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Glass transitions and dynamics in thin polymer films: Dielectric relaxation
of thin films of polystyrene
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The glass transition temperatufg and the temperaturg, corresponding to the peak in the dielectric loss
due to thea process have been simultaneously determined as functions of film thiofrlessugh dielectric
measurements for polystyrene thin films supported on glass substrate. The dielectric loss peaks have also been
investigated as functions of frequency for a given temperature. A decre@iganias observed with decreasing
film thickness, whileT, was found to remain almost constant fdrd. and to decrease drastically with
decreasingl for d<d.. Here,d. is a critical thickness dependent on molecular weight. The relaxationtjme
of the a process, which was measured as the frequency at which the dielectric loss realizes its peak value at a
given temperature, was found to have dependence similar to that @f,. The relaxation function for the
process was obtained by using the observed frequency dependence of the peak profile of the dielectric loss. The
exponentBxww » Which was obtained from the relaxation functions, decreases as thickness decreases. This
suggests that the distribution of relaxation times for th@rocess broadens with decreasing thickness. The
thickness dependence ©f is directly related to the distribution of relaxation times for tagrocess, not to
the relaxation time itself. The value of the thermal expansion coefficient normal to the film surface was found
to increase with decreasing film thickness belbyy but to decrease with decreasing film thickness abique
These experimental results are discussed in the context of a three-layer model in which within thin films there
are three layers with different mobilities and glass transition temperatures.

PACS numbeps): 64.70.Pf, 68.60-p, 77.22.Gm

[. INTRODUCTION appear if the system size is comparable to the characteristic
length scale. In particulaily and the thermal expansion co-
Recently, glass transitions in amorphous materials havefficient «,, of thin films have been measured using several
been investigated by many researchers. However, the mechexperimental techniques, including ellipsometf$5,16,
nism involved in glass transitions is not yet fully understoodpositron annihilation lifetime spectroscop§PALS) [17],
[1-3]. Understanding the behavior of the characteristicBrillouin light scattering[18,19, and x-ray reflectivity] 20].
length scale of the dynamics of supercooled liquids near th€or the first time, Keddiet al. investigatedT y and the ther-
glass transition is the most important problem to be solved imal expansion coefficient,, of thin polymer films supported
such studies. In the Adam and Gibbs’s theory, it is assumedn substrate. For polystyrene films on hydrogen-passivated
that there is a domain in which collective particle motion cans;, T4 was found to decrease with decreasing film thickness
occur and its size grows as the temperature is lowered. Thigfor d<40 nm[15]. The value ofa,, below T, was found to
domain is called thecooperatively rearranging region increase with decreasirdjapproaching the value character-
(CRR) [4]. In connection with the CRR, recent molecular izing liquid states. It was suggested that this decrea3g is
dynamics simulations have revealed the existence of signifieaused by the presence of a liquidlike layer at the polymer-
cant large-scale heterogeneity in particle displacements, sair interface in this case; in the case of freely standing poly-
calleddynamical heterogeneiin supercooled liquidg5—8|.  styrene films T4 decreasemuch more rapidlywith decreas-
As the temperature decreases towdgd the dynamical het- ing film thickness[18]. These results suggest that the
erogeneity grows. Experimental studies using multidimeninteraction between polymers and the substrate competes
sional NMR [9], dielectric hole burning[10], and pho- with surface effects. This competition leads to a more
tobleaching [11] have produced evidence of dynamical gradual decrease dfy in the former case. For a strong at-
heterogeneity. These topics concerning heterogeneity ateactive interaction between polymers and the substrate, an
closely related to the length scale of dynamics near glas#crease inTy with decreasingl was observed16].
transitions. Positron annihilation lifetime measurements reveal that
Glass transitions in finite systems confined to nanoporethe observed, values of supported PS films are similar to
[12—-14 and thin films[15-22 have recently attracted much those obtained by Keddigt al. However, the thermal expan-
attention, because such systems can be regarded as modiln coefficient obtained by PALS is independentdfelow
systems for studying the length scale of glass transitions. I, while it decreases with decreasing thickness abiye
such systems deviation from bulk properties is expected t& was proposed that there is a dead layer near the interface
between polymers and the substrate in addition to a liquid-
like layer at the polymer-air interface. In the case of thin
* Author to whom correspondence should be addressed. Electronjpolymer films supported on substrate, the glass transition
address: fukao@phys.h.kyoto-u.ac.jp temperature and thermal properties strongly depend on the
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competetion between interfacial and surface effects. Therthree-layer model, which can account for the observed thick-
are still controversial experimental results for such systemsness dependences of and Ty, is also introduced there. In
The dynamics related to the glass transition in thin filmsSec. IV the dynamics of the process of thin films is inves-
have been investigated using several metfj@8s-25. Sec- tigated in reference to the peak profile in the dielectirc loss
ond harmonic generation reveals that the distribution of redue to thea process in the frequency domain. In Sec. V
laxation times broadens with decreasing film thicknessoverall discussion and a summary of this paper are given.
while the average relaxation time of tlaeprocess remains
constant for supported films of a random copolyri28].
Ultrasonic measuremenf&4] have shown that the tempera-
ture T, at which the ultrasonic absorption exhibits a maxi- A. Sample preparation and measurement procedures
mum for a given frequency has dadependence similar to  pq gifferent atactic polystyrenesaPS were used.
that of T, obtained by ellipsometric measurements for thinThese were purchased from Scientific Polymer Products, Inc.
polystyrene films supported on substrate. In the case O(fMW=2.8><105), the Aldrich Co., Ltd. (,=1.8x1C,
freely standing f|Ims Qf p_olystyrene, photon cprrelauon ,SpeCMW/anl.OS), and Polymer Source, Ind(,=3.6x 10,
troscopy[24] st.ud|e_s |nd|c§te t_ha_t the relaxation behavior OfMW/Mn=1.06, andM,,=3.6xX10°, M,,/M,=1.06). Thin
the a process in thin films is similar to that of bulk samples ¢ s of a-PS with various thicknesses from 6 to 489 nm

