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Submicron patterning of 1 in. diameter curved surfaces with a 46 mm radius of curvature has been
demonstrated with step and flash imprint lithography~SFIL! using templates patterned by ion beam
proximity printing ~IBP!. Concave and convex spherical quartz templates were coated with
700-nm-thick poly~methylmethacrylate! ~PMMA! and patterned by step-and-repeat IBP. The
developed resist features were etched into the quartz template and the remaining PMMA stripped.
During SFIL, a low viscosity, photopolymerizable formulation containing organosilicon precursors
was introduced into the gap between the etched template and a substrate coated with an organic
transfer layer and exposed to ultraviolet illumination. The smallest features on the templates were
faithfully replicated in the silylated layer. ©1999 American Vacuum Society.
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I. INTRODUCTION

There has been a growing interest in patterning of cur
surfaces at submicron dimensions. Applications lie in
field of imaging technology, primarily in sensors and disto
tion free charge coupled device arrays, enabling sim
compact optical designs with ultrawide fields-of-view.1 The
patterning of curved samples on the 1mm scale is a chal-
lenge because of the large depth of field that is needed fo
topographical variation of the substrate. In this article
present two lithographic processes that successfully
terned curve surfaces: step and flash imprint lithogra
~SFIL!2 and ion beam proximity printing~IBP!.3

It has been demonstrated that compression molding
cesses are capable of producing 10 nm features in
~methylmethacrylate! ~PMMA! on flat substrates.4–7 While
these elegant techniques are well suited for specific app
tions, they may not provide a workable means to achi
layer-to-layer overlay at the dimensional tolerance requi
to fabricate advanced device structures. SFIL has b
shown to imprint sub-100 nm features at room temperatur
pressures below 15 psi and it has the added advantage
transparent template through which a layer-to-layer ali
ment is feasible. We have sought to demonstrate a pro
that would enable low-cost generation of high-resolution f

a!Electronic mail: Paul@bayou.uh.edu
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tures on curved substrates for use in fabrication of dev
structures that require accurate layer to layer registration

The production of a curved SFIL template predicates
use of a lithography tool that can either directly write a p
tern on the substrate or project a flat mask pattern onto
curved surface. The IBP technique employs a stencil m
illuminated by a broad beam of light ions. Large mask-
wafer gaps can be employed if the ion beam is well co
mated, making IBP ideally suited for patterning of difficu
substrate topographies.

By combining IBP and SFIL, we were able to genera
curved surface templates with high-resolution patterns
replicate their relief structures reliably and quickly on curv
substrates.

II. PROCEDURE

Ion-beam exposures were carried out on a step-and-re
proximity printer with an interferometrically controlledX–Y
stage that has been detailed previously.2 Briefly, ions are
generated in a duoplasmatron ion source~National Electro-
static Corporation, Inc., Madison, WI! and pass through a 1
m long beamline to the exposure station. A picoamme
measures the exposure current with a Faraday cup and
gration software automatically controls the total expos
dose by actuating an electrostatic beam blanker.8 The IBP
2965/17 „6…/2965/5/$15.00 ©1999 American Vacuum Society
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FIG. 1. Template and replica fabrication sequence.
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masks were fabricated as described in Ref. 9 and consiste
various patterns etched through a 4-mm-thick silicon mem-
brane.

The template manufacturing process is outlined in Fi
1~a!–1~c!. The template blanks were the concave portion o
quartz doublet, 2.5 cm in diameter with a 46 mm radius
curvature. A 700-nm-thick coating of PMMA~950 kg/mol!
was applied to the blank by spin casting. After baking
140° C for 30 min, the resist was exposed@Fig. 1~a!# with
150 keV He1 ions and a dose of 3.0mC/cm2 and developed
in a 3:1 mixture of isopropanol and methylisobutylketone
30 s at room temperature. The mask-to-wafer gap varied
tween 4 and 9 mm over the sample. The PMMA pattern, t
formed@Fig. 1~b!#, was transferred@Fig. 1~c!# into the quartz
substrate by reactive ion etching~RIE! using CHF3 chemis-
try in a homemade, magnetically enhanced reactor9 at a pres-
sure of 0.8 mTorr and 150 W of radio frequency power. T
corresponding power density was about 0.25 W/cm2 and the
etch rates of both SiO2 and PMMA were 25 nm/min. The
total etch depth in the SiO2 was about 0.2mm. The remain-
ing resist was removed by a low power O2 RIE after quartz
etching and the template surface treated as descr
previously.1 We remark that no special procedures were u
in spinning or etching to accommodate the curved substr

