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Step and flash imprint lithographysFIL) is an alternative approach to high-resolution patterning
based on a bilayer imprint scheme. SFIL utilizes ithsitu photopolymerization of an oxygen etch
resistant monomer solution in the topography of a template to replicate the template pattern on a
substrate. The SFIL replication process can be affected significantly by the densification associated
with polymerization and by the mechanical properties of the cured film. The densities of cured
photopolymers were determined as a function of pendant group volume. The elastic moduli of
several photopolymer samples were calculated based on a Hertzian fit to force—distance data
generated by atomic force microscopy. The current SFIL photopolymer formulation undergoes a
9.3% (v/v) densification. The elastic modulus of the SFIL photopolymer is 4 MPa. The densification
and the elastic modulus of the photopolymer layer can be tailored from 4% to 16%, and from 2 to
30 MPa, respectively, by changing the structure of the photopolymer precursors and their
formulation. The complex interaction among densification, mechanical propégtastic modulus

and Poisson’s ratioand aspect ratigheight:width was studied by finite element modeling. The
effect of these parameters on linewidth, sidewall angle, and image placement was modeled. The
results indicate that the majority of densification occurs by shrinkage in the direction normal to the
substrate surface and that Poisson’s ratio plays a critical role in defining the shape of the replicated
features. Over the range of material properties that were determined experimentally, volumetric
contraction of the photopolymer is not predicted to adversely affect either pattern placement or
sidewall angle. ©2001 American Vacuum SocietyDOI: 10.1116/1.1420199

I. INTRODUCTION (1) relates the density of the samplg,mpieto the difference
in the measured weights. The volumetric change was calcu-

Step and flash imprint lithographysFIL) is a patterning :
lated using Eq(2):

process utilizing photopolymerization to replicate the topog
raphy of a template onto a substratePolymerization, how- (T1>

T, ()

ever, is often accompanied by densification. The interaction psampie= Piiq
potential between photopolymer precursors undergoing free
radical polymerization changes from Van der Waals' to co-
valent. The average distance between the molecules de- AV=
creases and causes volumetric contraction. Densification of
the SFIL photopolymefthe etch barrigrmay affect both the The elastic modulus of the etch barrier films was charac-
cross sectional shape of features and the placement of religérized by nanoindentation on a Thermomicroscope CP Re-
patterns. Finite element modelifGEM) makes it possible to  search atomic force microscogdFM) equipped with an
explore the influence of densification and mechanical propuitralever B tip which has a spring constant of 0.4 N/m. The
erties on changes in the placement and in the geometry of thealibration procedure prescribed by Thermomicroscopes for
replicated features. The densification and elastic modulus ahe force—distance analysis was performed on each Ultra-
prospective etch barrier candidates have been characterizgsler B tip3 In the nanoindentation process, the AFM canti-
and were used as the basis for the physical properties in FEMver is actuated toward the sample a distana®hen the tip
simulation. comes in contact with the sample, the cantilever is deflected
a distanced. The force imparted on the sample is directly
proportional to this deflection by the spring constamt the
Il. EXPERIMENTAL METHODS cantilever. This force results in the indentation of the sample

The densities of the photopolymers were determined by0 @ dept.hﬁ. The.cantilever travel is equal to the deflection
Archimedes’ principle. In these experiments, dry samples PIUS the indentation deptle¢&d+6).
were first weighed in air. Then the sampleswere weighed The contact mgchanlcs pf_a tip impinging on a surface
while submerged in a fluid of known densipy, . Equation have been extensively studiéd Several models were con-
sidered, but the Hertzian model has proved to be more robust
“Author to whom correspondence should be addressed; electronic maifor these samples and was used to analyze all force—distance
willson@che.utexas.edu data? In the Hertzian model, the material is assumed to be-
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have isotropically and have no attractive forces that distort

the contact area between the tip and the substrate, and the
Zum x 2um box

indenter is assumed to have a spherical tip of raRiudnder §:L o x6 vom - - | »
these assumptions, the observed fdfaebeys the following Y\ T (,/;?"
equation: s ‘ _4_/
Z
F:(K2R53)1/2, (3) |
where
1 3/1- Ug 1- Uﬁp All gaps are 100nm between features
[AAN Eqp |’

v is Poisson’s ratio andt is the tensile modulus. Since the
modulus of the AFM tipE, is much greater than the modu-
lus of the samplef,, the second part of the quotient is
approximately zero. Linear regression of the force against
62 yields a slope that is equal toE4/(3(1—v2)). The
elastic modulus can be calculated if Poisson’s ratio is known.
We have approximated this value at 0.35.

