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W
hen materials are processed
into useful structures or devices,
they are often trapped in a non-

equilibrium state. One important mechani-

cal manifestation of molecular scale non-

equilibrium is residual stress.1 Left

unchecked, residual stress can severely re-

duce materials’ performance and reliability

by inducing mechanical instabilities, such as

warpage and buckle-delamination, or it

can increase the probability of defect for-

mation or complete interfacial failure.2 For

polymers, residual stress is related to the

macromolecules locking into nonequilib-

rium configurations during fast processes,

such as solvent casting.2�6 Residual stress

can also lead to the destabilization of poly-

mer films, such as dewetting processes.7�10

Thin film coatings and nanoscale devices

of polymer materials exacerbate this con-
cern since these technologies are intoler-
ant to the failures and defects that residual
stress can produce. As there are many fac-
tors, such as processing routes, thermal his-
tory, and polymer characteristics (e.g., mo-
lecular weight, glass transition temperature,
and elastic stiffness), that contribute to this
phenomenon, the understanding and con-
trol of residual stress in polymer thin films
remains a challenge.2

here are many methods available to
measure residual stress in polymer films,
including curvature or deflection-
based,3�5,11,12 membrane bulge,13 blis-
ter,14 cylindrical punch,15 and fluores-
cence methods.16,17 The curvature or de-
flection of a thin film coated substrate is
among the most commonly used. This
technique relates the deflection of a thick
elastic substrate (e.g., silicon wafer or
cantilever arm) to the average residual
stress of the thin film.18,19 Though the
measurement is straightforward, this
technique is limited by its sensitivity for
resolving small changes in curvature.20

Hence, this technique becomes markedly
less reliable as films become increasingly
thin and deformations become very
small. The sensitivity can be enhanced
when applied to thinner substrates; how-
ever, wafers with a thickness below 100
�m are fragile and require special han-
dling.20 Therefore, there is a measure-
ment need for accurately quantifying re-
sidual stress in polymer thin films.
Additionally, this metrology can improve
the understanding and control of residual
stress in order to optimize the perfor-
mance of polymer coatings used in nu-
merous nanoscale device applications
such as next-generation lithography, or-
ganic electronics, and sensors. To address
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ABSTRACT Residual stress, a pervasive consequence of solid materials processing, is stress that remains in a

material after external forces have been removed. In polymeric materials, residual stress results from processes,

such as film formation, that force and then trap polymer chains into nonequilibrium stressed conformations. In

solvent-cast films, which are central to a wide range of technologies, residual stress can cause detrimental effects,

including microscopic defect formation and macroscopic dimensional changes. Since residual stress is difficult to

measure accurately, particularly in nanoscale thin polymer films, it remains a challenge to understand and control.

We present here a quantitative method of assessing residual stress in polymer thin films by monitoring the onset

of strain-induced wrinkling instabilities. Using this approach, we show that thin (>100 nm) polystyrene films

prepared via spin-coating possess residual stresses of �30 MPa, close to the crazing and yield stress. In contrast

to conventional stress measurement techniques such as wafer curvature, our technique has the resolution to

measure residual stress in films as thin as 25 nm. Furthermore, we measure the dissipation of residual stress

through two relaxation mechanisms: thermal annealing and plasticizer addition. In quantifying the amount of

residual stress in these films, we find that the residual stress gradually decreases with increasing annealing time

and plasticizer amounts. Our robust and simple route to measure residual stress adds a key component to the

understanding of polymer thin film behavior and will enable identification of more effective processing routes

that mitigate the detrimental effects of residual stress.

KEYWORDS: coatings · mechanical properties · nanoscale thin
films · polymers · residual stress · small-angle light scattering · surface wrinkling
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this challenge, we present a
new method based on a
surface wrinkling phenome-
non21�35 to accurately
quantify the residual
stresses in nanoscale thin
polymer films.

