
REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 74, NUMBER 5 MAY 2003
Differential pressure experiment to probe hole growth in freely standing
polymer films
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We have developed a sensitive experiment which allows the measurement of the growth of holes in
thin freely standing polystyrene~PS! films at elevated temperatures. In the experiment, a constant
small pressure difference is applied and maintained across the freely standing film, and the
formation and growth of holes is detected as a flow of air through the film. From measurements of
freely standing PS films for which the glass transition temperatureTg is equal to the bulk value
Tg

bulk , as well as for films that are sufficiently thin thatTg is 30 °C less thanTg
bulk , we find that

substantial chain mobility occurs only at temperatures that are comparable toTg
bulk . The results can

be interpreted as a shear thinning effect, which is consistent with previous optical microscopy
measurements of hole growth in freely standing PS films. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1568541#
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I. INTRODUCTION

The mobility of polymer molecules confined to th
films and near a free surface is a very active field
research,1–28 with significant advances achieved in fund
mental understanding and with applications ranging fr
barrier layers to adhesives to lubricant layers. The mobi
of polymer molecules can occur on different length sca
ranging from the size of monomer segments to the ove
size of the polymer molecules, which can be characterized
the root-mean-square end-to-end distanceREE of the mol-
ecules. Many different experimental techniques have b
used to probe molecular motion at different length scale
thin films and the near-surface region of polymers. In g
eral, these experiments are quite challenging because o
small amount of material probed in the experiments. Mot
at a segmental length scale, which is associated with
glass transition, is typically probed using calorimetric a
thermal expansivity techniques,1–10 whereas the diffusion o
entire molecules, or chain diffusion, has been measured
ing a variety of established and novel techniques, includ
fluorescence,11–13 dynamic secondary ion mas
spectrometry,14–16 optical microscopy,17–20 scanning probe
microscopy,21–24 particle embedding techniques,25 and tech-
niques that probe the relaxation of surface roughness.26–28

All of the chain diffusion measurement techniques are eit
perturbative in nature, such as due to external perturbat
to the sample14–16,21–23,25,26 or the use of probe
molecules,11,13,16or the flow is driven by interactions inher
ent to the sample geometry or because of the nonequilibr
nature of the sample.17–20,27,28The chain diffusion experi-
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ments probe either the diffusion parallel to the fil
plane,11,13,26–28 or the diffusion perpendicular to the film
plane.12,14–23,25For very thin polystyrene~PS! films, it is
found that the chain diffusion dynamics perpendicular to
film plane are slower or unchanged compared with that
bulk, and the chain diffusion dynamics parallel to the fil
plane can also become slower.11 The slowing of the dynam-
ics on the length scale of the overall size of the molecu
has to be reconciled with measurements of mobility at
segmental length scale, which invariably show faster dyna
ics, i.e., lower glass transition temperatures, for very thin
films. The reconciliation of these data requires behavior t
differs from that in bulk, e.g., different mobilities on differ
ent length scales or a variation of the segmental mobi
across the thickness of the film. The determination of
differences between thin film and bulk dynamics is an i
portant and unresolved issue in polymer physics.

Most thin polymer film chain diffusion measuremen
have been performed on films supported
substrates.11,13–15,17,21–23,25–28The presence of the substra
can add an additional complication because of physical
chemical interactions between the polymer and substrate
can enhance or inhibit chain diffusion. To reduce the ad
tional complications produced by the presence of an und
lying substrate, it is possible to use experimental techniq
that probe only the near-surface region of relatively th
films.14,15,21–23,25,28Alternatively, the underlying substrat
can be removed to create unsupported or freely stand
films. The freely standing film geometry is appealing f
studies of the influence of confinement on the dynamics
polymer molecules because it provides a simplified sam
geometry corresponding to one-dimensional confinem
which is symmetric about the midplane of the film and fr
il:
6 © 2003 American Institute of Physics

AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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from the influence of physical and chemical interactions w
an underlying substrate. The freely standing film geometr
also interesting because of the observation of dramatic re
tions in the glass transition temperatureTg of freely standing
PS films relative to the bulk value ofTg

bulk for films with
thicknessesh comparable to or less thanREE .2,6,8 The Tg

reductions observed for freely standing PS films are strik
for two reasons: first, they are much larger than those m
sured for supported PS films, and second, they depend
stantially on the molecular weight of the polymer,4,6,8 sug-
gesting that chain confinement is an important contribut
to the glass transition dynamics of freely standing film
Measurements of chain diffusion dynamics are therefore
portant to check if corresponding anomalies also exist
large scale motion of the polymer molecules.

