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We have developed a sensitive experiment which allows the measurement of the growth of holes in
thin freely standing polystyren@9 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 temperafyres equal to the bulk value

ToU¥, as well as for films that are sufficiently thin th@ is 30 °C less thad ", we find that
substantial chain mobility occurs only at temperatures that are compara‘l’tﬂ@“gtoThe results can

be interpreted as a shear thinning effect, which is consistent with previous optical microscopy
measurements of hole growth in freely standing PS films2@3 American Institute of Physics.
[DOI: 10.1063/1.1568541

I. INTRODUCTION ments probe either the diffusion parallel to the film
11.13.26-28 5 the diffusion perpendicular to the film
fplane.lz’l“‘zg”zf’For very thin polystyrengP9 films, it is

o8 - L . . found that the chain diffusion dynamics perpendicular to the
researcH;2® with significant advances achieved in funda- . : .
film plane are slower or unchanged compared with that in

mental understanding and with applications ranging frorrbulk and the chain diffusion dynamics parallel to the film
barrier layers to adhesives to lubricant layers. The mobility” "~

of polymer molecules can occur on different length scalesf)Iane can also become slow&ihe slow[ng of the dynam-
s on the length scale of the overall size of the molecules

ranging from the size of monomer segments to the overalf

size of the polymer molecules, which can be characterized bgas to be reconciled with rnea.lsure.ments of mobility at the
the root-mean-square end-to-end distamee of the mol- egmental length scale, which invariably show faster dynam-

ecules. Many different experimental techniques have beelfS: -6+ lower glass transition temperatures, for very thin PS
used to probe molecular motion at different length scales iflilms: The reconciliation of these data requires behavior that
thin films and the near-surface region of polymers. In gen_d|ffers from that in bulk, e.g, _dlﬁerent mobilities on dlffe_r—_
eral, these experiments are quite challenging because of tf81t length scales or a variation of the segmental mobility
small amount of material probed in the experiments. Motior@Cross the thickness of the film. The determination of the
at a segmental length scale, which is associated with thelifferences between thin film and bulk dynamics is an im-
glass transition, is typically probed using calorimetric andPortant and unresolved issue in polymer physics.

thermal expansivity techniqués®whereas the diffusion of Most thin polymer film chain diffusion measurements
entire molecules, or chain diffusion, has been measured u§ave been performed on fiims supported on
ing a variety of established and novel techniques, includingubstrates!13-151721-2325-2¥he presence of the substrate
fluorescencé!™*® dynamic  secondary ion mass can add an additional complication because of physical and
spectrometry*~*6 optical microscopy,?° scanning probe chemical interactions between the polymer and substrate that
microscopy?*~2* particle embedding techniquésand tech- can enhance or inhibit chain diffusion. To reduce the addi-
niques that probe the relaxation of surface roughf&s8. tional complications produced by the presence of an under-
All of the chain diffusion measurement techniques are eithelying substrate, it is possible to use experimental techniques
perturbative in nature, such as due to external perturbatiorthat probe only the near-surface region of relatively thick
to the samp¥#-1621-22526 or the use of probe films.41521-232528pjternatively, the underlying substrate
molecules***€or the flow is driven by interactions inher- can be removed to create unsupported or freely standing
ent to the sample geometry or because of the nonequilibriurfilms. The freely standing film geometry is appealing for
nature of the sampl.2°2"?8The chain diffusion experi- studies of the influence of confinement on the dynamics of
polymer molecules because it provides a simplified sample

Aauthor to whom correspondence should be addressed; electronic maige(_)meltry corresponding to On.e'dimenSionbﬂ lconﬁnemem
dutcher@physics.uoguelph.ca which is symmetric about the midplane of the film and free