of polystyrene, except for the reduction of taerelaxtion \yaora prepared on an Al-deposited slide glass using a spin-
time. Atomic force microscopy studid25] have revealed .4t method from a toluene solution aPS. The thickness
the existence of a mobile layer near the free surface of filmg a5 controlled by changing the concentration of the solution.
of polystyrene. Because there are only a few experimentd\ger annealing at 70 °C in the vacuum system for several
observations on the dynamics of thin polymer films, it is nOtdays to remove solvents, Al was vacuum-deposited again to
yet clear whether properties of teprocess change together gere as an upper electrode. Heating cycles in which the
W|_th Ty as the film thickness decreases or whether the Obt'emperature was changed between room temperature and
tained results (_jepend on the_ methods used for measuremeRtgy o (>T,) were applied prior to the dielectric measure-
or on the details of the individual samples. ments to relax the as-spun films and obtain reproducible re-
Dielectric measurement is one of the most powerful ex— its. “Bulk” films of a-PS (each withd>100 um) were
perimental tools to investigate the dynamics of hprocess .- 4o by oil-pressing samples melted at about 200°C for a
in amorphous materials. Recently we applied this method 1@, minytes, and gold was vacuum-deposited onto both sides
the determination of the glass transition temperature througf e fiims to serve as electrodes. Dielectric measurements
measurements of the thermal expansion coeffici@]. were done using an impedance analydeP4284A in the
Baueret al. also used this method and further extended it tofrequency range from 20 Hz to 1 MHz during heatitogol-
thermal expansion spectroscofg7,2§. By virture of di-  jyoy hrocesses in which the temperature was changed at a
electric measurements, it is possible to simultaneously megz;ia of 2 K/min. For dielectric measurements of very thin
sure .the glassltransition temperatures 'and determine the ffims, the resistance of the electrodes cannot be neglected.
laxation behavior of thex process ofa single sampleéeven s jeads to an extra loss peak on the high frequency side,
for thin films. _ which results from the fact that the system is equivalent to a
In a previous papef26], we reported thafly for thin  gerjes circuit of a capacitor and resistor, where the capaci-

polystyrene films supported on glass substrate can be detqfnce is that of the sample and the resistance is that of the

mined from the temperature change of the electric Capadélectrodeizg]. The peak shape in the frequency domain can

tancg during heating and cooling processes and that the dye fitted well by a simple Debye-type equation. Data ob-
namics of the« process can be determined from the yined in the frequency domain, therefore, can be accurately
dielectric loss of the films. We were able to obtain the dis-.qrected by subtracting theC:R peak” and assuming the

tinct thickness dependences Bf and T,, in which the di- \4jidity of the Debye equation. Data corrected in this manner
electric loss exhibits a peak value for a fixed frequency dugyere used for further analysis in this paper.

to the a process. In this paper the results obtained through
dielectric measurements are described in detail, and the dy
namics of thex process are investigated by measurements of
the frequecncy dispersion of the dielectirc loss for the pur-
pose of clarifying the relation involving the thickness depen-  In this section we give the relation between the tempera-
dence ofT,, the thermal expasion coefficients, and the dy-ture change of the electric capacitance and thermal expansion
namics of the « process. Based on the results of coefficient. Similar discussion was also given by Baeteal.
simultaneousneasurements, we discuss the relationship bet27]. In our measurements film thickness was evaluated from
tweenTg and the dynamics of the process of thin polymer thf_l capacitance at room temperature of as-prepared films by
films. A possible explanation of our experimental results forusing the formula for the capacitan€ of a flat-plate con-
T,(d) and the dynamics of the process is given in terms of denser.C’=e’€,S/d, wheree' is the permittivity ofa-PS,

a three-layer model. This paper consists of five sections. Ii§o is the permittivity of the vacuumS is the area of the
Sec. Il experimental details and principles regarding our deelectrode §=8.0 mnf), andd is the thickness of the films.
termination of T, and the thermal expansion coefficient us- In general, the geometrical capacitance is given by

ing electric capacitance measurements are given. The experi-

mental .results for the thermal expansion 90effi_cieptand CO(T)E50§~50§[1+(2at_an)AT]a (1)

T, obtained from our measurements are given in Sec. lll. A d do

II. EXPERIMENTAL DETAILS

B. Relation involving the electric capacitance, thickness, and
thermal expansion coefficients
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FIG. 1. Temperature dependence of the capacitance normalized

with respect to the values at 303K during the heating process fopye thus see that the temperature coefficier€bis propor-
various frequencies from 100 Hz to 10 kHz and three differenttiona| to «,. It is therefore expected that the temperature
thicknesses(a) d=91 nm andM,,=1.8x10%; (b) d=20 nm and  cefficient changes al,. In the literature[31] we find v

MW:2.8X 105, (C) d=11 nm andMW: 1.8 106 The solid lines =0.325 andw. =0.57X 10*4/K for T<T andv=0.5 and
\l/)velre obtzmid bé)_’ f'tt#]g the dat"’.‘ Lo_r 1t0 tthZ tc; a I'%ear function a,=1.7x10"%K for T>T4. Hence, for bulk samples of
elow and abov g- e arrows indicate tne values 5 a—PS, itcan beexpected that

and the permittivity is expressed by - 2.2x10°4 T<T, o
€' (0,T)=eu(T) + egsf @, T), ) 102¢10°%, T>Tg.
wheree,, is the permittivity in the high-frequency limity; is IIl. GLASS TRANSITION TEMPERATURE
the linear thermal expansion coefficient parallel to the film OF THIN FILMS
surface«, is the linear thermal expansion coefficient normal
to the film surface AT=T—T,, and T, is a standard tem- A. Glass transition temperature and thermal expansion
perature. The second teregs, on the right-hand side of Eq. coefficients
(2) is related to the frequency diSperSion of the dielectric loss Figure 1 disp|ays the temperature dependence of the ca-
due to thea process, theg process, and so on. pacitance, normalized with respect to the value at 303 K
If we here assume that the films are constrained along thguring the heating processes. In Figa)lwe can see that the
substrate surface, the valuesafand o, are given by values at thickness 91 nm for different frequencies fall along
a single line and decrease with increasing temperature for the
w=0 anda :ﬂa 3) temperature range from room temperature to approximately
t " 1-p ™ 370 K. At higher temperature the normalized capacitance