Surface wrinkling can oc-
cur in systems comprised of
an elastic film adhered to a
relatively thick, compliant
elastic substrate. Compres-
sion of this composite above
the critical strain (�c) pro-
duces a periodic wrinkling
pattern; the dimensions and
onset of wrinkle formation
are related to the mechani-

cal properties of the polymer film.21 For small strains,

the equilibrium wavelength (�) of the wrinkling pat-

tern can be described as22�25

where h is the thickness and Ē � E/(1 � �2) is the

plane-strain modulus (E is the elastic modulus, � is

the Poisson’s ratio, and the subscripts f and s denote

the film and substrate, respectively). The amplitude

of wrinkle pattern (A) increases with a square-root

dependence on the compressive strain (�) as

Several mechanics models have been developed for

predicting an expected “critical strain”, defined as

the minimum strain needed to induce

wrinkling.22�26 The theoretical critical strain (�c0) so-

lution for the uniaxial strain state, shown in eq 3

(ref 36), is among the most widely known.24�29

In this work, we have selected materials whose prop-

erties can be measured accurately within the range

of small strains. Therefore, we are able to utilize the

above wrinkling relationships, which are based on

linear elasticity without additional assumptions, to

accurately measure the properties of our materials.

A primary advantage of using surface wrinkling as a

metrology for thin film properties lies in the ability to

optically observe the wrinkle patterns; hence, this

avoids common limitations in sensitivity.33 For ex-

ample, a 25 nm thick polymer film can have a wrin-

kling wavelength �1 �m. The application of surface

wrinkling to quantitatively relate the wrinkling wave-

length to elastic modulus is now well-established for a
wide variety of thin film systems.30�35 This approach re-
quires the transfer of the thin film of interest from a
rigid substrate (e.g., silicon wafer, mica) to a soft elastic
substrate (e.g., PDMS). Films that cannot be easily trans-
ferred may require additional strategies, such as re-
lease layers,34,35 but the applicability of surface wrin-
kling to measure material properties is still valid.

Here, we extend our previously reported wrinkling-
based metrology30 to arrive at the critical strain needed
to produce surface wrinkling. For high precision, we
use small-angle light scattering (SALS)37 to measure the
critical strain for onset of wrinkling. We find that the ob-
served critical strain significantly differs from the theo-
retically predicted value. We use this difference, along
with the wrinkling wavelength, to quantify residual
strain and elastic modulus, thereby determining re-
sidual stress in polymer thin films. We compare our re-
sults with those obtained from the conventional wafer
curvature-based technique and show that this wrinkling
method is more accurate in determining the residual
stress for thin (sub-1 �m) polystyrene films. To further
demonstrate the utility of this new metrology, we use it
to evaluate strategies commonly employed to dissi-
pate residual stress in thin polymer films. First, we ex-
amine the impact of annealing the polymer above its
glass transition temperature. Then, we examine the ef-
fect of added plasticizer and the relationships to
changes in the glass transition on residual stress.

RESULTS AND DISCUSSION
Residual Stress Measurements via Surface Wrinkling. Our

model system consists of a thin (sub-1 �m) glassy
polystyrene (PS) film supported on a soft elastic sub-
strate of poly(dimethylsiloxane) (PDMS). This PS/
PDMS laminate is prepared by transferring a spin-
cast PS film from a rigid substrate (e.g., silicon wafer,
mica) to the softer PDMS substrate.30 When a small
uniaxial compressive strain is applied to this lami-

Figure 1. (a) Schematic of the custom-built SALS apparatus. The diffraction pattern from the wrinkled
film is projected onto a screen and acquired by CCD camera. (b) Representative plot depicting first-
order diffraction intensity (open squares) versus compressive strain. The insets show the representa-
tive SALS diffraction patterns observed below and above the critical strain for the onset of wrinkling
(�c). The dominant wavenumber (q0) is measured from the location of the first diffraction peaks, and the
wavelength of the wrinkles (�) is given by 2�/q0. The wavelength (open circles) is used to determine
the Young’s modulus of the film by means of eq 6.
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nate, wrinkling occurs above the critical strain with
a well-ordered sinusoidal pattern that forms perpen-
dicular to the compression direction. We measure
the critical strain for the onset of wrinkling (�c) by
monitoring the evolution of the scattered light in-
tensity with increasing compressive strain using a
custom-built SALS instrument (Figure 1a).