Solid models of the etch barrier layer in SFIL were devel-
oped using Pro/& a commercially available computer aided
design package, and analyzed using FEM techniques in
Pro/E Mechanici The isotropic densification of the etch
barrier was simulated using pseudocoefficients of thermal ” /
expansionCTE) defined as the volumetric shrinkage of the e —_—
etch barrier divided by 1 °C. A model was created at a refer-
ence temperature and assigned physical prope(tesy, b)

CTE). Rigid interfaces were modeled as fixed boundaries.

The temperature of the model was modulated by 1°C, Whicrlf.lG. 1. _(a) Pattern placement modgb) Model used for the full factorial
resulted in the defined isotropic volumetric contraction. The>mU2tons:
final state of each model was then compared to the model in

the reference state. These models actually simulate a worst-

case scenario in which the photopolymerization is completed . )

isotropically in the reference state, then allowed to contract '€ Second set Of, simulations modeled the effect of the
to the model state. Two sets of simulations were performed@SPect ratio, Poisson’s ratio, and elastic modulus on the ge-
to identify the effect that pattern layout might have on pat_ometry (_)f_dense features. The model system is shown in Fig.
tern placement and the effects that etch barrier properties)- A rigid bottom surface of base layer was used to simu-

have on feature shape. late a transfer layer with a modulus much greater than that of

The pattern placement study was performed on the patteﬁlﬂe etch barrier. The referer_lce points are labéle. The
shown in the top down view in Fig.(a). In the reference displacements of these points were used to calculate the

state, the features are 200 nm tall. The lines and boxes aff1ang€ in length, height, and sidewall. The sidewall angles
separated by 100 nm. The boxes argr@l by 2 um squares. were determined by the dot product of the vectors defined by

The length of the central line that runs along the boxes is 7.81€ INESAE and AB, and linesAE and DE. A symmetric
»m long. The line that is perpendicular to the central line isPoundary condition was placed through the center of the
2.5 um long. The base layer is 100 nm thick and the rigidmodel, halfway along the length of the features. The simula-

boundary condition fixed at the bottom of the base layer. Th&lons were performed using a full factorial design of experi-
top of the etch barrier was free. The modulus of the etcH€Nt on the 200 nm tall feature with linewidths of 100 nm,
barrier was 1.6 MPa and Poisson’s ratio was estimated at 0.300 M, 1um, and 10um, and densifications of 3%, 6.0%,
The etch barrier densification is 108/v). The motion of 11.5%, and 17%. The features had a length to width ratio of
the 7.6 um long centerline was analyzed at the base of the'0 and a 1:1 pltF:f(llnEWIdth: line spac}_aexcep_t for th_e 10
features for displacement motion in- plane with the substrate#M features which had a length to width ratio of 1:1. The

This in-plane displacement magnitude was defined as showpfS€ 1ayer was 100 nm. The elastic modulus and Poisson’s
below: ratio were 1 MPa and 0.5, respectively.

In addition to the above simulations, Poison’s ratios of 0.3
Din-plane= N 55, (4 and 0.4 were applled_to models with densification of 6.0%
and 11.5% and linewidths of 100 nm, 500 nm, angkh.
whered, and s, are orthogonal displacement vectors that areAlso, 200 nm wide lines having a Poisson’s ratio of 0.5 were
parallel to the substrate surface. simulated for densifications of 3% and 17%.
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[ll. RESULTS 20%

» Organic Monomers |
The effect of pendant group size on densification was in- . 'cgggsatedh:nonomersi
vestigated for a series of monomers that undergo free radica® '** y=-0.2379x + 0.2146
polymerization. Ethyl acrylate, butyl acrylate, hexyl acrylate,
lauryl acrylate, 2@cryloxyethoxytrimethylsilane (SIA
0160, Gelegt (3-acryloxypropyl dimethylmethoxysilane
(SIA 0190, Gelest (3-acryloxypropyl methylbigtrimethyl-
siloxy)silane (SIA 0194, Gelesd, ((3-acryloxypropy)- 5%
tris(trimethylsiloxy)silane (SIA 0210, Gelest acryloxytri-
methylsilane (SIA 0320, Gelegt methacryloxyethoxytrim- 0% ‘ v ) , ‘
ethylsilane(SIM 6481, Gelegt methacryloxypropyltrigrim- 0% 20% 40% 60% 80% 100%
ethylsiloxy)silane (SIM 6487.6, Gelest and ~900 molecu- 2) Pendent Group Volume Percent
lar weight monomethacryloxypropyl terminated
polydimethylsilixane MCR-M11,Gelest monomer solutions 16%

were formulated with 1 mole % of 1,3-b&%
methacryloxypropyl tetramethyldisiloxane (SIB  1402.0, \
12%
\
10% s ek
8% e

