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Heterogeneous Dynamics of Polymer Thin Films
as Studied by Neutron Scattering

Rintaro Inoue and Toshiji Kanaya

Abstract This review covers recent progress in studies on the dynamics of poly-
mer thin films in the glassy state and near the glass transition temperature, as
revealed by neutron scattering. First, the glassy dynamics including low energy
excitation (Boson peak) and the fast localized process of polymer thin films at the
picosecond timescale was studied to reveal the effect of film thickness. The
dynamic heterogeneity of polymer thin films in the glassy state was also evaluated
in terms of non-Gaussian parameters. Second, the glass transition temperature of
polymer thin films was investigated using inelastic neutron scattering with high-
energy resolution to clarify the mechanism of its dependence on film thickness.
Finally, neutron reflectivity was used to study the distribution of glass transition
temperature in a multilayered thin film consisting of deuterated polymer and
hydrogenated polymer.
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1 Introduction

Polymer thin films are utilized in the field of industrial applications such as
lithography, coating, lubrication and so on and extensive studies have revealed
that the thermal and mechanical properties of polymer thin films are quite different
to those of bulk polymer [1, 2]. The thickness dependence of the glass transition
temperature (T,) [3—13], the thermal expansivity [7, 14], the ultra-slow expansion
and contraction process [15], and the dewetting at temperatures lower than T, of the
bulk polymer [16, 17] are some of the representative examples of the anomalous
properties of polymer thin films. At present, it is believed that most of singular
physical properties of polymer thin films are related to the anomalous physical
properties of the surface or interfacial region, hence we have to take into consider-
ation the heterogeneous structure of polymer thin films to understand the singularity
of polymer thin films.

For evaluation of the dynamic heterogeneity, there exist some experimental
methods like nuclear magnetic resonance (NMR) [18], photo probe [19], and
inelastic neutron scattering (INS) [20]. The advantage of INS is the direct probe
of time (¢) and space (Q) simultaneously; hence, we can discuss the heterogeneity of
polymer thin films from both the static and dynamic point of view. Another
advantage of INS is the relatively broad experimentally accessible temperature
range, covering from far below bulk 7, to above bulk T,,. Hence, we can study the
dynamics of polymer thin films in both glassy and molten state using INS. So far,
few experimental approaches have been developed for studying the glassy state of
polymer thin films even though some researchers have discussed the correlation
between glassy dynamics and dynamics near T, for bulk systems [21, 22]. We
believe that glassy dynamics cannot be overlooked in the investigation of glass
transition or related properties of polymer thin films, therefore measurements
covering a broad temperature range are necessary.

In this review, we investigate the dynamic heterogeneity or anomalous dynamics
of polymer thin films at temperatures from far below bulk T, to above bulk T, by
neutron scattering. We also discuss the effect of dynamic heterogeneity on the
resulting glassy and molten dynamics of polymer thin films.

The arrangement of this article is as follows: In Sect. 2, we briefly survey previous
works on glass transition and related works on polymer thin films. Section 3 briefly
describes the basic principles of inelastic and quasielastic neutron scattering for the
reader’s convenience. Section 4 discusses the thickness dependence of mean
squared displacement (%), as evaluated from 07 dependence of the elastic scattering
intensity at the picosecond time scale. The physical origin for the change in (u?) with
thickness is discussed from the point of view of molecular weight, Boson peak, and
local relaxation (the so-called fast process). Afterwards, we discuss the dynamic
heterogeneity of polymer thin films in terms of non-Gaussian parameters evaluated
from the O dependence of elastic scattering intensity, taking advantage of the high
Q accessible spectrometer. Section 5 is dedicated to the thickness dependence of

T,, as evaluated using ellipsometry and INS with different energy resolutions.
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The results are discussed with relation to the relaxation time map. The distribution of
T, in a thin film is discussed in Sect. 6 for multilayered thin films utilizing isotope
labeling by neutron reflectivity. Concluding remarks are given in Sect. 7.

2 Physical Properties of Polymer Thin Films

In this section, we review recent investigations into the physical properties of
polymer thin films. After the pioneering works by Keddie et al. [3], the thickness
dependence of T, was systematically studied by various methods including
ellipsometry [3-5], X-ray/neutron reflectivity [6-8], dielectric relaxation [9, 10],
local thermal analysis [11], and differential scanning calorimetry (DSC) [12, 13].
For example, the reduction in T, with thickness was observed for polystyrene (PS)
thin films supported on Si substrate, as shown in Fig. 1 [5]. The existence of a
mobile surface layer with lower T\, than that of bulk polymer was directly confirmed
by scanning probe microscopy (SPM) [23, 24]; hence, a two-layer model consisting
of a mobile surface layer and internal bulk-like layer is often used to describe the
thickness dependence of PS thin films. In the case of freely standing PS thin films,
which have two air—polymer interfaces, a much more drastic reduction in T, was
reported by Forrest and coworkers [25, 26]. The reduction in T, with decreasing
film thickness was thought to be a universal feature of polymer thin films; however,
this is not so. An increase in T, with decreasing film thickness was observed for
poly(methyl methacrylate) (PMMA) thin films supported on Si substrate with
native oxide [3] due to strong interfacial interaction between the PMMA thin film
and the Si substrate.
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Singular physical properties of the surface or interfacial region of polymer thin
films are not only observable from the thickness dependence of T, but also from the
other thermal properties of polymer thin films. A reduction in thermal expansivity
with thickness reported by Miyazaki et al. [7] and DeMaggio et al. [14] is also
related to the anomalous surface or interfacial properties of polymer thin films. In
fact, DeMaggio et al. [14] used a three-layer model consisting of surface, bulk-like
layer, and interfacial layer to describe the thickness dependence of thermal expan-
sivity in the molten state, implying that both surface and interfacial effects cannot
be ignored in describing the resulting physical properties of polymer thin films.
Considering the so far reported results, a homogenous structure is no longer
appropriate for the description of the physical properties of polymer thin films but
instead a heterogeneous structure considering the singularity of surface or interfa-
cial effects is necessary. If a heterogeneous structure were the real nature of
polymer thin films, a distribution of physical properties including T in thin films
would be expected, as pointed out by de Gennes [27] and Jones [28]. Experimen-
tally, Torkelson et al. [29] first succeeded in evaluating the distribution of T, in
polymer thin films by fluorescence and multilayer methods and confirmed the
existence of a distribution of T, or a multilayered structure of T, in thin films.
Their results further reinforce the necessity to investigate the heterogeneous struc-
ture of polymer thin films.