Chain diffusion dynamics were first measured in th
freely standing PS films by observation of the formation a
growth of holes in the films using optical microscopy.20 At
temperatures comparable to or greater thanTg

bulk , the freely
standing films are unstable to the formation of holes wh
form either by nucleation at defects such as dust or den
inhomogeneities, or spontaneously by thermal fluctuation
the film surfaces.29 As the holes grow, driven by surfac
tension, the polymer chains must necessarily move, and
hole growth measurements provide a probe of chain di
sion near the edge of the hole.20 In the optical microscopy
experiments, high molecular weight (Mw57673103) PS
molecules were confined to films with thicknesses 96
,h,370 nm, for whichTg5Tg

bulk597 °C, and hole growth
was measured at a fixed temperature ofT5115 °C which is
substantially larger thanTg

bulk . In this experiment, as in pre
vious experiments performed on relatively thick (h.5 mm)
polydimethylsiloxane freely standing films,18,19the growth of
a single hole was measured for each film, and it was fo
that the hole radiusR grew exponentially with time,R
5R0et/t, wheret is the characteristic growth time. Expone
tial growth of the hole radius is expected for visco
films.18,19 For the freely standing PS films, it was found th
t decreased with decreasing film thicknessh. This result was
interpreted in terms of the bulk phenomenon of sh
thinning,30 in which the film viscosity at the edge of the hol
h5te/h, wheree is the surface tension, decreased with
creasing shear strain rateġ52/t, according to a power law
dependenceh;uġu2d with d50.6560.03. A challenging as-
pect of this experiment for very thin films was to quick
identify, using the optical microscope, the formation of
hole somewhere on the relatively large surface a
('12 mm2) of the film such that its growth could be me
sured over a substantial range of radii before substan
thickening of the film occurred.

In the present article, we study hole formation a
growth for freely standing PS films that have the bulk va
of the glass transition temperatureTg

bulk , as well as for very
thin freely standing PS films for which the glass transiti
temperatureTg has been measured to be substantially l
thanTg

bulk . In particular, it is interesting to ask the followin
questions: what is the temperature corresponding to subs
tial chain mobility, as evidenced by measurable hole form
tion and growth, and how does this temperature comp
Downloaded 29 Apr 2003 to 131.104.152.183. Redistribution subject to 
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with the Tg value of the film? There are difficulties assoc
ated with the use of optical microscopy to answer these qu
tions. In particular, to probe the onset of hole formation, it
necessary to perform the measurements at lower temp
tures for which the time scale of the experiment becom
necessarily very long. It becomes very difficult to obser
the formation of individual holes on such a long time sca

To avoid the disadvantages associated with using opt
microscopy to study hole growth in very thin, freely standi
PS films at relatively low temperatures, we have develop
and used a sensitive differential pressure experiment~DPE!.
The concept of the DPE is similar to that used previously
study the room-temperature mechanical properties of
plates and membranes,31,32 in which the Young’s modulus of
the films was inferred from measurements of the film defl
tion at the center of the film as a function of a relatively lar
applied pressure difference~typically 10 kPa!. A similar ap-
paratus has also been used to characterize the ro
temperature elastic properties of freely standing membra
of cross-linked monolayers of polyisoprenes.33 In the present
experiment, we apply a small, constant pressure differe
~typically 7 Pa!, and track the flow of gas through freel
standing PS films held at elevated temperatures as holes
and grow in the films due to their inherent thermal instabili
Using the DPE, we have measured hole formation a
growth in freely standing PS films that are sufficiently thi
(h'90 nm) such thatTg5Tg

bulk , as well as in freely stand
ing PS films that are sufficiently thin (h'70 nm) such that
Tg is significantly reduced~by 30 °C) fromTg

bulk . We find
that appreciable hole formation occurs only at temperatu
that are comparable to the bulk value ofTg , which is much
higher than theTg value for very thin freely standing PS
films. The preliminary results of these measurements indic
that the mobility of confined polymer molecules differs su
stantially on different length scales, perhaps due to a va
tion in segmental mobility across the thickness of the film

Following a description of the preparation of the free
standing PS films, we describe the technical details of
DPE, together with a mathematical analysis of the exp
ment. The experimental procedure is then described, and
resentative data, collected at different temperatures for fi
with both bulk and reduced values ofTg , are presented and
discussed.

II. EXPERIMENTAL TECHNIQUES

A. Sample preparation

Monodisperse (M̄w /M̄n51.11), high molecular weigh
(M̄w522403103) PS obtained from Polymer Source In
was dissolved in toluene. PS films were deposited by sp
coating dilute solutions~1.2% and 1.5% PS by mass! at 4000
rpm onto freshly cleaved mica. The PS films on mica we
annealed under vacuum atT5115 °C for 12 h to remove
residual solvent and cooled at 1 °C/min to room temperatu
Freely standing PS films were created by using a water tra
fer technique to place the PS films over a 4-mm-diam hole
a 1 cm2 stainless steel holder.8 Pieces of the same PS film
were also transferred onto clean Si wafers for a determ
tion of the initial PS film thickness, accurate to with
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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61 nm, using ellipsometry. Prior to each run of the DPE,
PS films were examined using optical microscopy to ens
that there were not any preexisting holes or tears, wh
would degrade or prevent the DPE measurement. For
present study, the DPE has been used to study 33 diffe
freely standing PS films of two different nominal thick
nesses: 6861 nm and 9163 nm.

