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ABSTRACT: The elastic moduli of ultrathin poly(styrene) (PS) and poly(methylmethacrylate) (PMMA) films

of thickness ranging from 200 nm to 5 nm were investigated using a buckling-based metrology. Below 40 nm,
the apparent modulus of the PS and PMMA films decreases dramatically, with an order of magnitude decrease
compared to bulk values for the thinnest films measured. We can account for the observed decrease in apparent
modulus by applying a composite model based on the film having a surface layer with a reduced modulus and
of finite thickness. The observed decrease in the apparent modulus highlights issues in mechanical stability and
robustness of sub-40 nm polymer films and features.

Introduction. There are numerous technological drivers for as the thickness is decreased further, reaching 10% of the bulk
the use of thin (sub-&m) and ultrathin (sub-100 nm) polymer  value for a thickness g€7.5 nm. Similar results were obtained
films and features. The stability and reliability of these confined using strain-fluctuation simulatioffswhich circumvent the
polymer systems are critical to numerous existing and emerging necessity that continuum mechanics still be valid at such small
technologies such as next-generation lithography, lubricating length scales. It was also concluded that the elastic constants
coatings, sensors, and organic electronics. It is widely acceptedbecome anisotropic in polymer nanostructures. Furthermore,
that the physical properties of thin polymer films can deviate recent nonequilibrium simulatioHs demonstrate that local
substantially from their bulk counterpa#ts.However, most dynamic mechanical properties of polymer thin films decrease
experimental studies have focused on elucidating the thicknessdue to the presence of mechanically soft layers near the free
dependence of the thermal properties in thin polymer films, surface of the film. These results are consistent with previous
specifically the glass transition temperatufg)( as a function molecular dynamics simulations of the free surface in glassy
of interfacial interactions and molecular entanglements, often polymer films, where a 1.5 nm thick region of enhanced mobility
with conflicting results. From a nanomanufacturing perspective, was observed!

a direct measure of th.e mechanical rpbustness (e.9., response There are also recent examples in the literature of experi-
to deformation) O.f confined polymers fllms_ would be e_xtrer_nely mental methods for measuring the mechanical properties of thin
helpful to determine whether the mechanical properties display 5,4 uitrathin polymer film&:1213 the most prevalent being

similar deviations from bulk response. For example, it has been Brillouin light scattering (BLS). BLS has been used to measure

shown that the lack of mechanical strength in polymer nano- the elastic constants of both suppoieid and free-standiri§

structures leads to dc_aformation an_d subsequen_t collapse Of thepolymer films and features with thicknesses from 375 nm down
structures when subjected to capillary forces induced during to 29 nm, and it was observed that the high-frequency

solvent gvaporatloﬁWhllganumber of experlmental methOds. mechanical properties did not significantly change at these
are avalla_ble for_ measuring the mechanical properties of thin dimensions. Probing thinner free-standing films with BLS

pol¥mer f|Ims,t_ |ncludéng (;ngthods bas?d@og wpent;ﬁén, becomes difficult due to sample preparation and handing issues,
surface acoustic wavesand beam curvatureadapling these —pjie B| s measurements on thinner supported films are
measurement techniques to ultrathin polymer'ﬂlms remains complicated by the presence of the substrate interface. To
challenging. To completely understand how confinement affects overcome this issue, a multilayer geometry was employed to

the mechanical properties and response of polymeric materials, L : s

it is critical that aprar?ge of experimepntal and &egretical methods generate alternating interfaces betweenﬁ%echamcally dissimilar
. ; . o materials, poly(styrene) and poly(isopreAeRLS results from

for measuring the mechanical properties of ultrathin films as a this geometry indicate no deviation in the mechanical properties

furgé'ggn?fr;'glneét'lgtngsﬁa?siCrgagﬁ]Sl\;%'(l)?]bsleéf deformation in of either material down to layer thicknesses of at least 16 nm.
polymer nanostructureg suggest that the elastic modulus oftheseHowever’ there are no free interfaces in such a multilayer
structures remains bulklike for thicknesses dowro nmé geometry; thus, any enhanced mobility at the air interface is

R - : . negated. In contrast, wafer curvature experiments have been used
Below this cr|t!cal threshold, the S|mulat|.ons predict that the to measure the low-frequency mechanical properties of sup-
apparent elastic modulus decays dramatically from bulk value . ) : .

ported ultrathin polymer filmg.From these experiments, it was

) o suggested that the biaxial modulus of a 10 nm poly(styrene)
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nist.gov film decreases by an order of magnitude from the bulk value.
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Figure 1. AFM height images of buckling patterns of PS filmd,{ = 1800 x 10° g/mol) supported on PDMS for a series of film thicknessgps (
For all images, the scan size is ub x 7.5um and the height scale is 500 nm.