decreases with increasing temperature more steeply than at
where v is Poisson’s ratio and., is the bulk linear coeffi- lower temperature. In this range the values for different fre-
cient of thermal expansiof20]. It should be noted that this quencies can no longer be fitted by a single line. Here, they
case corresponds to that of “constant area conditions” inare dispersed due to the appearance ohtlpeocess. For the
Ref. [27]. temperature range shown in the figure, however, it is appar-
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FIG. 2. Thickness dependence ©f of a-PS films obtained
during the heating process\(corresponds tdvl,,=1.8x 10°, O to
M,=2.8x10°, O to M,,=3.6x10% and ¢ to M, =3.6X10°).

The values ofT; are determined as the crossover temperatures be

tween the lines characterizing'(T) at 10 kHz below and above
Ty. The curves were obtained from the equatl'ﬁg(d):Tg’(l
—ald). The upper solid curve is fom,=1.8x10° and 2.8< 10°,
the lower solid curve is foM,,=3.6x 10°, and the dotted curve is
for M,,=3.6x 10"
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TABLE I. The values of the parameters resulting in the best fit
of the glass transition temperaturgg(d) to Eq. (10) for thin films
of a-PS with various molecular weightsM(,=3.6x10°—1.8
X 10P).

M., a (nm) Ty (K)

1.8x10°, 2.8x10° 0.45+0.06 370.5-0.9
3.6x 10 0.33+0.05 367.80.5
3.6x10° 0.62+0.12 342.81.1

where N is the degree of polymerizatioﬁj;°=373 K, and
C=1.1x10° [33]. Using Eq.(11), we obtain the values of
T, as follows:T; =373 K for M,,=1.8x 10° and 2.8 1C°,

370 K for M,,=3.6x10% and 341 K forM,=3.6x 10°.
Therefore, it is found that th#,, dependence of ; for the

bulk samples can be reproduced quite well by the present
measurements.

As shown in Table I, the length scakerelated to the
thickness dependence ©f ranges from 0.3-0.6 nm. Taking
into account the scatter ia, however, there is no distinct
molecular weight dependenceafThis length scale is of the
same order as that of the statistical segment of polystyrene

ent that the effect of the dispersion is quite weak above 160-68 N [32]. These experimental results f6f anda sug-
kHz. Therefore, for such frequencies the temperature a@€St that the thickness dependencelpfis aimost indepen-

which the slope ofC’(T) changes discontinuously can be

dent of the molecular weight cd-PS after rescaling with

determined unambiguously as the crossover temperature bEESPect 10T of bulk samples. This seems to be consistent
tween the line characterizing the lower temperature side andith the fact that the length scais not related to chain
that characterizing the higher temperature side. This crossendths but rather to segment lengths.

over temperature can be regarded’gs because the thermal

If our data are fitted by the function proposed by Keddie

expansion coefficient changes through the crossover tenst al, Tg(d)=Tg[l—(a/d)5], the observed data foM,,

perature, as can be expected from the discussion in Sec.
As d decreases] 4 also decreases, as shown in Figé) and
1(c).

Figure 2 displays thel dependence of ; for a-PS films

with four different molecular weights. In each case, the val-

ues ong for the various values ad were determined as the

crossover temperatures at which the temperature coefficie

of the capacitance at 10 kHz changes during the heating pr
cess. For thick films, the values a7, are almost equal to
those for bulk PS. When the films are thinner than about 10
nm, however, a decrease Ty is observed. The value df,

for films of 6 nm thickness is lower by about 30 K than that
of films of 489 nm thickness foa-PS films withM,,=2.8

X 10°. The dependence df, ond can be expressed as

a
= (10

Tg(d)=T°g°(l— ]

H=1.8x 10° and 2.8<10° can also be fitted to this equation,
and the parameter values resulting in the best fit are as fol-

lows: a=0.39+0.10 nm andé=0.96+0.08. The revised

value of 5 obtained by Keddie and Jones ds=1.28+0.20
[34]. This suggests that Keddie's equation can be replaced

RP/ Eq.(10) (6~1). The valuedT; obtained in our measure-
ments also agree well with those obtained by Foretsl.

T_lg]. Thus, it can be concluded thgg of thin films has been
8ccurately determined by measurements of the electric ca-

pacitance. With the present method it has been confirmed
that the apparenl, obtained in our measurements decreases
with decreasing film thickness.

Since no general theory for the effect on the glass transi-
tion of finite size has yet been presented, Bd) is just an
experimental findings at the present stage. As discussed later,
in the context of the three-layer model we regard the glass
transition temperature described by Efj0) as that associ-
ated with thea process(in this case, segmental motions of

whereTy(d) is the measured glass transition temperature fopolymer chainsin the bulklike layerbetween the dead layer

a film of thicknessd. The values of the parameters resulting
in the best fit are listed in Table I.

The asymptotic valué'g has a distinct molecular weight
dependence. For bulk samples ®PS, the variation inl
with molecular weight is described well by the empirical
equation

, 11

and the liquidlike one. The observed decreas&jmmay be
attributed to the distribution of the relaxation times of the
process, which comes from the existence of a boundary be-
tween the liquidlike layer and the bulklike layer, and also
between the bulklike layer and dead layer.

