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ABSTRACT

Poly(methyl methacrylate) (PMMA) nanostructures embedded with a fluorescence tag are fabricated using electron beam lithography on oxidized

silicon substrates. The glass transition temperatures ( Tys) of these one-dimensional (1-D) nanostructures (parallel lines) are measured by
monitoring their temperature-dependent fluorescence intensities, revealing substantial differences between the Tgys of the nanostructures and
the thin films from which they were fabricated. For example, the Ty of 50-nm-wide PMMA nanolines on silicais  ~15 K lower than that of a
PMMA film on silica of the same 18 nm thickness. Attractive PMMA  —silica interfacial interactions increase the Ty, while free surfaces decrease
the Ty of PMMA in ultrathin films relative to bulk PMMA. Thus, the significant differences between the Tys of the 1-D and two-dimensional (2-D)
forms of PMMA on silica are the result of a substantial increase in the ratio of free-surface area to interfacial area in the PMMA nanolines

relative to ultrathin films.

Miniaturization of devices has led to an array of emerging polymers exhibiting strong attractive interactions with the
applications that require polymer nanostructures for diverse substraté17.1824.3936 and a decrease ify is observed for
disciplines ranging from tissue engineeringnolecular polymers lacking such attractive interactions with the
electronicg, and microfluidic devicesto sacrificial tem- substratg? 17:19.22.25303233Fgr freely standing films,T,
plate$ and photonic materiafsThe crucial role played by  generally decreases when thickness decreases below some
polymer resists for generating sub-100 nm features during critical value20.21.23

the lithographic process in the microelectr_onics industry_ IS In contrast to the many studies devoted to the effect of
another strong motivating factor_for evaluaﬂng the propertles confinement on the properties of thin polymer filAis®

of polymer nanostructurés? While the potential benefit of 416 is a notable paucity of reseach* focused on the

miniaturization is one of the drivers for fabrication of _effect of confinement in 1-D polymer nanostructures, and

nanostructures, the size-dependent properties observed Mone directly reporT, values. This lack of reports on tfg
; B . i Tg\ .
several material systefis! necessitates a thorough evalu of nanostructures is likely due to the fact that many of the

ation of the physical properties of these nanostructures. Asexperimental methods used to measiy thin and ultrathin

in many dimensionally constrained material systems, the . . L
. . . films, such as ellipsometry and X-ray reflectivity, are
physical properties of polymer nanostructures can deviate.

S0 . inapplicable to polymer nanostructures. However, such a
significantly from those measured in the bulk state. For exam- L
. . . . study is important because the knowledge of how thermo-
ple, properties of thin polymer films such as the glass-transi-

tion temperatureT), -3 physical aging“-% modulus®-4 physical properties are altered upon confinement in these
compliance and aiﬁusion coefficien’fgv“g are seén to  Manostructures is vital to the advancement of various nano-
deviate fron’1 bulk values. In the caseTefbehavior, studies technology applications. The current study is made pos_sible
of ultrathin polymer films have included substrate-supported by the first use of an ensemple fl_uor.esc.ence technique,
and freely standing films. With some exceptidhshen film recently developed to characterize distributions of and aver-
thickness decreases below a critical value for substrate-29€Tg values in ultrathin films and nanocomposités;>3:34%
supported films, an increase Ty is generally observed for O determineTg values in 1-D nanopatterned systems.
One-dimensional polymer nanostructures can be obtained
* To whom correspondence should be addressed. E-mail: j-torkelson@ by various patterning techniques, including imprint lithog-
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beam lithography (EBLY Among these, EBL is attractive  at 10 kV, with a spot size adjusted to give a beam current of
because it is a maskless technique that enables one to readil40 pA @4 pA) and overall doses of 26@400uC/cn¥. The
fabricate nanostructures simply by designing the pattern via patterns were developed using a methyl isobutyl ketone:2-
computer rather than having to prepare different masks, aspropanol (MIBK:IPA) (1:3 volume ratio) solution for 1 min
with other projection lithography techniques. In addition, the at room temperature. (Separate experiments confirmed that
poly(methyl methacrylate) (PMMA) system studied in this a fine powder of PMMA withM, = 65 000 g/mol or less
report is one of the most common electron beam resists withdissolved in the developer solution within 1 min. This
extensive literature (e.g., refs 5%9) on the EBL patterning  ensured that the line edges of the final, patterned samples
process that can be readily adopted for our study. Thedid not contain any low-molecular-weight PMMA with a
technological relevance of PMMA to the microelectronics molecular-weight-dependefy.) The patterned samples were
industry and the fact that comparisons can be made to studiesmaged using atomic force microscopy (Digital Instruments
of the effect of confinement ofy in PMMA films supported Nanoscope llla) operating in tapping mode with a high-
on silica 730313335 gre other motivating factors for our choice aspect-ratio Si cantilever with a nominal tip radius of 2 nm.
in studying this system. We employed EBL to fabricate After Ty measurement, samples were coated with Au/Pd alloy
PMMA nanopatterns on silica of various line widtHs\/) films of about 10 nm thickness and imaged using the same
and thicknessesh). Here, we report the first study of the SEM instrument used for patterning.