The mobility of polymer molecules confined to thin
films and near a free surface is a very active field o
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from the influence of physical and chemical interactions withwith the T, value of the film? There are difficulties associ-
an underlying substrate. The freely standing film geometry isaited with the use of optical microscopy to answer these ques-
also interesting because of the observation of dramatic redutions. In particular, to probe the onset of hole formation, it is
tions in the glass transition temperatdrgof freely standing necessary to perform the measurements at lower tempera-
PS films relative to the bulk value (Slfg“'k for films with  tures for which the time scale of the experiment becomes
thicknessesh comparable to or less thaRgg.>%® The Ty  necessarily very long. It becomes very difficult to observe
reductions observed for freely standing PS films are strikinghe formation of individual holes on such a long time scale.
for two reasons: first, they are much larger than those mea- To avoid the disadvantages associated with using optical
sured for supported PS films, and second, they depend sumricroscopy to study hole growth in very thin, freely standing
stantially on the molecular weight of the polyniér® sug-  PS films at relatively low temperatures, we have developed
gesting that chain confinement is an important contributiorand used a sensitive differential pressure experirieRE).
to the glass transition dynamics of freely standing films.The concept of the DPE is similar to that used previously to
Measurements of chain diffusion dynamics are therefore imstudy the room-temperature mechanical properties of thin
portant to check if corresponding anomalies also exist irplates and membranés??in which the Young’s modulus of
large scale motion of the polymer molecules. the films was inferred from measurements of the film deflec-
Chain diffusion dynamics were first measured in thin, tion at the center of the film as a function of a relatively large
freely standing PS films by observation of the formation ancapplied pressure differencgypically 10 kPa. A similar ap-
growth of holes in the films using optical microscoyAt paratus has also been used to characterize the room-
temperatures comparable to or greater tﬁ]’é‘ﬁk, the freely temperature elastic properties of freely standing membranes
standing films are unstable to the formation of holes whictof cross-linked monolayers of polyisoprerésn the present
form either by nucleation at defects such as dust or densitgxperiment, we apply a small, constant pressure difference
inhomogeneities, or spontaneously by thermal fluctuation oftypically 7 P3, and track the flow of gas through freely
the film surface$® As the holes grow, driven by surface standing PS films held at elevated temperatures as holes form
tension, the po|ymer chains must necessar”y move, and t@d grow in the films due to their inherent thermal |nStab|||ty
hole growth measurements provide a probe of chain diffulJsing the DPE, we have measured hole formation and
sion near the edge of the hdfIn the optical microscopy growth in freely standing PS films that are sufficiently thick
experiments, high molecular weight(,=767x10%) PS  (h=~90 nm) such thaT =Ty, as well as in freely stand-
molecules were confined to films with thicknesses 96 nning PS films that are sufficiently thirh¢=70 nm) such that
<h<370 nm, for whichT,=T§"*=97°C, and hole growth T is significantly reducedby 30°C) from To". We find
was measured at a fixed temperaturelef115 °C which is that appreciable hole formation occurs only at temperatures
substantially larger thafig". In this experiment, as in pre- that are comparable to the bulk valueTof, which is much
vious experiments performed on relatively thidk¢5 um)  higher than theT value for very thin freely standing PS
polydimethylsiloxane freely standing filni&}°the growth of films. The preliminary results of these measurements indicate
a single hole was measured for each film, and it was foundhat the mobility of confined polymer molecules differs sub-
that the hole radiuR grew exponentially with timeR stantially on different length scales, perhaps due to a varia-
=Rye'”, whereris the characteristic growth time. Exponen- tion in segmental mobility across the thickness of the films.
tial growth of the hole radius is expected for viscous  Following a description of the preparation of the freely
fi|ms_18119 For the free|y Standing PS films, it was found that Standing PS films, we describe the technical details of the
rdecreased with decreasing film thicknéssThis result was ~ DPE, together with a mathematical analysis of the experi-
interpreted in terms of the bulk phenomenon of sheafment. The experimental procedure is then described, and rep-
thinning® in which the film viscosity at the edge of the hole, resentative data, collected at different temperatures for films
n=relh, wheree is the surface tension, decreased with in-With both bulk and reduced values f, are presented and
creasing shear strain rate= 2/, according to a power law discussed.
dependence~ ||~ with d=0.65+0.03. A challenging as-
pect of this experiment for very thin films was to quickly !l. EXPERIMENTAL TECHNIQUES
identify, using the optical microscope, the formation of ap sample preparation
hole somewhere on the relatively large surface area .
(=12 mn?) of the film such that its growth could be mea- _ Monodisperse M,,/M,=1.11), high molecular weight
sured over a substantial range of radii before substantigM,,=2240x10%) PS obtained from Polymer Source Inc.
thickening of the film occurred. was dissolved in toluene. PS films were deposited by spin-
In the present article, we study hole formation andcoating dilute solution§l.2% and 1.5% PS by magsat 4000
growth for freely standing PS films that have the bulk valuerpm onto freshly cleaved mica. The PS films on mica were
of the glass transition temperatuTé“"‘, as well as for very annealed under vacuum at=115°C for 12 h to remove
thin freely standing PS films for which the glass transitionresidual solvent and cooled at 1 °C/min to room temperature.
temperaturel, has been measured to be substantially les&reely standing PS films were created by using a water trans-
thanTtg’“”‘. In particular, it is interesting to ask the following fer technique to place the PS films over a 4-mm-diam hole in
questions: what is the temperature corresponding to substaa-1 cnf stainless steel holdérPieces of the same PS films
tial chain mobility, as evidenced by measurable hole formawere also transferred onto clean Si wafers for a determina-
tion and growth, and how does this temperature comparéon of the initial PS film thickness, accurate to within
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pressure