Heterogeneity of polymer thin films was confirmed not only by static
measurements but also from dynamic measurements. Fukao and Miyamoto [9]
reported that the dielectric loss spectrum near T, became broader with decreasing
film thickness by dielectric relaxation. Kajiyama and coworkers [23, 24] used SPM
to show that the apparent activation energy for the o,-relaxation process at the
surface region was smaller than that of bulk polymer near bulk T';, implying a higher
mobility at the surface region. Kim et al. [30] studied the surface dynamics near T,
by X-ray photon correlation spectroscopy (XPCS) and found that the acceleration of
dynamics at the surface region was similar to that of bulk. These studies directly
revealed the dynamic heterogeneity of polymer thin films; however, adequate
experimental approaches are still lacking due to experimental difficulties. Further
detailed and fruitful analyses from the perspective of the dynamic heterogeneity of
polymer thin films are strongly desired and such approaches would offer better
opportunities for understanding the unresolved problems of polymer thin films.

3 Basic Principles of Inelastic and Quasielastic Neutron
Scattering

For better understanding of the present review, we include a brief account of the basic
principles of inelastic and quasielastic scattering. For more detailed information and
equations, the reader is referred to other books [31, 32].
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In the case of inelastic or quasielastic scattering, the observable parameter is the
double differential scattering cross-section d’c/dQdE, which is the probability that
an incident neutron with wave vector k; and energy F; is scattered by 20 into a solid
angle d€2 and with neutron energy in the range dE, as indicated in Fig. 2. The double
differential scattering cross-section is related to the dynamic scattering:

2
6?2% == % Ili_ifN[GincSinC (Qaw) + GCOhSCOh(va)L (1)
where Q is the scattering vector, @ the neutron frequency, Si,.(Q, ®) and S.,n(Q, w)
are the incoherent and coherent scattering laws, o;,. and gy, are the incoherent and
coherent scattering cross-sections, and N is the number of atoms. The incoherent
and coherent dynamic scattering laws are related to incoherent and coherent
intermediate scattering functions I,(Q, t) and I(Q, f), respectively, through the
Fourier transformation:

1 (®
S 0,0) = - J_ 1.(0.1) exp(—ior) dr, @)
Scon(@,0) = % J, 1(Q,t) exp(—iwt) dt. (3)

1,0, ©) and I(Q, ¢) are defined by following equations:

(00 =3 3 (exp{~iQre(0)} exp{iQre(o)}), @

k

1Q.) =1 303 (exp{-iQri(0)} exp{igri(0)}) ©
k !
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Furthermore, incoherent and coherent dynamic scattering laws S;,.(Q, ®) and
Scon(@, ) are described by the time—space Fourier transformations of the
time—space self- and pair-correlation functions G(r, t) and G(r, t):

Sine(Q,) = % J, L drdt Gy(r, 1) expli(Qr — wt)], (6)
Scon(Q,0) = % J7 Jo drdrG(r, 1) exp[i(Qr — wt)]. @)

We also need to remark that the Van Hove correlation function Gy(r, t) is used in
the analysis of inelastic neutron scattering from liquids and is defined by:

G(r,t) = Gy(r,t) + Gq4(r,1) 8)

and is called the distinct correlation function. Assuming that a particle exists at
position r = 0 at time ¢ = 0, then G(r, ) gives the probability of finding the same
particle in an interval dr at r and at t = . G4(r, ¢) is the probability of finding
another particle in an interval dr at r and at t = ¢. The physical meaning of G4(r, t)
and G(r, t) is schematically depicted in Fig. 3.

If the distribution of particle displacements [ry () — r(0) or ri(¢t) — r;(0)] are
described by a Gaussian distribution, then the incoherent and coherent intermediate
scattering functions can be written, respectively, in terms of Q% only as:

L@ =y Sew{- & (0 - o). o)

10.1) :zlv zk: Zexp{—%z () - ;~,(0))2>}. (10)
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The time-dependent mean square displacement can be obtained from the inco-
herent scattering measurements. It is also pointed out that the frequency-dependent
mean square displacement can be obtained from the incoherent dynamic scattering
law within the Gaussian approximation.

4 Glassy Dynamics of Polymer Thin Films
in the Picosecond Region

In this section, we focus on glassy dynamics in the millielectronvolt (meV) or
picosecond region including low energy excitation, which is responsible for the
excess heat capacity of amorphous solids at 10-30 K [33-35], and the picosecond
localized relaxation process, the “fast process” [36—38], in polymer thin films.
Inelastic and quasielastic neutron scattering were used in order to understand the
effect of heterogeneous structure on these localized glassy dynamics. The dynamic
heterogeneity of polymer thin films in terms of non-Gaussian parameters [20, 39]
was also studied utilizing a high Q accessible chopper spectrometer.