B. Differential pressure experiment description and
procedures

We have developed a sensitive differential pressure
periment which allows a very small pressure difference to
applied and maintained across a freely standing PS
while the film is held at an elevated temperature. A schem
diagram of the experiment is shown in Fig. 1. The heart
the experiment is a thin-walled metal pressure cell, wh
consists of two compartments of nearly equal volume t
are connected via a 4-mm-diam hole~see Fig. 2!. The pres-
sure cell is heated using a flexible Kapton heater s
~Omega! which is wrapped around the outside of the pre
sure cell and located symmetrically with respect to the h
between the compartments of the pressure cell. The PS
which is freely standing across a 4-mm-diam hole in a 1 c2

stainless steel washer, is placed across the hole betwee
cell compartments, providing a barrier to gas flow, and
lowing a pressure difference to exist, between the two co

FIG. 1. Schematic diagram of the differential pressure experiment~DPE!
identifying the different pressures, volumes and temperatures within
experiment.

FIG. 2. Simplified technical drawing of cross-sectional view of press
cell.
Downloaded 29 Apr 2003 to 131.104.152.183. Redistribution subject to 
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partments. The pressure cell also has a large glass windo
allow viewing of the PS film during the experiment. Th
pressure differenceDP between the two compartments of th
pressure cell is monitored using a sensitive differential pr
sure transducer~MKS Baratron 223B Pressure Transduce!
which has a resolution of 0.13 Pa. The absolute pressur
the lower compartment of the pressure cell is adjusted us
a stepper-motor-controlled piston~a glass syringe with a vol-
ume of 30 cm3) connected to this compartment. Each m
crostep of the stepper motor corresponds to 0.1mm motion
of the piston. During the experiment, the upper compartm
of the pressure cell is isolated with respect to atmosph
pressure, allowing the pressure difference across the PS
to be actively stabilized by controlling the pressure in t
lower compartment of the pressure cell. The pressure fe
back system consists of the differential pressure sensor
piston and the stepper motor which is computer control
via a Keithley DAS-1602 data acquisition card. Polyethyle
tubing ~1/4 in. o. d.! with brass connectors and Swagelo
valves is used to connect the pressure cell, piston and di
ential pressure sensor.

In the experiment, the pressure cell is heated quickly
rate of 5 °C/min to a fixed elevated temperatureT with both
compartments of the pressure cell open to atmospheric p
sure. At the fixed elevated temperature, the system is isol
with respect to atmospheric pressure, and a very small, c
stant pressure difference (DP typically 6.6 Pa;1024 atm) is
maintained across the PS film. The temperature of the p
sure cell, and therefore of the PS film, is controlled to with
60.1 °C using a Eurotherm 808 digital temperature contr
ler with an iron–constantan~type J! thermocouple. The ther
mocouple junction is bolted directly onto the stainless st
sample holder, and a long length (;1 m) of thermocouple
wire ~36 gauge! is coiled inside the pressure cell to ensu
proper measurement of the sample temperature. To iso
the system from slight variations in room temperature,
have enclosed the DPE, with the exception of the press
cell, in a thermally insulated box which is heated to a
maintained atTatm;30 °C ~see Fig. 1!. For each run of the
DPE, we fix the temperatureT of the pressure cell and th
small pressure differenceDP across the polymer film, and
simply track the position of the stepper-motor-controlled p
ton x as a function of time. The uncertainty inx is deter-
mined by the mechanical backlash in the screw thread u
to drive the piston and we estimate this to be approxima
1 mm.

C. Analysis of differential pressure experiment

In the differential pressure experiment~DPE!, the forma-
tion and growth of holes in the freely standing polymer film
is detected as a large, monotonic drift in the piston positi
The piston drift occurs because the pressure feedback
maintains a constant small pressure differenceDP across the
film in the presence of the holes, which results in air flo
through the holes from the lower compartment to the up
compartment of the pressure cell~see Fig. 1!. In this section,
we derive an analytic expression for the time dependenc
the piston positionx(t) in terms of DP, the characteristic

e

e
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growth time t for the holes, and the four distinct volume
and two different temperatures within the DPE.

We begin by applying the equation of state to the gas
both sides of the film. The number of moleculesN23(t) in the
volumesV2 andV3 is given by~for variable names see Fig
1!

