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ABSTRACT
The real-time shape evolution of nanoimprinted polymer patterns is measured as a function of annealing time and temperature using critical
dimension small-angle X-ray scattering (CD-SAXS). Periodicity, line width, line height, and sidewall angle are reported with nanometer resolutio n
for parallel line/space patterns in poly(methyl methacrylate) (PMMA) both below and above the bulk glass transition temperature ( Tg). Heating

these patterns below Tg does not produce significant thermal expansion, at least to within the resolution of the measurement. However, above
Ts the fast rate of loss in pattern size at early times transitions to a reduced rate in longer time regimes. The time-dependent rate of polymer
flow from the pattern into the underlying layer, termed pattern “melting”, is consistent with a model of elastic recovery from stresses induced

by the molding process.

Nanoimprint lithography (NIL) is a low-cost, effective to result from a balance of viscosity, internal stresses from
nanofabrication tool for patterning arbitrary structures with the molding process, and surface tension. For feature sizes
critical dimensions (CD) well below 100 nhkt. To date, <100 nm, stability is anticipated to be a significant issue in
novel patterns with feature sizes less than 5 nm have beenlight of the reductions in viscosity or glass transition observed
demonstrated* The maturation of NIL as a pattering both at polymer surfaces and in ultrathin fil§1$. Under-
technology is reflected by its inclusion as a potential next- standing the relative roles of pattern size, shape, environ-
generation lithography in the International Technology mental conditions, and bulk material properties requires
Roadmap for Semiconductord.ooking beyond semicon-  precise measurements of shape in polymeric NIL patterns
ductors, the potential of NIL to pattern polymers of arbitrary as a function of processing parameters.

chemistry and/or architecture promises to provide functional e we present data on pattern stability (after removal
patterns (e.g., patterns that perform an electrical, optical, ot the mold) as a function of annealing temperature, both
mechan_mal, structural, blomedlcal_, etc. tas_k) _that can be built below and above the bulk glass transition temperafliep (
dlrec_tlylnt(_J nanometer-scale de_vlce§_ This is generally not ¢ parallel line/space patterns imprinted into PMMA.
possible with state-of-the-art optical lithographies where the Stability is quantified by measuring the rate of change in
polymeric patterns are used as a sacrificial resist. However, . average cross-sectional shape of the lines. Real-time

_the e_nd use of a p°'.y'_“er nanostructure asa d?"'ce’ such af)attern shape is obtained using critical dimension small-angle
in micro- or nanofluidic channels, organic semlconductors,dx_ray scattering (CD-SAXS)1t CD-SAXS is capable of
Sensors, photonlc devices, af‘_d SO fqrth, requires a proa measuring the cross section of periodic patterns ranging from
understand_mg of pattern Ste.‘b'“ty outs!de of the mold_ (ie., 10 to 500 nm in width; the width of the patterns here was
free-standing"), both over time and with varying environ- ~100 nm. The CD-SA)1(S measurements are nondestructive
mental conditions. Pattern stability, for example, is expected ) . R
with subnanometer precision, and capable of quantifying lines
directly supported on a hard Si substrate. We note that
electron microscopy techniques, which are also capable of
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patterns with~1 um periodicity were pressed into a bulk

polymer surfacé?'® Reflected laser light scattering off of 0]
the patterned surface was used to track the decay of the

pattern height at elevated (aboVeg) temperature. A simple m“

Johannsmann and co-workers where large-scale sinusoidal a)

