Patterning curved surfaces: Template generation by ion beam proximity
lithography and relief transfer by step and flash imprint lithography
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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 lithograp8¥IL) using templates patterned by ion beam
proximity printing (IBP). Concave and convex spherical quartz templates were coated with
700-nm-thick polymethylmethacrylate (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. €999 American Vacuum Society.
[S0734-211X99)11006-0

I. INTRODUCTION tures on curved substrates for use in fabrication of device

There has been a growing interest in patterning of curvegtructures that _require accurate layer to layer registration.
surfaces at submicron dimensions. Applications lie in the 1Nne production of a curved SFIL template predicates the

field of imaging technology, primarily in sensors and distor-YS€ of a lithography tool tha.t can either directly write a pat-
tion free charge coupled device arrays, enabling simplet,em on the substrate or prowctl a flat mask pattern o_nto the
compact optical designs with ultrawide fields-of-viéwhe  curved surface. The IBP technique employs a stencil mask
patterning of curved samples on theutn scale is a chal- illuminated by a broad beam Qf Ilght. ions. Large mask-tq—
lenge because of the large depth of field that is needed for thiafer gaps can be employed if the ion beam is well colli-
topographical variation of the substrate. In this article weMat€d, making IBP ideally suited for patterning of difficult
present two lithographic processes that successfully pafuPstrate topographies.

terned curve surfaces: step and flash imprint lithography BY combining IBP and SFIL, we were able to generate
(SFIL)? and ion beam proximity printinglBP).3 curved surface templates with high-resolution patterns and

It has been demonstrated that compression molding prd_eplicate their relief structures reliably and quickly on curved

cesses are capable of producing 10 nm features in polguPstrates.

(methylmethacrylate(PMMA) on flat substrate$.” While

t_hese elegant techmques_are well suited for specific app_hcqi. PROCEDURE

tions, they may not provide a workable means to achieve

layer-to-layer overlay at the dimensional tolerance required lon-beam exposures were carried out on a step-and-repeat

to fabricate advanced device structures. SFIL has beeproximity printer with an interferometrically controlled-Y

shown to imprint sub-100 nm features at room temperature atage that has been detailed previodsBriefly, ions are

pressures below 15 psi and it has the added advantage ofgenerated in a duoplasmatron ion soufisational Electro-

transparent template through which a layer-to-layer alignstatic Corporation, Inc., Madison, Wand pass through a 10

ment is feasible. We have sought to demonstrate a process long beamline to the exposure station. A picoammeter

that would enable low-cost generation of high-resolution feaimeasures the exposure current with a Faraday cup and inte-
gration software automatically controls the total exposure

dElectronic mail: Paul@bayou.uh.edu dose by actuating an electrostatic beam blafikene IBP
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Fic. 1. Template and replica fabrication sequence.