In this Article, we illustrate a distinctive approach for (PMMA) (My = 184 x 10° g/mol, M\,/M;, = 1.15,Me &~ 10 x
measuring the mechanical properties of thin and ultrathin 10° g/mol}? films were also studied. The PMMA was purchased
polymer films. We apply our recently reported buckling-based from Scientific Polymer Products and used as received. All
metrology® to measure the elastic properties of polymer films solutions were filtered through a 0.4@n Acrodisc filter prior
with thicknesses ranging from 200 to 5 nm. Here, a polymer to spin-coating. Poly(dimethylsiloxane) (PDMS) (Sylgard 184,
film is adhered to a relatively soft elastic substrate and subjectedDow Chemical Co., Midland, MP} was hand-mixed at a ratio
to a small uniaxial compressive strain. From an energetic point of 10:1 base monomer to curing agent and cast onto glass plates.
of view, there are three competing terms associated with this The mixture was left at room temperature to allow trapped air
geometry: membrane strain energy in the film, bending energy bubbles to escape and then cured atQ@or 2 h. After cooling,
of the film, and near-surface strain energy in the substrate. Longthe PDMS was cut into 75 mm 25 mm specimens.
wavelengths are suppressed due to the large strain energy To prepare samples for testing, polymer films were transferred
associated with deformation of the soft substrate; short wave-from silicon wafers to the surface of PDMS substrates as
lengths are suppressed due to the sizable bending energyjescribed previousl§ and a compressive strain was mechani-
associated with the stiff film. Thus, the system undergoes cally applied to the specimen. Specifically, thin films of PS and
periodic buckling with an intermediate wavelength to minimize - p\jMA were first spin-coated from dilute toluene solutions onto
the total strain energy. For an elastic film on an elastic substrate, yolished silicon wafers. Film thickness was controlled via

the equilibrium wavelengthie, of buckling is given by?~2 solution concentration (0-13.0% by mass polymer) and spin
~ \1/3 speed (12564000 rpm). Film thickness was measured by X-ray
1 =27h E ) reflectivity (XR). Details of the reflectomet&and reflectom-
e f 3E etry?6 are provided elsewhere. The roughness of the films,

guantified by XR, ranged between 0.5 and 1.5 nm and exhibited
no systematic dependence on film thickn€s&ilms were
transferred onto prestrained PDMS substrates via a water
immersion techniqu& The PDMS substrates were prestrained
by mounting onto a custom-built strain stage fitted with a
mechanical actuat@®. After the film had been transferred to
the PDMS surface, the strain was released almost instanta-
B _ ( Ao )3 neously (0.5 s) by releasing the locking mechanism on the strain

wherehy is the film thicknessE = E/(1 — v?) is the plane-
strain modulusk is Young’s modulus, and is Poisson'’s ratio.
The subscripts f and s denote film and substrate, respectively.
Equation 1 can be rearranged to solve for the modulus of the
film:

E; = 3k o7h (2 stage and allowing the PDMS to return to its original length.
f

The magnitude of compressive strain was constart 2.5%)

In this derivation, the buckling wavelength is independent of foJcI?IIilnfllTv;sa{:](zjthl(;llec(:li(r]aisas’r?]iieea(ta'?;lr?]ei'ral?u'l’ii(eZXQFl].e:II:mSentS,

the compressive strain as long as a critical strain is surpasse 9 P

and the system remains linear-elastié?It should also be noted ), and all measurements of the buckling wavelength were also
) conducted at room temperature. The modulus of the PDMS

that the stress and strain in the substrate decays exponentially .
from the interface, with a decay length proportional to the substrates was measured on a Texture Analyzer (model TA.XT2i,

wavelength. Consequently, the strain energy in the substrate-l-eXture Technologies Corp., Scarsdale, NY) in tension mode.