effect of 1-D nanopatterned geometry, including nanoline  The samples for thin film measurements were prepared
thickness and line width, ofy in a confined polymer system by spin-coating toluene solutions of TC1-labeled PMMA
and compare our results to those of thin films (2-D geometry) onto quartz slides; the resulting films were dried in a vacuum
of the same thickness. Such an investigation is importantoven at~5 K above the filmTg for 8 h. Film thicknesses
because the mechanical robustness of nanopatterned polywere an average of 10 measurements (standard deviation less
mers may be affected by reductionsTigthat are associated than 2%) taken at different locations on the films using a
with the high free-surface (polymeair interface) area  profilmeter (Tencor P10).

present in nanopatterns. Steady-state fluorescence emission spectra were taken as
Poly(methyl methacrylate) labeled with the fluorescent dye a function of temperature (on cooling) using a Photon
4-tricyanovinyl-N-(2-hydroxyethyl)N-ethyl]aniline (TC1) Technology International fluorimeter in front-face geometry
was synthesized by free radical polymerization of methyl (with emission at 90relative to excitation with the sample
methacrylate (Aldrich) with a trace amount of TC1-labeled fixed at a 28 angle relative to excitation) with 3 mm
methacrylaté® The TC1-labeled methacrylate was synthe- excitation slits (12 nm bandpass) and 3 mm emission slits
sized by an esterification reaction of TC1 with methacryloyl (6 nm bandpass). The excitation wavelength was 480 nm,
chloride (Aldrich) in the presence of triethylamine (Aldrich) and the emission spectra were measured at-380 nm.
and dichloromethane (Aldrich) at GC for 2 h. The TC1 TheTgy values were determined from the intersection of linear
was synthesized by a route discussed elsewiielie fits to the temperature dependence of the integrated fluo-
resulting TCl-labeled PMMA was washed by multiple rescence intensity in both the rubbery and glassy states; only
dissolution and precipitation steps in toluene and methanol data well away fronily were used for the linear fits, with
to remove traces of residual unreacted TC1-labeled monomertypical correlation coefficientsR?) being better than 0.990.
The purified TC1-labeled PMMA contained 1.37 mol % (1 The sample temperature was controlled withid.1 K using
in 73 repeat units) TC1-labeled monomer, as determined bya temperature controller and a flat ribbon heater (Minco
UV —vis absorbance spectroscopy (Perkin-Elmer Lambda Products) mounted on a thin aluminum plate. Additional
35), and had a number-average molecular weithi) ©f information on the use of this fluorescence technique to
509 000 g/mol and a polydispersity indeMy/M,) of 1.67, monitor Ty is given in refs 12 and 15.
as obtained by gel permeation chromatography using uni- Optical microscopy images of TC1-labeled PMMA pat-
versal calibration and polystyrene standards. The Byl terns on oxidized Si substrate are shown in Figure 1a. The
this material was 394 K, as determined by differential magnified image in the inset shows the periodicity of the
scanning calorimetry (Mettler Toledo DSC822e; onset pattern, whereas the low magnification image shows a
method, second heating cycle at a 10 K/min heating rate) relatively large field of view of the patterned area. For each
and 395 K, as determined by our fluorescence method.  sample, these patterns were generated aZmmx 2 mm
Phosphorus-doped Si(100) substrates with 140 A thermalarea by “stitching together” 1g@m x 100um areas exposed
oxide layers were cleaned in a piranha solution (3:1 volume in a single electron beam exposure run. Using this general
ratio of H,SQO, and 30% HO,), thoroughly washed with ~ scheme, we generated patterned lines withranging from
deionized (DI) water, and rinsed in 2-propanol. Solutions of 50 to 1300 nm on films ranging from 15 to 175 nm in
TC1-labeled PMMA in toluene of various concentrations thickness. The structural height (thickness) of these patterns
were spin-coated onto the substrates as a function of SpiniS controlled via the initial film thickness achieved by spin-
speed to obtain films of desired thicknésSubstrates coated coating®
with TC1-labeled PMMA were patterned using a Quanta  One of our initial concerns was to evaluate any possible
600F (FEI Co.) environmental scanning electron microscope dimensional distortion and discontinuity of patterned lines
integrated with a nanopattern generator lithography system.upon thermal cycling durindy measurement. In our case,
Samples were exposed to a primary electron beam operatinghe temperature schedule used to measyimvolved heating
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weight for entanglement for PMMA meaning that a viscous
flow response would be expected at temperatures slightly
aboveTy. (Jones et & annealed their patterns at-120 K
above their bulk PMMAT,.) However, our PMMA sample
hadM, = 509 000 g/mol and,, = 850 000 g/mol. Thus,