Before discusssing the details of dynamics from inelastic and quasielastic
neutron scattering from polymer thin films, examples are given of the observed
dynamic scattering law S(Q, ®) of PS thin films with thicknesses of 1,000 and
400 A at temperatures from 11 to 408 K (Fig. 4a, b). A broad inelastic peak, the low
energy excitation or so-called Boson peak, which is characteristic of amorphous
systems, was observed at around 1.5 meV at temperatures lower than 200 K. With
increasing temperature, the shape of the spectrum changed from inealstic-like to
quasielastic-like, implying the onset of a relaxation process or anharmonic motion.

First we analyzed the elastic scattering intensity /(Q) to evaluate the mean
square displacement (u?). (u?) can be evaluated from the Q* dependence of
incoherent elastic scattering intensity through Io;(Q) = exp[—(u?)Q?]. The temper-
ature dependence of evaluated (1?) is shown in Fig. 5 for the bulk polymer and for
thin films with a thickness of 1,000 and 400 A. (u?) is almost proportional to
temperature 7 in the temperature range below 200 K, implying that the dynamics
are mainly dominated by harmonic motion. With increasing temperature, (u”)
began to deviate from a linear relationship and showed an extra anharmonic
contribution. The examined temperature range covered the bulk T, but we could
not detect the corresponding anharmonic contribution or excess increase at
around bulk T, even for bulk sample. This implies that the energy resolution
used (JE ~ 0.20 meV) was not enough to detect glass transition or o process [40].
The results from high-energy resolution measurements will be given in Sect. 5. The
most important point from Fig. 5 is that (u?) decreased with the film thickness
within the temperature range examined, indicating that the molecular mobility
decreased with thickness.

Two possible reasons for the decrease in (u?) with thickness were considered.
The first reason is the hardening due to polymer chain confinement in a thin film.
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In a thin film below polymer coil size, which can be represented by twice the radius
of gyration (2R,) [41], the polymer chains cannot sustain the normal coil form and
deformation of the coil would occur as shown in Fig. 6a. Small angle neutron
scattering (SANS) studies revealed that polymer chain conformation in thin films
was different to that in bulk states [42, 43]. Such deformed polymer chains would
have higher restoring force than that of a normal coil, resulting in the decrease in
chain mobility with thickness. A second reason for the decrease in (u?) with
thickness is the existence of a hard layer or low mobility layer [14], which would
exist at the interface between the polymer thin film and the substrate (Fig. 6b). With
decreasing film thickness, the fraction of such hard layer becomes large, under
the assumption that the thickness of the hard layer is independent of the total film
thickness.Which is the main reason for the decrease in (u*) with decreasing
film thickness? In order to answer this problem, PS thin films with the same film
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Fig. 5 Temperature dependence of mean square displacement (u?) for bulk PS and thin films of
1,000 and 400 A
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Fig. 6 Molecular pictures illustrating the reduction in mobility with thickness: (a) deformation of
polymer chain and (b) hard layer at the interface

thickness for different molecular weight (M,,) were prepared, giving different ratios
of the film thickness (d) to 2R, If the confinement effect were dominant, a decrease
in (%) would be expected with the decrease in d/2R, because changing the ratio
d/2R, means the changing of degree of confinement. If the interfacial effect were
dominant, (%) would be constant regardless of the ratio d/2R, (within experimental
error) because the ratio of the interfacial layer to total film thickness is constant.
Investigating the dependence of (1?) on M,, would offer a direct clue as to whether a
homogenous structure (confinement effect) or a heterogeneous structure (interfacial
effect) was reasonable. The temperature dependence of evaluated () for different
M., is shown in Fig. 7. Evaluated values of (u?) for different M., lie on a straight line
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Fig. 7 Temperature dependence of mean square displacement (u?) for 400 A films of PS of
different molecular weights

within experimental error, implying that (%) for a thin film of 400 A thickness is
independent of M, in the temperature range examined. In order to check the validity
of our assumption, (u*) was measured as a function of d/2R, and thickness d
(Fig. 8). It was found that (u?) is only scaled by d, not d/2R,, within the accuracy
in the measurements. The procedure directly confirms that change of (u?) with
thickness is not dominated by deformation of the polymer coil but by an interfacial
hard or low mobility layer. Hence, a heterogeneous structure seems to be suitable
for explaining the dynamics of polymer thin films as revealed by INS.

The hard interfacial layer seems to be the physical reason for the decrease in (u?)
with decreasing thickness, as evaluated from elastic scattering. However, we do not
know the effect of the hard interfacial layer or heterogeneous structure on the
resulting inelastic and quasielastic neutron scattering. As a next step, inelastic and
quasielastic neutron scattering from polymer thin films was studied to understand the
physical origin of the decrease in (u*) with thickness. The observed S(Q, w) was
converted to the density of phonon states G(w) [44] and the evaluated G(a))/co2 values
are shown in Fig. 9 for bulk polymer and thin films. A reduction in G(w) with
thickness was observed in the energy region 1-10 meV, suggesting that a decrease in
(u?) with thickness was responsible for the decrease in G(w) because (1) is related to
G(w) through the relation [44]:

by 3L o
(u™y = i Jo > coth {2/@]} G(w)dw. (11)
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The thickness dependence of the calculated (u?) from G(w) and the elastic
scattering are also plotted in Fig. 10. A consistency was found between (1) from
elastic scattering and that from inelastic scattering, supporting the proper background
correction for the observed inelastic scattering from polymer thin films.