N23~ t !5P23~ t !F V2

kT
1

V3

kTatm
G , ~1!

whereV2 and V3 are independent of time and the absolu
pressureP23(t) will vary with time t because of the motion
of the piston. Similarly, for volumesV1 andV4 we have

N14~ t !5P14~ t !F V1

kT
1

V4~ t !

kTatm
G , ~2!

whereV1 is independent of time, butV4 changes with time
because of the movement of the piston to maintain a cons
pressure differenceDP:

V4~ t !5V4a1V4b~ t !5V4~0!2Apx~ t !, ~3!

whereAp is the piston cross-sectional area.
The movement of the piston in response to gas fl

through the film will increase the pressure throughout
system. We write the time dependence of the pressureP23(t)
in volumesV2 and V3 as the initial pressure plus a time
dependent increase in pressuredP(t): P23(t)5P23(0)
1dP(t). The corresponding increase in the number of m
ecules in volumesV2 and V3 is given by N23(t)5N23(0)
1dN(t) wheredN(t) is total flow of gas across the film in
time interval of durationt. This allows us to rewrite Eq.~1!
as

dP~ t !5
dN~ t !

F V2

kT
1

V3

kTatm
G . ~4!

As for volumesV2 and V3 , there is an increase with
time in the pressure in volumesV1 and V4 , P14(t)
5P14(0)1dP(t), as well as a decrease in the number
moleculesN14(t)5N14(0)2dN(t). Combining these equa
tions forN14 andP14, together with Eqs.~2!, ~3!, and~4!, we
can solve forx(t):

x~ t !5F dP~ t !

P14~0!1dP~ t !GF S V11V2

Ap
D Tatm

T
1S V31V4~0!

Ap
D G .

~5!

To obtain a more useful expression forx(t), we need a
detailed expression fordP(t) and thereforedN(t) @see Eq.
~4!#. This requires a detailed analysis of the flow of gas m
ecules through holes in the film.34 Gas flow can occur eithe
by effusion, in which the gas molecules pass through
holes without colliding with each other, or by hydrodynam
flow.35 Effusion is valid in the limit that the hole diameter
less than the mean free pathl of the gas molecules which i
l 50.3 mm for nitrogen gas at atmospheric pressure anT
5100 °C. By considering a typical areal density of hol
~1000 holes over the 13 mm2 sample area!, each with a di-
ameter equal tol , we calculate a gas flow through the hol
that corresponds to much less than 1 microstep per se
Downloaded 29 Apr 2003 to 131.104.152.183. Redistribution subject to 
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for the stepper motor that drives the piston. Since this rate
piston movement is not observable, measurement of pis
motion due to gas flow corresponds to gas flow occurring
the hydrodynamic flow regime. For hydrodynamic flow
gas through thei th circular hole, the volume flow rateQi is
given by36

Qi5
DPri

3

3h
, ~6!

whereDP is the pressure difference across the film,r i is the
radius of thei th hole, andh is the dynamic viscosity. We can
express Eq.~6! as the number of gas particles flowin
through thei th hole per unit time

dNi

dt
5

DPP14r i
3

3hkT
, ~7!

wherek is Boltzmann’s constant andT is the temperature o
the molecules.

The total number of moleculesdNi(t) passing through
the i th hole within a time interval of durationt is given by

dNi~ t !5E
t i

t dNi

dt8
dt85E

t i

t DPP14

3hkT
r i

3~ t8!dt8. ~8!

The radius of each of then holes is assumed to grow expo
nentially with time, which is consistent with optical micros
copy measurements of hole growth in freely standing
films20

r i~ t8!5r 0ie
(t82t i )/t, ~9!

where t i is the time at which thei th hole forms. Typically,
we find that there is a substantial delay between the sta
the experiment and the formation of holes, with a relative
narrow distribution of hole sizes at the end of the expe
ment, as measured using optical microscopy. These re
suggest that, following some initial delay, the rate at wh
holes appear initially increases with time and then decrea
with time, corresponding to a peaked distribution oft i val-
ues. Physically, the decrease in the rate of hole formatio
later times is reasonable for both hole nucleation and sp
taneous hole formation: for hole nucleation, eventually ho
will have formed at all nucleation sites, e.g., dust; and
spontaneous hole formation, the entire film becomes unst
to hole formation at the same time with a well-defined se
ration of the holes. In the Results and Discussion sec
below, we demonstrate that the data fit quality is poor if
assume that all of the holes form at the same time and
the data fit quality is excellent if we assume a Gaussian
tribution of hole onset times centered about a mean timet0

with a width tw . We also demonstrate explicitly that th
distribution of hole onset times extrapolated from the m
sured distribution of hole sizes at the end of experiment is
excellent quantitative agreement with the Gaussian distr
tion of hole onset times obtained from the best fit to thex(t)
data. Therefore, the assumption of the Gaussian distribu
of hole onset times is justified. We make use of the fact t
the number of holes in the film is typically quite large
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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derive the following expression for the total flow of gas mo
eculesdN(t) across the entire film within a time interval o
durationt ~for details, see the Appendix!:

dN~ t !5
DPP14r 0

3t

18hkT
G, ~10!