partments. The pressure cell also has a large glass window to

pressure cell allow viewing of the PS film during the experiment. The

M § pressure differencaP between the two compartments of the
AP=FB, -F, ? : pressure cell is monitored using a sensitive differential pres-
T sure transducefMKS Baratron 223B Pressure Transdycer
: : which has a resolution of 0.13 Pa. The absolute pressure in
5 the lower compartment of the pressure cell is adjusted using
; : a stepper-motor-controlled pistda glass syringe with a vol-
stepper ume of 30 cm) connected to this compartment. Each mi-
motor crostep of the stepper motor corresponds to &m motion

of the piston. During the experiment, the upper compartment
: of the pressure cell is isolated with respect to atmospheric
: Tom - pressure, allowing the pressure difference across the PS film
T e to be actively stabilized by controlling the pressure in the
FIG. 1. Schematic diagram of the differential pressure experiri2RE) lower compartment of the pressure cell. The pressure feed-
identifying the different pressures, volumes and temperatures within théygck system consists of the differential pressure sensor, the
experiment. piston and the stepper motor which is computer controlled
via a Keithley DAS-1602 data acquisition card. Polyethylene
+1 nm, using ellipsometry. Prior to each run of the DPE, thetubing (1/4 in. o. d) with brass connectors and Swagelok
PS films were examined using optical microscopy to ensurgalves is used to connect the pressure cell, piston and differ-
that there were not any preexisting holes or tears, whickential pressure sensor.
would degrade or prevent the DPE measurement. For the Inthe experiment, the pressure cell is heated quickly at a
present study, the DPE has been used to study 33 differemite of 5 °C/min to a fixed elevated temperattirevith both
freely standing PS films of two different nominal thick- compartments of the pressure cell open to atmospheric pres-
nesses: 68 1 nm and 9% 3 nm. sure. At the fixed elevated temperature, the system is isolated
with respect to atmospheric pressure, and a very small, con-
stant pressure differenca P typically 6.6 Pa-10" % atm) is
maintained across the PS film. The temperature of the pres-
sure cell, and therefore of the PS film, is controlled to within
We have developed a sensitive differential pressure ex+ 0.1 °C using a Eurotherm 808 digital temperature control-
periment which allows a very small pressure difference to b@er with an iron_constantahype J thermocouple. The ther-
applied and maintained across a freely standing PS filminocouple junction is bolted directly onto the stainless steel
while the film is held at an elevated temperature. Aschematigamme holder, and a long length-(L m) of thermocouple
diagram of the experiment is shown in Fig. 1. The heart ofyjre (36 gauge is coiled inside the pressure cell to ensure
the experiment is a thin-walled metal pressure cell, whichproper measurement of the sample temperature. To isolate
consists of two compartments of nearly equal volume thathe system from slight variations in room temperature, we
are connected via a 4-mm-diam hakee Fig. 2 The pres-  have enclosed the DPE, with the exception of the pressure
sure cell is heated using a flexible Kapton heater strizell, in a thermally insulated box which is heated to and
(Omega which is wrapped around the outside of the pres-maintained aff ,,,~30 °C (see Fig. 1 For each run of the
sure cell and located symmetrically with respect to the holeopg, we fix the temperatur€ of the pressure cell and the
between the Compartments of the pressure cell. The PS fllr@ma” pressure differenc&P across the p0|ymer f||m, and
which is freely standing across a 4-mm-diam hole in a £ cm sjmply track the position of the stepper-motor-controlled pis-
stainless steel washer, is placed across the hole between g x as a function of time. The uncertainty inis deter-
cell compartments, providing a barrier to gas flow, and almined by the mechanical backlash in the screw thread used
lowing a pressure difference to exist, between the two comto drive the piston and we estimate this to be approximately
1 pm.

piston position x(f)

B. Differential pressure experiment description and
procedures

1.870”

window

C. Analysis of differential pressure experiment

b 1

L i In the differential pressure experimgilPE), the forma-
{['l! to pressure sensor : tion and growth of holes in the freely standing polymer films
1.200° - «— thermocouple is detgcted as a large, monotonic drift in the piston position.
| V. (Hi o orossure somaer and piston] Thg p|§ton drift occurs because the pressure feedback loop
0.160 2 g j maintains a constant small pressure differeA&across the
g o {4 mumy i film in the presence of the holes, which results in air flow