The collimation of the ion beam is a critical parame
that determines penumbral blur, and hence, resolution,
was measured for 75 keV He1 ions by measuring the depen
dence of linewidth on dose. A mask with 0.8mm wide lines
was used with a mask-to-wafer gap of 1 cm. The substr
were silicon wafers coated with a 100-nm-thick layer of go
and a 50-nm-thick film of PMMA. Thin resist was used
ensure the accuracy of the threshold resist developm
model and gold was used on the substrates to enhanc
secondary electron yield in the exposed areas, and thus,
vide good contrast for measuring linewidth in a scann
electron microscope. The broad-area critical dose of the
J. Vac. Sci. Technol. B, Vol. 17, No. 6, Nov/Dec 1999
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sist was determined by measuring dissolution rate ver
dose with a 5 mmfoil mask aperture, a diameter that is muc
larger than the blur. Collimation depends critically on t
source parameters: in these experiments, the magnet cu
was zero, the extraction voltage was 30 keV and the
voltage and current were 152 V and 0.5 A, respectively
constant-gradient tube, also manufactured by NEC, acce
ated the beam.

The replication of the template by SFIL is shown in Fig
1~d!–1~g!: ~d! A 1.4 mm organic transfer layer was spi
coated on a curved substrate. The curved template
closely aligned over the coated substrate and a drop of a
viscosity, photopolymerizable, organosilicon solution w
introduced into the gap. The organosilicon solutio
detailed previously, contains 47 wt %~acryloxypropyl!
methylsiloxane–dimethylsiloxane copolymer, 3.5 wt % irg
cure 184, 1.5 wt % irgacure 819~Ciba!, 24 wt % ~3-
acryloxypropyl!tris~trimethyl-siloxy!silane, and 24 wt % bu-
tyl acrylate.2 The organosilicon fluid filled the gap b
capillary action.~e! The gap was closed by vertical transl
tion of the template toward the substrate until it made con
with the transfer layer. The structure was then irradiated w
ultraviolet light through the backside of the template.~f!
Once the photocuring was complete, the template was s
rated from the substrate leaving a relief image on the surf
of the transfer layer.~g! An oxygen RIE through the transfe
layer can be used to create a high aspect ratio image on
substrate. This entire process was conducted at room
perature, and, since the template is transparent, all of
alignment schemes that have been used successfully in m
aligners can, in principal, be implemented in a SFIL align

An orientation stage was designed and fabricated for
imprint demonstration. Figure 2~a! shows two spherical sur
faces, one representing the template and the other the
strate. These surfaces must have the same curvature.
orientation schemes can yield surface-to-surface contac
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this case. The first is via one translation and two rotat
motions. Figure 2~b! shows the initial and final states for tw
spherical surfaces oriented via this set of motions. The s
ond scheme requires three translations~x–y–z displace-
ments!. Figure 2~c! shows the orientation via three transl
tions. Figure 3~a! shows an ideal stage composed of perf
rigid bodies and joints. Nonideal behavior, including distr
uted structural compliance, backlash, and stiction in joi
etc., is neglected. Ideal kinematic stages provide insight
the geometry and force transmission at the template-subs
interface. This insight is then extended to the design of d
tributed flexure stages with selectively compliant and s
directions. The connection from the base platform to
moving platform is via a combination of a revolute~R! joint,
a prismatic~P! joint, and a ball~B! joint.