In the energy region examined, there exist at least two modes. One is a localized
mode (Boson peak mode) and the other is an extended mode (Debye mode). The
decoupling of both modes is needed to understand which mode contributes to the
decrease in G(w) with thickness in the energy region below 10 meV. The contribution
of the Debye mode in G(w) was evaluated from the Debye frequency wp and the
contribution from the Boson peak mode was obtained by subtracting the Debye
contribution from the total G(w) [45]. For the thin films, the Debye contributions
were estimated assuming that the amplitude of Debye mode and Boson peak mode
are independent of film thickness. The Debye contribution from bulk and thin films
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are included in Fig. 9 as dashed lines, showing the significant depression of intensity
in both Debye mode Gp(w) and Boson peak mode G,(w). It implies that the decrease
in (%) with thickness could be attributed to the decrease in both the Debye mode and
the Boson peak mode. As for the Boson peak, the peak position is independent of
film thickness within experimental error. If we assume that peak energy is given by

® = +/f/m, where f is the harmonic force constant and m the effective mass, the
present result implies that fis constant regardless of film thickness. That is to say, the
effect of hardening on the Boson peak mode seems to be quite small. The physical
origin of the decrease in intensity of both modes with decreasing film thickness must
be considered independently.
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The density of phonon states of Debye mode Gp(w) is related to the average sound
velocity v through the relation Gp () = ‘”ff—_;“’z, where V is the average atomic volume
[46]. The reduction in Gp(w) is the increase in sound velocity (v) due to the
densification with decreasing film thickness. It was reported that polymer chains
tend to form an ordered structure, exhibiting layering near the interface between thin
film and the substrate [47, 48]. Gautam et al. [48] investigated the molecular structure
of PS at the interface between polymer thin film and the substrate using IR—visible
sum-frequency (SFG) spectroscopy and observed a preferred perpendicular orienta-
tion of the phenyl group with respect to the surface normal, indicating the in-plane
orientation of the main chain at the interface between polymer thin film and substrate.
The density of the layer at the interface must become larger due to such an ordered
structure, resulting in an increase in v with decreasing film thickness. The ordered
layer acts as a hard layer and results in a decrease in the Debye contribution Gp(w).

As for Boson peak mode, earlier experimental results for bulk glass-formers
offer useful information for the interpretation of our results. Inamura et al. [49]
investigated the densification effect on Boson peak with SiO, glass and found that
the intensity of the Boson peak decreased drastically just through the densification,
as shown in Fig. 11a. For the polymer system, we [50] studied the effect of
annealing on the Boson peak using PMMA bulk samples (Fig. 11b) and observed
that Boson peak intensity decreased after annealing at 20 K below bulk T, without
affecting the position of the Boson peak. Densification or annealing is a kind of
structural change from the disordered state to the ordered state; hence, the physical
origin of the Boson peak seems to be related to defects or voids or to structural
disorder [51-53]. If there existed an ordered structure or hard interfacial layer at the
interface between polymer thin film and substrate, it would result in a decrease in
Gyp(w) with decreasing film thickness due to the high contribution from such an
ordered layer. This situation results in a decrease in sites or voids for the Boson
peak mode only, hence no shift of the Boson peak would be observed regardless of
film thickness. The hard interfacial layer also seems to explain the decrease in both
the Debye mode and the Boson peak mode and the idea of the existence of a hard
layer is also applicable for the explanation of the thickness dependence of inelastic
scattering behavior.

The observed dynamic scattering law S(Q, @) was scaled by the Bose population
factor after the correction for the Debye—Waller factor. The scaled spectra are
shown in Fig. 12a for thin films with a thickness of 1,000 A. The spectra were
well scaled in the energy range at around 1.5 meV; on the other hand, excess
scattering was observed below 1.5 meV with increasing temperature above about
200 K, suggesting the onset of the so-called fast process. The integrated scaled
spectrum in the quasielastic region (0.70—1.5 meV) are plotted against temperature
in Fig. 12b for the bulk polymer and for thin films of 1,000 and 400 A. The
temperature dependence of the integrated intensity for the 400 A thin film is almost
flat compared to those for the other film thicknesses in a low temperature region
below ~230 K. The results suggest that the quasielastic scattering becomes more
difficult in the thinner films. In order to study the characteristic features of the fast
process in more detail, the model fit to the observed dynamic scattering law S(Q, w)
was performed and the following model function was employed for fitting [54]:
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S(Qa (,{)) = C(Q)[{l - Afast(Q)}(s(w) + Afast(Q)L(ra CO)] + B(Q)v (12)

where A,(Q) is a fraction of the fast process, and 6(w) and L(I", @) are a d-function
and a Lorentzian with half-width at half-maximum (HWHM) I', respectively. C(Q)
and B(Q) are constants representing the Debye—Waller factor and inelastic flat
background, respectively. The results of the fits for the 1,000 and 400 A films at
408 K are shown in Fig. 13 and the observed spectra were well fitted with Eq. (12).
The logarithms of the relaxation rate I" and the fraction Ay, (Q) are plotted against
inverse of T in Fig. 14 for the bulk polymer and the 1,000 and 400 A films. We
found that I' was more or less independent of film thickness, indicating that
dynamics were not affected by film thickness. The most important point in
Fig. 14 is that the fraction A, (Q) decreased with the film thickness, and a similar
decrease in intensity with the decrease in film thickness was also observed for the
Boson peak. Comparing the thickness dependence of intensity or other properties
like relaxation time, Boson peak intensity and the fast process is a fascinating
approach for understanding the correlation between the fast process and Boson peak
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in thin films. The thickness dependence of Gy(w) and Af(Q), which were
normalized by those for bulk sample, and the thickness dependence of I' and
peak position of the Boson peak are plotted in Fig. 15. The thickness dependence
of Gp(w) and A, (Q) are quite similar. Both the relaxation rate I" of the fast process
and the characteristic energy of the Boson peak are close to each other and are
independent of the film thickness, indicating that the physical origin of the Boson
peak and fast process are the same. From the thickness dependence of the Boson
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peak mode, we suggest that the decrease in G(w) is caused by the existence of hard
interfacial layer; hence, a reduction in the fraction of fast process can also be
attributed to an oriented interfacial layer.