where

G5e3(t2t0)/t e(3tw/2t)2FerfS t2t0

tw
1

3tw

2t D
1erfS t0

tw
2

3tw

2t D G2FerfS t2t0

tw
D1erfS t0

tw
D G ~11!

and erf is the standard error function.
By combining Eqs.~4!, ~5! and ~10!, we obtain a func-

tional form for the time dependence of the piston positio
written in terms of Eq.~11!:

x~ t !5A13
A2G

P14~0!1A2G
, ~12!

whereA1 andA2 are scaling constants, andP14(0) is taken
to be atmospheric pressure.37

The derivation of Eq.~12! was performed with the as
sumption of a constant ambient temperatureTatm. In fact,
Tatm is controlled in the experiment by enclosing the comp
nents of the experimental setup shown within the das
lines of Fig. 1 in a large, thermally insulating box. We foun
that it was necessary to heat these components to a
temperatureTatm;30 °C to isolate the system from fluctua
tions in the room temperature during the course of the
periment. With the present configuration, it is necessary
open the thermally insulated box to begin each experim
Because of this, there is a small time dependence of
temperatureTatm(t) at the beginning of the experiment as
approaches its set point value. We measure the temper
Tatm(t) inside the thermally insulting box using a LM35 pr
cision temperature sensor for each run of the DPE. We h
found that the time dependence ofTatm is well described by
the empirical form

Tatm~ t !5TfF12
DT

Tf
e2t/t1G , ~13!

wheret1 is the time constant associated with the time dep
dence ofTatm, Tf;303 K is the asymptotic value ofTatm at
long times andDT;1 K (!Tf) is the total change inTatm

during the experiment.
SinceDT/Tf is small, we can use the binomial expa

sion to write Eq.~13! as

Tatm
21'Tf

21F11
DT

Tf
e2t/t1G . ~14!

By substituting Eq.~14! into Eqs.~1! and~2!, it is possible to
obtain an expression for the piston positionx(t) which is a
refinement to Eq.~12! in that it contains an extra term whic
can be interpreted as a small background signal arising f
the time dependence ofTatm(t):

x~ t !5A13
A2G

P14~0!1A2G
2C0~12e2t/t1!. ~15!
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D. Data fitting procedure

Best fit values of the two parametersC0 and t1 describ-
ing the background signal@second term on the right han
side of Eq.~15!# were obtained by fitting the initial portion
of the data~typically the first 30 min!. The values ofC0 and
t1 were then fixed at their best fit values for the remainder
the fitting procedure. Initial guesses were then chosen for
parameters describing the distribution of hole growth on
times, the mean hole onset timet0 and the width of the hole
onset time distributiontw , based on the shape of thex(t)
data: the initial guess fort0 was taken to be the time at whic
x(t) deviated substantially from its value at early times, a
the initial guess fortw was taken to be approximately 0.
3t0 . With the values oft0 and tw fixed, all of thex(t) data
~subject to the condition thatdx/dt,5 mm/s as discussed in
the Results and Discussion section! were then fit to Eqs.~11!
and ~15! allowing the remaining three parameters, the ch
acteristic growth timet, A1 , andA2 , to vary. The final set of
best fit parameter values was then obtained by allowingt,
A1 , A2 , t0 and tw to vary and fitting all of thex(t) data to
Eqs.~11! and ~15!.

III. RESULTS AND DISCUSSION

After mounting the freely standing PS films in the DP
pressure cell, the films were heated from room tempera
up to the measurement temperatureT with both sides of the
film exposed to atmospheric pressure (DP50). Small
wrinkles formed in the PS film because of the difference
thermal expansion between the PS film and the stainless
washer. At the fixed measurement temperature, a small p
sure difference~typically DP56.6 Pa;1024 atm) was ap-
plied which caused the freely standing film to bow sligh
while maintaining the presence of small wrinkles. We o
served by eye that, with the film held at the measurem
temperature, the wrinkles in the film disappeared with tim
The wrinkles took longer to disappear for lower measu
ment temperatures, as expected because of the increase
elastic modulus and viscosity with decreasing temperat
For all films, we observed that the wrinkles disappeared
fore the onset of hole formation was observed as a mo
tonic drift of the piston positionx(t). For example, for a
freely standing PS film of thicknessh569 nm held at a
sample temperature ofT598 °C, the wrinkles disappeare
after 300 s whereas the peak of the hole onset time distr
tion occurred att0513 600 s and hole growth occurred wit
a characteristic growth time oft511 700 s.