sinusoidal pattern was chosen to study surface rheologoical >
properties to avoid complications due to pattern shape. In
this work, the two-dimensional pattern cross section is
tracked explicitly as the long-range ordered pattern flows
into the underlying polymer film. Because this process
reduces the amount of volume of long-range ordered pat-
terned material, we label this process as pattern “melting”;
however, we stress that the polymer itself is not crystalline b
and the melting only refers to the overall long-range order :
of the pattern itself. As e ‘Q" "
NIL and CD-SAXS. Films of atactic poly(methyl meth- '
acrylate) (PMMA) were spun-cast from toluene on SEMI-
standard 200-mm-diameter silicon wafers with an unpat-
terned thickness o500 nm. PMMA was purchased from
Microchem Inct* with a molecular mass of 15 008, , and Figure 1. Schematic of the CD-SAXS geometry (a), showing the
polydispersity of 2.2. The calorimetric glass transition incident X-ray beam, the sample rotated at an angleand the
temperature Tg) of this PMMA was 86+ 1 °C, as diffracted beam at the scattering angle & measured on a 2D

d ined f h idDoi f the inflecti heat detector. In part b is the resulting 2D diffraction pattern recorded
etermined from the midpoint of the Inflection on a heat (- 5 nanoimprinted PMMA sample, showing the characteristic 1D
capacity curveé? The nanoimprint mold consisted of a set giffraction pattern.

of parallel lines and spacings with a line/space ratio of

approximately 1:1. The mold was fabricated in silicon oxide
via 193 nm optical photolithography using a JSR 1237R paaing stage with a small slit machined into the center of
resist on a 200 mm SEMI-standard Si wafer. Nanoimprint e siage to allow transmission of the X-ray beam. The Si
I|thography was performed on an deucat NIL 4 (Series .1) wafer supporting the patterns was mounted onto the stage
machine. Imprinting was conducted in the thermal embossing, it thermal paste, and the temperature was calibrated using
mode for 10 min at a temperature of 180 and a pressure g gimilarly mounted blank SEMI-standard wafer with a
of 6 MPa. Subsequently, the mold was cooled to beTew  hermocouple attached to the free surface, providing a master
before the sample was removed from the mold. Cross- . e 1o correlate the temperature at the silicon surface with
sectional SEM images reveal a residual, unpatterned layere controller readout temperature. This master curve was
that is~200 nm thick. calibrated by recording the melting points of three well-
Details of the CD-SAXS technique are described else- known solids (orthoterphenol, 58°C; benzoic acid, 121.5
where'%!! Briefly, the technique uses transmission small- °C: indium, 156.6°C) supported on the blank Si wafer.
angle X-ray scattering though the supporting Si wafer,  Dimensions at SubT¢ Temperatures.For temperatures
treating the polymer pattern as a diffraction grating. The T < Tg of the PMMA, CD-SAXS data were collected far
diffraction peak spacing is given byq = 27/L, whereL is ranging from ca.—20° to +20° with a step size of 4
the pattern period,q = 4a/A sin(@), A is the X-ray 0.0005. Samples were equilibrated at eaEHor 60 min,
wavelength, and®is the scattering angle as measured along with a subsequent 80 min required to collect data over the
the axis of diffraction (see Figure 1). Parameters describing full o range. Using a rotation matrix, the data from different
the pattern cross section are determined by the relativew are converted to an effectivig—qg, plane, wherey, and
intensity of the peaks at varying angles of incidenegwith g. are reciprocal space vector componentsqothat are
w = 0° defined as the incident beam normal to Si wafer. parallel and perpendicular to the Si substrate, respectively.
The CD-SAXS measurements were performed at the 9ID- The data are then compared to the two-dimensional Fourier
CMC beamline of the Advanced Photon Source (Argonne transform of a model line cross section in te-g, plane.
National Laboratory) using a two-dimensional CCD detector. As detailed elsewheré the average cross section is modeled
The X-ray wavelength was set to 1.11860.0001 A using as a trapezoid, where the fitting parameters are the average
a double monochromator and collimating optics that include line width W, line heightH, and sidewall anglg (3 = 0
dual focusing mirrors and two sets of slits. This produces a represents a vertical sidewall).
final beam of size 80« 80 um? at the sample position. A The nanoimprinted PMMA line/space patterns were evalu-
1024 x 1024 pixel CCD X-ray detector was placed 583 ated at several temperatures below the bigk Figure 2a
1 cm from the sample. To compare scattering data at differentillustrates representative CD-SAXS data from a sample at
rotation anglesw, corrections were made for the angle- 42 °C over the full range of rotation angles. Atfar below
dependent attenuation factor, beam path length, and beanTg, the patterns were stable and the scattering intensities were
spot size on the sample. time-independent over the 80 min required to collect a full