our PMMA is highly entangled and would be expected to
exhibit a rubbery plateau response rather than a viscous flow
response at temperatures in exces$ydh our temperature
schedule. Second, the height of our patterns is typically much
smaller in our study than the 320 nm initial height associated
with the patterns studied by Jones ef%They noted that

the rate of pattern relaxation was accelerated at the shortest
annealing times where the pattern height was at its maximum.
Third, Jones et & used nanoimprint lithography to make
their patterns. The stresses involved in molding their high
aspect ratiolf/LW = 2.5) patterns are very large, and the
shape evolution is driven in part to relieve these stresses.
Finally, the presence of a residual layer of PMMA under
the patterns made by Jones et al. is also expected to play an
Figure 1. (a) Optical images of TC1-labeled PMMA lines on  important role in the rate of pattern relaxation because, with

oxidized Si(100) substrate showing regular order of patterns over “large residual layers, the layer acts as an infinite reservoir
large areas and geometry of nanopattern employed in the current

. o
study. (b) AFM image of 30-nm-thick pattern with a line width of for the receding patterns:
260 nm beforeTy measurement, and (c) AFM image of the same  Ensemble fluorescence is a powerful technique that has

sample afterTy measurement, demonstrating that lines remain peen used recently to measufg in confined polymer
continuous even after thermal cycling throudh. (d) AFM systemg?-15.33:3450\Njth this approach]y is identified by
thickness profile of the same pattern before and dfjaneasure- the intersection of the liquid-state and glassy-state temper-
ment, showing no significant change in line dimensions. .
ature dependences of the fluorescence of a probe that is
doped into or covalently attached to the polymer at trace
levels. The measurements are made upon cooling from
temperatures abovig, which means that thg; measurement
is made after erasing thermal history and relaxing some of
the stresses induced during sample prepardtiéfhkigure
2a shows the fluorescence spectra of 18-nm-thick TC1-
labeled PMMA nanolines withW of 50 nm at two different
temperatures. The probability of excited-state chromophores
returning to the ground state via nonradiative decay increases
with temperature and nanoscale mobility in the system, which
results in a significant reduction in fluorescence intensity
with increasing temperature. The TC1 chromophore is a
“rotor” probef® that de-excites nonradiatively by rotational
motion, as depicted in the inset in Figure 2a; the inset shows
the structure of the TC1-labeled monomer used to make TC1-

L.

{b)

the sample rapidly to a temperature well abd@yg~Ty +
25—-30 K), holding at temperature for 12 min, and then
cooling at a rate of 1.0 K/min to a temperature well below
Tg. Figure 1b shows a typical AFM topographic image of a
30-nm-thick nanopattern withWW = 260 nm before heating
and cooling the sample fofy; measurement, while Figure
1c shows the AFM image of the same sample aftaneas-
urement. It is clear from these images that the lines remain
continuous without any noticeable agglomeration or compac-
tion. Figure 1d shows the AFM profiles of this sample before
and afterTy measurement and indicates that, within experi-
mental error, the average pattern heigiht,remains un-
changed due to thermal cycling associated withTjeeas-
urement. This implies that the PMMA nanolines are reason-
ably mechanically robust, with negligible flow of PMMA
over the tens of minutes and temperature range employed2Peled PMMA.