Figure 1b shows representative results for the evolu-
tion of the scattered intensity (I) and wrinkling wave-
length (�) for a PS film (hf � 100 nm) on PDMS as a func-
tion of compressive strain (�). For � 	 �c, only a baseline
intensity is observed since this strain is below the criti-
cal value for onset of wrinkling. When � � �c, there is an
abrupt transition between the nonwrinkled and
wrinkled state, where the first-order diffraction inten-
sity increases with strain due to the increasing wrinkling
amplitude.26�28,37 Following the argument by Harri-
son et al.37 along with the Fraunhofer approximation38

and eq 2, the first-order diffraction intensity, I(�), can be
expressed as

where d is the laser wavelength (633 nm), n is the in-
dex of refraction of PDMS (1.404 
 0.004),37 and J1(x)
is the Bessel function of the first kind. For 0 	 x 		 �2
(using the typical experimental values of hf, �c, and �

as 100 nm, 0.01, and 	0.02, respectively, we find that
x 	 0.4), J1(x) becomes asymptotic and can be approxi-
mated as J1(x) ¡ x/2. In this limit, eq 4 can be simplified
as

where I(�) scales linearly with the applied strain. We
use eqs 4 and 5 to predict the intensity data, and the re-
sults are shown in Figure 1b. Near the critical strain (�
	 0.015), the simplified expression (eq 5) can accurately
predict the scattered intensity. While the full form (eq
4) is necessary to predict the intensity values for large
strains, we can simply use eq 5 to predict the critical
strain since it is possible to make a limited number of in-
tensity measurements and extrapolate to the baseline
intensity.

The observed critical strain (�c) was taken as the in-
tersection of the two straight lines fitted via linear re-
gression (Figure 1b) and was found to be �c � 0.0114

 0.0002 in this example. We emphasize that the low
level of uncertainty (relative standard deviation 	0.2%)
is representative of these measurements. Additionally,
we can also simultaneously measure the elastic modu-
lus (Ef) of the deposited film from the wrinkle wave-
length (�) by using eq 1:

We point out here that, although the above equation
(or eq 1) does not predict � dependence on the applied
strain, Rogers and co-workers have recently shown that
� changes with applied strain in an approximately linear
manner.39 Their findings may explain a slight decrease in
� over the range of strain that we examined (Figure 1b).
Here, we confined our measurements to a small strain
range (e.g., � 	 0.015), where � is calculated to change
by less than 2%.39 Therefore, we treat � as constant and
use the average wrinkling wavelength (measured at �c 	

� 	 0.015) to determine the elastic modulus. In its current
form, this measurement may not accurately describe
samples subjected to large strains because of nonlinear
elastic response or large deformation.40

Using eq 6, the PS film modulus was determined to
be Ef � 3.69 
 0.04 GPa using the average values of �

between �c 	 � 	 0.015. This modulusOalong with �s

� 0.50, �f � 0.33,41 and Es � 1.8 MPa (see Materials and
Methods)Owas used to calculate the theoretical criti-
cal strain (�c0) via eq 3. The resulting theoretical critical
strain was found be �c0 � 0.0036, which is more than
three times lower than the observed critical strain (�c �

0.0114).
To explain this discrepancy, we first note that it is

known that spin-coated polymer films possess measur-
able levels of residual stress. The magnitude of residual
stress is related to the proximity of their glass transi-
tion temperature (Tg) to ambient conditions, as dis-
cussed in detail by Croll4 and by Reiter and de Gennes.6

In general, the mobility of polymer chains above Tg is
enhanced, which allows the chains to relax and relieve
their stress. Conversely, chain mobility is suppressed be-
low Tg, which arrests relaxation processes. During the
spin-coating process, a volatile solvent rapidly evapo-
rates from the polymer film. Therefore, the polymer film
vitrifies and shrinks when the apparent Tg of the con-
centrating solution reaches ambient temperature. As
solidification proceeds, tensile residual stress is gener-
ated in the plane of the coating due to the large volume
change coupled with the confining effect of the sub-
strate, as suggested by several experimental observa-
tions and theoretical studies.2�6 If this tensile stress is
not accounted for in our wrinkling experiments, it will
lead to an “underestimate” of the critical strain since a
higher compressive strain (or stress) will be required to
induce wrinkling in the presence of tensile residual
stress compared to the residual stress-free state (i.e., ref-
erence state). This underestimate of the critical strain is
consistent with observed and theoretical values associ-
ated with Figure 1b.

