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Combinatorial and high-throughput measurements of the modulus of thin
polymer films
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We describe the design and refinement of a high-throughput buckling-based metrology for
ascertaining the mechanical propertiesse.g., modulusd of combinatorial thin polymer film libraries.
We provide critical details for the construction of a suitable strain stage, describe sample
preparation, and highlight methods for high-throughput data acquisition and data analysis. To
illustrate the combinatorial and high-throughput capability of this metrology, we prepare and
evaluate films possessing a gradient in the elastic modulus and compare the results with an
analytical expression derived from composite beam theory. Application of this metrology is very
simple and practically any laboratory, academic or industrial, can perform such measurements with
only modest investment in equipment. Although developed as a platform for investigating
combinatorial libraries, researchers can take advantage of the high-throughput nature of this

metrology to measure noncombinatorial film specimens as well.fDOI: 10.1063/1.1906085g
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Considerable attention has been devoted to develo
fabrication strategies for constructing combinatorial mat
libraries as well as tools for characterizing the chem
properties of such libraries. Less attention has been ded
to designing high-throughput metrologies for probing
physical or engineering properties of combinatorial libra
For example, thin polymer films are critical to technolog
applications such as advanced optics, microelectronics
storage, and bioengineering.1 The mechanical properties a
stability of such ultra-thinssubmicrometerd films are para
mount to the fabrication, performance, and reliability of
vices. For instance, the semiconductor industry uses lit
raphy to pattern nanostructures in polymeric resists, follo
by developing and rinsing steps with aqueous solution
remove unreacted material from in between the nanos
tures. These nanostructures, which can be viewed as
standing thin films with widths of 100 nm down to 10 n
often collapse during drying due to the large Laplace p
sures generated by a liquid meniscus between the wa
the nanostructures.2–4 The design and incorporation of high
modulus materials into the lithography process can imp
resistance to collapse and thus circumvent this fabric
issue. In this paper we present a high-throughput metro
that allows researchers to rapidly measure the elastic m
lus for hundreds of points across a combinatorial library
matter of minutes.

Several techniques have emerged to measure the
chanical properties of both supported and unsupported
mer thin films, the most prominent being instrumented
dentation methods that have been scaled down to the m
and nano-indentation regime.5–7 Here, a point load is applie
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is recorded over a complete loading/unloading cycle. F
this load/displacement data, the modulus of the thin film
be calculated, although these techniques tend to overes
the modulus of the film due to contributions and interact
with the underlying substrate. In addition to instrumen
indentation, there are surface acoustic/guided wave me
for probing the near-surface mechanical properties of p
mer thin films, the primary examples being Brillouin lig
scattering8,9 and surface acoustic wave spectroscopy.10 Fi-
nally, bulge tests11–14 are capable of measuring modulus
residual stress of thin films, but require free standing, o
least partly free standing, films. The membrane is pressu
from one side and the deflection at the center is record
function of applied pressure. The pressure-displaceme
lationship is given using plate theory and finite elem
analysis, and Young’s modulus can be determined thr
fitting the experimental data with analytical or numerical
lutions. Unfortunately, many of these techniques are no
sitioned to be applied as high-throughput measurement
forms for submicron polymer films.

Recently we reported on a new buckling-ba
metrology15 that is able to measure the elastic modulu
polymer films mounted on a relatively thick, soft substr
In this paper, we detail the design and application of
metrology with emphasis on sample preparation, appa
design, data collection, and image analysis. We demon
the combinatorial and high-throughput capacity of this t
nique with a one-dimensional modulus gradient fabricate
laminating two layers of materials with disparate modul

II. REVIEW OF RELEVANT BUCKLING
MECHANICS

Many researchers have studied the instability of a b
or plate supported by an elastic foundation.16–20 Buckling
can occur when a compressive stress is applied to a sub

l:

ch,

film laminate. In an effort to minimize the total elastic strain
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energy of the system, the laminate will have a propensi
buckle if the applied compressive stress/strain excee
critical value. The critical stress,sc, needed to buckle th
laminate is dependent on the material properties of the
strate and film, as shown in the following equations:19

sc =Î3 9

64

Es
2Ef

s1 − ns
2d2s1 − n f

2d
, s1d

whereE is Young’s modulus, andn is Poisson’s ratio. Sub
scripts f ands correspond to the film and substrate, resp
tively. The wavelength of the buckling instability is given

l = 2phF 1 − ns
2

3s1 − n f
2d

Ef

Es
G1/3

, s2d

whereh is the thickness of the upper film. Equations2d can
be rearranged to elucidate the dependence of the uppe
modulus on the wavelength of the buckles as well as
material properties of both the film and substrate:

