientation alignment
along the x axist, represents a 66.7 N (15 Ib.) force applied stage on the template side since a fixed template and com-
along the y axist, indicates that the stage undergoes a pliant substrate stage can lead to unstable configuration for
—0.0005 radian rotation about the x axis and translates multiple x-y positions of the substrate. For example, when
0.0198 mm along the y axi§; represents a66.7 N (=15 the template and substrate are positioned as in Cases 1 and
Ib.) force applied along the z axis, indicates that the stage 2 of Fig. 7, passive compliant substrate stage will lead to a
undergoes a 0.0016 radian rotation about the y axis andproper alignment between the template and substrate sur-
translates 1.4 mm down the z axis. The remaining pairs mayfaces. When the template is in an off-centered position and
be interpreted in a similar manner. is oriented as shown in Case 3, a passive compliant substrate
Note that the stage is compliant about the x and y axes stage can still align the template and substrate surfaces.
and along the z axis. The stage is most likely to rotate about However, for the Case 4, pushing the template downward
x and y and translate in z. Table 1 lists strain energies will not align the two surfaces but increase the misalign-
calculated from applied forces and displacements. For ament further (Fig. 8). Hence a new orientation stage design
given force (moment), the strain energies (or deflection) in that can orient the template instead of the substrate is de-
x and y, and rotation about z are two orders of magnitude sired.
lower than the strain energies in z and rotations about x and  Another desired modification of the orientation align-
y. Small strain energies indicate that forces along the x and ment stage is to decouple the z translation from the two
y axes and moments about the z axis are supported by theilting motions. As described in Section 2, the average gap
flexure with small deflections. Compared to the small de- between the template and substrate can be controlled using
flections along x and y and small rotation about z, the a translation actuator. Therefore, instead of a three DOF
flexure stage allows large rotations about x and y and
translation in z. These results confirm that the distributed
flexure stage exhibits the motions that are desired in a Case3 Cases 1and2 Case 4

substrate orientation stage. !
Table 1 L E ' |
Strain energy in flexure stage T

Strain Energy Applied wrench

1.3125 15 Ib. force along x axis

1.3185 15 Ib. force along y axis

94.6136 15 Ib. force along z axis

119.0054 10 in-Ib. torque about x axis Substrate

116.1306 10 in-Ib. torque about y axis . . . . .

1.4617 10 in-Ib. torque about z axis Fig. 7. Possible configurations of template and compliant substrate stage (a

substrate stage works for Case 1, 2, and 3 only).
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Fig. 8. Passive compliant substrate stage cannot correct for the initial

orientation error in Case 4 of Figure &> a,). Fig. 10. Two degrees of freedom flexure stage.

flexure stage as shown in Fig. 6, a two DOF flexure stage Stagé that is equivalent to two serially connected tilting
that can passively correct the orientation error is pursued formechanisms. The pivot can be made of | or H-beam
the multi-imprint machine. structure so that its torsion stiffness can be significantly

The template stages for the multi-imprint machine have !0wer than the bending stiffness. This is a monolithic
been designed such that the above two modifications can b&l€sign that allows for both tilting motions. However, itis
accommodated. Also, for a practical template stage, all not slw.table as a stage that supports the template because
mechanical components of the stage should be above theﬂ:ett'lt”’]%c axes cannot be remotely located on the tem-
template in order to eliminate physical contact between the plate surface.

. Parameters of each semi-circular notch of the four bar
mechanical components and the substrate. Therefore, a tem;, . . :

. . ) .. flexures of Fig. 11 have been determined based on nominal
plate orientation stage that can tilt the template about “re-

i » developed vertical load and motion requirements. The spring coeffi-
moFg agesh was deve olpef ' bar-link ith ideal link cient of each semi-circular notch is desired to be low so that

|g S _OVYS a S'm_p € four-bar-inkage ‘,N't ! _ea INks necessary orientation motions can be achieved with a low
and joints in its nominal and rotated configurations. The