masks were fabricated as described in Ref. 9 and consisted sist was determined by measuring dissolution rate versus
various patterns etched through aus-thick silicon mem-  dose wih a 5 mmfoil mask aperture, a diameter that is much
brane. larger than the blur. Collimation depends critically on the
The template manufacturing process is outlined in Figssource parameters: in these experiments, the magnet current
1(a)—1(c). The template blanks were the concave portion of avas zero, the extraction voltage was 30 keV and the arc
guartz doublet, 2.5 cm in diameter with a 46 mm radius ofvoltage and current were 152 V and 0.5 A, respectively. A
curvature. A 700-nm-thick coating of PMMA950 kg/mo) constant-gradient tube, also manufactured by NEC, acceler-
was applied to the blank by spin casting. After baking atated the beam.
140° C for 30 min, the resist was exposieg. 1(a)] with The replication of the template by SFIL is shown in Figs.
150 keV He" ions and a dose of 3.2C/cn? and developed 1(d)-1(g): (d) A 1.4 um organic transfer layer was spin
in a 3:1 mixture of isopropanol and methylisobutylketone forcoated on a curved substrate. The curved template was
30 s at room temperature. The mask-to-wafer gap varied beslosely aligned over the coated substrate and a drop of a low
tween 4 and 9 mm over the sample. The PMMA pattern, thusiscosity, photopolymerizable, organosilicon solution was
formed[Fig. 1(b)], was transferre@Fig. 1(c)] into the quartz  introduced into the gap. The organosilicon solution,
substrate by reactive ion etchitBIE) using CHR chemis-  detailed previously, contains 47 wt%acryloxypropy)
try in a homemade, magnetically enhanced redetba pres- methylsiloxane—dimethylsiloxane copolymer, 3.5 wt % irga-
sure of 0.8 mTorr and 150 W of radio frequency power. Thecure 184, 1.5 wt% irgacure 81%9Ciba), 24 wt% (3-
corresponding power density was about 0.25 W/amd the  acryloxypropy)tris(trimethyl-siloxy)silane, and 24 wt % bu-
etch rates of both SiQand PMMA were 25 nm/min. The tyl acrylate?> The organosilicon fluid filled the gap by
total etch depth in the SiQwvas about 0.2zm. The remain-  capillary action.(e) The gap was closed by vertical transla-
ing resist was removed by a low powep BIE after quartz tion of the template toward the substrate until it made contact
etching and the template surface treated as describedlith the transfer layer. The structure was then irradiated with
previously! We remark that no special procedures were usediltraviolet light through the backside of the templaté.
in spinning or etching to accommodate the curved substrat®nce the photocuring was complete, the template was sepa-
The collimation of the ion beam is a critical parameterrated from the substrate leaving a relief image on the surface
that determines penumbral blur, and hence, resolution, anof the transfer layeng) An oxygen RIE through the transfer
was measured for 75 keV Hdons by measuring the depen- layer can be used to create a high aspect ratio image on the
dence of linewidth on dose. A mask with Qu8n wide lines  substrate. This entire process was conducted at room tem-
was used with a mask-to-wafer gap of 1 cm. The substrategerature, and, since the template is transparent, all of the
were silicon wafers coated with a 100-nm-thick layer of goldalignment schemes that have been used successfully in mask
and a 50-nm-thick film of PMMA. Thin resist was used to aligners can, in principal, be implemented in a SFIL aligner.
ensure the accuracy of the threshold resist development An orientation stage was designed and fabricated for this
model and gold was used on the substrates to enhance tiraprint demonstration. Figure(@ shows two spherical sur-
secondary electron yield in the exposed areas, and thus, prtaces, one representing the template and the other the sub-
vide good contrast for measuring linewidth in a scanningstrate. These surfaces must have the same curvature. Two
electron microscope. The broad-area critical dose of the resrientation schemes can vyield surface-to-surface contact for
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zr TaBLE |. Strain energy in distributed flexure stage.
o initial template Strain energy Applied wrench

i xandy 1.3125 15 Ib force along axis

substrate & ) At v 1.3185 15 Ib force along axis

g o 94.6136 15 Ib force along axis
2R gl 119.0054 10 in.-Ib torque abowmtaxis
@ 0] © 116.1306 10 in.-Ib torque aboytaxis
1.4617 10 in.-Ib torque abouataxis

Fic. 2. (a) Two spherical surfaces representing a template and a substrate
(b) Alignment via one translation and two tilting motioris) Alignment via
three translation motions.

men), the strain energyor deflection in x andy, and rota-

. L ) _ tion aboutz are two orders of magnitude lower. Therefore,
this case. The first is via one translation and two rotationyq stage allows rotations abautndy and translation ire
motions. Figure &) shows the initial and final states for two while it has small translations andy and rotation aboue.

spherical surfaces oriented via this set of motions. The seerpg gistributed flexure stage exhibits exactly those motions
ond scheme requires three translatidns-y—z displace- desired for the substrate orientation stage.
ments. Figure Zc) shows the orientation via three transla-