= o through the holes from the lower compartment to the upper

compartment of the pressure cadee Fig. 1 In this section,
FIG. 2. Simplified technical drawing of cross-sectional view of pressureW€ de_r|ve an a_n_alytlc expression for the time depend_en_ce of
cell. the piston positiorx(t) in terms of AP, the characteristic
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growth time 7 for the holes, and the four distinct volumes for the stepper motor that drives the piston. Since this rate of
and two different temperatures within the DPE. piston movement is not observable, measurement of piston
We begin by applying the equation of state to the gas omotion due to gas flow corresponds to gas flow occurring in
both sides of the film. The number of moleculg(t) inthe  the hydrodynamic flow regime. For hydrodynamic flow of
volumesV, andV; is given by(for variable names see Fig. gas through théth circular hole, the volume flow rat®; is

b given by®
V \Y/ 5
Nas 0 =Pl 7 + kTSmJ' W Q :Agpri - ()
) 7

whereV, and V5 are independent of time and the absolute
pressureP,4(t) will vary with time t because of the motion
of the piston. Similarly, for volume¥, andV, we have

whereAP is the pressure difference across the fitmis the
radius of theth hole, andy is the dynamic viscosity. We can
express Eq.(6) as the number of gas particles flowing

Vi Vy(t) through theith hole per unit time
Nya(t)=Pygt)| =+ =1,
KT = KTam 3
dN; APPyy;
whereV; is independent of time, buf, changes with time ar 37/7 (7)
because of the movement of the piston to maintain a constant
pressure differencAP: wherek is Boltzmann’s constant ant is the temperature of

3) the molecules.

The total number of moleculedN;(t) passing through
whereA,, is the piston cross-sectional area. theith hole within a time interval of durationis given by

The movement of the piston in response to gas flow

through the film will increase the pressure throughout the 5N'(t):ftﬂdt’—ftAPPl4r'3(t,)dt, )
system. We write the time dependence of the presBus) : g, dt’ t 3nkT ! '
in volumesV, and V5 as the initial pressure plus a time-
dependent increase in pressu@P(t): P,g(t)=P,50) The radius of each of the holes is assumed to grow expo-
+ 6P(t). The corresponding increase in the number of mol-nentially with time, which is consistent with optical micros-
ecules in volumes/, and V3 is given by N,g(t)=N,3(0)  copy measurements of hole growth in freely standing PS
+ SN(t) wheredN(t) is total flow of gas across the filmin a films®
time interval of duratiort. This allows us to rewrite Eq1)

Va(1)=Vaat V(1) =V4(0) = Apx(1),

as ri(t")=rgel ', 9
_ ON(1) wheret; is the time at which théth hole forms. Typically,
oP()= V, V3 |° ) we find that there is a substantial delay between the start of

the experiment and the formation of holes, with a relatively
narrow distribution of hole sizes at the end of the experi-
As for volumesV, and V3, there is an increase with ment, as measured using optical microscopy. These results
time in the pressure in volume¥; and V,, Pi,t)  suggest that, following some initial delay, the rate at which
=P140)+ 6P(t), as well as a decrease in the number ofholes appear initially increases with time and then decreases
moleculesNy4(t) =N4(0)— 6N(t). Combining these equa- with time, corresponding to a peaked distributiontpf/al-
tions forN,, andP,,, together with Egs(2), (3), and(4), we  ues. Physically, the decrease in the rate of hole formation at

kT KT atm

can solve forx(t): later times is reasonable for both hole nucleation and spon-
taneous hole formation: for hole nucleation, eventually holes
OP(t Vi+Vo\ T V3+V,4(0 . - . ’
X(t)= (®) H 17 72) _am 3—4()” will have formed at all nucleation sites, e.g., dust; and for
P14(0)+6P(1) Ap T Ap spontaneous hole formation, the entire film becomes unstable

) to hole formation at the same time with a well-defined sepa-

To obtain a more useful expression ft), we need a ration of the holes. In the Results and Discussion section
detailed expression fofP(t) and thereforeSN(t) [see Eq. below, we demonstrate that the data fit quality is poor if we
(4)]. This requires a detailed analysis of the flow of gas mol-assume that all of the holes form at the same time and that
ecules through holes in the filfl.Gas flow can occur either the data fit quality is excellent if we assume a Gaussian dis-
by effusion, in which the gas molecules pass through theribution of hole onset times centered about a mean tigne
holes without colliding with each other, or by hydrodynamic with a width t,,. We also demonstrate explicitly that the
flow.® Effusion is valid in the limit that the hole diameter is distribution of hole onset times extrapolated from the mea-
less than the mean free pathof the gas molecules which is sured distribution of hole sizes at the end of experiment is in
/'=0.3 um for nitrogen gas at atmospheric pressure &nd excellent quantitative agreement with the Gaussian distribu-
=100°C. By considering a typical areal density of holestion of hole onset times obtained from the best fit tox©
(1000 holes over the 13 nfnsample arel each with a di-  data. Therefore, the assumption of the Gaussian distribution
ameter equal t@’, we calculate a gas flow through the holes of hole onset times is justified. We make use of the fact that
that corresponds to much less than 1 microstep per secortde number of holes in the film is typically quite large to
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derive the following expression for the total flow of gas mol- D. Data fitting procedure
eculesdN(t) across the entire film within a time interval of