Through the thickness dependence of elastic, inelastic, and quasielastic scattering
in the millielectronvolt (or picosecond) region, it was found that the fast picosecond
dynamics of polymer thin films was not described by homogenous dynamics but by
heterogeneous dynamics, which were attributed to the orientation of molecular chains
at the interface between polymer thin film and substrate.

We found that the existence of a hard interfacial layer was indispensable for the
description of decreased mobility of polymer thin films with film thickness, implying
that the heterogeneous structure was more enhanced with decreasing film thickness.
Elucidating the heterogeneous structure of polymer thin films quantitatively is
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the target for understanding the unusual properties of thin films. The dynamic
heterogeneity of polymer thin films in terms of the non-Gaussian parameter A, was
then studied. In addition to the investigation on dynamic heterogeneity in thin films,
we also studied the dynamic anisotropy; therefore, two scattering geometries (trans-
mission and reflection geometries) were used, as shown in Fig. 16. In the transmission
geometries the scattering vector Q is almost parallel and in reflection geometries it is
perpendicular to the film surface; hence, the molecular motion parallel and perpen-
dicular to the surface direction was studied. For the evaluation of dynamic anisotropy
and heterogeneity, the Q dependence of /(Q) must be evaluated.

Figure 17 indicates the 0? dependence of I.(Q) for the 1,000 and 200 A films in
the transmission and reflection geometries at 230 K, which were divided by /;(Q) at
the lowest temperature. As seen in Fig. 17, I;(Q) cannot be described within the
Gaussian approximation /. (Q) = exp[—(u?)Q?], deviating in a high Q region above
about 2.5 A~! due to higher order terms of Q. In order to describe the Q dependence
of 1.,(Q) properly, higher order terms of Q must be taken into consideration. The
non-Gaussian parameter was first introduced by Rhaman et al. [55]. According to
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them, the incoherent intermediate scattering function /(Q, t) is obtained from the
cumulant expansion up to the order of Q* as follows:

10,0 = oxp( 000 + A0 ).

13)
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In this expression, the integrals of the velocity correlation functions, denoted by
71(f) and ,(¢) [55], have been expressed in terms of the mean square displacement
(u?). The non-Gaussian parameter Ao(?) is given by the expression:

)
A0 = Sder " (9

It has been shown by Zorn [39] that the non-Gaussian parameter could be due to
different phenomena such as dynamic heterogeneity, anharmonicity, and dynamic
anisotropy. From the studies on several polymeric glass-formers, the most plausible
origin of non-Gaussian parameter A, of the glass-forming materials was attributed
to dynamic heterogeneity due to the difference in local environments [20, 39]. The
dynamic heterogeneity must be a leading term in the non-Gaussian parameter for
polymer thin films in the glassy state.

If the motion in the individual environment is Gaussian, the intermediate
scattering function I(Q, ¢) is given by:

1(Q,1) = exp(—(u*)Q%). (15)

It is further assumed that the mean square displacement has a distribution g({u?)).
For simplicity of calculation, Gaussian distribution was assumed as follows:
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() — () ) 16

1
) = 75— exp( 202

where o2 = (A2))? = ((u2) — m)z . The incoherent intermediate scattering
function 1(Q, 1) up to the order of O is obtained by averaging over the distribution:

T2 Aomz 4
10,1) = exp| ~(12)Q* + =00 ) a”

where the non-Gaussian parameter A is given by:

TN T2
gy W a9
(u?)

In this experiment, we observed dynamics in the frequency region; hence, the
incoherent elastic scattering intensity of dynamic scattering law S(Q, w = 0) is
given by:

S(0,0 = 0) = exp <—WQ2 + ;AOWZQ“), (19)

where (1?) is the mean square displacement in the frequency region. Equation (19) was
applied to fit to the observed data in Fig. 17 and the results are shown by solid curves,
giving good agreements. From the fits by Eq. (19), the mean square displacementm
and the non-Gaussian parameter A, were evaluated. The temperature dependence of

(u?) and Ay are summarized in Fig. 18. As the film thickness decreases, (u?) decreases,
which is consistent with Figs. 5, 8, and 10. The non-Gaussian parameter A, increases
with decreasing temperature and film thickness, showing that the dynamic heteroge-
neity increases with decreasing temperature and film thickness. By comparing the
results from transmission and reflection geometries we can also discuss the dynamic
anisotropy for thin films. No dynamic anisotropy was observed for 1,000 A thin film;
however, a slight difference inm value was observed for the 200 A thin film. The A,
value in the transmission geometry is slightly larger than that in the reflection geome-
try for the 200 A film, which must come from the anisotropic motion. As mentioned
above, the dynamic anisotropy also contributes to the increase in Ay, however, the
observed dynamic anisotropy only contributes to an increase in Ao, of ~0.05, implying
that the contribution of dynamic anisotropy to Ag is more or less negligible in the
present study. o o