We postulate that the discrepancy between the ob-
served and theoretical critical strain is predominantly
attributed to the presence of residual strain, or residual
stress, resulting from spin-casting process. To account
for this residual strain, we assume that the observed
critical strain (�c) is a sum of the theoretical critical strain
(�c0) and the residual strain (�R):
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hf( ε
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We note that the relationship between residual strain
(�R � �c � �c0) and residual stress (�R) is given by

On the basis of this relationship, the residual stress in
the film was estimated to be �R � 32.2 MPa (here �R �

0.0078 and Ēf � 4.14 GPa). We note that our residual
stress measurements do not require knowledge of the
Poisson’s ratio of the film (�f) because all of the calcula-
tions involved (eqs 6 and 7) are expressed in terms of
plane-strain modulus of the film, Ēf � Ef/(1 � �f

2), which
can be directly measured from the wrinkling wave-
length without any prior assumption of the value of �f

[Ēf � 3Ēs(�/2hf)3; modified from eq 6]. Thus, the uncer-
tainty in the value of �f does not impact the stress value.
To validate this approach for quantifying residual stress
in thin polymer films, several evaluations of this wrin-
kling metrology were made. These include comparison
with a conventional instrumental method, thermal an-
nealing, and plasticization. As we present below, all of
the observations support the hypothesis that the differ-
ence in observed and theoretical critical strain is prima-
rily caused by the presence of residual stress in the poly-
mer films examined in this study.

Comparison with a Conventional Measurement. We com-
pare the residual stress values obtained from our wrin-
kling method to the commonly used wafer curvature-
based approach. As shown in Figure 2a, the results
obtained from our wrinkling method show that both
the observed and theoretical critical strains are inde-
pendent of the film thickness range explored (100�400
nm). This thickness independence also holds true for
the PS film modulus and is approximately constant (Ef

� 3.71 
 0.25 GPa; see inset Figure 2a), in agreement
with previous results.30 Hence, the residual stresses, cal-
culated from eq 7, are ap-
proximately independent of
the film thickness, with an av-
erage value of �R � 31.9 
 4.7
MPa. A positive residual stress
value is considered tensile
since the observed strain is
greater than the theoretical
strain (i.e., a larger compres-
sive strain is required to in-
duce wrinkling), which was
also confirmed by the
curvature-based method (see
below). This is expected since
the residual strain (or stress) is
caused by the shrinkage asso-
ciated with solidification in
solvent casting.2,4

The residual stress results measured by the wafer
curvature-based method (see Materials and Methods)
for three different thicknesses of PS films (hf � 80, 160,
730 nm) are shown in Figure 3. The main observation in
Figure 3 is that the average magnitudes of residual
stress (on the order of 10 MPa) are similar to those ob-
tained by the surface wrinkling method. For example,
for the results for a 200 nm film, the curvature method
measured a residual stress of 30.4 MPa, whereas the
wrinkling technique obtained a value of 29.0 MPa. This
close agreement indicates that the stress level quanti-
fied by surface wrinkling corresponds predominantly to
residual stress in the film.

More importantly, the uncertainty level of the
curvature-based method becomes increasingly larger as
film thickness decreases. This point is illustrated in the
standard deviations for each set of curvature-based mea-
surements, which represent the uncertainty in measuring
residual stress. This large uncertainty is caused by the lim-
ited sensitivity of the instrument, which limits its resolu-
tion of the residual stress for thin films, particularly for the
80 nm thick PS film. For example, a detectable minimum
curvature of 120 �m (radius � 8000 m)
corresponds to a minimum detectable stress of
1.3 MPa for a 588 �m thick Si wafer (100 mm in diam-
eter) with a 1 �m thick film on it. For polymer films with
thicknesses of 730, 160, and 80 nm, the corresponding
minimum detectable stress will be 1.8, 8.1, and 16.2 MPa,
respectively. As shown in Figure 3, the wrinkling method
shows a much higher sensitivity in measuring residual
stress even in thin films.

Effects of Thermal Annealing. Thermal annealing is known
to relieve the residual stress in polymer systems (for ex-
ample, see ref 1). To quantify the effects of thermal an-
nealing on residual stress, we employ the wrinkling-based
method to measure the residual stress in thermally an-
nealed spin-cast PS films. Briefly, PS films were spin-cast
from toluene onto mica substrates. They were then an-
nealed for a controlled period of time at 155 °C, well

Figure 2. (a) Observed critical strain (closed circles) and theoretical critical strain (open circles) ob-
tained as a function of film thickness (hf). The inset displays the measured modulus as a function of
hf, which was calculated by means of eq 6 with the measured wavelength. (b) Corresponding residual
stresses (�R) as a function of hf. The dashed line is meant to guide the eye, and the error bars represent
one standard deviation of the data, which is taken as the experimental uncertainty of the
measurement.
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above the glass transition temperature of PS (Tg � 105

°C). After slow cooling (about 0.3 °C min�1) to room tem-

perature, the films were transferred onto PDMS and

wrinkled. We note that, in these experiments, we used

atomically flat mica substrates instead of silicon sub-

strates because they facilitate film transfer after pro-

longed thermal annealing. No significant differences in

�R values were observed for the unannealed PS films (hf

� 100 nm) cast onto either silicon (26.4 
 5.1 MPa; Fig-

ure 2) or mica (27.6 
 4.9 MPa; Figure 4) substrates.