The patterned samples were mounted on an aluminum

1724 Nano Lett, Vol. 6, No. 8, 2006



{THH;b)
“(\mm

AN

[Mmfu - .
mnum |

cE

Ratation Angle (%)

B
Ratation Angle (%)

3

T
om am U\O o
¢ (Relative ta Diffraction Ads) {nm ')

306 D 1o U n
qx (Relatve I Diffractan Aods) (e ')

20 aza c:a

il

g

Intensity (cm"I)
§ 5 eeinT

5 0 5
Rotation Angle (%)

Figure 2. Experimentally measured CD-SAXS data as a function
of rotation angle belowls (a) compared to the analogous results
from a trapezoidal model as described in the text (b). Intensities
from a single Bragg diffraction peak contour are provided as a
function of rotation anglew, in part ¢, comparing experimental
results (solid circles) to model data (solid line).

rotation data set. This suggests that the PMMA is not

degraded or damaged by the X-ray beam. The scattering
pattern in Figure 2a is characteristic of a trapezoidal cross

sect|on11 with horizontal rldges of intensity emanatlngaat

unexpected given the uncertainty®V = +1 nm. The bulk
linear thermal expansion coefficient for glassy PMMA is on
the order of 5x 10°%°C. A AT = 149°C is required to
induceAW = 1 nm in a 134-nm-thick PMMA line; observing
subnanometer thermal expansion is currently beyond the
resolution limit of this measurement method. To achieve this
level of precision, the sample must produce a larger number
(>30) of diffraction peaks to increase the precisionVéf
significantly. Random variations in line width within the
beam spot also lead to a monotonic decay of peak intensity
at higherg, mathematically described by a Deby#aller
factor. Subnanometer precision thermal expansion measure-
ments would be significantly easier if the sample quality was
such thaiAW/W| < 1 nm over the beam spot size, thereby
reducing the DebyeWaller factor. The DebyeWaller
factor also has the potential to provide the magnitude of line
edge roughness (LER); however, the precision possible for
LER measurements are dependent on the accuracy and
completeness of the model describing the average cross
section!! This relationship makes LER determinations non-
trivial.

Upon heating tal = 96 °C (Tg + 10 °C), the CD-SAXS
profile changed within the 80 min measurement time,
indicating changes in the shape of the patterns. Additional
measurements at = 105 °C showed a complete loss of
diffraction afte 1 h of annealing. Significant changes in
dynamics of pattern evolution occur in the range of 96 to
105°C.

Dynamics of Pattern Shape Evolution at Temperatures

of a particular scattering model prior to the full implementa- €volution of these structures, a second sample imprinted

tion of the fitting procedure. AT = 42 °C, the best-fit
trapezoidal model, shown in Figure 2b, yields a periodicity
L =325+ 1 nm, an average line widtW = 134+ 1 nm,

a sidewall anglgg = 7.0+ 0.5°, and a line heighH = 320

+ 10 nm. Notice that the precision bf(AL/L = 0.004) and

W (AW/W = 0.007) are significantly better tha# (AH/H

under identical conditions was mounted at room temperature
and ramped to 102C at a rate of 200C/min. CD-SAXS
data collection commenced when the sample reached 101
°C. In contrast to the subg measurements, data were
collected only at normal incidence rather than the full range
of o rotation. This reduces the measurement time to