To observe the film thickness dependence of (#?) and Ay quantitatively, (u?) and
Ap at 230 K were plotted as a function of film thickness (Fig. 19). As the film
thickness decreases, the non-Gaussian parameter increases, implying that the
dynamic heterogeneity increases with a reduction in film thickness. Our studies
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on the M,, dependence of (u*)have already shown that the interfacial layer is
responsible for the decrease in (u?), therefore the increase in A, with decreasing film
thickness reflects the multilayer structure of thin films or the existence of a hard
interfacial layer. We tried to calculate A, as a function of film thickness based on
a bilayer model, assuming that the thin film consists of a bulk-like layer and an

interface hard layer. Under this assumption, (¥?) and (u?) were calculated using
Egs. (20) and (21):

@ = (1-5) [0t at) +§ [ @)el el O

W7 = (1-5) [ 02 e )+ [ 020 ), @D

where d, 6, g((?)) i and g({U?)) 4eaq are the total thickness, the hard layer thickness,
and distribution functions of (u?) in the bulk-like layer and in interfacial layer,
respectively. The results of fit with a bilayer model are shown in Fig. 19 by solid
curves, indicating that the bilayer model can describe the thickness dependence of
observed Ay and (u?). In this calculation it was found that the thickness of the hard
layer was ~130 A and that (u?) was ~0.018 A% at 230 K. The value of (u?) in the hard
layer (~0.018 A2) at 230 K is very small compared with the bulk value (~0.066 A2).

The dynamic heterogeneity originating from a multilayer structure was
evaluated based on the concept of non-Gaussian parameters. It was again confirmed
that a heterogeneous dynamic structure was appropriate for the description of the
dynamics of polymer thin films.

5 Glass Transition of Polymer Thin Films in the Nanosecond
Region

In the previous section, the focus was on the glassy dynamics of polymer thin films
and only the picosecond fast process was observed, even at temperatures above bulk
T,. The failure to detect the o process is due to a lack of energy resolution. We have
studied the temperature dependence of (u?) with different energy resolutions, as
shown in Fig. 20 [54]. In order to detect o processes properly, it seems that an
energy resolution higher than about ~20 peV is needed and such a high-energy
resolution is possible with neutron backscattering [56] or neutron spin echo (NSE)
[40]. In this section, we describe studies on the glass transition of polymer thin films
using high-energy resolution spectrometry and ellipsometry.

The evaluated temperature dependence of (1) with energy resolutions of 25 and
0.80 peV for bulk PS and thin films with thicknesses of 1,000, 400 and 200 A are
shown in Fig. 21. (u?) decreased with decreasing film thickness in the temperature
range examined and this tendency is consistent with the results from millelectronvolt
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(or picosecond) dynamics. In addition to the steep increase in (u?) due to the onset of
the fast process at around 200 K, a drastic increase in (u*) was observed at around
370 K, which corresponds to the glass transition temperature in bulk (T, = 373 K),
suggesting detection of the o process [40, 56, 57]. This onset temperature of the
o process was used as a determination of T, by INS. The onset temperature of the
o process shifted to higher temperature with decreasing film thickness, regardless
of energy resolution. Ellipsometry measurements on PS thin films supported on
Al-deposited Si substrates was also performed to realize similar substrate conditions
as those used for INS measurements. The evaluated thickness dependence of T, from
ellipsometry and INS measurements are summarized in Fig. 22. It is evident that the
thickness dependencies of T, as measured by the two methods are completely
contradictory. Similar contradiction in the thickness dependence of T, has already
been reported by Soles et al. [58, 59]. The authors observed a decrease in T, with
decreasing thickness for polycarbonate thin films from specular X-ray reflectivity
(SXR) and positron annihilation lifetime spectroscopy (PALS) studies [58]. On the
other hand, an increase in T, with decreasing film thickness was observed from INS
studies, as shown in Fig. 23. Furthermore, Soles et al. also studied the dynamics of
several amorphous polymer thin films by INS and found that (z?) decreased and T,
increased with thickness for all the polymers investigated, regardless of the strength
of interaction with substrates [59]. It seems that these anomalous phenomenon
detected by INS might be related to certain aspects of polymer thin films.

Polymer thin film is a two-dimensionally confined system; hence, we would like to
consider confined systems to find a plausible clue to the anomalous behavior.
Schonhals et al. [60] studied the dynamics of glass-forming poly(methyl phenyl
siloxane) (PMPS), which was confined to porous glass with a diameter in the nano-
meter range, using a combination of INS, dielectric relaxation, and temperature-
modulated DSC to observe the anomalous dynamics compared to that of bulk
polymer. The obtained relaxation time map for bulk PMPS and PMPS confined to
nanoporous glass is shown in Fig. 24. For bulk PMPS, the temperature dependence of
relaxation time was well described by the Vogel-Fulcher—Tammann (VFT) equation.
On the other hand, the temperature dependence of relaxation time changed from a
VFT equation to Arrhenius equation with a decrease in the diameter of the nanoporous
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glass, implying a decrease in activation energy with a reduction in pore size. Another
interesting finding is that the relaxation times for bulk PMPS and other confined PMPS
intersected at a certain temperature or frequency, which is here referred to as the
“crossing point”. Due to the existence of a crossing point in the relaxation time map,
both acceleration and deceleration of dynamics were observable for PMPS confined to
nanoporous glass compared to the bulk system. This implies that the contradiction
dynamics was also possible for a confined PMPS system. Schonhals et al. discussed
whether this change of dynamics by spatial confinement was attributed to the effect on
a cooperatively rearranging region (CRR) [61]. For bulk glass-former, the size of CRR
can extend adequately without any other spatial hindrance and the temperature
dependence of relaxation time was described by a Vogel-Fulcher-type equation.
With decreasing pore size, the glass-former cannot extend the CRR to the entire
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system due to the limited pore diameter, resulting in the decrease in cooperativity or
the onset of self-motion. The decrease in cooperativity means a decrease in activation
energy; hence, a decrease in activation energy was observed with decreasing pore size.
The above explanation is schematically summarized in Fig. 25.