Figure 4a shows the �c and �c0 values for PS films (hf

� 120 nm) at room temperature obtained after anneal-

ing times up to 168 h. Since the room temperature modu-

lus is constant, �c0 remains constant. However, �c decays

with increasing annealing time. The corresponding �R, de-

termined using eq 7, is shown in Figure 4b. The results
suggest that thermal annealing leads to a decrease in

the residual stress, and the apparent relaxation time
(� � 50 h; see ref 42) observed in these spin-coated
PS films seems to be quite long. This slow relaxation
mode for spin-cast PS films seems similar to that ob-
served by Kanaya et al.43 and warrants further study.

Another interesting observation in Figure 4 is
that the observed critical strain (and residual stress)
measured at a relatively short annealing time (t �

1 h) is higher than values measured prior to ther-
mal annealing (square symbols). Furthermore, the
residual stress does not vanish even after long
annealing times (e.g., 168 h). Instead, it reduces
to a finite level (i.e., �c0 and �c do not converge).
This is because the residual stress arises from two
sources: (1) the original level of residual stress im-
parted by spin coating (�RS) and (2) the stress
inherent to thermal annealing (�RT) that arises
upon cooling below Tg, due to the mismatch in
coefficients of thermal expansion between the film
and substrate. While the original residual stress
caused by spin coating can be eliminated through
thermal annealing above Tg, a “thermal stress” is in-
evitably produced upon cooling the sample after an-
nealing, and this contribution to residual stress re-
mains in the film.

The thermal stress (�RT) caused by mismatch of coef-
ficients of thermal expansion (CTE) between the film
and the substrate can be estimated as44

where � is the coefficient of thermal expansion and TRT

is room temperature (subscripts
f and s denote the PS film and
mica substrate, respectively). Us-
ing eq 8, we calculated �RT �

16.6 MPa using the following val-
ues: Ef � 3.7 GPa, vf � 0.33, �f �

60 � 10�6 °C�1 at T 	 Tg,11,45 �s

� 10 � 10�6 °C�1,46 and Tg �

105 °C. This calculated thermal
stress is in close agreement with
the value (15.2 
 4.1 MPa) ob-
tained from our data at t � 168 h
(Figure 4b). Accordingly, our
data suggest that the measured
residual stress at a given anneal-
ing time, �R(t), can be viewed as
a combination of the stress in-
duced by spin coating, �RS(t),
which decreases with time by
the thermal annealing process,
and a constant thermal stress,
�RT, induced upon cooling:

Figure 3. Residual stresses (�R) as a function of film thick-
ness (hf) measured by the wafer curvature-based technique.
Open squares represent a single measurement. Closed
squares are the average values obtained from at least eight
individual measurements with the same thickness, and the
error bars indicate the relative standard uncertainty of the
measurement. Closed circles represent the residual stresses
measured by the wrinkling method, which were reproduced
from Figure 2b for comparison.

Figure 4. (a) Observed critical strain (�c) and theoretical critical strain (�c0) in PS films spin-coated
onto mica substrates as a function of the annealing time ranging from 1 to 168 h. In all experiments,
the film thickness was kept at hf � 120 nm. The values of �c were determined directly from SALS in-
tensity data, whereas �c0 was indirectly calculated from the measured wrinkling wavelength with
eqs 3 and 6. (b) Corresponding residual stresses (�R) as a function of annealing time. The measured
residual stress at a given annealing time, �R(t), can be decoupled into two terms: stress induced by
spin coating, �RS(t), which decreases and asymptotically approaches 0 as the annealing time in-
creases, and a constant thermal stress, �RT, associated with cooling the sample to room tempera-
ture after annealing. In both plots, the square symbols represent the critical strain and residual stress
in PS films spin-coated onto mica substrates without annealing. Dashed lines are added to guide
the eye.
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To illustrate this point, the measured residual stress at