= 0.03). Although each of these parameters contributes to@PProximately 2 min per data set, but only provides length

the entire scatteringx—@. plane, the primary contribution
of pattern height is the periodic fringes in the scattered

scales parallel to the substrate. High-precision measurements
are limited to periodicity as well as top, bottom, and average

intensity that propagate along the curved vertical contours line widths of the pattern. It is possible to infer the pattern

in Figure 2a and b. The intensity distribution along one of

height from changes in the total scattered intensity because

these contours is shown in Figure 2c. These fringes are ofthe scattering intensity is proportional to the volume of

lower intensity because of the lack of periodicity in the

material in the line. As the patterns “melt” into a smooth

sample perpendicular to the substrate, with only two or three film, the scattering intensity decreases to zero. If the initial
orders of intensity appearing above the background of the trapezoid cross section and the change in the pattern width

instrument. Enhanced precision iH may result from

with annealing time are known, then the decrease in the

reducing the background noise through, for instance, the useScattering intensity can be correlated to a decrease in pattern
of low-noise detectors. Further increases in precision are alsoheight assuming that the trapezoid model remains appropriate

possible by expanding the rangecof effectively increasing

throughout the process. From these assumptions, the pattern

the g, range measured. Finally, using a smaller step size in height and sidewall angle are calculated from #he= 0°
o would increase the number of data points per fringe and CD-SAXS data as a function of annealing time at Q1

decrease the uncertainty.

Figure 3 shows a comparison of early=f 2 min) and

The pattern dimensions listed above were measured overate ¢ = 46 min) stage scattering profiles of the nanostruc-

a T range from room temperature to 8C (all subTg).
However, changes in the pattern dimension Witlvere not

tures atw = 0 (i.e., no rotation). A reduction in overall
diffracted intensity by a factor of 2 suggests a proportional

observed to within experimental error; thermal expansion or loss of material from the periodic nanostructures into the

contraction belowTs was not apparent. This result is not
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underlying residual layer. We note that the residual layer
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changed further during cooling, the image demonstrates that
a trapezoidal model is applicable and serves as a check on
e e e the dimensions from the CD-SAXS data at 46 min. Given
B— W the applicability of a trapezoidal model, the average line cross
FUE LI Lg U section evolves from a tall, verticaH(= 210+ 10 nm,W
=141+ 1 nm,B = 5 £ 1°) to a shorter, shallowH = 55
T —— 4+ 10 nm,W =180+ 1 nm, = 25 + 1°) trapezoid over
the 46 min annealing period.

Figure 4 presents various aspects of the trapezoidal cross-
section model parameters as a function of annealing time
for the PMMA imprints at 101°C. Data from the sulis
sample are included as the= 0 s data points. Part A of
Figure 4 shows the pattern heigHt, decreasing continuously
over the span of the experiment. An arbitrary exponential
fit nominally parametrizes thedependence. In Figure 4D,
the derivative or slope of this fit shows that decay is more
. v s rapid in the early stage of annealing, decreasing initially from

0.00 0.08 .10 0.18 020 0.2 0.30 0.38 ~3 nm/s to~0.01 nm/s at Iong times (2500 S). Likewise,

a, (nm”) Figure 4B shows the broadening of the pattern width
Figure 3. CD-SAXS diffraction spectrum taken at normal inci- (average, tqp, and bottom quth .Of the trapezoid) over th?
dence to the sample after annealing for 2 min (top) and 46 min Same time interval. Exponential fits to these data and their
(bottom). Shown are the experimentally measured data (openderivatives are compared to the height in Figure 4D. Initially,
circles) and the resulting model fits to a trapezoidal cross section the broadening rate of the line widths1 nm/s, is of the
oy Tapoos o o Adsomas SEATSof epasepcame ordr ofmagniude as e decay in he pattern hight
samplegsJ despcribed in the text. The scale bars in the gEM imagesHOW_e_VQr' byt = 1000 s the line width G‘TVOIUtlon slows down
indicate a length of 300 nm. significantly to~0.01 nm/s and remains nearly constant at
longer times. Although the decay rate in pattern height also
reaches a constant on the order of 0.01 nm/s, it does not
approach this value until 2500 s; at 1000 s the rate of change

and does not diffract X-rays. From these data alone, it would in pattern height is still a_bout L °rdef of magnitude greater
be impossible to determine if the loss of intensity is due to than the rate of change in pattern width.