. Best fit values of the two paramet andt, describ-
durationt (for details, see the Appendix P o3 !

ing the background signdkecond term on the right hand

APP14rgT side of Eqg.(15)] were obtained by fitting the initial portion
ON(t)= WG' (100 of the datatypically the first 30 min. The values o, and
t, were then fixed at their best fit values for the remainder of
where the fitting procedure. Initial guesses were then chosen for the
5 t—t. 3t parameters describing the distribution of hole growth onset
G=e3")/7 g(3tw/27) erf(t—0 + Z—W) times, the mean hole onset tirgeand the width of the hole
W 7 onset time distributiont,,, based on the shape of thxét)
tg 3ty t—to to data: the initial guess fdg was taken to be the time at which
+ erf(a - E) - erf( ™ +erf Q” (1) x(t) deviated substantially from its value at early times, and

) ) the initial guess fort,, was taken to be approximately 0.5

and erf is the standard error function. _ X t,. With the values ot, andt,, fixed, all of thex(t) data
By combining Eqs(4), (5) and(10), we obtain a func-  (sypject to the condition thatx/dt<5 xm/s as discussed in

tional form for the time dependence of the piston position,the Results and Discussion seciiovere then fit to Eqs(11)

written in terms of Eq(11): and (15) allowing the remaining three parameters, the char-
A,G acteristic growth timer, A;, andA,, to vary. The final set of
X()=A X 5, (12)  best fit parameter values was then obtained by allowing
P140)+AG

A, Ay, tg andt,, to vary and fitting all of thex(t) data to
whereA; andA,; are scaling constants, afti,(0) is taken  Egs.(11) and(15).
to be atmospheric pressute.

The derivation of Eq(12) was performed with the as-
sumption of a constant ambient temperatiitg,,. In fact,
Tamis controlled in the experiment by enclosing the compo-  After mounting the freely standing PS films in the DPE
nents of the experimental setup shown within the dashegressure cell, the films were heated from room temperature
lines of Fig. 1 in a large, thermally insulating box. We found up to the measurement temperatiiravith both sides of the
that it was necessary to heat these components to a fixdidm exposed to atmospheric pressura R=0). Small
temperatureT ,,,~30 °C to isolate the system from fluctua- wrinkles formed in the PS film because of the difference in
tions in the room temperature during the course of the exthermal expansion between the PS film and the stainless steel
periment. With the present configuration, it is necessary tavasher. At the fixed measurement temperature, a small pres-
open the thermally insulated box to begin each experimensure differencetypically AP=6.6 Pa-10"* atm) was ap-
Because of this, there is a small time dependence of thplied which caused the freely standing film to bow slightly
temperaturel () at the beginning of the experiment as it while maintaining the presence of small wrinkles. We ob-
approaches its set point value. We measure the temperatuserved by eye that, with the film held at the measurement
Tan(t) inside the thermally insulting box using a LM35 pre- temperature, the wrinkles in the film disappeared with time.
cision temperature sensor for each run of the DPE. We haveéhe wrinkles took longer to disappear for lower measure-
found that the time dependence Df;, is well described by ment temperatures, as expected because of the increase in the

Ill. RESULTS AND DISCUSSION

the empirical form elastic modulus and viscosity with decreasing temperature.
AT For all films, we observed that the wrinkles disappeared be-
Tan) =T 1— T—e_t/tl}’ (13) fore the onset of hole formation was observed as a mono-

f tonic drift of the piston positiorx(t). For example, for a

wheret, is the time constant associated with the time depenfreely standing PS film of thickness=69 nm held at a

dence ofT,,, T;~303 K is the asymptotic value df,,,at  Sample temperature df=98°C, the wrinkles disappeared

long times andAT~1 K (<Ty) is the total change iT,, after 300 s whereas the peak of the hole onset time distribu-

during the experiment. tion occurred at,=13 600 s and hole growth occurred with
Since AT/T; is small, we can use the binomial expan- a characteristic growth time af=11700 s.