becomes independent of the substrate thickness when the Atomic force microscope (AFM) images were acquired on a
thickness is much greater than the wavelength; therefore, theDigital Instruments Dimension 3100 with a Nanoscope IV
substrate can be treated as a semiinfinite half space. Thus, byeontroller (Veeco Instruments, Woodbury, NY) operating in
coupling a film of known thickness to a soft elastic substrate t28PPing mode. An average of 10 images per sample were
of known modulus, the compression-induced buckling wave- collected ove a 4 h period of time. Image analysis was
length can be related directly to the elastic modulus of the film. conducted using the AFM software as well as a custom script
Experimental Section.Polystyrene (PS) was purchased from Written in IDL.

Aldrich and used as received. Two different molecular weights  Results and DiscussionkFigure 1 displays a series of tapping

of PS were investigated/, = 114 x 10° g/mol, My/Mp = 1.1 mode atomic force microscopy (AFM) micrographs that il-
andM,, = 1800 x 10° g/mol, My/M, = 1.1), both of which are lustrate the decreasing wavelength as a function of decreasing
well above the entanglement molecular weigiit)(of PS Me film thickness as predicted by eq 1. Note the buckling pattern
~ 13 x 10 g/mol)23 In addition, poly(methyl methacrylate) can be reasonably described as a sinusoidal wave, WhiChdﬁD‘v
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Figure 2. Measured wavelengtiid) (W) as a function of film thickness
(hy) for PS films havingMy = 114 x 10° g/mol. The dashed red line  PS films havingM,, = 114 x 10° g/mol @) and M,, = 1800 x 1C®

is eq 1 for a single-layer filmgs = 4.0 GPa); the discrepancy between g/mol (@). The solid blue line i€ (eq 3) for a composite film having

this dashed line and the data demonstrates the breakdown in theg; = 4.2 GPaE;‘ = 0.1 GPa, and = 2 nm. The error bars represent
analytical solution for the thinnest films. The solid blue line is the one standard deviation of the data, which is taken as the experimental
calculated wavelength that would originate from a composite model uncertainty of the measurement.

(eq 5) of a thin film consisting of a bulkt = 4.2 GPa) and surface
layer € = 0.1 GPa,o = 2 nm), demonstrating much better
agreement with data. The inset displays the entire thickness range
studied, but the deviations are more pronounced in the thinner films
(main graph).

Figure 3. Apparent modulusH; . as a function of thicknessy) for

plateau in the apparent film modulus Bfapp~ 4 GPa, which
corresponds to a Young's modulus Bf ~ 3.6 GPa forv; =
0.3331 While the values of reported moduli will be dependent
on the exact processing and annealing history, we find that this
value is in good agreement with results from Brillouin light
scattering of PS filmsH; = 3.72 GPaY* and bulk PS & =

3.48 GPa¥ but greater than results from AFNE{= 2.6 GPaJ®

Table 1. Buckling Wavelength @¢) as a Function of Film Thickness
(hf)* for PS and PMMA Materials Studied

114 x 1% g/mol 1800x 1€ g/mol 184 x 10° g/mol

PS PS PMMA and beam curvatur&(= 2.5 GPaj for similar PS films. Values
he (nm) e (um) he(nm)  Ae(um) he(nm)  Ade(um) reported for bulk tests on PS range from 2.8 to 3.5 &Hdere
194.7 10.9Q-0.10 174.7 9.14-0.13 116.1 517 0.14 is a slight disparity (but still within experimental error) in the
106.6  6.00£0.07 96.6 514011 819 3.670.11 plateau modulus for the two molecular weights studied; this is
ig-g 323: g-g 28'421 g-ii 8-8? gi-g i-g% 8-8; unexpected as there should be little difference in elastic modulus
307 169L005 297 1560005 237 099 002 at such high molecula( weights. Wg are currently exploring th|§
200 106L004 226 114005 108 038 0.02 issue. The second salient feature is the presence of a transition
15.3 0.76+ 0.02 17.6  0.86- 0.03 6.7 0.210.02 in the apparent modulus occurring for film thicknesses less than
143  0.73:0.02 12.9 0.59 0.02 30 nm, with decreasing modulus for thinner films. For the
6.5  0.28+0.01 9.7 042:£0.01 thinnest films studied, the apparent modulus decreases nearly
48  0.15+0.01 50 0.14+0.01

an order of magnitude compared to those of bulk PS filtas.
L A . similar order of magnitude decrease in elastic modulus has been
assumption in the derivation of eq 1. The amplitude of the observed by both wafer curvature methbasd simulations:®

buckling pattern decreases as a function of film thickness aS IS monotonic decr in rent modul determined
expected from buckling mechanics for constant applied strain. . S monatonic decrease In appare odulus (as dete €