Gelesj and 1.6 mole % of 1:1w/w) mixture of big2,4,6-
6%

10%

Volume Change

o
Y
®

trimethylbenzoyl- phenylphosphineoxide(lrgacure 819,
Ciba) and 1-benzoyl-1-hydroxycyclohexaribgacure 184,
Ciba); then cured under an Npurge. The incorporation of
SIB 1402.0, a crosslinker, produces a solid sample that is'
easily handled.

HyperCherff molecular dynamic simulations were uti-
lized to determine the molecular volunt&?®) of four alkyl 2% |-
acrylates and the eight silylated monomers. The volumes ot
acrylic acid and methacrylic acid were simulated and their 0 0t 02 03 04 05 06 07 08 09 1
volumes were defined as the reactive volumes for the acrylic b) Percentage SIA 0210.0 (wiw) to Butyl Acrylate.
and methacrylic monomers, respectively. The pendant group
volume for each monomer was defined as the volume of theic. 2. (a) Volumetric contraction as a function of molecular volugde?).
monomer minus the reactive volume. A plot of the densifi-(b) Densification of 3-acryoxylpropy! tririmethylsiloxangsilane and buty!
cation against the volume fraction of the pendant group jgc"vlate blends.
shown in Fig. Za). The densification of alkyl acrylate mono-
mers( ) starts at 16.5% for ethyl acrylate and decreases with
increasing pendant group volume to a value of 6% for laurylmethacryloxypropylpentamethyl disiloxanéSIM 6487,
acrylate. The densification of the silylated monomepsfol- Geles} were calculated to be 18.5 and 30 MPa, respectively.
lows a trend similar to that of the organic monomgfsg.  The moduli of ethyl acrylate, butyl acrylate, and hexyl acry-
2(a)]. The pendant group volume effectively dilutes the ef-late were all calculated to be 2 MPa. The range of elastic
fect of the densification caused by the generation of covalennoduli could be further extended higher by incorporation of
bonds formed during photopolymerization of the acrylate. high glass transition monomers, such as methyl methacry-

Since the etch barrier is a blend of two principle compo-late, norborene, or styrene, which are capable of free radical
nents: butyl acrylate and SIA0210, it is necessary to studypolymerization.
the effect that blending monomers has on the volumetric Blends of SIA 0210 and butyl acrylate, containing 3%
change. Butyl acrylate and SIA 0210 were mixed at 25%(w/w) of a 1:1 mixture of Irgacure 819 and Irgacure 184 and
(w/w) intervals from 100% butyl acrylate to 100% SIA0210. 1% (w/w) SIB 1402, were cured with ultraviolet light under
1% (w/w) SIB1402 and 3% (w/w) of the 1:1 mixture of either a quartz template or a payhyleng sheet to obtain
Irgacure 819 and Irgacure 184 were added to these solutionthin crosslinked films on the order of 1—}10n thick. Figure
The resulting mixtures were cured, their densities measure® shows the moduli calculated from force versus distance
and there volume change calculafédg. 2(b)]. The system data for the set of SIA 0210-butyl acrylate blends. The
behaves ideally; there is no interaction present in this systermodulus of the film increases linearly with the percent of
The densification of the current etch barrier formulation isSIA 0210. The modulus of the SIA 0210, the etch barrier,
9.3% (v/v). It consists of 50%w/w) n-butyl acrylate, 50% andn-butyl acrylate were calculated at 7.7, 4.2, and 2.1 MPa,
(w/w) SIA 0210, to which 5%(w/w) SIB 1402, and 3% respectively.