Is the decrease in activation energy sufficient to realize the existence of a crossing
point in the relaxation time map? If only the change of activation energy occurred, the
crossing point in relaxation time map would be realized at extremely high temperature
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or high frequency regions, which are not experimentally accessible. It is considered
that the existence of an impenetrable wall would affect the resulting dynamics and, in
fact, the dynamics of confined PMPS at a high frequency region was drastically slower
than that of bulk polymer. These results imply that the segmental motion is strongly
hindered by an effect of the wall surface, meaning a reduction in motional freedom.
Both reduction in activation energy with decreasing pore size and a wall effect [62] are
necessary to realize the anomalous dynamics observed for spatially confined
glass-former.

Considering the analogy between the results of Schonhals et al. [60] and our results,
the relaxation time map can serve as a supporting material for understanding our
results. Hence, we tried to prepare a schematic relaxation time map for polymer thin
films. As for the activation energy of thin films, Fakhraai and Forrest [63] investigated
the thickness dependence of activation using ellipsometry with different cooling rates,
as shown in Fig. 26, and found that the activation energy of the o process decreased at
thicknesses below 61 nm. Interestingly, the temperature dependence of the relaxation
rate was not described by a Vogel-Fulcher-type equation but by an Arrhenius type for
the thinnest film investigated. Compared to the reported size of CRR for PS (~3 nm)
[64, 65], the onset film thickness for the observation of a decrease in activation energy
is quite large. The authors supposed that the rearrangement of cooperative dynamics at
the free surface might be involved in the change in temperature dependence of
relaxation time observed for a relatively thick PS thin film (~61 nm); however, more
detailed experimental evidence is still needed to verify this idea.

The relaxation time map, which reflects the decrease in activation energy with
thickness, and the crossing point are shown in Fig. 27. Utilizing the constructed
relaxation time map, the contradictory results observed for the thickness dependence
of T, using two different methods can be explained. Assuming that the ellipsometry
measurement detects T, when relaxation time crosses a certain slow characteristic
time (Fig. 27, line A), T, must decrease with the film thickness. INS detects T, at a
relatively high frequency region compared to other methods and it is assumed that INS
detects T, at a frequency above the crossing point (Fig. 27, line B or line C). Under
such conditions, T, would increase with decreasing film thickness . As a result, both
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INS results and ellipsometry results seem to be explained using the schematic sketch
of the relaxation time map. INS measurements with different energy resolutions can
serve as a self-check for the relaxation time map, and an increase in T, would be
expected with lowering the energy resolution for same sample. Returning to Fig. 22,
it was confirmed that T, increased with lowering energy resolution; hence, the
schematically prepared relaxation time map is consistent with our results.

In order to construct a more reliable relaxation time map quantitatively, comple-
mentary use of other methods like dielectric relaxation measurements and INS
measurements with different energy resolutions are still needed.

6 Distribution of Glass Transition Temperature in Thin Films

In the previous section, it was supposed that the anomalous cooperative dynamics
in thin films compared to that of bulk polymer is related to the singular glass
transition behavior in thin films. In order to clarify the above idea, it is better to
investigate the cooperative dynamics or CRR in thin films directly; however,
concrete theoretical and experimental approaches have not been presented up to
now. Evaluation of the distribution of T, in thin films would be a good starting point
for accomplishing such a difficult task.

One advantage of neutron scattering is that it can discern hydrogenated and
deuterated molecules because of the difference in scattering length density, and this
difference can serve as a kind of labeling. In this section, we describe the distribu-
tion of T, in thin films using multilayered PS thin films consisting of deuterated
polystyrene (d-PS) and hydrogenated polystyrene (h-PS) using neutron reflectivity.

The obtained neutron reflectivity profiles from d-PS/h-PS/d-PS three-layered
thin films at several temperatures are shown in Fig. 28 and the reflectivity profiles
were analyzed with the formula derived by Parratt [66]. The solid lines in Fig. 28
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are the results of fits with the three-layer model. The agreements of fit were very
good for the temperatures investigated, indicating that a three-layer model is
appropriate for the description of our results at temperatures both above and
below bulk T,. The thermal expansivity and T, of total film thickness was
investigated as an initial step, and the temperature dependence of the total film
thickness is given in Fig. 29. The evaluated T, of the total thickness was 374 K and
this value was almost the same as the bulk T, (376 K) within experimental error.
Furthermore the thermal expansivity in the glassy and molten states were
9.4 x 107 and 4.9 x 10~* K™', respectively, and these values were almost the
same as the bulk thermal expansrvity (1.1 x 107* and 5.1 x 107* K™"). It was
found that the total film thickness (~640 A) exhibited bulk-like behavior and these
results were consistent with those of Miyazaki and coworkers [7].