material flow into the underlying residual layer, beam  Knowledge of the pattern height, top width, bottom width,
damage, or thermal decomposition. However, beam damagea”d average width of the trapezoid allows us to calculate
can be ruled out based on the sTibmeasurements where the time evolution of the sidewall angle, as shown in Figure
the patterns were exposed to the X-ray beam for several houré@C. The sidewall anglef, in Figure 4 is inferred from the
without any change in the scattering intensity. Thermal Pattern widths and height and the assumption of a trapezoidal
decomposition is highly unlikely given that the annealing Cross section, whereas tfidrom the sub¥; data, wheren
temperature is well below the degradation temperature of iS rotated, is measured directly. It is interesting that the decay
PMMA (Tegradation> 200°C). The only remaining possibility in B in Figure 4C more closely resembles the decalyliim

is that the intensity loss is primarily due to the flow of PartAthan the increase in pattern width in partBandH
polymer into the underlying residual layer. Also evident in @ppear to decay over similar time scales. This reflects the
Figure 3is theq dependence of the decay in the Bragg peak fact that the patterns shrink in helght more rapldly than they
intensities; the decay is more significant at higlefThis broaden in width. It is important to realize that in the absence
behavior is characteristic of a growing distribution of ©f broadening a reduction in height of a trapezoid naturally
periodicities and increasing sidewall angle. The relative leads to anincrease gf For example, assume that the initial
intensity of the lowest order peaks is strongly dependent on line widths of the trapezoid remained constant. A reduction
the average line width, whereas the higher order peaksOf H from 210 to 55 nm with an initigh = 5° would then

increasingly depend on the difference in the top and bottom lead to a finalg = 18°. Given that the actual fing = 25
widths. °C, the reduction of height dominates the changgielative

The cross-sectional SEM images in Figure 3 further t0 the increase iWW. This is also evident when considering
confirm that the trapezoidal line shape remains a reasonablethat all threeW values (top, bottom, and average) increase
approximation of the line cross section after 46 min of With t. If volume in the pattern was conserved, then the
annealing. Figure 3a demonstrates a classic trapezoidal shaperoadening of the bottom line width would be accompanied
on a sample imprinted under the same conditions, andby @ narrowing of the top width. However, volume is not
therefore approximates the= 0 s state of the current ~conserved and material from within the pattern relaxes down
experiment. The SEM image in Figure 3b is a cross-sectionalinto underlying film with annealing.
image of the sample described here after 46 min of annealing The fact that volume of material within the pattern is not
and subsequent cooling. Although it is possible that the shapeconserved is verified from the scattering intensities. The

Intensity

0.00 0.05 0.10 018 0.20 0.28 0.30 0.35

Intensity

does not contribute to the diffraction peak intensity; a smooth
film has no periodicity/structure within the plane of the film
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Figure 4. Parameters describing cross-sectional shape as a function of annealing, &n&p1°C. Shown in part A are the sample
volume contributing to diffraction (grey circles) and the average pattern height (solid circles) with exponential fits to the height and volume
as the solid and dashed lines, respectively. In part B, the top width (solid triangles), average line width (open circles), and bottom width
(open triangles) are provided. The calculated sidewall angle (crosses) is given in part C with a fit to an exponential form (solid line).
Derivative values, based on the exponential fits, of the height (thick solid line), top width (dashed line), average width (thin solid line), and
bottom width (dot-dashed line) are plotted in part D. Also in part D is a linear fit used to obtain the Hiti ds described in the text

(solid line).