Ef = S l

2ph
D3F3s1 − n f

2d
1 − ns

2 EsG . s3d

Therefore, by knowing the material properties of the s
strate and wavelength of the buckled film and film thickn
the film’s Young’s modulus can be calculated. The ab
equations are derived for a plate geometry, in which
film’s width is large compared to its thickness. An altern
solution has been reported for a beam model,16 in which the
width of film and substrate are small compared with t
length, but comparable to the film’s thickness. Figure 1 il
trates these two geometries. Most thin films exhibit cha
teristics of plates, as shown in Fig. 1sad, because the film
thickness is normally small compared to the other two
mensions. However, in some situations, a beam model s
in Fig. 1sbd could be applicable, e.g., a fine thin line fab
cated by microlithography patterning or direct w
methods.21 In the following sections, we will outline how w
employ this phenomenon to probe the mechanical prope

FIG. 1. sColor onlined Schematics showingsad plane strain andsbd plane
stress conditions for a thin film laminated onto an infinitely thick subst
of polymer thin films having gradients in material properties.
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III. EXPERIMENTAL SETUP AND OPERATION

A. Design of strain stage

We designed and constructed a custom strain stag
conducting our buckling-based metrology. The geometry
dimensions of the stage were chosen such that the stag
be mounted onto a number of imaging platforms in our la
ratories, including an optical microscope, a small angle
scatteringsSALSd apparatus, and an atomic force microsc
sAFMd. Each of these imaging platforms can be autom
to varying degrees to provide a measure of the buc
wavelength either in real space or Fourier space.

The strain stage was designed based on a slide-type
struction as illustrated in Fig. 2. The gradient films1d is
transferred to a 75325 mm2 strip of silicones2d, which is
subsequently mounted and clampeds3d to the strain stag
The first “grip” s4d of the stage is held stationary while
sled/second “grip”s5d is free to move. Strain is applied
the use of a motorized actuators6d attached to one end of t
sled. Both the strain stage and actuator assemblie
mounted to individual aluminum platess7d, which are als
mounted to a solid aluminum support. On the opposite e
the sled are groovess8d for locking the sled down, whic
allow the degree of strain to be fixed or maintained. W
this is done, the strain stage can be disengaged from
motorized actuator assembly and removed from the su
block, at which time the entire strain stage can be transp
easily between imaging platforms for ascertaining the b
ling wavelength and, when desired, the buckling amplit
A window s9d was machined into both the aluminum pl
and support directly under the suspended specimen to
for passing a laser directly through the sample. The e
assembly has a black anodized finish to minimize ligh
flections. An image of the strain stage assembly is show
Fig. 3.

FIG. 2. sColor onlined Strain stage design:① gradient film specimen,②
PDMS substrate,③ clamps,④ stationary grip,⑤ sled grip,⑥ motorized
actuator for controlling displacement,⑦ mounting plate,⑧ grooves fo
locking in strain, and⑨ window for conducting transmission experimen

FIG. 3. sColor onlined Image of our custom-designed strain stage for

ducting buckling measurements.
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B. Sample preparation

Polysdimethylsiloxaned sPDMS, Sylgard 184, Dow
Chemicald22 was chosen as the elastic foundation since
optically transparent, it approximates an ideal elastomer
its modulus can be tuned by the mixing ratio of base
curing agent. Typically, a 10:1 ratio of base to curing age
used in our studies. The PDMS mixture is degassed ov
min under vacuum before spreading onto an 838 in2 shee
of plate glass. The volume of PDMS prepolymer prepare
carefully chosen to result in a final thickness of 1 to 2 mm
the mixture is immediately cured at elevated temperature
thickness of cured PDMS would be nonuniform and the
face would not be smooth. Therefore, the mixture is allo
to flow, level, and partially cure for 12 h at room tempe
ture, and then fully cured in a forced air oven at 70 °C for
to 2 h. The resulting PDMS sheet is then cut into individ
pieces with dimensions of 25375 mm2 using a manua
punch. One PDMS section was reserved for measurin
Young’s modulus of the substrate material. Typical Youn
moduli of the PDMS ranged from 1.5 to 2.0 MPa, as m
sured on a Texture AnalyzersModel TA.XT2i, Texture Tech
nologies Corp.d.

For preparation of the polymer film to be measure
dilute solution of polymer is typically flow coated or sp
cast onto a polished silicon wafer. Just prior to coating,
surface of the silicon wafer is rendered hydrophilic by ex
sure to UV/ozone for 30 min. Similar results can be obta
by cleaning with oxygen plasma. Spin coating yields fi
with exceptionally uniform thickness that can be meas
using spot interferometry or ellipsometry. Multiple measu
ments across the sample can be made and the average
ness and standard deviation can be calculated. Flow co
affords preparation of films possessing a gradient in th
ness, but a complete thickness map15 must be acquired of th
gradient film, and this map must be precisely correlate
the specific positions where the buckling wavelength is t
measured. We find that this is easily achieved by autom
interferometry thickness measurements across anx-y grid of
points and the use of fiduciary marks, respectively.