short annealing time (�R � 43.5 MPa at t � 1 h) is ap-

proximately equivalent to the sum of stresses outlined

in eq 9 (27.6 � 15.2 MPa � 42.8 MPa; see Figure 4b),

where �RS � 27.6 MPa is taken as the stress in the unan-

nealed film that was initially spin-cast on the mica sub-

strate. With these results, it is evident that thermal an-

nealing can significantly reduce or even eliminate the

residual stress due to film formation in spin-cast thin

polymer films. Our measurement method can accu-

rately evaluate this type of phenomenon and demon-

strates that thermal stress can be quantitatively related

to the CTE differences, which allows this phenomenon

to be decoupled from the original residual stress.

Effects of Plasticizer Addition. Plasticizers increase the

mobility of polymer chains, which can be partially ex-

plained in terms of lowering the polymers’ Tg in relation

to the operating temperature. Hence, with enhanced

mobility imparted by the plasticizer, it is expected that

the residual stress can be relieved and reduced. To

gauge the effects of plasticizer addition on the residual

stress in spin-cast films, we prepared a model system

comprising blends of PS with a nonvolatile plasticizer

(dioctyl phthalate, DOP). Mixtures having different mass

fractions of DOP (10�40%) were co-dissolved in tolu-

ene and then spin-coated onto silicon wafers. The films

were then transferred onto PDMS and wrinkled. As pre-

sented in Figure 5a, the measured modulus (closed

squares) of the PS film (hf � 200 nm) decreases in a sig-

moidal manner with increasing concentration of added

plasticizer, following the trend previously observed.30,47

In addition, the theoretical critical strain (open circles)

increases with increasing plasticizer concentration be-

cause the wrinkling inferred modulus (Ef) of the film de-

creases in a nonlinear way (see eq 3), and the observed

critical strain (closed circles) decreases slightly as a func-

tion of plasticizer content. Thus, the residual strain de-

creases as the plasticizer concentration increases. As a

consequence of a decrease in both modulus and re-
sidual strain, we see a more pronounced decrease in re-
sidual stress (�R) with increased plasticizer concentra-
tion (Figure 5b).

It is well-known that the addition of DOP to PS leads
to a significant reduction in Tg, accompanied by a de-
crease in modulus. In particular, the Tg of the mixture
drops to roughly 20 °C for a plasticizer mass fraction of
30% (PS/DOP30) and 0 °C for a plasticizer mass fraction
of 40% (PS/DOP40).48 PS/DOP30 and PS/DOP40 at room
temperature are above their Tg, and the residual stress
diminishes to a negligible level or 0, which is particularly
striking when compared with the nonplasticized PS
film (�R � 30 MPa). Overall, the results imply that the
decrease in �R with increasing plasticizer content is at-
tributed to the lower Ef in addition to the lower levels of
constrained shrinkage due to the lower Tg. We note
that the same conclusion was deduced by Francis et
al.2 in their comprehensive review.

Residual Stresses in Ultrathin Polymer Films. A significant
advantage in our wrinkling approach is that it can accu-
rately quantify residual stress in ultrathin (	100 nm)
polymer films. For PS films with thicknesses ranging
from 24 to 100 nm, their modulus (closed squares) ex-
hibits a significant decrease with decreasing film thick-
ness (Figure 6a), which corroborates previous results.49

In addition, as the film thickness decreases, �c0 increases
and �c decreases slightly. As shown in Figure 6b, the
measured residual stresses drop considerably for the
two thinnest films studied (24 and 30 nm), with the re-
sidual stresses found to be 5.5 and 8.9 MPa, respec-
tively. This is nearly an order of magnitude smaller than
those obthan those obtained for the PS films with thick-
ness above 100 nm (�R � 30 MPa; see Figure 2b). These
results highlight the potential to quantitatively describe
important phenomena in ultrathin films. For example, it
has been reported that the Tg of ultrathin films can differ
from the bulk.50�55 Our findings of a decrease in residual
stress may correlate with a decrease in Tg. In addition, it
has been shown that spin-cast ultrathin PS films retain

σR(t) ) σRS(t) + σRT (9)

Figure 5. (a) Observed critical strain (closed circles) and theoretical critical strain (open circles) obtained as a function of
plasticizer (DOP) mass fraction. Closed squares show the measured modulus, which is calculated by means of eq 6 with the
measured wavelength. (b) Corresponding residual stress as a function of plasticizer mass fraction. In both plots, the dashed
lines are meant to guide the eye.
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higher levels of residual toluene,7,56 which could lower
the residual stress similarly to the effect of added plasticiz-
ers. Our results do not fully probe these important as-
pects of ultrathin films. Nevertheless, this capability to
quantitatively probe the residual stress in ultrathin films
should ultimately provide important new insight.