Here, it should be noted that the temperature coefficient
of electric capacitance also changes with film thickness, as

shown in Fig. 1. To clarify thel dependence o#, Fig. 3
displaysa as a function of the inverse of the film thickness
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an=§a|°°+<l—$ g, (12)

and aboveT, by
an—(l—g)afo, (13

Whereag (a)) is the linear thermal expansion coefficient of
the bulk glassy(liquid) state. Therefore, this simplified
model can reproduce the observed thickness dependence of

@ (=2a,) both below and abovd . By fitting the ob-

FIG. 3. Thickness dependence of the temperature coefficient ogerved results given in Fig. 3 to Eq42) and(13), the thick-
the capacitance 0&-PS films obtained by measurements of the nesses of dead and liquidlike layers are obtaingd:(2.5
electric capacitance at 10 kHz during the heating process. Above-( 3) nm and¢=(7.5+0.3) nm. Keddieet al. estimated the

Ty, the symbolO correspond taM,,=1.8X 10°, A to M,,=2.8
X10°, O to M,,=3.6x10%, and ¢ to M,,=3.6x 10°. Below Ty,

the filled symbols are used, and the correspondence between t

symbols and the molecular weights is the same as albgveThe
lines were obtained by fitting the data to E¢$2) and (13). The
dotted line is valid only for the data of the films witk,,=3.6
X 10° below T,

for thin films. It is found thate increases with decreasing
thickness belowly, while it decreases with decreasing film

thickness of a liquidlike layer near the free surface to be
Ig%()i 0.8) nm. DeMaggicet al. obtained the thickness of the

ad layer between polymer films and the substrate to be
(5.00.5) nm and also proposed the existence of a mobile
surface layer with thickness 2 nm. The valuesd®and ¢
observed in the present dielectric measurements are found to
be consistent with those obtained by other experimental tech-
nigues: PALS and ellipsometry. Therefore, we conclude that
the three-layer model can successfully be applied in our case.

The values ofs and ¢ for the lowest molecular weight

thickness abov@g . In both cases, the thickness dependenceample 1,,=3.6x10°) are 6=(3.7+1.0) nm and &

of @ can be expressed aslinear function of the inverse of
film thicknessThis observed dependence ok seems to be

=(15.2+0.9) nm. These values are clearly different from
those for other molecular weights. This difference may be

independent of the molecular weight within experimental ac-due to the entanglement effect, because the critical molecular

curacy, except for the case wittl,,=3.6x10° below Ty

The values ofx for bulk samples can be obtained by taking

1/d to zero as followsa=9.0x10"4 K™* for T>T, and
2.8<10°* K™! for T<T,. These values agree well with

those predicted by Eq9) in Sec. Il, and hence the tempera-

ture coefficient of the electric capacitaneeobserved in the

weight at the entanglement limit is x3.0* for a-PS[35]. In

the present measurements no obvious molecular weight de-
pendence was observed within experimental accuracy except
for M,,= 3.6x 10°. However, it is plausible that the values of

6 and ¢ are functions of the molecular weight. More precise
measurements will be required to detect such molecular
weight dependence.

present measurements can be regarded as the linear thermatrhin polymer films with both substrate and upper elec-

expansion coefficient normal to the substratemultiplied
by a factor of 2, as shown in E¢B). Thisd dependence of

trodes of Al for dielectric measurements were used in the
present measurements. Due to the presence of these elec-

and «, can be attributed to the existence of some layers withtrodes, for our thin films there was no real free surface ex-

different chain mobilities within thin polymer films sup-
ported on substrate, as discussed in the next section.

B. Three-layer model

isting in the air-polymer interface. The samples discussed
presently wereappedsupported films, according to the ter-
minology given in Ref[19]. However, the values df ; ob-
served in the present measurements agree with those ob-
tained by ellipsometry for uncapped films. It has also been

In order to explain the observed thickness dependence gkported that there is no obvious differences between the

«, we introduce ahree-layer modelin which it is assumed

results obtained for uncapped and capped supported films

that a thin polymer film on substrate consists of three layer§19]. These experimental results support the conclusion that

with different molecular mobilitieg17]. Near the interface
between the glass substrate and polymers there deaal

there is no appreciable difference Ty for capped and un-
capped supported thin films; i.e., the upper electrode of our

layer which has almost no mobility. On the other hand, nearsamples can be assumed to have no effect on the thermal

the free surface there isleuidlike layer which has higher

properties of the polymer films, in particular the thermal ex-

mobility. Here, we assume that the thicknesses of the tw@ansivity along the direction normal to the substrate. Recent

layers ares (dead layer and ¢ (liquidlike layen. Between
these two layers there iskalklike layerwhich has the same

DSC measurements have revealed the existence of a surface
mobile layer of PS spheres dispersed in@J powderd 36].

mobility as that of the bulk samples. In this model, below theAccording to the discussion given by Mayg¥7], the glass

apparent T, the observed linear thermal expansion coeffi-

cient o, normal to the surface of the substrate is given by

transition temperature of gurface layer can be depressed
only if the end concentration of the layer is higher than that
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FIG. 4. Reduced dielectric loss as a function of temperature for 22r
various film thicknesses\,,= 2.8x 10° andf =100 H2. The sym- 0
bol O corresponds ta@l=105 nm,A to d=26 nm, and] to d
=9 nm. The curves were obtained by fitting the data to the equation 18+
€= en {1 [(T-T)/AT,]?. <
3
of bulk samples. The existence of a true free surface is not a 2 141
necessary condition for the decreaseTlgfand the existence
of a liquidlike layer. 12
Recent measurements of the mass densityg-BfS thin 10l v
films supported on Si using neutron reflectivity show that the $ %
average mass density within films is near the bulk value g—— ""1'0 e "'160 el
regardless of film thicknesg38]. Sound velocities in thin d (nm)

freely standing PS films measured by Brillouin light scatter- , ,
FIG. 5. Thickness dependence(af T, and(b) AT, during the

ing are reported to be the same for all films with various film _ _

thicknesses. This also suggests that the average mass dend#ing process for a given frequency. The syr@otorresponds
of thin films is the same as that of bulk sampl@&8]. In the t°8f =1(1)500DH2 fa_nf(l)\fl)w: 2'82;05; 1A8 “’102=é kl—}z_?nlleMﬁd
presently considered layer model it is assumed that there a 11 ax 1&? A_ o f:zlgg HzW;noiMX _36x f())“ _and vztgnf
thin liquidlike and dead layers in addition to the layer with % - ’ v ‘

=1 kHz andM,,=3.6x 10*. The solid lines in(@) were drawn for

bulk properties. Because the liquidlike layer has a IowerM —2.8x 10, the dotted lines foM,,=1.8x 1(P, and the broken

mass density and the_ dead layer has a higher mass denshw'evs forM,,=3.6x 10*. These lines were drawn using E45) and
than the bulk layer, it is not unreasonable to assume that th@q ¢rve in(b) was obtained from Eq14).

average mass density of these thin films is the same as that of

the bulk samples. In the case of freely standing films, begyts for the dielectric loss in the frequency domain under an
cause there is no dead layer, the average mass density jigthermal condition are given to confirm the results ob-
expected to become lower for very thin films than that ofiained with fixed frequency and to allow for discussion of the

bulk sample. However, the observed value of the averaggs|axation behavior due to the process in thin polymer
mass density does not change with film thickness. Thegjms.

simple layer model may no longer be valid for freely stand-
ing films, and it may be the case that another physical factor
must be taken into account.