) s : normal load between the template and substrate suffaces
angle between the line passing through Joints 1 and 2 andeq the imprint process, however, the template orientation

the other line passing Joints 3 and 4 is selected so that thestage should be able to support required imprinting loads.
compliant alignment axis lies exactly on the template- The geometry of the semi-circular notch is designed so that
substrate interface. For fine orientation changes, the rigid\when a 4 Nload is applied at a distance of 10 mm from the
body between Joints 2 and 3 rotates about an axis that iscenter, the stage rotates about 0.0005 radian (see Appendix).
depicted by Point C in Fig. 9 (the axis is normal to the A FEA analysis was performed to verify the selected
paper). Since frictional contacts are undesirable for the design. Assuming a small initial orientation misalignment
imprint process due to particle contamination, all joints between the template and substrate, a localized external
are made of flexure joints for the template orientation force is applied to represent a load at the edge of the
stage. Fig. 10 shows a schematic of a two DOF flexure template (here template is assumed to be 20 mm wide). Fig.
11 (b) shows a magnified lateral deformation (x direction)
of the template; it does not include vertical (z) deformation.
The results showed that the template surface moves less
than 5 nm laterally when it undergoes a tilting of 0.00038
radian.

Fig. 12 shows the assembled configuration of a quartz
template with flexure template stages. The second flexure

Joint 1

) oF component is mounted on the first one so that the two
Joint2 & Joint 3 decoupled orientation axes are orthogonal to each other and
they lie on the template surface. The flexure devices can be

--------- . Template readily adapted to have open slots so that a curing UV light
: i can pass through the template as required in SFIL process.

Template-substrif -
interface C
?Fig. 10 was suggested by one of the reviewers of this article.

Fig. 9. Four bar linkage composed of ideal joints and links. Dotted line PExcessive loads may cause not only undesirable large deformations
represents the rotated configuration for a small angular displacement. but also mechanical failure of either template or substrate.
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Fig. 11. (a) Flexure template stages, (b) lateral deformations of the template
stage for a small rotation; an external force, f, is applied at a distance of 10
mm from the center line in order to model an initial orientation misalign- Fig. 13. Multi-imprint machine developed for the resolution and defect
ment between the template and substrate. studies of SFIL.

Prior to imprinting, two steps of calibrations are required. 4. Imprint results

The first calibration is to achieve the coplanarity of the . . . .
p y Imprinted results using the Step and Flash Imprint Li-

entire substrate with respect to the XY plane of the XY th h ted h Th lution limit
stage. To achieve this, the template is lowered by the same ography process are presented here. The resoiution fimi

distance in three positions that are located near the periph-and orlter:jt'at(ljoin (tﬁpab'tl!nll under a low imprinting pressure
ery of the substrate and the imprinting forces are measured.VE'e studied in this articie.
Fig. 14 shows 60 nm features on the template and wafer

Once the force is balanced the first calibration is completed. ; It has b b 4 that the SFIL
The second calibration is to compensate the installation surtaces. as been observe at the process can
errors of the template. The template is lowered at the centerdUpl'C""te not only such small featurgs pUt also muph smaller
of the substrate until a small pressure (typically 0.50 psi) is ?efecbts on the templ;tets.uch asasttltcfhltr)lg e;rortsh N tthe elletc-
measured. Using the three differential micrometers attaChedézzceea;msperg;gitse d ;altstrlljeseresglut?or:l(lzi?ni SISILei;nEiS €
to flexure calibration stage (see Fig. 12), the orientation of = .= ™™ : i

ge g. 12) nificantly smaller than 60 nm. A SEM image of 150 nm

the template is manually adjusted by observing the interfer-f : th ¢ ‘ is al h in Fio. 14 t
ence fringes that appear at the template and substrate intericardres on the waler surtace Is aiso shown in F1g. 0

face. When the number of fringes drops below one, the indicate that features have clearly defined side walls.