In Table 1, we report the buckling wavelength as a function of \é'a eq 2) beco_mesh_m_orecrj_ pronou_gced an thg deth'Cknfess
film thickness for all materials studied. A cursory examination lefgrre;]iefﬁiﬁr?:é?’ﬁtm']z 'ZS '\r:g; i\gnaﬂgzg fr&:)mnla:? u?gvg oreq
of the PS data reveals that the wavelength deviates from the Toi h d X ' F19 d ”‘1 .

behavior predicted by eq 1 for a constant modulus, as illustrated O Interpret these data, we propose a composite model having

. . —k .
in Figure 2. Equation 1 (dashed red line) overestimates the data? Surface layer of thicknesshaving a modulust, different
for film thicknesses less than 40 nm. The inset in Figure 2, than the bulk modulusz;. This is a reasonable model consider-

spanning a much greater range of thickness, shows that welnd that the molecular structure and dynamics at the surface of

recover the expected linear behavior in the thicker films. This & film can be different from that in the bufk.!The modulus
behavior is found for both molecular weights studied. The of the surface layer can be either greater (hard surface) or less
dashed line in Figure 2 was generated for a film having= (soft surface) than the bulk modulus. Here, we take the thickness

4.0 GPa, a reasonable estimate that fits the thick film data well, @hd modulus of the surface layer to be constant for a given

Furthermore, the measured wavelength does not traverse thdnaterial system. The effective modulus of the composite film

origin, as one would expect, but rather exhibits an intercept at ©f totél thicknessy with a surface layer of thicknesscan be

film thicknesshy ~ 2 nm. This suggests that films thinner than ©Ptainéd by the rule of mixture for bending of a plate:

2 nm would be stable and would not undergo bucklihg= _ _ s\s  _[5\e ~ S s5\2

0). Interestingly, the Kuhn length of PS is 2 @#f#0 but it is E = Ef(l - —) + E;"(—) + 3Ef(1 - —)(1 —&— —) +

unclear how this characteristic length scale might factor into by hy hy hy

the mechanical behavior of ultrathin amorphous polymer films. 3B(é)(2 —E— Q)Z 3)
Similarly, we can use eq 2 to convert the PS data in Table 1 hy h

to an apparent plane-strain modul&s 4y, as shown in Figure

3. The first salient feature of these data is the presence of awhere

Ccbv
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This effective modulusH') should be used in place & in eq o, v |
1 for a composite film: =
g A
= \13 ™ 4
A, = 27h; 5 (5) 114 i
3E _
A 184x10° g/mol PMMA
Using this simple two-layer model, we use the data to fit for 0 T T T T
three parameters: the surface and bulk modigfi #nd E;, 0 40 80 120 160 200
respectively) as well as the thickness of the surface lajjer ( h,,-("'“}