Sliding contacts in joints wear, generate particles and l
to stiction that makes precision control difficult. Flexur
generate motion by elastic deformation and can avoid
problems associated with joints.10 The major challenge with
flexures is in designing mechanisms that provide the requ
motion-force characteristics. Figure 3~b! shows our flexure
alignment stage design that is based on a ring comprise
three fixed–fixed beams.11 The midpoint of each beam pro
vides a vertical deflection in response to an applied vert
load. The three midpoints of the fixed–fixed beams are c
nected to the vacuum chuck that holds the wafer. Figure~c!
illustrates the finite element model used to analyze the fl
ure stage. No linear or rotational displacement at the th
locations where the flexure ring connects to the base is
lowed. These conditions simulate a rigid structure suppor
the flexure ring. Table I lists strain energies calculated fr
applied forces and displacements. For a given force~mo-

FIG. 2. ~a! Two spherical surfaces representing a template and a subs
~b! Alignment via one translation and two tilting motions.~c! Alignment via
three translation motions.
JVST B - Microelectronics and Nanometer Structures
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ment!, the strain energy~or deflection! in x andy, and rota-
tion aboutz are two orders of magnitude lower. Therefor
the stage allows rotations aboutx andy and translation inz
while it has small translations inx andy and rotation aboutz.
The distributed flexure stage exhibits exactly those moti
desired for the substrate orientation stage.

III. RESULTS AND DISCUSSION

Excellent beam collimation in the IBP process is requir
to print submicron features over a substrate with extre
topography variation. So, collimation was measured for a
keV He1 ion beam with a 1 cmmask-to-wafer gap and th
source conditions described earlier. Figure 4~a! shows line-
width and exposure latitude versus dose for a 0.8mm wide
line in the mask. Here, exposure latitude is defined fo
given dose as the maximum percentage that the dose
vary while keeping the linewidth change smaller than610%
and was determined from a quadratic fit to the linewid
data. The exposure latitude is greater than 20% for the no
nal ~mask! linewidth of 0.8mm.

The limited collimation of the beam introduces penumb
blur during the transfer of the mask pattern to the wafer. W
model the blur with a Gaussian distribution, characterized
its full width at half maximum~FWHM!. The spatial distri-
bution of ion current on the substrate is obtained by convo
ing the mask pattern with the blur function. The FWHM
the Gaussian can be inferred from the dependence of l
width on dose. Monte Carlo simulations using SRIM 200012

show the energy distribution to be extremely uniform w
depth in thin resist~<50 nm! and the micron-scale feature
to be more than two orders of magnitude larger than
extent of lateral scattering. We therefore expect the thresh
model to describe resist development very accurately. In

te.

TABLE I. Strain energy in distributed flexure stage.

Strain energy Applied wrench

1.3125 15 lb force alongx axis
1.3185 15 lb force alongy axis
94.6136 15 lb force alongz axis
119.0054 10 in.-lb torque aboutx axis
116.1306 10 in.-lb torque abouty axis
1.4617 10 in.-lb torque aboutz axis
FIG. 3. ~a! Ideal 3 degree-of-freedom stage,~b! distributed flexure design, and~c! deflected finite element model.
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threshold model, resist is assumed to be developed if
local dose is greater thanD0, the dose required to clear larg
areas, and to be undeveloped if the local dose is less.
measurements, described earlier, showedD052.0 mC/cm2

for a 75 keV He1 beam and 50-nm-thick PMMA. Now sup
pose that a doseD at the mask produces a line of widthW at
the wafer. Then, in the threshold model, the charge densi
the line edge must beD0, a fractionD0 /D of the dose inci-
dent on the mask. The linewidth/dose data can be ea
transformed to linewidth versusD0 /D, and the best fit
FWHM determined by a least square procedure. Figure 4~b!
shows the fractional doseD0 /D versus position obtained
from the experimental data in Fig. 4~a!, together with the
corresponding calculated values for a gaussian blur wit
FWHM of 350 nm, the optimal value. This means, since
mask-to-wafer gap is 1 cm, that the collimation angle is
mrad ~FWHM!. Modeling shows that 0.5mm features can be
printed over 1 cm topography with a 10% exposure latitu
at this voltage~75 keV!. Even smaller features should b
possible with the 150 keV beam that was used to print
template reported below. Figure 5 shows a 1.2mm wide

FIG. 4. ~a! Linewidth and exposure latitude vs dose for 800 nm feat
printed with 75 keV He1 ions using a 1 cm mask-to-wafer gap. Exposure
latitude is defined as percent change in dose for a 10% change in linew
~b! Normalized current density at the substrate: threshold approxima
~line! with a 400 nm blur~FWHM! and the data~triangles! from ~a!.
J. Vac. Sci. Technol. B, Vol. 17, No. 6, Nov/Dec 1999
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trench in SiO2 printed with a 1 cmmask-to-wafer gap and
etched as discussed earlier. Radial pattern distortion du
local slope variations on the curved surface was not
dressed in this work. However, uniform linewidth formatio
over the entire substrate can be achieved by predistorting
original mask pattern.