to measureT,, including the achievement of temperatures ~ Figure 2b shows the normalized integrated emission
several tens of degrees aboVg We note that the height intensity as a function of temperature of the TC1-labeled
profiles in Figure 1d show that the surface roughness within PMMA in an 18-nm-thick film and an 18-nm-thick nano-
a single line that is less than 3 nm befdigmeasurement is ~ Pattern withLW = 50 nm. Lines are fit to data points deep
reduced further after th&, measurement, with the surface in the rubbery and glassy states. Thes identified by the

of the lines becoming smoother on average. This effect mayintersection of the linear fits to the glassy-state and rubbery'
be driven by the surface line tension. Nevertheless, the heightstate datd>'* The 18-nm-thick TC1-labeled PMMA film

and line width of the patterned lines are unchanged by the xhibits aTq of 405 K, which is 10 K higher than th&, of
thermal schedule used in this study. Similar results were bulk TC1-labeled PMMA. (The bulk PMMAj of 395 K is

obtained with nanolines of variousand LW. depicted by the vertical dotted line in Figure 2b.) In contrast,
The stability of our PMMA patterns is in stark contrast to @ hanostructured, patterned geometry with the same 18 nm

the shape evolution or “melting” of PMMA patterns recently thickness andW = 50 nm exhibits &4 of 390 K, which is

reported by Jones et ®This is likely due to several factors. 5 K lower than theT, of bulk TC1-labeled PMMA.

First, the PMMA used by Jones et al. hath = 15 000 The 10 K increase iy relative to bulk of the 18-nm-

g/mol. Thus, their sample was below the critical molecular thick TC1-labeled PMMA film is in excellent agreement with
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Figure 2. (a) Fluorescence emission spectra of an 18-nm-thick nanopattern of TC1-labeled PMMA with a line width of 50 nm measured
at 423 and 343 K. The intensities have been normalized by the peak intensity at 343 K. The inset shows the structure of TC1-labeled
monomer used in making TC1-labeled PMMA. (b) Temperature dependence of integrated fluorescence intensity of TC1-labeled PMMA:
18-nm-thick film (squares) and 18 nm thick nanolines viith' = 50 nm (circles). (The integrated intensity has been normalized to the peak
intensity at 433 and 423 K, respectively, and shifted vertically for clarity.) The intersection of vertical dotted lineaxithrepresents the

Ty of PMMA in bulk form. Inset show schematics of both sample geometries.
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other results obtained regarding the effect of decreasing
thickness only in PMMA films supported on silica sub-
stratest”3! This effect is understood to arise from attractive
interfacial interactions resulting from hydrogen bond forma-
tion between hydroxyl groups naturally present on the silica
surface and the ester side groups in PMMA?31.3536The
hydrogen bonds reduce cooperative segmental mobility and
thereby lead to an increase Ty in ultrathin films.

In contrast, the result showingdhb K reduction inTg
relative to bulk in the 18-nm-thick PMMA nanolines with
LW of 50 nm is the first of its kind. This effect may be
understood to arise from the fact that the 18-nm-thick nano-
patterned system has a much higher free-surface (potymer

o

Tg - Tg (bulk) (K)

air interface) area than the 18-nm-thick ultrathin film. In the
case of the nanopatterned PMMA system, the ability of the
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free surface to yield a reduction 1?3 is in competition with
ability of the attractive interactions at the polymeubstrate
interface to yield an increase y.17-3031.353Because of the
much greater free-surface area relative to the polymer
substrate interfacial area, on balance, the free-surface effects
are dominant and lead to a reduckgn the nanopatterned
geometry. This result illustrates the importance of confining
geometry in defining the nature @t in confined systems.

.
. L
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Figure 3. Ty — Ty(bulk) as a function of film thickness for TC1-

. . ) labeled PMMA films (open squares) and nanolines with thickness
To further validate the competing effects of free-surface of 175 nm @), 30 nm @), 25 nm ¢). 20 nm ®), 18 nm (1), and

area and PMMAcsilica interfacial area offg, we measured 15 (x), respectively. The numbers in parentheses specify the
the Ty values of PMMA nanopatterns with various geom-  line widths (W). The error bars correspond to the errg(K) in
etries. Figure 3 summarizes the effects of film thickness and estimating T, values by the intersection of linear temperature
pattern geometryL(W) on the Ty of TC1-labeled PMMA dependences of integrated intensity in the rubbery and glassy states.
films and nanopatterns. Consistent with previously published Zﬁ;g‘;gtﬁszzgg\;‘v schematics of sample geometries employdy for
data on PMMA ultrathin filmg; 30313536t thicknesses less )