Forthe da—ta presented here, the best fit was Obtaineﬁ;‘fer Figure 4. Apparent modulusl_ifa p as a function of thicknessy for
0.1 GPaEr = 4'.2 GPa, and.é - 2 nm. T.he wavelt_ength PMMA films havingMW=184x' 5039/mol. The PMMA films display
dependence on thickness originating from this composite model 3 gecrease in the apparent modulus similar to the PS films. The error
can be seen in the solid blue line in Figure 2. Reasonable fits bars represent one standard deviation of the data, which is taken as the
can be obtained for a surface modulus that is at least an orderexperimental uncertainty of the measurement.
of magnitude less than the bulk value. The valué &f in good
agreement with the intercept of the measured wavelength vsattractive substrate, there is a net increase in segmental mobility,
thickness {e = 0) discussed earlier. As the films become thinner, which has been similarly attributed to a region of enhanced
the contribution from the surface layer becomes more pro- mobility at the free surface, although a much weaker thickness
nounced; thus, the deviation from the single-layer model (eq dependence is typically observed compared to PS thin
1) becomes larger. We recognize that this two-layer model is films.40414344For PMMA on PDMS, the substrate should be
very simplistic and may not capture the complex polymer relatively noninteracting, and thus the buckling should be
physics governing the material properties in ultrathin polymer sensitive to the mobile surface layer, allowing us to assess the
films. For example, Torkelson and co-work&rfiave shown functional form and consistency of our two-layer model. Figure
that there is a distribution ofgs propagating away from the 4 illustrates the film thickness dependence of the moduli of thin
free surface in nanoconfined films and have proposed a gradientPMMA films. A similar trend is observed to the PS thin films
model to describe the dynamics of a fluorescent probe in described previously as there is a decrease in the apparent
ultrathin films. The simple two-layer composite model (eq 5) modulus for films less than 40 nm thick. The modulus decrease
appears to be a reasonable first approximation that accountds nearly 30% from the bulk, which is greater than expected on
for the deviations in the observed buckling wavelength as a the basis of the minoify dependence of ultrathin PMMA
function of film thickness, but this does not preclude more films.“*4¢However, the depression in the modulus for both PS
complex models from being entertained in the future. and PMMA is consistent with the predictions of de Pablo and
Similar to the wavelength data, the composite model (eq 3) co-workers}? which indicate a reduced moduluB pdEpui)
can be invoked to predict the decrease in modulus in ultrathin that decreases as the feature size decreases with a transition
films. The solid blue line in Figure 3 corresponds to the occurring at~40 nm for amorphous polymer films. It is
composite bending modulugs() predicted by eq 3 for a two-  interesting to note that the simulations also predict a free surface
layer model with the same properties deduced earlier. The layer whose properties deviate from that of the bulk material.
composite model appropriately predicts the decrease in apparenur proposed model to fit the data is consistent with these
modulus observed fdi < 40 nm. Several previous studies have simulations. To compare our data to these predictions, the data
suggested the presence of a mobile, rubberlike surface on PSrom Figures 2 and 4 are replotted in terms of this reduced
films2:37-32 with a thickness estimated to be less than 5 nm, modulus. The bulk modulus is taken as the average of the
which is in qualitative agreement with the results from our plateau region in the film thickness data. As shown in Figure
composite model. Additionally, molecular dynamics simulations 5, the reduced modulus is polymer-independent and decreases
show a surface region of enhanced mobility that is 1.5 nm for thin films; both results are consistent with the simulations.
thick 1t in good agreement with our results using the composite Future work will focus on the universality of this behavior as
model. Recall from eq 1 that the wavelength is proportional to well as the temperature dependence of the transition from bulk
the polymer film thickness. Thus, for thick films, the wavelength behavior as a function of proximity to bulk,.
(and thus the apparent modulus) is not sensitive to the small Conclusions.We offer a new method for probing the elastic
surface region. However, for the thinnest film, this surface region moduli of ultrathin amorphous polymer films. In our buckling-
corresponds to near 40% of the total film thickness. Itis in this based metrology, the modulus-dependent wavelength of the
region that we are most sensitive to the surface. For films thicker buckling instability can be interpreted using established buckling
than 30 nm, this surface layer still exists, but the contribution mechanics. However, the apparent modulus deviates from bulk
is negligible. for films less than 40 nm thick for both PS and PMMA systems.
To test the broader applicability of this composite model, we The mechanical property data are consistent with previous
also examined the mechanical response of PMMA ultrathin literature results on supported ultrathin films having a free
films. Unlike PS films, the segmental mobility for supported surface as measured by BLS, wafer curvature experiments, and
PMMA ultrathin films has been found to decrease due to the molecular dynamics simulations. An analytical solution for a
attractive interaction between the methacrylate moiety and the composite model comprised of a soft surface layer of finite
oxide layer on a silicon substrat&:*? However, for a non- thickness and the remainder of the film displaying bulk mOdl&l&/
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Figure 5. Reduced modulusEy, Epu) for the two PS M, ®) and
PMMA (A) materials as a function of thickness)( The error bars

represent one standard deviation of the data, which is taken as the

experimental uncertainty of the measurement.
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modulus is compelling and highlights fabrication and stability
issues for sub-40 nm features patterned in thin polymer films.
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