(w/w) of 1:1 mixture of Irgacure 819 and Irgacure 184 were The pattern simulation was performed to determine
added. whether catastrophic errors in pattern placement would result

The elastic moduli of prospective etch barrier componentsrom the densification of the etch barrier. The reference
were evaluated by Hertzian fits to data gathered during thenodel incorporated an elastic modulus of 1.6 MPa, a 10%
nanoindentation experiments. The modulus of SIM 6481 andv/v) densification, and a Poisson’s ratio of 0.3. A horizontal
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cross section of the “in-plane” displacement magnitude was
taken just above the feature base. The color-coded image ¢
the in-plane pattern motion is shown in Fig. 4. The key point
of interest is the movement of the line as it runs across the z
umx2 um blocks in the pattern. The “in-plane” displace-
ment of the line was found to be less than 1 nm. A simulation
using another FEM package, COSM&Sorroborated this
result. Both simulations predict that there will be no local b)
pattern density effect in the SFIL resulting from volumetric
contraction of the etch barrier. 90
A set of simulations was performed on 500 nm wide fea-
tures, 200 nm tall features on a 100 nm base layer with a .
Poisson’s ratio of 0.5. The modulus ranged from 1 MPato 12 %
GPa. The simulations revealed that the tensile modulus of thfg
photopolymerized material does not affect feature shape® 8s
Densification fixes the strain at the etch barrier—transfer$
layer interface; Poisson’s ratio dictates how the stress is®

Line Width Change at Top (%)
N
£ 1

82.5

translated in the direction normal to the applied strain. While g%

the modulus may affect the separation process, it does na

o
o
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3%
* 6%
= 11.5%
G17%

affect the feature profiles. 80
The influence of densification and Poisson’s ratio on the
cross section of features with width ranging from 100 nmto €

05 1 15 2
Aspect Ratio (Height:Width})

10 pm has been 'nveStlgated' For the simulations, the Vemﬁe. 5. (a) Vertical shrinkage of etch barrier featurgb) Effect of densifi-

cation and Poisson'’s ratio on linewidth shrinkag@g.Effect of densification
and Poisson’s ratio on sidewall angle.

Less than

cal shrinkage was measured from the center of the feature
[point C in Fig. 1b)] in a dense spacing. This height was
subtracted from the average height of the feature base taken
on the left[point E in Fig. 1b)] and right sidg point A in

Fig. 1(b)]. The ratio of this height to the original height, 200
nm, is reported in Fig. @). The densification of the mono-
mer and the Poisson’s ratio both affect the vertical shrinkage
significantly. The maximum vertical shrinkage predicted by
the simulation is~17% for a Poisson’s ratio of 0.5 and 17%

Fic. 4. In-plane motion of patterfunits are in microns
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densification. This maximum occurs in the center of the fea-
ture that experiences the greatest vertical shrinkage. This



2689 Colburn et al.: Step and flash imprint lithography photopolymers 2689

point represents the worst-case scenario for the replicatiopendent and can be tailored from 2% to 14%. The moduli of
process. several prospective etch barrier monomers were obtained
The linewidth was measured at the top of the feature aftefrom Hertzian fits to AFM force—distance data. The modulus
densification and compared to the original width. The changef the etch barrier formulation is tunable over a range of
in linewidth predicted by the simulation is shown in Fig. 2—30 MPa with the current acrylate functionality.
5(b). The plot indicates that densification plays a major role FEM analysis predicts that pattern placement will not be a
in linewidth shrinkage. The percent change decreases as tipeoblem for the current etch barrier formulation. It also pre-
features get wider but the absolute amount of linewidthdicts that densification will manifest itself mainly in the di-
change increases. In the worst case of 1%%) densifica- rection normal to the substrate surface. Linewidth change is
tion, the actual distance at the top of the features that tha small percentage of the original linewidth. Sidewall angle
linewidth changes approaches a limiting value of 80 nm forand line end angle are aspect ratio and material property
200 nm tall features. The percent change in linewidth at thelependent. The effect of densification will be most promi-
top of the feature associated with the densification is smallnent in isolated trenches. The sidewall angle for theuh®
the worst case being 9.1%r 20 nm of a 200 nm wide feature is greater than 80° for densification less than 17%
feature for 17% densification and 0.5 Poisson’s ratio. It and greater than 85° for densification less than 6.0%. These
should be noted that the linewidth change at the base of thaere reasonable profiles to etch transfer into the transfer layer
features was computed and was less than 2.3% for even tlvdth minimal bias associated with the subsequent reactive
worst case. For materials similar to the etch barfieMPa, ion etch. We are now engaged in experiments designed to
8.9% densificationy=0.4), the linewidth change at the base test these predictions.
of the feature was less than 0.3%. ACKNOWLEDGMENTS
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