As anext step, the temperature dependence of the three different component layers
was studied. The layers were named first layer, second layer, and third layer from the
top to bottom, as shown in Fig. 29. Evaluated T, of the first layer was 358 K, of the
second layer 374 K, and was not detectable for the third layer within the experimental
temperature range. The evaluated T, from the first and second layers were consistent
with the works by Ellison and Torkelson [29]. As for the interpretation of T, near the
interface between polymer thin film and substrate, the works by Tanaka et al. [67] are
quite helpful. They authors observed about 20 K increase in T, compared with that of
bulk at a distance ~200 A from the substrate for PS th1n ﬁlms supported on SiO,
substrate. The thickness of the bottom layer was ~150 A, hence, at least a 20 K
increase in T}, at the bottom layer would be expected. Considering the zero thermal
expansivity of the bottom layer, the T, of the interfacial layer had a high T, and
possibly shifted out of the experimentally accessible temperature range (above
403 K). Although the total film thickness exhibited a bulk-like behavior, each
component layer showed different T, supporting the idea of dynamic heterogeneity
in thin films as well as glassy dynamics.
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Utilizing the results from multilayered thin film studies, we would like to
understand one aspect of the singular physical properties of “single” PS thin films.
Miyazaki et al. [7] reported a decrease in both T, and thermal expansivity with
decreasing PS film thickness using X-ray reflectivity. From the thickness depen-
dence of T, we get an impression of softening or enhancement of mobility with
decreasing film thickness. On the other hand, from the thickness dependence of
thermal expansivity we get an impression of hardening or decrease in mobility with
decreasing film thickness. Seemingly, the thickness dependence of T is inconsistent
with a thickness dependence of thermal expansivity despite being measured in the
same PS thin films; however, we must try to understand Miyazaki’s results. We have
found that polymer thin films consist of a mobile surface layer, middle bulk-like
layer, and interfacial layer. We have shown that T, of the interfacial layer was too
high to be detected in the present experimental range. As a result, only the T of the
surface layer and bulk-like layer in polymer thin films can be detected in the
experimental temperature range and the interfacial contribution can be neglected.
This is the main reason why the two-layer model works for the description of the
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thickness dependence of T, of PS thin films, in spite of the existence of an interfacial
layer [7]. That is to say, a decrease in T, with decreasing film thickness is mainly
responsible for the contribution of the surface layer or “surface effect.”

How can we interpret the thickness dependence of thermal expansivity? In
principle, the thermal expansivity of “total” thin film is given by the average of
thermal expansivity of the surface layer, bulk-like layer, and interfacial layer:

oc:% Z wdi, D= Z d;, (22)

i=surf,bl,int i=surf,bl,int

where o, tgp, Oy, Oine are the thermal expansivity of total film thickness, surface
layer, bulk-like layer and interfacial layer, respectively and D, dgy, dy, di, are the
thickness of total film thickness, surface layer, bulk-like layer, and interfacial layer,
respectively. From multilayered thin film studies we could not find a clear change in
thermal expansivity of the surface layer (o, ) and bulk-like layer (o) compared
with that of bulk (c,u1i); therefore, it is easily supposed that the surface effect alone is
inadequate to understand the thickness dependence of thermal expansivity of polymer
thin films. As for the thermal expansivity of the bottom or interfacial layer in a
multilayered thin film, we observed zero or quite small thermal expansivity (see third
layer in Fig. 29). With decreasing film thickness, the decrease in o might be due to a
high contribution from the interfacial layer. Assuming the extreme case that a
polymer thin film consists of surface layer and interfacial layer only, then the thermal
expansivity would be given by o tds, /D, resulting in the decrease in thermal
expansivity with decreasing thickness. The “interfacial effect” is indispensable for
the explanation of the thickness dependence of thermal expansivity of PS thin films.

Taking into consideration of both surface effect and interfacial effect we can
understand the decrease in thermal expansivity and T, with decreasing thickness
observed simultaneously for the same PS thin film without inconsistency.

Through the multilayer thin film studies we could also clarify that the resulting
physical properties of polymer thin films are directly determined by the balance or
competition between the surface effect and interfacial effect.

7 Concluding Remarks

We have reviewed recent studies on the dynamics of polymer thin films using
neutron scattering at temperatures ranging from far below bulk T, to above bulk T,
and found that heterogeneity is the essential notion for understanding the physical
properties of polymer thin films from the perspective of dynamics. If we want to
grasp the essence of polymer thin films, we have to aim at investigating the
dynamics at a selective position in a thin film (not in entire films), that is to say
the distribution of dynamics in a thin film. Such an experimental approach is quite
new at present; however, some researchers have started investigations.
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Kim et al. studied only the surface region of a polymer thin film by changing the
incident angle of X-rays using XPCS [30]. Multilayer methods are also useful
and Torkeloson and coworkers used fluorescence to study the aging dynamics
(glassy dynamics) of multilayered labeled PMMA thin films [68]. Thanks to the
sophistication of neutron source devices, isotope labeling of multilayered thin films
might be a reliable method for studying the distribution of dynamics in thin films by
INS directly. Is there an alternative method for evaluating heterogeneous dynamics
without resorting to labeling or multilayered methods? Pratt et al. [69] studied the
dynamics of polymer thin films at different positions in a polymer thin film using
slow muons with different incident energies. The advantage of their method is that
the dynamics at the desired position in a thin film can be probed just by changing
the incident muon energy, which corresponds to changing the interpenetration
depth in the thin film. At present, the energy resolution or the width of interpene-
tration depth is very broad; hence, analyses such as the distribution of relaxation
time along the depth direction are not yet practical. However, the refinement of
instrumentation would offer better opportunities to study the distribution of dynam-
ics at a given position in polymer thin films.

If we can succeed in evaluating the distribution of dynamics near T, in thin films
qualitatively, we have a chance to evaluate the distribution of CRR in thin films and
can discuss the origin of anomalous dynamics in polymer thin films directly. For
this purpose, new experimental methods and further theoretical approaches are
indispensable.
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