CONCLUSION
We have presented a new method for determining

residual stress in polymer thin films using strain-
induced wrinkling. We have examined residual stresses
of spin-cast PS films with thickness in the nanometer-
scale range (20�400 nm). This method relies on detect-
ing the critical strain needed to produce surface wrin-
kling and the wrinkling wavelength, both of which can
be easily and accurately measured, even in ultrathin
films. Our wrinkling metrology found equivalent levels
of residual stress in equivalent spin-cast PS films when
compared with a conventional curvature-based

method. The wrinkling method, however, exhibited
higher sensitivity and more accurate measurement of
residual stress in much thinner films and softer systems.
Our approach further provided qualitative insight into
two widely used strategies for the dissipation of re-
sidual stress in polymer thin films, including thermal an-
nealing and plasticizer addition. It is expected that fur-
ther application of this method will allow for new
insight into details of residual stress. It is also noted
that considerations of residual stress, to a large extent,
have not been incorporated into the theoretical frame-
work associated with polymer thin films, and this is due
in part to limited measurement methods to quantify
this phenomenon experimentally. Our robust and
simple route to measure residual stress addresses this
limitation and should provide a better understanding
that will enable identification of more effective process-
ing routes that mitigate the detrimental effects of re-
sidual stress.

MATERIALS AND METHODS
General. Certain commercial materials and equipment are

identified in this paper in order to specify adequately the experi-
mental procedure. In no case does such identification imply rec-
ommendation by the National Institute of Standards and Tech-
nology nor does it imply that the material or equipment
identified is necessarily the best available for this purpose. The
error bars presented throughout this paper indicate one stan-
dard deviation of the data, which is taken as the experimental
uncertainty of the measurement.

Materials and Sample Preparation. We used an atactic PS (Poly-
mer Source, Inc.): Mw � 654.4 � 103 g mol�1, Mw/Mn � 1.09,
where Mw is the mass-average and Mn is the number-average
molecular mass. Thin PS films of various thickness were prepared
by spin-casting from dilute toluene (anhydrous, 99.8%, Sigma-
Aldrich) solutions onto polished silicon (100) wafers (Silicon
Quest International, Inc.), which had been pretreated by
ultraviolet-ozone cleaner (5 min; Model 342, Jelight) to make
the surface hydrophilic. All solutions were filtered through a 0.45
�m Acrodisc filter prior to spin-coating. The film thickness was
controlled by varying the polymer concentration in solution
(0.25�5.0% by mass polymer) while maintaining the same spin-

coating conditions. All the samples tested in this work were
dried for about 1 h under ambient conditions prior to measure-
ments. We note that previous reports have found that some re-
sidual toluene remains in spin-cast PS filmsOfor most PS films
(�100 nm), only a few percent of toluene by mass remained, al-
though ultrathin PS films (	100 nm) were found to contain in-
creasing amounts of toluene.7,56 The thickness of each film was
measured by a reflectance interferometry (minimum nine mea-
surements per sample; Model F20, Filmetrics).

For the annealing experiments, thin PS films were prepared
by spin-casting from dilute toluene solutions onto freshly
cleaved mica substrates (Grade V2, Ted Pella, Inc.). These samples
were annealed in a vacuum oven at 155 °C, well above the Tg of
PS (105 °C), for times ranging from 1 to 168 h, and then slowly
cooled to room temperature at a rate of approximately 0.3 °C
min�1.

Binary mixtures of PS with a common plasticizer (dioctyl
phthalate, DOP) were prepared with varying amounts of the plasti-
cizer mass fraction (10�40%). The mixtures were co-dissolved in
toluene and deposited onto silicon wafers by spin-casting.