Films are transferred from the silicon wafer to PD
substrates by aqueous immersion. In most cases, the P
is elongated and held fixed in the strain stage prior to
transfer, such that release of the applied strain results
application of a net compressive strain on the film. The
on silicon is then placed face down on the PDMS subst
Visual observation indicates the PDMS wets and softly
heres to the surface of the polymer film. Immersion of
multilayer stack in water results in the transfer of the p
mer film to the PDMS due to the wicking of water into
polymer/silicon interface. The entire stage assembly is
removed from the water and gently dried using compre
nitrogen. Buckling of the film/substrate occurs upon c
pression, observable by the iridescent color of the buc
region, as can be seen in Fig. 4. Ideally, the entire film w
buckle simultaneously, but imperfections in the film and s
strate as well as distortions in the strain field can cause
tions of the film to buckle before others. Thus, the degre
compression is manually adjusted via the actuator unti

entire film is buckled, at which time the measurement of

Downloaded 24 May 2005 to 129.6.154.144. Redistribution subject to AIP
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wavelength is performed and the compressive strain
corded.

C. Data collection

After preparation and mounting of samples onto
strain stage, the buckling instability is initiated by appl
tion of strain. The magnitude of stress necessary to tr
the instability is a function of both the moduli and Poisso
ratios of the film and substratefsee Eq.s1dg. This buckling
introduces highly periodic wrinkles where the associ
buckles are oriented perpendicular to the direction of st
The wrinkling wavelength can be measured in a variet
ways, including both contact and noncontact methods.

Noncontact methods include two primary method
gies: optical microscopy and SALS. Optical microscopy
vides the most direct method to verify the uniformity of
buckles, but it also requires focusing, an aspect which
add an additional complication and time-consuming
when implementing an automated high-throughput mea
ment. Auto-focus modules often do not live up to their pr
ise and, furthermore, can add a rate-limiting step for the
dreds or even thousands of measurements associate
routine high-throughput screening. Moreover, it can be d
cult to unambiguously ascertain the actual wrinkling pe
as buckle crests and troughs occasionally, but not alw
can be difficult to discern. However, for samples that
opaque or of wavelengths much greater than 50mm, this can
be the only route. Images can be collected with a con
tional charged coupled devicesCCDd camera or digital cam
era mounted on the microscope. For high-throughput w
automation of stage motion, image focusing, and image
quisition is readily available. However, for all such wo
long-working distance objectives are recommended such
the microscope objective does impede motion of the s
stage. Calibration of microscope images is carried ou
obtaining images of a stage micrometer or other stand
with well-measured dimensions. Image analysis for data
lected on the optical microscope is discussed in the
section.

In contrast to microscopy, SALS provides a particul

FIG. 4. sColor onlined Image of just the sled component of the strain st
A specimen has been loaded onto the strain stage and subsequently b
as evidenced by the iridescent color resulting from micron-sized wrinkl
the surface of the laminate. This image also demonstrates that the a
strain can be locked in by using the grooves in the sled and the ar
threaded holes in the mounting plate.
fast and convenient method for high-throughput data acqui-
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sition and analysis, and is enabled by the optical tran
ency of the PDMS substrate. Conventional SALS app
tuses with rudimentary automation are becoming m
affordable due to advances in lasers, CCD cameras
computerized translation stages. No optical lenses are n
sary and a sheet of paper works nicely as a diffuser/ima
screen. We find that a conventional 8-bits256 levelsd gray-
scale camera provides sufficient sensitivity for our purpo
Calibration of the scattering wave number in one dimen
versus image pixel number can be carried out with a diff
tion grating, such as a Ronchi ruling. We find that a th
order polynomial fit typically suffices to make a one-to-
correspondence between pixel and wave numberq. After
calibration, identification of the diffraction peaks is straig
forward and can be further refined by application of a s
tering function, such as a Gaussian. Our SALS appara
outfitted with an automatedx-y translation stage to facilita
mapping of the buckling wavelength as a function of sp
position on the sample.

While the two methods mentioned above measure
lateral length scale of the buckles, they do not provide t
graphical information such as buckling amplitude.23 One di-
rect method to obtain full three-dimensional topograph
information is profilometry, such as provided by AFM. Ho
ever, this technique is sufficiently time consuming tha
would be all but impractical for high-throughput wo
Analysis of AFM images will be discussed below.