template and substrate are in parallel to within 150 nm errorf I?g. 15 sho'ws l'mtpr(;ntgd |r1n§ges whter'e 12 reg'j’?? of
across the template surface (when green light is used for eatures were imprinted. =1g. (a) contains several fringe

interface pattern generation). This manual calibration is 'patlterns across the |'mpr|n.ted area of 1 inch by 1 inch, which
required only when a new template is installed. Any remain- indicates that the orientation between the template and sub-

ing small orientation errors between the template and sub—Strate was not properly compensated. Using the calibration

strate are corrected by the template flexure stages. Fig. 13St_"f[‘r?_e’ the tfe'mplate and ;vqferhsgrfic'es r‘:"%etce}“tl’éatfﬁ to
shows the multi-imprint machine. within one fringe across 1 inch by 1 inch that yields the

imprinted area shown in Fig. 15 (b). The typical imprinting
pressure was less than three psi for the results shown here.

Housing

Three high

O\ resolution
\
N

\\\\ \E\ actuators
A ;\’ﬂ Calibration
N

5. Conclusions

o Selectively compliant flexure stages have been designed

for single- and multi-imprint lithography machines. It is

Two decoupled
orientation axes

Fig. 12. Components of the orientation alignment stage for the multi-
imprint machine. Two template orientation stages are assembled with &
template so that two decoupled orientation axes exist on the template Fig. 14. 60nm features (a) on the template and (b) on wafer; and (c) 150
surface. nm features transferred to the etch barrier.
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001} R(m)
0.0075
0.005
) . . . - 0.0025
Fig. 15. Imprint results: (a) orientation misalignment leads to a transferred t (101111)/’/
image with several fringe patterns; (b) less than one fringe pattern; (c) large
area image (1 inch by 1 inch). 1 2 3 4 5

Fig. A-2. Radius (R) - thickness (t) for a given spring coefficient.

assured that the kinematics of the stages are consistent with _ o
the requirements of aligning two flats into intimate contact. stiffness atjoint = 1, 2, 3, 4.
Further, orientation axes are placed at the template-substratg,q dy =

. . s X ) = offset from the center of the template
interface to ideally eliminate lateral motion due to change in 4 91 m. When we assume that each joint rotates about

orientation angles. FEA analyses have been used to analyz 4005 radian wheh = 4 N (actually, Joint 2 and 3 rotate
the functionality of the flexure stages. The stages have been., e than Joint 1 and 4 in Figure 11), k is given as
fabricated and tested in conjunction with Step and Flash

Imprint Lithography. Sub 100 nm patterning on large area k= 4N X 0.01m/(4 X 0.0005rad
substrates has been successfully demonstrated. The orienta- — 20(N — mirad

tion alignment between the template and substrate has been '
also successfully demonstrated using the calibration stageWhenR > t, the spring coefficient of semi-circular notch

and the template orientation stage. can be approximated as [PW65],
k = (2Ebt?/(97RY?),
Acknowledgment where,t is the thickness of the thinnest cross section Rnd

is the radius of the half circle. See Figure A-1 for the
We gratefully acknowledge the financial support of dimensions of the semi circular notches used for the flexure
DARPA (grant N66001-98-1-8914). We also appreciate the stages.
reviewers for their constructive comments. Fig. A-2 shows the relationship between the radi@¥ (
and the thickness of the thinnest cross sectignof the
semi-circular notch for a given k. Based on this pRt=

Appendix A. For a given force and the width of the 2.5 mm and = 0.5 mm are selected for the semi-circular
joint (b = 0.0127 m), compute the radius and the notches.

thickness of the thinnest section of the semi-circular Once the notch geometry is determined, the normal stress
notch. and bending stress due to the applied load are computed.

Excessive normal or bending stresses of the flexure linkage
For a steady stage, the relationship between the externakhould be avoided.
force (f) and the rotation at each joint is given by (using

virtual work), e With an applied loadf,, = 10 N (at the center of the

template)
f X doye X d6 = >, (k; X 6,)d0, wherek; is spring ® Incline angle of the linkaged = 16 Degrees (the
i=1 angle between Joints 4-1-2 of Fig. 9)

Fig. A-1. Three dimensions for the semi-circular notches.
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