decrease in the scattering intensity upon annealing, asan infinite reservoir for the receding patterns. However, we
evidenced in Figure 3, can be converted into a volume of may expect a critical residual layer thickness where the
material within the scattering pattern. Theependence of  underlying substrate exerts control over the kinetics of decay.
this volume is also shown in Figure 4A. The decrease in In this way, the interactions of the substrate and polymer
pattern height tracks the decrease in scattering volume,layer may be an important factor in pattern stability.
indicating that the changes id dominate the changes in At long times, however, the decay of pattern H can be
the pattern shape. Remarkably, the polymer pattern decreaseapproximated as linear. In this regime, we can compare the
in height, but does not spread laterally even though the data to the model of Johannsmann to estimate of the polymer
polymer does flow over laboratory time scales at these viscosity even though the patterns are not sinusoidalland
temperatures. is comparable to the total film thickness. Wit 70 mN/m

The nature of the change in the initial pattern shape, wherefor PMMA, we find  ~ 1 x 10° Pa s when H/dt
the height of the pattern decays an order of magnitude fasterapproaches a constant value ne¢ar 2500 s. Similar
than the increase in pattern width, is consistent with elastic estimates at earlier times, for examplé & 1000 s and =
recovery of the pattern from residual stresses inherent in thel00 s, where H/dt increases significantly, consequently
nanoscale molding process. This is in contrast to the work predict increasingly smaller viscosity gf~ 1 x 10 Pa s
of Johansmari#'® and co-workers who studied similar andy ~ 1 x 10’ Pa s, respectively. We can compare these
effects in PMMA surfaces perturbed with much larger values to the viscosity of bulk PMMA using the Williams
wavelengths and significantly lower amplitude sinusoidal LandelFerry relationship;/no = Ci(T — To)/(Cz + (T —
patterns. Assuming that the polymer acts as a NewtonianTg)) whereno (= 1 x 10 Pa s) andTl, (= 86 °C) are a
fluid with a constant surface tension, they derived an reference viscosity and temperature, and the constnts
expression for the change in the pattern height as a function(= 70.1) andC, (= —12.21) are empirically determinéél.
of viscosityn andt: dH/dt = (—zoH)/(2Ln) whereL is the The viscosity predicted for bulk PMMA would b,k =
wavelength of the sinusoidal pattern. In their experiments, 7.9 x 10° Pa s. This indicates that late-stage evolution of
the decay in pattern height was linear witlbecause the the pattern approaches a regime that is dominated by simple
wavelength of the sinusoidal pattern did not change with bulk viscous flow, while the initial regimes are accelerated.
time. This linearity is not observed in Figure 4, presumably It is also interesting that pattern broadening is more com-
due to larger elastic stresses involved in molding much higher mensurate with the bulk viscous flow than the height
aspect ratio patterns. The data in Figure 4 show the line reductions. Using more complete models should therefore
patterns withdrawing into, rather than spreading on, the provide a method to measure viscosity and surface stresses
underlying residual layer. As a result, it is natural to expect directly using CD-SAXS.
the residual layer to play an important role in the rate of In conclusion, the cross-sectional shape and dimensions
decay. In the limit of large residual layers, the layer acts as were quantitatively determined in real time for a polymer
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grating produced by nanoimprint lithography. The CD-SAXS

technique provided real-time measurements of shape during
the melting of ordered nanoimprinted patterns at temperatures

above the bulKlg. For short times, a rapid decay from the

original line shape with sharp corners at the edges is observed
as the pattern evolves into a broadened trapezoid. The
reductions in pattern height are much faster than the

increasing of the pattern width, but both rates gradually

approach values characteristic of the relaxation of small
amplitude surface waves. Estimates of viscosity from the long
time rates of pattern evolution are consistent with bulk values.

Although the CD-SAXS technique currently provides sig-

nificant detail on pattern shape and size, significantly more

detail on polymer viscoelasticity is expected from more
sophisticated models of the data.
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