It should also be noted here that picosecond acoustic tech- Figure 4 shows the reduced dielectric logde’,., as a
niques reveal an increase in the longitudinal sound velocityunction of temperature at 100 Hz ®PS samples of thick-
for thin films of poly(methyl methacrylateand PS[40,41]. ness 9, 26, and 105 nm witkl,,=2.8x 10°. Here, the re-
This suggests a change in the average mass density for thij,ced dielectric loss is defined by /€ ..=[C"(T)

films from that of bulk samples. This result disagrees With—C”(To)]/[C” (T.)—C"(To)], whereC” is the imaginary
ma a 1

that obtained in Ref438,39. part of the complex capacitanck, is a standard temperature
(in this case T is room temperatujeandC;, ., is the peak

IV. DYNAMICS OF THE a PROCESS OF THIN FILMS value of C"(T) due to thex process. Abové , the dielectric

In this section results concerning dielectric loss during thd0SS €/ €may for a given frequency displays an anomalous
heating process are given to allow for discussion how thdncrease with temperature due to theprocess, and it pos-
dynamics of thex-process changes with decreasifigas a ~ S€SS€S a maximum at the temperaftige The value ofT,
result of decreasing thickness. First, the temperature depeAnd the width of thea peak,AT,, also depend om, as
dence of the dielectric loss with a fixed frequency is inves-Shown in Fig. 4. HereAT, is defined as the temperature
tigated to directly compare the thickness dependencgyof difference betweefl, and the lower temperature at whieh
with that of the dynamics of the process. Second, the re- is half its peak value. As shown in Fig(l§, the widthAT,,

A. Dielectric loss with fixed frequency
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TABLE Il. The values ofT,, d., and{ resulting in the best fit
for thin films of a-PS withM,,=2.8x10° and 1.8< 1P,

M,, f (Hz) TZ(K) d. (nm) ¢ (102 nm)
2.8x10° 100 391.8-0.5 10.9-1.1 2.0-0.7
1000 398.90.4 10.3:0.7 1.6-0.5
1.8x 10° 100 392.80.3 23.1-0.9 5.3+0.6
1000  400.80.4 19.7-0.8 3.9:0.5
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random coils of polymer chains confined in thin films may
cause the observed decreaseTip with decreasing film
thickness. As discussed later, one of the possible origins of
this deformation is the competition between the liquidlike
layer and the dead layer. The investigationdalependence
of T, for variousM,, samples will reveal the detailed mecha-
nism of a drastic decrease T, with decreasingl.

Here it should be noted that the length scaleincluded
in the expression oA T, as a function of M is much larger
thanain T4: a’/a=15.3. This can be explained in the fol-

begins to increase at about 100 nm and continues to increal@Ving way. Itis assumed that the shape of the loss peak due

monotonically with decreasind. Thed dependence AT,
can be expressed as

ATa(d)zAT‘;( 1+ a—), (14)

d
wherea’=6.9+0.8 nm andAT;,=10.3+0.4 K. Comparing
the d dependence oA T, with that of Ty (Fig. 2), we find
that the decrease df, is directly correlated with the broad-
ening of the a peak as 8(Ty(d))/Tg=
—C18(AT(d))/AT,,, where  6Ty(d)=Ty(d)— Ty,
S(AT,(d))=AT,(d)—AT,, and C; is a constant (4.8

to the @ process in the plot o8” vs T can be expressed by
the same function o, and AT, for any film thicknessd

and thatTy can be regarded as the temperature at which
dielectric loss begins to increase due to therocess. From
this assumption, the following relation can be obtained:

T,(d)=Ty(d)=AAT,(d), (16)

whereA is a constant. Taking into account that frd,
T,(d)=T>, and substituting Eqs(10) and (14) into Eq.

a

(16), we obtain the relationsT,—T;=AAT, and Tja

X 10_2_65X 10_2). In other WOI’dS, it can be concluded :AATza’_ Hence, the value cd’/a is expressed by
that the broadening of the distribution of relaxation times for

the « process is closely correlated to the decreasggof
Contrastingly, Fig. 88 shows thatT, remains almost
constantasd is decreased, down to the critical thicknelss
at which point it begins talecrease linearlyith decreasing
d. Therefore, T, is given as follows:
T

!

d>d,

Tald)= ) d<d

T“( 1+ d-d.
“ {

where T, and ¢ are constants. The functional form ®f,
with respect tal is independent ofl,,, because Eq15) can

well reproduce experimental values ©f, for two different
molecular weightsvl,,= 2.8x 10° and 1.8<1(P. The param-

(19

== (17

Using Eq.(17) with the observed values dfy and T we
obtaina’/a~17 for =100 Hz and 12 forf=1 kHz. Al-
though the errors i T, prevent us from obtaining the fre-
quency dependence af, the values o&'/a evaluated using
the above assumption agree well with those found in the
present measurements.

Recently, Forreset al. obtaineda relaxation data with a
characteristic time scalgr)~2x 10 * s using a quartz crys-
tal microbalance technique applied to supported PS films

etersd. and show a distinct molecular weight dependencecovered with SiC particle§24]. It was reported that the

as shown in Table IIl. ThM,, andd dependences ofF, are
quite different from those oflf, and AT, found in the

small dissipation peak,ax, Which corresponds t®,, in this
paper, exhibits the santedependence &g, when the values

present and previous measurements on supported PS filras T4 are shifted by 20 K. Thel dependence Of ., found

[15,19. They are similar to those df for freely standing
films of a-PS[18].