A. Piston position data and quality of fits

In Fig. 3~a! is shown a plot of the piston positionx as a
function of time for a freely standing PS film of thicknes
h569 nm that was held at a fixed temperature ofT
598 °C. The data clearly indicate the expected trends
small drift in x at short times which becomes overwhelm
at later times by the large piston movement associated w
the formation and growth of holes. We have chosen to lim
the range of data for each data set in terms of the slope o
x(t) values which is a measure of the instantaneous flow
gas across the film and the total hole area at that time.
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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have chosen a cutoff value for the slope of 5mm/s which is
very close to the maximum speed of the piston. For lar
slope values, the piston cannot move fast enough to main
the constant pressure differenceDP across the film, and the
data are therefore unreliable. For the data shown in Fig. 3~a!,
the range included in the fit corresponds to timest
,18 000 s;1.5t. To allow us to critically judge the quality
of the fit to the data shown in Fig. 3~a!, we have calculated
the residual, i.e., the difference between the measured va
of x and the values ofx calculated using Eqs.~11! and ~15!
using the best fit parameter values. The calculated residu
shown as a solid line in Fig. 3~b!. The residual deviates from
zero by only a small amount, with little systematic dev
tions, indicating an excellent fit to the data over the en
range of times. For comparison, in Fig. 3~b!, we also show as
a dotted line the residual calculated as the difference betw
the measured values ofx and the values calculated using E
~15! and a simplified form forG:

G5e3(t2t0)/t21. ~16!

Equation~16! corresponds to all of the holes beginning
grow at t5t0 ~a Dirac delta function distribution of hole

FIG. 3. ~a! Piston positionx as a function of time for a DPE measureme
of a 69-nm-thick freely standing PS film held atT598 °C. The open circles
correspond to data, and the solid line was calculated using Eqs.~11! and~15!
with parameters obtained from a least squares fitting procedure:t511 700
6860 s, A15160660 mm, A2570.69 Pa, t0513 6006500 s, tw55680
6160 s,C0514762 mm, andt15620630 s. Only every fifth data point is
shown such that the quality of the fit can be seen.~b! The residual calculated
as the difference between the measuredx values and those calculated usin
Eq. ~15! with two different choices ofG: Eq. ~11! which allows for a
Gaussian distribution of hole onset times~solid line!; and Eq.~16! which
assumes a Dirac delta function distribution of hole onset times for which
holes form att50 ~dotted line!.
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onset times!. The residual calculated using Eq.~16! shows
much larger, systematic deviations from zero than that ca
lated using Eq.~11!. Therefore the more complicated form
for G specified by Eq.~11!, which assumes a Gaussian di
tribution of hole onset timest i , characterized by a mean ho
onset timet0 and a distribution widthtw , provides a much
better fit to thex(t) data.

To test the assumption of a Gaussian distribution for
hole onset times, we have used the following procedure.
a film that was quenched immediately to room temperatur
the end of the DPE measurement, we have measured
distribution of hole radii at the end of the experiment usi
optical microscopy. A typical hole radii distribution is show
in Fig. 4~a! for a freely standing PS film withh569 nm held
at T599 °C. For each hole, we have calculated the h
onset timet i by extrapolating the hole radius measured at
end of the experiment to an initial hole radius ofr 0

50.2 mm, assuming that exponential growth of the hole
dius has occurred according to Eq.~9!. The corresponding
distribution of hole onset times for the same film as in p

ll

FIG. 4. ~a! Distribution of hole radii measured using optical microscopy
the end of the DPE measurement for a freely standing PS film withh
569 nm held atT599 °C. ~b! Distribution of hole onset timest i for the
same film as in part~a!. For each hole, the onset timet i was calculated by
extrapolating the hole radius measured at the end of the DPE measure
to an initial hole radius ofr 050.2 mm, assuming exponential growth of th
hole radius@see Eq.~9!#. The solid curve was calculated using the best
parameter values oft0 and tw obtained from the fit of thex(t) data to Eqs.
~11! and~15!. The vertical scale of the solid curve was adjusted such that
maximum value of the curve agreed with the maximum value of the h
onset time distribution.
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~a! of Fig. 4 is shown in Fig. 4~b!, together with a solid curve
that was calculated using the best fit parameter values ot0

andtw obtained from the fit of thex(t) data to Eqs.~11! and
~15!. The agreement between the measured and calcu
hole onset time distributions is remarkable, and justifies
assumption of a Gaussian distribution for the hole on
times.