tions. Figure 8) shows an ideal stage composed of perfect
rigid bodies and joints. Nonideal behavior, including distrib- - RESULTS AND DISCUSSION
uted structural compliance, backlash, and stiction in joints Excellent beam collimation in the IBP process is required
etc., is neglected. Ideal kinematic stages provide insight intdo print submicron features over a substrate with extreme
the geometry and force transmission at the template-substratepography variation. So, collimation was measured for a 75
interface. This insight is then extended to the design of diskeV He" ion beam wih a 1 cmmask-to-wafer gap and the
tributed flexure stages with selectively compliant and stiffsource conditions described earlier. Figufe) &hows line-
directions. The connection from the base platform to thewidth and exposure latitude versus dose for a @8 wide
moving platform is via a combination of a revolut®) joint, line in the mask. Here, exposure latitude is defined for a
a prismatic(P) joint, and a ball(B) joint. given dose as the maximum percentage that the dose can
Sliding contacts in joints wear, generate particles and leagary while keeping the linewidth change smaller thah0%
to stiction that makes precision control difficult. Flexuresand was determined from a quadratic fit to the linewidth
generate motion by elastic deformation and can avoid thélata. The exposure latitude is greater than 20% for the nomi-
problems associated with joimt The major challenge with nal (mask linewidth of 0.8 um.
flexures is in designing mechanisms that provide the required The limited collimation of the beam introduces penumbral
motion-force characteristics. Figuréb® shows our flexure blur during the transfer of the mask pattern to the wafer. We
alignment stage design that is based on a ring comprised afiodel the blur with a Gaussian distribution, characterized by
three fixed—fixed beam2.The midpoint of each beam pro- its full width at half maximum(FWHM). The spatial distri-
vides a vertical deflection in response to an applied verticabution of ion current on the substrate is obtained by convolv-
load. The three midpoints of the fixed—fixed beams are coning the mask pattern with the blur function. The FWHM of
nected to the vacuum chuck that holds the wafer. Figicg 3 the Gaussian can be inferred from the dependence of line-
illustrates the finite element model used to analyze the flexwidth on dose. Monte Carlo simulations using SRIM 2800
ure stage. No linear or rotational displacement at the threshow the energy distribution to be extremely uniform with
locations where the flexure ring connects to the base is adepth in thin resis{<50 nm and the micron-scale features
lowed. These conditions simulate a rigid structure supportingo be more than two orders of magnitude larger than the
the flexure ring. Table | lists strain energies calculated fromextent of lateral scattering. We therefore expect the threshold
applied forces and displacements. For a given fqre-  model to describe resist development very accurately. In the

(a) ® ©

Fic. 3. (a) Ideal 3 degree-of-freedom stagl) distributed flexure design, ar(d) deflected finite element model.
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original mask pattern.
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Fic. 4. (a) Linewidth and exposure latitude vs dose for 800 nm feature 4000 I .
printed with 75 keV Hé ions usilg a 1 cm nask-to-wafer gap. Exposure 5% I :
latitude is defined as percent change in dose for a 10% change in Iinewidth%aooo \-\.

(b) Normalized current density at the substrate: threshold approximation 8

(line) with a 400 nm blufFWHM) and the datdtriangles from (a). 2500

N
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Fill Time (st

threshold model, resist is assumed to be developed if the 100
local dose is greater thddy, the dose required to clear large s
areas, and to be undeveloped if the local dose is less. Ou : ‘ MR
measurements, described earlier, showed=2.0 uClcn? 0 5 " o betghtamy % ®
for a 75 keV HE beam and 50-nm-thick PMMA. Now sup- P

pose that a dose at the mask produces a line of widili at
the wafer. Then, in the threshold model, the charge density a @
the line edge must bB, a fractionD,/D of the dose inci-
dent on the mask. The linewidth/dose data can be easily
transformed to linewidth versu®,/D, and the best fit 0.8 100cP

FWHM determined by a least square procedure. Figudoe 4 g:ggm “

shows the fractional dosB,/D versus position obtained qum = ° T
from the experimental data in Fig(a}, together with the
corresponding calculated values for a gaussian blur with a
FWHM of 350 nm, the optimal value. This means, since the 0.2 /
mask-to-wafer gap is 1 cm, that the collimation angle is 35 . T T
prad (FWHM). Modeling shows that 0.am features can be ‘ 2 a 6 8 10
printed over 1 cm topography with a 10% exposure latitude ®) Applied Foree (N)

N th,ls volt-age(75 kev). Even smaller features Shou',d be Fic. 6. (a) Capillary fill time as a function of gap height and viscositly)
possible with the 150 keV beam that was used to print thesap as a functionfea 1 s apjied force for different viscositie&l and 100
template reported below. Figure 5 shows a & wide  cP). The contact area is cn? .
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We are able to imprint 0.5um features reliably on the
curved surfaces with an exposure dose of 100 mJ/end
imprint force of 5 Ib/in?. Figures 7a) and 1b) show optical
micrographs comparing patterns on the template to relief pat-
terns produced in the photopolymer and Fi¢c) Shows an
atomic force microscopyAFM) of the relief pattern. The
process has high resolution and high fidelity. We believe the
smallest of structures generated in the template can be accu-
Fic. 7. (a) Optical micrograph shows features etched into the template genf@tely replicated by SFIL on flat or curved configurations.