sion to write Eq.(13) as A. Piston position data and quality of fits

Tan=Ti

atm

1+ A_Te—t/tl}_ (14) In Fig. 3(a) is shown a plot of the piston positionas a
Ty function of time for a freely standing PS film of thickness

By substituting Eq(14) into Eqs.(1) and(2), it is possible to  N=69 nm_that was held at a fixed temperature Bf
obtain an expression for the piston positieft) which is a :9800. The data clegrly |nd|c§1te the expected trends: a
refinement to Eq(12) in that it contains an extra term which Small drift in x at short times which becomes overwhelmed
can be interpreted as a small background signal arising frorfit 1ater times by the large piston movement associated with
the time dependence af(t): the formation and growth of holes.'We have chosen to limit
the range of data for each data set in terms of the slope of the
x(t) values which is a measure of the instantaneous flow of
gas across the film and the total hole area at that time. We

A,G

XO=AXE " 6) T A,G

—Co(1—e V), (15)
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FIG. 3. (a) Piston positiorx as a function of time for a DPE measurement o
of a 69-nm-thick freely standing PS film held Bt 98 °C. The open circles 0 5000 . 10000 15000
correspond to data, and the solid line was calculated using(Esand(15) Hole onset time ¢, (s)

with parameters obtained from a least squares fitting proceduarél 700
+860 s, A;=160+=60 mm, A,=70.x£9 Pa, t,=13 600+ 500 s, t,,=5680 FIG. 4. () Distribution of hole radii measured using optical microscopy at
+160 s5,Co=147=2 um, andt; =620+ 30 s. Only every fifth data pointis the end of the DPE measurement for a freely standing PS film twith
shown such that the quality of the fit can be sébpThe residual calculated =69 nm held afT=99 °C. (b) Distribution of hole onset timeg for the
as the difference between the measurelues and those calculated using same film as in parta). For each hole, the onset timiewas calculated by
Eqg. (15 with two different choices ofG: Eq. (11) which allows for a  extrapolating the hole radius measured at the end of the DPE measurement
Gaussian distribution of hole onset timemlid line); and Eq.(16) which  to an initial hole radius of ;=0.2 um, assuming exponential growth of the
assumes a Dirac delta function distribution of hole onset times for which allhole radius[see Eq.(9)]. The solid curve was calculated using the best fit
holes form att=0 (dotted ling. parameter values df, andt,, obtained from the fit of the(t) data to Egs.
(11) and(15). The vertical scale of the solid curve was adjusted such that the
maximum value of the curve agreed with the maximum value of the hole

have chosen a cutoff value for the slope ofuB/s which is  onset time distribution.
very close to the maximum speed of the piston. For larger
slope values, the piston cannot move fast enough to maintaighset times The residual calculated using E@.6) shows
the constant pressure differena® across the film, and the mych larger, systematic deviations from zero than that calcu-
data are therefore unreliable. For the data shown in k&), 3 |ated using Eq(11). Therefore the more complicated form
the range included in the fit corresponds to times for G specified by Eq(11), which assumes a Gaussian dis-
<18000 s-1.57. To allow us to critically judge the quality tripution of hole onset times, characterized by a mean hole
of the fit to the data shown in F|g(®, we have calculated onset timeto and a distribution W|dthw, provides a much
the residual, i.e., the difference between the measured valuggtter fit to thex(t) data.
of x and the values ok calculated using Eqs¢11) and (15) To test the assumption of a Gaussian distribution for the
USing the best fit parameter values. The calculated residual If%le onset timeS, we have used the fo”owing procedure_ For
shown as a solid line in Fig.(B). The residual deviates from g film that was guenched immediately to room temperature at
zero by only a small amount, with little systematic devia-the end of the DPE measurement, we have measured the
tions, indicating an excellent fit to the data over the entiregistribution of hole radii at the end of the experiment using
range of times. For comparison, in FighB we also show as  gptical microscopy. A typical hole radii distribution is shown
a dotted line the residual calculated as the difference betwegp Fig. 4(a) for a freely standing PS film with=69 nm held
the measured values rfand the values calculated using Eq. gt T=99°C. For each hole, we have calculated the hole
(15) and a simplified form folG: onset timet; by extrapolating the hole radius measured at the
G=g3t"t)/T_1 (16) end of the expgriment to an in_itial hole radius of
=0.2 um, assuming that exponential growth of the hole ra-
Equation(16) corresponds to all of the holes beginning to dius has occurred according to E®). The corresponding
grow att=t, (a Dirac delta function distribution of hole distribution of hole onset times for the same film as in part
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-~ 2821 | FIG. 6. The characteristic growth timevs T for freely standing PS films
‘s.) ) measured using the DPE. The circles correspond to data obtained for 91
e +3-nm-thick films that have the bulk value &f, and the triangles corre-
spond to data obtained for 68L-nm-thick films which havd, values that
£ dtod btained for 8L hick fil hich have, val h
o 280} . are reduced by 30 °C from the bulk value. Typically each data point corre-
sponds to the average valuemfheasured for two or more films at each film
thickness and temperature. The solid curves were calculated using the best
oy A ) P S T T T S T fit parameters obtained from linear least squares fits to the)leg(T data
- 0 2 4 6 8 10 12 obtained for each film thickness.
3
t (x10° s) 3(b), indicating that the fitting function given in Eqéll)