To determine the background signal in the DPE, the p
ton positionx(t) was measured in the absence of hole f
mation and growth by placing a solid metal plate betwe
the two compartments of the pressure cell. In Fig. 5 we sh
the x(t) background signal and the correspondingTatm(t)
data collected for the solid metal plate sample. We note s
eral important aspects of the background signal shown
Fig. 5~a!: ~1! the small, initial drift in the background signa
is very similar to that measured during the initial stages o
typical DPE measurement of hole formation and growth
freely standing PS films;~2! the overall change in the back
ground signal is small compared with the overall chan
observed inx(t) during the course of a typical DPE measur
ment of hole formation and growth in freely standing P
films @see Fig. 3~a!#; and~3! the variations in the backgroun
signal after approximately 30 min are very small, indicati
that the long term stability of the DPE is excellent. We a
note that the variations in the background signal after
proximately 30 min are comparable to the variations in
residual calculated using Eqs.~11! and ~15! shown in Fig.

FIG. 5. ~a! Piston positionx background signal and~b! temperatureTatm

inside the thermally insulating, temperature-controlled box as a functio
time for a metal plate sample placed in the DPE pressure cell. The s
lines are best fits of the data to the second term on the right hand sid
Eqs.~15! and~14!, respectively. The best fit values oft1 are 1110640 s (x
background signal! and 10806170 s (Tatm data!, which agree within the
uncertainty of thet1 values.
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3~b!, indicating that the fitting function given in Eqs.~11!
and ~15! provides excellent fits to thex(t) data obtained in
the DPE measurements of hole formation and growth
freely standing PS films.

Also shown in Fig. 5 are curves calculated as best fits
thex(t) background signal and theTatm(t) data to the second
term on the right hand side of Eq.~15! and Eq.~13!, respec-
tively, which provide excellent fits to each set of data. T
best fit values oft1 are 1110640 s@x(t) background signal#
and 10806170 s@Tatm(t) data#, which agree within the un-
certainty of thet1 values. The initial increase inTatm(t) oc-
curs because the thermally insulating box is opened briefl
the start of the experiment andTatm(t) then approaches its se
point value which takes approximately 30 min. The clo
correspondence between the time dependence of theTatm

data and thex background signal indicates that the initi
deviations of thex(t) background signal from zero are due
Tatm(t). The excellent fit obtained to thex(t) background
signal and the close similarity between the small, initial dr
in the x(t) background signal and that observed during
hole growth experiments performed using freely standing
films justifies the use of fitting parametersC0 and t1 to de-
scribe the initial portion of thex(t) data.

It is important to note that the statistical noise in thex(t)
data varies inversely asDP. An increase in the signal-to
noise ratio, and therefore a more sensitive measure of
onset of hole formation, could be obtained by increas
DP, but this would increase the in-plane stress in the fi
which could possibly affect the dynamics of hole formatio
For the present measurements, we choseDP to be as small
as possible~typically 7 Pa;1024 atm) so as to gently bow
the film. We found that doublingDP in the DPE resulted in
hole growth times that were indistinguishable from tho
measured using the lower value ofDP, indicating that in-
plane stress effects due to the application ofDP were not
appreciable.

f
lid
of

FIG. 6. The characteristic growth timet vs T for freely standing PS films
measured using the DPE. The circles correspond to data obtained fo
63-nm-thick films that have the bulk value ofTg , and the triangles corre-
spond to data obtained for 6861-nm-thick films which haveTg values that
are reduced by 30 °C from the bulk value. Typically each data point co
sponds to the average value oft measured for two or more films at each film
thickness and temperature. The solid curves were calculated using the
fit parameters obtained from linear least squares fits to the log(t) vs T data
obtained for each film thickness.
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B. Temperature and film thickness dependence of
characteristic growth time

We have measured the characteristic growth timet for
holes in 33 different freely standing PS films of two differe
nominal thicknesses, 6861 nm and 9163 nm, held at differ-
ent temperatures within the range 97 °C,T,105 °C. The
measuredt values at different temperatures are plotted
Fig. 6. Measurements were typically performed for seve
films of the same thickness at the same measurement
perature and the average value oft for these films is plotted
as a single data point in Fig. 6. The solid curves shown
Fig. 6 were calculated using the best fit parameters obta
from linear least squares fits to the log(t) vs T data obtained
for each film thickness.