than 86-90 nm, we find that thél s of the PMMA films from that of the 175-nm-thick film from which they were
increase with decreasing thickness, with an 18-nm-thick film made. In contrast, significant perturbationgja@re observed
exhibiting a 10 K increase relative to the bulk. In the in 30-nm-thick nanolines with W = 130 nm, with a 5 K
case of our patterned lines made by EBL, wihdg 175 nm difference inTy being apparent in systems withw values
andLW values are 400, 760, or 1000 nm, figs are nearly ~ of 130 and 1300 nm. The reduction Ty with decreasing
identical to bulKT,. (Values ofLW are shown in parentheses LW is because of the increasing effects of the free surface
in Figure 3.) In these cases, the added free-surface area irthat compete with the effects of attractive polymeubstrate
the patterned lines is insufficient to perturb the valuefpf  interactions.
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Figure 4. Ty(nanopatterny- Ty(bulk) as a function of line width
for nanolines of various thickness: 175 n®)(30 nm @), 25 nm
(+), 20 nm @), 18 nm @), and 15 nm k). The horizontal dotted
lines show the values ofy for the corresponding thin films of
particular thicknesses relative to that of bulk PMMA. The error
bars correspond to the errat{ K) in estimatingTy.

Striking effects are observed in the 15-nm-thick and 18-
nm-thick patterned lines. In a 15-nm-thick pattern wit
= 200 nm, Ty is increased by~4 K relative to bulkTy and
is reduced by~6 K relative to theTy of a 15-nm-thick
PMMA film. These results are indicative of the competition
between free-surface and polymeaubstrate effects, with the

various LWs compared to the thin films having the same
thickness.

These results demonstrate that the knowledge of how
confinement modifiedy in supported polymer films (2-D
case) cannot be simply extended without modification to
predict theTy behavior of polymer 1-D nanopatterns sup-
ported on a substrate. This is because the properties of the
patterned polymer 1-D nanostructures are influenced by the
combined effects of the free surfaces and the attractive
substrate interactions. This means that the detailed geometry
must be considered in any experimental studies or simula-
tions of the thermal properties of such nanostructures.
Furthermore, given that the strength of the attractive polymer
substrate interactions can be tuned by modification of the
substrate surfaé® and polymer or copolymer composi-
tion 31:33the magnitude of the interaction must be carefully
accounted for in any simulation of nanostructure physical
or mechanical properties. We also note that our experimental
Ty results are qualitatively consistent with a recent simulation
study** of apparent modulus of polymer nanostructures,
which reported that the elastic constants show a significant
reduction from bulk behavior with decreasing line width, and
that the surface-to-volume ratio is a key parameter in defining
the nanostructure properties.

In summary, this is the first report of the determination
of Ty as a function of confinement in 1-D polymer nano-
structures. With PMMA nanolines supported on silica, the
important roles of the ratio of free-surface area to polymer
substrate interface area and the attractive polyragbstrate
interactions in defining the nanostructuffg are demon-
strated. Attractive polymersubstrate interactions result in

polymeﬁsubstrate effect dominating the free-sqrface effects 5 supstantial increase df, with decreasing thickness in
in the patterned system. On the other hand, in an 18-nm-yrathin PMMA films. However, when such attractive

thick nanopattern with W = 50 nm, Ty is reduced by~5 K
relative to bulkTy (Tg(bulk)) and by~15 K relative to the
Ty of an 18-nm-thick PMMA film. In this case, the effects

polymer—substrate interactions are present in nanopatterned
polymers, an increase in the ratio of free-surface area to the
polymer—substrate interfacial area can substantially reduce

of the free surface present on three sides of the nanoIinestheTg of 1-D nanostructures supported on a substrate, even

dominate over the effect of attractive polymesubstrate
interactions present on the fourth side of the nanolines.

to temperatures below thg of the bulk polymer.
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the attractive substrate interactions that are present in theReferences

nanopattern and absent in the freely standing film.

To represent more simply the effect of the ratio of free-
surface area to PMMAsilica interfacial area in modifying
the T, of the nanopatterns relative to the thin or ultrathin
films from which they were made, the data in Figure 3 are
replotted in Figure 4. The latter figure emphasizes the
variations inTy of the 1-D-patterned nanostructures with
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