. L . and (15) provides excellent fits to the(t) data obtained in
FIG. 5. (a) Piston positionx background signal an¢h) temperaturerT 4, h f hole f . d h i
inside the thermally insulating, temperature-controlled box as a function of e DPE measurements of hole formation and growth in

time for a metal plate sample placed in the DPE pressure cell. The solidreely standing PS films.
lines are best fits of the data to the second term on the right hand side of ~ Also shown in Fig. 5 are curves calculated as best fits of
Egs.(15) and(14), respectively. The best fit values gfare 111640 s (x ;
backgrqund signaland 108170 s (T, data, which agree within the Egrer:](((t))n aﬁgkﬁéﬁltjEir?élg;?jleaggéz&;g%c??g ;i?f)h?’esse;eoczd
uncertainty of the; values. ) ] ] A : !

tively, which provide excellent fits to each set of data. The

best fit values of, are 1110-40 s[x(t) background signal
(a) of Fig. 4 is shown in Fig. &), together with a solid curve and 108G 170 s[T,(t) datd, which agree within the un-
that was calculated using the best fit parameter valueg of certainty of thet; values. The initial increase if,(t) oc-
andt,, obtained from the fit of the(t) data to Eqs(11) and  curs because the thermally insulating box is opened briefly at
(15). The agreement between the measured and calculatede start of the experiment afig,,(t) then approaches its set
hole onset time distributions is remarkable, and justifies thgoint value which takes approximately 30 min. The close
assumption of a Gaussian distribution for the hole onsetorrespondence between the time dependence ofTfhe
times. data and thex background signal indicates that the initial

To determine the background signal in the DPE, the pisdeviations of thex(t) background signal from zero are due to

ton positionx(t) was measured in the absence of hole for-T,(t). The excellent fit obtained to the(t) background
mation and growth by placing a solid metal plate betweersignal and the close similarity between the small, initial drift
the two compartments of the pressure cell. In Fig. 5 we shovin the x(t) background signal and that observed during the
the x(t) background signal and the corresponding.(t) hole growth experiments performed using freely standing PS
data collected for the solid metal plate sample. We note sewilms justifies the use of fitting parametety andt, to de-
eral important aspects of the background signal shown iscribe the initial portion of the(t) data.
Fig. 5a): (1) the small, initial drift in the background signal It is important to note that the statistical noise in ¥{€)
is very similar to that measured during the initial stages of adata varies inversely adP. An increase in the signal-to-
typical DPE measurement of hole formation and growth innoise ratio, and therefore a more sensitive measure of the
freely standing PS filmg;2) the overall change in the back- onset of hole formation, could be obtained by increasing
ground signal is small compared with the overall changeAP, but this would increase the in-plane stress in the film
observed irx(t) during the course of a typical DPE measure-which could possibly affect the dynamics of hole formation.
ment of hole formation and growth in freely standing PSFor the present measurements, we chdfeto be as small
films [see Fig. 8a)]; and(3) the variations in the background as possibldtypically 7 Pa~10"% atm) so as to gently bow
signal after approximately 30 min are very small, indicatingthe film. We found that doublind P in the DPE resulted in
that the long term stability of the DPE is excellent. We alsohole growth times that were indistinguishable from those
note that the variations in the background signal after apmeasured using the lower value AP, indicating that in-
proximately 30 min are comparable to the variations in theplane stress effects due to the applicationAd? were not
residual calculated using Eggll) and (15 shown in Fig. appreciable.
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B. Temperature and film thickness dependence of APPENDIX
characteristic growth time
o . In this Appendix, we derive a useful expression for the
We have measured the characteristic growth tinfer  y4¢q) flow of gaséN(t) across the entire film within a time
holes in 33 different freely standing PS films of two different ;\:aral of durationt for use in Eq.(4). We write SN(t) as

nominal thicknesses, 681 nm and 9% 3 nm, held at differ-  na 5m of the flow contributions from each of théoles, as
ent temperatures Wlthlr_1 the range 972T<105°C. The _ specified by Eqs(8) and (9):
measuredr values at different temperatures are plotted in
Fig. 6. Measurements were typically performed for several " tAPPyy ,
films of the same thickness at the same measurement tem- 5N(t):i21 ‘SNi(t):i:l ¢ 37kT 'O
perature and the average valuerdbr these films is plotted ' (A1)
as a single data point in Fig. 6. The solid curves shown in ] o
Fig. 6 were calculated using the best fit parameters obtainefP €valuate the sumin E¢AL), we can rewrite it in terms of
from linear least squares fits to the legys T data obtained the distribution of hole onset times;:
for each film thickness. n t

For each film thickness, there is a monotonic decrease in = > ). (A2)

=1 =0

n
e3(t'7ti)/7' dt’.