For each film thickness, there is a monotonic decreas
t with increasingT and, over this limited temperature rang
the data are well described by an exponential dependenc
t on T. More significantly, there is a systematic shift b
tween thet(T) values obtained for the two film thicknesse
Because of the large difference in theTg values for films of
the two film thicknesses, it is interesting to interpret the sh
between the two data sets in Fig. 6 as a shift in temperat
We find that the data obtained for the thinner films, w
thicknesses of 6861 nm, are shifted systematically to lowe
temperatures by only a small amount (;2.7 °C) from the
data obtained for the thicker films. The modest tempera
shift in the data set for the thinner films is much smaller th
the 30 °C reduction inTg for these films.8 The small shift
between the data sets can be understood in terms of s
thinning,30 which describes a power law decrease in the fi
viscosityh with increasing shear strain rateġ, h;uġu2d, as
in previous hole growth measurements performed at a hig
temperature (T5115 °C).20 The present results, which sho
a factor of ;3.8 decrease int at T5100 °C as the film
thickness is decreased from 91 to 68 nm~by a factor of 1.3!,
correspond to a decrease in film viscosity with increas
shear strain rate with a value ofd which is consistent with
that found previously20 to within the sample-to-sample varia
tion of the measuredt values. A detailed analysis of the film
thickness and molecular weight dependence of the DPE
sults is in progress.38 The observation of only a small shi
between the twot(T) data sets obtained in the present stu
which can be explained on the basis of the bulk phenome
of shear thinning, is a direct indication that substantialchain
mobility occurs in very thin, freely standing PS films only
temperatures that are comparable to that in bulk and, in
ticular, at temperatures which are much larger than theTg

value for the film. This result suggests that there exist
difference between chain and segmental mobility for t
freely standing polymer films, with segmental mobility o
curring at much lower temperatures.
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APPENDIX

In this Appendix, we derive a useful expression for t
total flow of gasdN(t) across the entire film within a time
interval of durationt for use in Eq.~4!. We write dN(t) as
the sum of the flow contributions from each of then holes, as
specified by Eqs.~8! and ~9!:

dN~ t !5(
i 51

n

dNi~ t !5(
i 51

n E
t i

t DPP14

3hkT
r 0i

3 e3(t82t i )/t dt8.

~A1!

To evaluate the sum in Eq.~A1!, we can rewrite it in terms of
the distributionz of hole onset timest i :

(
i 51

n

5 (
t i50

t

z~ t i !. ~A2!

If we assume that the timest i at which the holes form have
Gaussian distribution centered about a mean timet0 with a
width specified bytw , and that there are a large number
holes such that the summation can be replaced by an inte
over onset timest i , we can write

(
t i50

t

z~ t i !→
1

twAp
E

0

t

dtie
2(t i2t0)2/tw

2
.

We also assume that all of the holes start with the sa
initial radiusr 0 . This results in the following expression fo
the total flow of gasdN:

dN~ t !5
DPP14r 0

3

3hkTtwAp
E

0

t

dtie
2(t i2t0)2/tw

2 E
t i

t

dt8e3(t82t i )/t.

~A3!

In Eq. ~A3!, we have assumed thatP14(t) can be approxi-
mated as a constant.39

The second integral in Eq.~A3! is straightforward to
evaluate

E
t i

t

dt8e3(t82t i )/t5
t

3
@e3(t2t i )/t21#.

Also, if we write e3(t2t i )/t as e3(t2t01t02t i )/t and let x5t i

2t0 , we obtain

dN~ t !5
DPP14r 0

3t

9hkTtwAp
Fe3(t2t0)/tE

2t0

t2t0
dxe2x2/tw

2
e23x/t

2E
2t0

t2t0
dxe2x2/tw

2 G . ~A4!

On the right hand side of Eq.~A4!, we complete the squar
in the argument of the exponential in the first integral
obtain

dN~ t !5
DPP14r 0

3t

9hkTtwAp
Fe3(t2t0)/te(3tw/2t)2

3E
2t0

t2t0
dxe2(x/tw13tw/2t)2

2E
2t0

t2t0
dxe2x2/tw

2 G .
~A5!
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In the integrals on the right hand side of Eq.~A5!, we break
up the limits of integration as follows:

E
2t0

t2t0→E
0

t2t0
1E

2t0

0

.

For the second integral on the right hand side of Eq.~A5!,
the integrand is even inx such that we can write

E
2t0

0

dxe2x2/tw
2
5E

0

t0
dxe2x2/tw

2
. ~A6!

The first integral on the right hand side of Eq.~A5! is more
complicated since the integrand is not even inx:

E
2t0

0

dxe2(x/tw13tw/2t)2
5E

0

t0
dxe2(x/tw23tw/2t)2

. ~A7!

Upon substitution of Eqs.~A6! and ~A7! into Eq. ~A5!, the
integrals can be written as standard error functions which
defined as

erf~x!5
2

Ap
E

0

x

dte2t2.

Thus the expression fordN can be written as

dN~ t !5
DPP14r 0

3t

18hkT H e3(t2t0)/te(3tw/2t)2

3FerfS t2t0

tw
1

3tw

2t D1erfS t0

tw
2

3tw

2t D G
2FerfS t2t0

tw
D1erfS t0

tw
D G J 5

DPP14r 0
3t

18hkT
G, ~A8!

whereG is given by Eq.~11!.
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