SFIL has demonstrated high fidelity replication of su
100 nm features on flat substrates. The resolution of
process appears to be template limited. Extending the S

FIG. 5. 1.2mm wide trench in SiO2 printed with a 1 cm mask-to-wafer gap
and etched with CHF3 RIE.

FIG. 6. ~a! Capillary fill time as a function of gap height and viscosity.~b!
Gap as a function of a 1 s applied force for different viscosities~1 and 100
cP!. The contact area isp cm2 .
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process to curved substrates simply required a curved
plate and an appropriate stage. During the SFIL process
gap between the substrate and the template is filled by
illary action. The rate at which the fluid fills the gap is d
scribed by the Washburn Eq.~1!. The fill rate is proportional
to H, the gap height, andga , the surface tension. It is in
versely proportional toR, the radius of curvature of the me
niscus, andx, the distance of the meniscus along the len
of the capillary.

dx

dt
5

~H2ga /R!

24mx
. ~1!

Figure 6~a! shows that for reasonable fill times, the g
must be larger than 10mm. Filling such a large gap necess
tates expelling large amounts of fluid into the kerf. If the g
is thin enough to avoid expelling excessive fluid in the ke
it cannot be filled by capillary action in a reasonable tim
Therefore, before the gap is filled completely by capilla
action, we displace some fluid by a final translation of t
template.

The pressure required to press two plates of radiusR,
together through a liquid of viscositym, at a rate,V, and gap
height, H, is given by Eq.~2!. As illustrated in Fig. 6~b!,
rapid displacement is possible at low pressure with low v
cosity solutions. Higher viscosity fluids~i.e., polymers! re-
quire much higher pressures to achieve the same disp
ment.

Papplied5
3mVR2

4H3 . ~2!

The photopolymerization kinetics and fluid fill dynamic
requirements pose a complication. The rate of fluid displa
ment is inversely proportional to the viscosity of the flui
Typical photopolymer fluids contain a blend of functiona
ized oligomers and reactive diluents. The viscosity of
solution is a steep function of the oligomer concentrati
and so, unfortunately, is the cure rate. There is therefo
balance between fill rate and cure speed that must be co
ered in material design.

FIG. 7. ~a! Optical micrograph shows features etched into the template g
erated by ion-proximity lithography.~b! Optical micrograph shows a relie
pattern in the etch barrier.~c! AFM image of topography patterned in etc
barrier.
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We are able to imprint 0.5mm features reliably on the
curved surfaces with an exposure dose of 100 mJ/cm2 and
imprint force of 5 lb/in.2. Figures 7~a! and 7~b! show optical
micrographs comparing patterns on the template to relief
terns produced in the photopolymer and Fig. 7~c! shows an
atomic force microscopy~AFM! of the relief pattern. The
process has high resolution and high fidelity. We believe
smallest of structures generated in the template can be a
rately replicated by SFIL on flat or curved configurations

IV. CONCLUSIONS

IBP printing was used to generate curved templates w
high-resolution patterns. The large depth of field of IBP
lows for the printing of submicron structures over a 1 c
mask-to-wafer gap that cannot be patterned by conventio
optical lithography. SFIL was used to replicate the templ
patterns on curved surfaces with high fidelity. The SFIL p
cess was conducted at room temperature and required
pressures, while other compression imprinting techniques
quire high temperatures, high pressures, and long proces
times. A prototype SFIl apparatus has been designed
incorporates a new stage that eliminates image shear du
illumination and separation. The process has very high re
lution and excellent pattern fidelity.
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