The values ofd. listed in Table Il ared;=11 nm for
M,,=2.8x 10° andd.=20—-23 nm fotM,= 1.8x 10°. These

from their measurements seems to be different from that
found from the present measurements. The valudg, ofsed

for comparison withT ,,, Were observed by ellipsometry for
PS films supported on a hydrogen-passivated Si substrate

values seem to be related to the radius of gyration of the bullyith a free surfac¢34]. Hence, the comparison betwe&p

polymer coiI[Rg=0.028><N (nm) [17]]: Ry=15 nm for
M,=2.8xX10° and 38 nm forM,,= 1.8x 1P. Furthermore,
if we assume thatl, and { can be scaled by the functional
form of d,~M*€ and {~M?7, where M is the molecular
weight of polymers, the values efand y can be estimated
as follows: e=0.38+0.10 andy=0.51+0.08. These values

and T . in Ref.[24] was carried out for samples with dif-
ferent molecular weight and of different geometriggth

and without a free surfagéy using different experimental
techniques, while a direct comparison was carried out in our
study by using simultaneous measurements pnd T, for

the same sample. The results obtained in R&f] may have

are nearly equal or similar to the exponent of radius of gy-been affected by a small difference in experimental condi-
ration for Gaussian chainsv€0.5). In the molten state, tions for the two different measurements Bf and T,y
polymer chains can be regarded as Gaussian chains. THiurthermoreT . plotted in the inset of Fig. 2 of Ref24]
result suggests that the length scale such as the radius cén also be fitted by the equation proposed Tgrin this
gyration of the bulk polymer may control the drastic changepaper{see Eq(15)], and the critical thicknesd, is found to

of T, near and belovd,. In other words, the deformation of be 35 nm.
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o R 8 00 $a Pq . ® e o‘ . FIG. 7. Peak frequency of dielectric loss due to thprocess as
o 5 oo LIPS 4, 9g . °.* o] a function of the inverse of temperature for thin filmsaePS with
- r- . . . .
O 4 o o °5 6 o faa TEy °°; various film thicknessesM,,=1.8x 10°). Solid curves were ob-
3¢ e °e %0, “aa, "o tained by fitting the data to the VFT equatiofi,,,= foexp
2 Coo, gg: [—U/(T-T,)], wheref,, U, andTy are constants.
1
(b) 91 nm . .
%5 S 35 35 T 14 nm, 7, becomes much shorter than that for thicker films.
5. ' ' ' ' ogulf(Hz)] It follows from this result that the relaxation time, of the a
20 s ' process remains constant down to a critical thickness, below
wl * gg g gggg : $8 023 00y, ] which it begins to decrease. This result is consistent with that
. - 008 og s 4a Mo Z%; 2: extracted from the experimental observations of dielectric
PPN LS R fo, o:A 4% loss with fixed frequency discussed in Sec. IV A.
< . . .
s o st Lt °o,” In order to discuss the relaxation behavior of tagro-
O 20L ee® un °o cess, the profiles in Fig. 6 are replotted by scaling them with
L ) A g . .
L hat %;8& : respect to peak positions and peak heights. Figure 8 shows
10 §§E ° that profiles of dielectric loss vs frequency can be reduced in
(c) 14 nm 317K 2 this way to a single master curve over the temperature range
0 : : : : aboveT, described in the figure captions. It it clearly found
2.0 25 3.0 35 40  logu[f(Hz)]

that peak profiles become broader as the film thickness de-
FIG. 6. Frequency dependence of the imaginary part of the Comcreases. The master curve for eaCh f||m W|th different th|Ck'

plex capacitance foa-PS thin films with various film thicknesses Ness can be fitted by using the Havriliak-NegdhiiN) equa-

(M,,=1.8x10F): (a) d=194 um (bulk samplg; (b) d=91 nm;(c) tion [42],

d=14 nm.

Ae
. _ _ L €' (w)=Im————— ,
B. Dielectric relaxation behavior of thin films [1+(iwTg) _"HN]BHN

(18)

Here, we give the results for the imaginary part of the
complex capacitancédielectric los$ as a function of the
frequency to facilitate discussion of the dynamics of thin
films of a-PS with various film thicknesses between 14 nm
and 194 um. Figure 6 displays the dielectric loss vs fre-
quency at various temperatures abovg for a-PS M,
=1.8x10P) with film thicknesses of(a) 194 um (bulk
sample, (b) 91 nm, and(c) 14 nm. The peak in Fig. 6 cor-
responds to that due to the process. It it found that the 2 (»€"(w) ©
relaxation behavior of ther process changes with tempera- P(t)=—| ——coswt—, (19
ture and thickness. The peak frequency shifts to the higher mJo Ae dt
frequency side as the temperature increases. In Fig. 7 the . ) .
peak frequency,.,, which corresponds to the inverse of the the relaxation functions(t) can be calculated via the HN
relaxation timer,, of the a process, is plotted as a function equatlon with the best-fl.t parameters for thin films of various
of the inverse temperature. It is found that the values of thlcknesses, as sho_wn in Flg_. 9. The shape of_the _relaxatlon
for the films with thickness from 33 nm to 194 m fall on  function changes with film thickness. As seen in Fig. 9, the
the same curvewhich can be described by the Vogel- relaxation funct|on_ t.hus obtained can be f|tt_ed quite well by
Fulcher-TammantVFT) equation. Here it should be noted the Kahlrausch-Williams-WatteKWW) equation
that the values of  for the films with thickness of 33 and 91 ¢\ Brww
nm are smaller than those of thicker films, althoughre- ¢(t)=exr{— )
mains constant. As the thickness decreases further, down to

whereAce€ is the dielectric strengthy is angular frequency
(=2=f), 7o is the apparent relaxation time, amg,y and
Bun are shape parameters. The valuesxqf, and By re-
sulting in the best fit are given in Table Ill. The solid curves
given in Fig. 8 are calculated using the HN equation.