erated by ion-proximity lithography(b) Optical micrograph shows a relief
pattern in the etch barrietc) AFM image of topography patterned in etch

barrier. IV. CONCLUSIONS

IBP printing was used to generate curved templates with

high-resolution patterns. The large depth of field of IBP al-

process to curved substrates simply required a curved tentews for the printing of submicron structures over a 1 cm
plate and an appropriate stage. During the SFIL process, thaask-to-wafer gap that cannot be patterned by conventional

gap between the substrate and the template is filled by capptical lithography. SFIL was used to replicate the template

illary action. The rate at which the fluid fills the gap is de- patterns on curved surfaces with high fidelity. The SFIL pro-
scribed by the Washburn E€L). The fill rate is proportional cess was conducted at room temperature and required low
to H, the gap height, ang,, the surface tension. It is in- pressures, while other compression imprinting techniques re-
versely proportional td&, the radius of curvature of the me- quire high temperatures, high pressures, and long processing
niscus, and, the distance of the meniscus along the lengthtimes. A prototype SFIl apparatus has been designed that
of the capillary. incorporates a new stage that eliminates image shear during
dx 2 illumination and separation. The process has very high reso-

(Hy,/R) . e
= (1) lution and excellent pattern fidelity.

(@) (®) (©)

dt 24ux

Figure &a) shows that for reasonable fill times, the gap ACKNOWLEDGMENTS
must be larger than 1Am. Filling such a large gap necessi-
tates expelling large amounts of fluid into the kerf. If the gap
is thin enough to avoid expelling excessive fluid in the kerf,

it cannot be filled by capillary action in a reasonable time.
y capriary gratefully acknowledge the financial support of SRCon-

Therefore, before the gap is filled completely by capillary
action, we displace some fluid by a final translation of thelract No. 96-LC-46pand DARPA(Grant No. N66001-98-1-

template. 8914.
The pressure required to press two plates of radRjs, . _ N
together through a liquid of viscosify, at a rate), and gap - Hamilton, Internal Report DARPA MLP Participants999.
height, H, is given by Eq.(2). As illustrated in Fig. &) M. Colburnet al, SPIE’s 24th International Symposium Microlithogra-
eg U g _y g =/ g L phy: Emerging Lithographic Technologies Ill, 14—-19 March 1999.
rapid displacement is possible at low pressure with low vis- 3p. p. Stumbo, G. A. Damm, S. Sen, D. W. Engler, F-O. Fong, J. C.

The authors thank 3M and IBM-Burlington for technical
consultation and generous gifts to the project. The authors
appreciate the assistance of Rachael Mahaffy. The authors

cosity solutions. Higher viscosity fluidg.e., polymer$ re- Wolfe, and James A. Oro, J. Vac. Sci. Technol9F8597 (1999.
quire much higher pressures to achieve the same displace-f-l;é(clggg' P.R. Krauss, and P. J. Renstrom, J. Vac. Sci. Techrid, B
ment. 5Y. Xia and G. M. Whitesides, Angew. Chem. Int. Ed. Engl, 550
3, VR? (1998.
- it (2) 8J. Haisma, M. Verheijen, K. van der Huevel, and J. van den Berg, J. Vac.
applied™ g3 Sci. Technol. B14, 4124(1996.

H.-C. Scheer, H. Schults, F. Gottschalch, T. Hoffmann, and C. M. Torres,
The photopolymerization kinetics and fluid fill dynamics  J. vac. Sci. Technol. &6, 3917 (1998.

requirements pose a complication. The rate of fluid displace- . C. Wolfe, S. V. Pendharkar, P. Ruchhoeft, S. Sen, M. D. Morgan, W.
ment is inversely proportional to the viscosity of the fluid. Eggké?&”gegeR' C. Tiberio, and J. N. Randall, J. Vac. Sci. Technol4p
Typical photopolymer fluids contain a blend of functional- o5\, pendarkaet al, J. Vac. Sci. Technol. B3, 2588 (1995.
ized oligomers and reactive diluents. The viscosity of the1%s. smith and D. G. Chetwynéoundations of Ultraprecision Mechanism
solution is a steep function of the oligomer concentration,ngejigr?rfs@'o?]fd&nsafmeizzaiuye PS:;de?IsFi)thizfngeiés ¢ Austin. 1999
and so, unfortunat,ely’ is the cure rate. There is therefore ,qu.lF. Ziegler’, J.. P'. Biersa’ck, and U. Littr>r/1amhe Stopping and’Rangés of
balance between fill rate and cure speed that must be consid-jgns in Solids(Pergamon, New York, 1985Updated softwaréversion

ered in material design. of SRIM 2000 is found at http://www.research.ibm.com/ionbeams/

JVST B - Microelectronics and  Nanometer Structures