7with increasingT and, over this limited temperature range, !

the data are well described by an exponential dependence fifye assume that the timésat which the holes form have a
7on T. More significantly, there is a systematic shift be- Gayssian distribution centered about a mean tigith a

Because of the large difference in tiig values for films of  pojes such that the summation can be replaced by an integral
the two film thicknesses, it is interesting to interpret the shiftyer onset times; , we can write

between the two data sets in Fig. 6 as a shift in temperature.
We find that the data obtained for the thinner films, with ‘ 1 t 2.2
thicknesses of 681 nm, are shifted s i > (t)— J dte”imto 7,
, ystematically to lower o VT Ja Jo i
temperatures by only a small amount 2.7 °C) from the W
data obtained for the thicker films. The modest temperatur&Ve also assume that all of the holes start with the same
shift in the data set for the thinner films is much smaller thaninitial radiusry. This results in the following expression for
the 30 °C reduction irly for these film<€ The small shift the total flow of gasSN:
between the data sets can be understood in terms of shear

3
thinning 3 which describes a power law decrease in the film ()= APPuo tdte—(ti—to)z/tfvftdt,es(t'—ti)/r
viscosity » with increasing shear strain raje 7~|y| 9, as 39kTtymJo t
in previous hole growth measurements performed at a higher (A3)

temperature T= 115 °C) ?° The present results, which show
a factor of ~3.8 decrease inr at T=100°C as the film
thickness is decreased from 91 to 68 (g a factor of 1.3,
correspond to a decrease in film viscosity with increasingeva
shear strain rate with a value dfwhich is consistent with

that found previousif to within the sample-to-sample varia-

tion of the measured values. A detailed analysis of the film
thickness and molecular weight dependence of the DPE re-
sults is in progres® The observation of only a small shift Also, if we write e3(~1)/7 as g3 ~o*to"t)/7 and letx=t;
between the twe(T) data sets obtained in the present study,—to, We obtain

which can be explained on the basis of the bulk phenomenon

In Eqg. (A3), we have assumed th&,(t) can be approxi-
mated as a constart.

The second integral in EqA3) is straightforward to
luate

t , T
Jt_dt’eS(t —tj)/T— §|:e3(t7ti)/1'_ 1]

3 _
of shear thinning, is a direct indication that substardfain SN(t)= APPygo7 e3(t—t0)/rft todxe—xz/tﬁve—sxlf
mobility occurs in very thin, freely standing PS films only at kTt 7 ~t
temperatures that are comparable to that in bulk and, in par- -
ticular, at temperatures which are much larger than'ltge _f dee—letﬁ/} (A4)
value for the film. This result suggests that there exists a ~to

difference between chain and segmental mobility for thin
freely standing polymer films, with segmental mobility oc-
curring at much lower temperatures.

On the right hand side of E¢A4), we complete the square
in the argument of the exponential in the first integral to

obtain
APPMI’ST 2
(SN(t) — e3(t7t0)/fe(3twl27')
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In the integrals on the right hand side of E45), we break
up the limits of integration as follows:

t—tg t—tg 0
— + .
—tg 0 —tg

For the second integral on the right hand side of &®b),
the integrand is even ir such that we can write

0 t
dxe‘xz“gv=f “dxe X1, (AB)
The first integral on the right hand side of HE&5) is more

complicated since the integrand is not everxin

to
t dxe (tw3ty/2n)? = f ) dxe (Wtw—3ty/20)? (A7)
0

Upon substitution of EqSA6) and (A7) into Eq. (A5), the

integrals can be written as standard error functions which arg

defined as

(x) 2 det -t
er(x)=— e .
7 o

Thus the expression fa¥N can be written as
A P P14I’87'

ONO=—7g kT

{ es(t—to)/re(?,twlzr)z
t—ty 3t

efrfl & 5 erf(

RESE

whereG is given by Eq.(11).

X

2T

to 3tw>

ty
A P P14I’87
~ 189kT

t—to

+er (A8)
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