Here, the data in the frequency domain are converted into
those in time domain. Using the equation

: (20

TKWW
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FIG. 9. The relaxation functiog as a function of the logarithm
of the reduced time/ 7\ for a-PS thin films with various thick-
nesses. The relaxation functions plotted by the six different symbols
were calculated using Eg¢l8) and (19) with the best-fit param-
etersayy and By listed in Table 1l for each thickness. The solid
curves were obtained by fitting the relaxation functions to the
KWW equation.

for any thickness. It is also found that the relaxation behavior
becomes slower as the film thickness decreases.

Figure 10 displays the exponegBiww as a function of
the inverse of the film thickness. It it found thakw de-
creases from 0.42 to 0.27 as the thickness changes from
194 um to 14 nm. The functional form oByww With re-
spect to the inverse of the thickness is found to be linear:

a”
IBKWW:BEWW( 1- d)’ (21)

FIG. 8. Dependence of the normalized dielectric loss on the

logarithm of the normalized frequency(,=1.8x 10°). The two

where Bww=0.423:0.006 anda”=(5.2+0.4) nm. The

axes are normalized with respect to the peak position due terthe value of Bxww IS @ measure of the distribution of relaxation
process, corresponding &},,, andf .. The numbers given in the times 7, of the « process, i.e., the distribution becomes
right margin are the film thicknesses. The solid curves for each filmhroader aBxww becomes smaller. Therefore, as the thick-
with various thicknesses were obtained by fitting the data to the HMess decreases, the distribution of the relaxation times
equation. The parameter values resulting in the best fit are given iRecomes broader according to H@1). The characteristic
Table Il. Ford=194 um, 91 nm, and 14 nm, the symbols are the length scalea” obtained in this analysis g8 iS consis-

same as in Fig. 6. Fal=408 nm, the symboD corresponds to
393.5 K, A to 397.5 K,[O to 401.3 K, and$ to 404.3 K. Ford
=187 nm, the symbaD corresponds to 388.5 K\ to 392.4 K,[J
to 396.3 K, ¢ to 400.4 K,® to 404.3 K, A to 407.6 K, andll to
408.1 K. Ford=33 nm, the symboD corresponds to 380.5 K\
to 384.5 K,[0 t0 388.4 K, ¢ t0 392.4 K,® to 396.4 K,A to 399.9
K, and l to 400.6 K.

TABLE Ill. The values of ey, Bun, and Bxww resulting in
the best fit for thin films of-PS withM,,=1.8x 10°.

d (nm) QN B Brww

194x 10° 0.22+0.01 0.46-0.01 0.41%0.012
408 0.22:0.01 0.48-0.02 0.435-0.017
187 0.25-0.01 0.46-0.03 0.399-0.021
91 0.25+0.01 0.47-0.01 0.406-0.014
33 0.38-0.01 0.51-0.02 0.344-0.017
14 0.40+0.02 0.37:0.03 0.2710.019

tent with the valuea’ obtained forAT,. Furthermore, the

0.45 |

0.40

£035 |

0.30

0.25

M,=1.8x10° |

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

FIG. 10. The KWW exponengB www as a function of the in-
verse of the thicknesd (M,,=1.8x10°). The valuesBiyw were
obtained by fitting the relaxation function to the KWW equation.

The solid line was plotted using EQR1).
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relative change oByww measured with respect to that of the

bulk sample 8Bxww(d) =Brww— Bxww(d), is directly re-
lated to the relative change af; as follows:

5T, (d 5 d X
g—i):g.exlo-zxﬁ'?—“’(). (22) o
g IBKWW W

The values ofBxww for freely standing films ofa-PS
have been evaluated using photon correlation spectroscopy
and found to be indistinguishable from those of bulk[R4. = SRSt .
On the other hand, a decrease@pyw has been observed 200 250 300 350 400

for a copolymer thin film supported on quaf@3], as found : ,Temperafure )
in the present measurements on PS supported on a glass 1.0} (a)1kHz
substrate. We thus conclude that there is a large difference in 105nm o
the dynamics of freely standing films and supported thin 08} gnm 2
films. In the case of thin films supported on substrate, it is )
easily understood that the existence of the substrate may & 06}
cause a broadening of the distribution@felaxation times, z%
because the dynamics of polymer chains should depend on 04t
the distance from the substrate near the boundary.
Although only the results for the dielectric loss in thin 0.2
films of a-PS withM,,=1.8x 10° are given in Sec. IV B, the \pspnnl »
results obtained for thin films with,,=2.8x 10° are con- O e 250 200 350 200
sistent with these. Temperature (K)

FIG. 11. Reduced dielectric loss as a function of temperature
V. DISCUSSION AND SUMMARY during the cooling process f@a-PS with film thicknesses of 105

In the case of thin polymer films supported on substrate2nd 9 NM M,,=2.8x 10°): () £=100 Hz and(b) f=1 kHz. The

not only the surface effects but also the interactions betweer!'d curves for thex process were obtained by fitting the data to
the substrate and films strongly affect the dynamics and thi€ €quatione” =3 , €/ {1+[(T—T;)/ATJ?}.
glass transition of the thin films. We introducethaee-layer
modelin order to explain such surface and interfacial effectsthickness decreases. Therefore, it is reasonable to attribute
in Sec. Il B, following Ref.[17]. In this model it is assumed the loss peak for they, process to the liquidlike layer. In
that within a thin film there are a liquidlike layer and a deadother words, the existence of tlag process can be regarded
layer in addition to a bulklike layer. as experimental evidence of the existence of a liquidlike
According to this model, two different processes should |ayer within a thin film.
exist corresponding to the liquidlike layer and bulklike layer.  Since thea process and the, process can be attributed to
(If the a process exists in the dead layer, it should exist onlythe segmental motion of polymer chains in the bulklike layer
far aboveT of the bulk sample, i.e., beyond the experimen-and liquidlike layer(surface layey, respectively, we can ex-
tally accessible temperature rang@/e now are performing pect that the characteristic time of tlag process is smaller
dielectric measurements to investigate the dynamical propethan that of thew process at a given temperature, because
ties of a-PS thin films over a wider temperature range. Al- polymer chains involved in the, process has a higher mo-
though the measurements are still in progress, direct evbjlity than those in thea process of a bulklike layer. At
dence for the existence of different processes in thin films Of']igher temperatures the segmental motions of the surface
a-PS is displayed in Fig. 11. Figure 11 shows the normalizeqayer is expected to become less different from those of the
dielectric loss as a function of temperature ®PS thin  pylklike layer. ThereforeT ,, should be smaller thah, at a

films with thicknesses of 105 and 9 nm akt],=2.8x 10°. given frequency and the difference betwe®p and T,