PDMS elastomer (Sylgard 184, Dow Chemical Co.) was pre-
pared by hand-mixing an oligomeric base and a curing agent

Figure 6. (a) Observed critical strain by SALS (closed circles) and theoretical critical strain (open circles) obtained as a func-
tion of film thickness (hf). The closed squares represent the measured moduli at different hf, which were calculated by means
of eq 6 with the measured wavelengths. (b) Corresponding residual stresses (�R; closed circles) as a function of hf. Note
that the data above hf � 100 nm (open circles) were reproduced from Figure 2b for comparison. The dashed line is meant
to guide the eye, representing the average residual stress above hf � 100 nm. In both plots, each data point represents a
single measurement; however, the uncertainty in measuring critical strain is small (relative standard deviation 	0.2%).
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(10:1 by mass), which was cast onto glass plates. The mixture
was left at room temperature overnight to allow trapped air
bubbles to escape and then cured at 75 °C for 2 h. After curing,
the PDMS sheet (thickness � 2.5 mm) was cut into 75 mm � 25
mm specimens. The modulus of the PDMS was Es � 1.8 
 0.1
MPa as measured before each experiment by tensile tests (Tex-
ture Analyzer, Model TA.XT2i, Texture Technologies). In all experi-
ments presented here, the Poisson’s ratios of PDMS substrates
and PS films were chosen to be 0.50 and 0.33,41 respectively.

To prepare samples for testing, spin-cast polymer films were
transferred from substrates (e.g., silicon wafer, mica) to the surface
of PDMS substrates as described previously.30,37 Specifically, a
centimeter-sized square was cleaved from the spin-coated sub-
strate and placed film-side down onto a prestretched slab of PDMS
mounted on a computer-controlled strain stage. The PDMS/film/
substrate laminate was immersed under water. Water wets the in-
terface between the hydrophilic wafer (or mica) and the polymer
film, thereby transferring the film from the substrate onto the
PDMS with little or no stress being applied to the film. The tacki-
ness of the PDMS assures very good adhesion of the PS film. We
note that the PS films were not allowed to be in the free state at any
time. Samples were allowed to dry under ambient conditions for
about 1 h prior to wrinkling measurements.

Wrinkling-Based Measurements. After the film had been trans-
ferred to the PDMS surface, a uniaxial compressive strain was ap-
plied to the specimen at a constant rate using the translation
stage in order to induce wrinkling. The critical strain for the on-
set of wrinkling was determined by observing the intensity of
scattered light on a custom-built small-angle light scattering
(SALS) instrument (Figure 1a), following a procedure similar to
that previously described.30,37 SALS was performed on samples
in transmission mode with a low-power red (633 nm)
helium�neon laser (beam diameter � 0.52 mm; Melles Griot)
and a charge-coupled-device (CCD) camera (RTE/CCD-1300-Y/
HS, Roper Scientific Inc.). As coherent light passes through a
wrinkled surface, a local phase shift is imparted with a magni-
tude proportional to the wrinkling amplitude. In our initial ex-
periments, we systematically varied the velocity of the transla-
tion stage from 2 to 100 �m s�1. The observed values of critical
strain were constant (within error bars) over this velocity range,
illustrating the elastic behavior of polymers. In all experiments
presented here, the velocity of the translation stage was fixed at
10 �m s�1. We also note that, throughout this paper, “strain” re-
fers to the degree of compression of the polymer film, not the
prestretched PDMS.

Curvature-Based Measurements. A laser reflection-based surface
curvature and stress measurement system (KLA-Tencor Flexus
System, Model FLX-2320, Toho Technology) was used to mea-
sure the residual stress of the PS films by measuring the initial
(R0) and final radius of curvature (R) of a substrate before and af-
ter film deposition as18,19

The curvature of each wafer was analyzed at every 45° at room
temperature followed by deposition of PS films by spin-coating.
The curvature of the PS films on the pre-examined wafer was
measured with the same method. The PS films having the same
properties as those of the wrinkling measurements were pre-
pared with three different thicknesses (80, 160, 730 nm), and the
curvature measurements were repeated three times. For all the
samples, the same spin-coating condition (1200 rpm for 60 s)
was used. The thicknesses of the polymer films and the Si wa-
fers were measured by a reflectance interferometry (Model F20,
Filmetrics) and by a Digimatic Indicator (Mitutoyo Corp.), respec-
tively. Si (100) wafers (100 mm in diameter) with the thickness
of hs � 588(
2) �m and the biaxial modulus of Es/(1 � �s) � 180
GPa were used to calculate for the residual stress.
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