D. Image and data analysis

To best quantify the wavelength of the resulting buck
patterns, we choose to conduct all image analyses in Fo
space. This approach yields the dominant wave ve
qm smm−1d, present in the system. The dominant wave ve

FIG. 5. Examples ofsad optical microscope images andsbd resulting SALS
patterns of anisotropicstopd and isotropicsbottomd buckling patterns.
can then be converted to wavelength using the relationship

Downloaded 24 May 2005 to 129.6.154.144. Redistribution subject to AIP
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lm = 2p/qm, s4d

wherelm smmd is the dominant wavelength of the buckl
instability. If images of the buckling pattern are collec
using an optical microscope, the real-space images mus
be converted to Fourier space using fast Fourier trans
sFFTd algorithms provided in many commercial packa
including MatLab, IDL, and Image Pro. SALS images are
definition already in Fourier space, so no further transfo
are needed. If the buckling pattern is isotropic, the resu
FFT will be a series of concentric circles; if the buckles
aligned, the resulting FFT will be a series of peaksssee Fig
5d. In the former casesisotropicd, the dominant wave vect
can then be ascertained by taking an azimuthal average
intensity sId as a function ofq. In the latter casesalignedd,
however, this process can be simplified by performing a
scan through the center of the peaks. The resultingIsqd plot
is smoothed using an adjacent averaging method; typica
seven-point smoothing function is used. Finally, an a
mated routine is used to determine theq-position of maxi-
mum intensitysqmd for first- and swhen possibled second
order peakss2qm, ideallyd. This value ofqm is then converte
to lm through Eq.s4d, which is used to calculate the fi
modulus through Eq.s3d. If the specimen only contains
gradient along one axis, multiple images can be colle
along the nongradient axissuniform material propertiesd to
generate the error or uncertainty of the measurement.

IV. EXAMPLE: MODULUS GRADIENT

To demonstrate the viability of this buckling-based
trology as a combinatorial and high-throughput techni
we generate a modulus gradient consisting of a bi-lay
polystyrene-polyisoprene-polystyrenefPsS-I-Sdg triblock co-
polymersVector 4411, Dexco Polymers LPd and polystyren
sPSd films. Dissolved PsS-I-Sd and PS solutions were sep
rately flow-coated onto a silicon wafer to form films w
gradients in film thickness. By placing the PsS-I-Sd film on
top of the PS film with the thickness gradients parallel to

FIG. 6. sColor onlined Thickness profile of PS, PsS-I-Sd, and the laminate
bi-layer. The error bars represent one standard deviation of the data, w
taken as the experimental uncertainty of the measurement. Some err
are smaller than the symbols.
another, a modulus gradient was formed in the PsS-I-Sd-PS
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bi-layer along the flow-coating direction. Using compo
beam theory, the resultant effective modulus,Eeff, of a bi-
layer can be calculated as follows:

Eeff =
1 + m2n4 + 2mns2n2 + 3n + 2d

s1 + nd3s1 + mnd
E1, s5d

wherem is the modulus ratioE2/E1 and n is the thicknes
ratio h2/h1 of the two layers. Here we take layer 1 as PS
layer 2 as PsS-I-Sd. The thickness ratio at each position c
be obtained by measuring the thickness profile of each
before transferring to the surface of PDMS substrate. I
ferometry sFilmetrics, Inc.d was used to measure the fi
thickness. Figure 6 illustrates the thickness profile of e
film and the laminated layer. The thickness profile of
bi-layer was substituted into Eq.s3d to calculate the effectiv
modulus,Eeff, of the bi-layer. The two films were then tran
ferred from the silicon wafer to the surface of the p
stretched PDMS slab. The two films were overlapped so
there were three regions: pure PS, PS-PsS-I-Sd bilayer, and
pure PsS-I-Sd. The pure PS and pure PsS-I-Sd sections can b
used to measure the modulus of PS and PsS-I-Sd individually
as an internal calibration. The bucking wavelength of b
the laminated and individual layers was measured u
SALS as described in the previous section. Figure 7 sh
the modulus profile of the laminate. The calculatedEeff is
also shown and the agreement is promising. Using the
rent technique and materials, the modulus of the lam

FIG. 7. sColor onlined Modulus as a function of position in the lamina
PS/PsS-I-Sd bi-layer for both experimental datasclosed circlesd and the ana
lytical solution sopen circlesd. The error bars represent one standard de
tion of the data, which is taken as the experimental uncertainty of the
surement. Some error bars are smaller than the symbols.
Downloaded 24 May 2005 to 129.6.154.144. Redistribution subject to AIP
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exhibited a factor of 3 decrease in modulus from the PS
region to the PsS-I-Sd-rich region. Equations5d reveals tha
Eeff is more sensitive to thickness ratio than modulus rat
the two materials, thus steeper modulus gradients ca
made by precisely tuning the thickness ratio between
layer. The entire measurement described here was cond
in less than 10 min, demonstrating that this technique is
ducive to high-throughput methodologies and could be
plied to other problems where material optimization is p
mount.
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