In this case, the standard temperatligds set to 180 K. For . .
films with d=105 and 9 nm there ther process exists should become smaller with increasing frequency. H@gle,

around 390 K forf =100 Hz, as discussed in Sec. IV, while iS the temperature at which the dielectric loss possesses a
for films with d=9 nm there anothetr process exists at Maximum due to they, process at a given frequency. Be-
|ower temperature_ We refer to the |atter as thq)rocess cause the chain end concentration in the surface |ayel’ is
(see arrows in the figureThis peak in the dielectric loss due higher than that in the bulklike layeT,, can be expected to

to the ¢ process shifts to the higher temperature side as thhave a stronger molecular-weight dependence Thadoes.
frequency of the applied electric field changes from 100 Hz If there are liquidlike and dead layers in addition to a
to 1 kHz. This suggests that the dynamical behavior of théulklike layer, it is plausible that there are boundary layers
peak is similar to that of thex process. Since within the between the bulklike layer and the dead layer and between
model the thickness of the liquidlike layer is assumed to behe bulklike layer and the liquidlike layer. The existence of
constant(independent of the thicknes§ the contribution of  such boundary layers causes the broadening of the distribu-
the liquidlike layer should become more appreciable as théion of the « relaxation time of the bulklike layer, and this
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broadening is enhanced as the thickness decreases. Becausgeristic length scaletcgg for the « process of bulk
T4 can be regarded as the temperature at which the anomgamples, while the values af a’, anda” are believed to be
lous increase " begins, T, decreases as the distribution of related to the heterogeneous structure of the mobility within
T, broadens, i.e AT, increases oBxww decreases. thin films or surface and interfacial effects. According to the

Since the liquidlike and dead layers cause the distributionmodel of Adam and Gibbs, the size of the CRR increases as
of 7, to broaden toward the shorter time side and the longethe temperature approachd@g. Near the glass transition
time side, respectively, the relaxation time can remain temperature, the characteristic time of ta@rocess is larger
constant as long as the two contributions cancel each othefhan 16 sec, and only the slow modes contribute appreciably
In the present measurements, we measured the peak frequé@the dielectric loss. Hence, a more promineutependence
ciesf ain the dielectric loss due to the process, which are  Of the @ process can be expected when the dielectric mea-
equal to the inverse of 2r,, and it is found thaf ., at a surements are performed for frequencies much smaller than
given temperature is almost independent of the thicknes§'0S€ adopted in the present work. We plan to make such
down to the critical thicknesd, . measurements in the future. _

Below the critical thickness, there is ne process with !N this paper we made dielectric measurement on capped
dynamical properties observed in the bulk sample. In thidhin films of atactic polystyrene supported on an Al-
case the dynamical properties of the thin film are determined€P0sited glass substrate. The results can be summarized as

by the competition between the liquidlike layer and the dead®"OWs: g o
layer within the thin film. The values of, can no longer (1) The glass transition temperature of thin filmsaPS

remain constant, but it decreases or increases, depending BS Peen determined using the temperature change in the

whether contributions from the liquidiike layer are stronger€/€ctiic capacitance. The observeglis consistent with the

or weaker than those from the dead layer. In the present cad€Sults obtained by other methods. A decreasd jrwith

7, andT, decrease drastically fat<d, . This behavior can decréasing thickness has been confirmed. _

be accounted for by assuming that contributions from the (2) The thermal expansion coefficient normal to the film

liquidlike layer are much stronger than those from the deadurfacea, increases with decreasing thickness below the ap-

layer. parent Ty, while it decreases with decreasing thickness
Here, it should be noted that the observed valudols ~ POVETg. The thickness dependenceaf can be described

larger than the sum of thickness of the liquidlike layer andPY & linear function of the inverse of the thickness.

the dead layeré+ &: d,=11—23 nm, while&+ 5~10 nm. (3)_Thed dependence of 4 is directly co_rrelated to that of

From this result it follows that fod=d,, the bulklike layer ~the width of the peak due to the process in the temperature

still exists, but the relaxation time for the process of the domain and also to the distribution of relaxation times of the

bulklike layer is different from that of the bulk sample. This @ PrOCess.

suggests the possibility that dt the thickness of the bulk-  (4) The temperature at which dielectric loss is maximal
like layer (d—¢— &) is comparable to the characteristic due to thea process in the temperature domain and ¢he

length scaleterp Of the @ process. Therefore, the value of rglaxatipn time 0btajned by the frequency depe_ndenc_:e of the
£crr CaN be estimated as 1-13 nm, if there is assumed tglelectrlc loss remain constant down to the critical thickness
exist any characteristic length scale of theprocess at all. de+ While belowd, they decrease drastically with decreasing

Becaused, depends on the molecular weight &PS, £crr thickness. The values af, have a r_nolecular W_eight depen-
may also depend on the molecular weight. However, moréien_ce and are related to the radius of gyration of polymer
precise measurements &&ndé showing whether these val- cNains.
ues depend on the molecular weight are necessary to eluci-
date the molecular weight dependencetgg.

In this paper four different length scales,a’, a”, and This work was partly supported by a Grant-in-Aid from
d., were extracted from the dielectric measurements. Fronthe Ministry of Education, Science, Sports and Culture of
the above discussiod, is expected to be related to the char- Japan.
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