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Dielectric relaxation of ultrathin films of supported polysulfone
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The dynamic glass transition (« relaxation, structural relaxation) of ultrathin polysulfone films prepared
between aluminum electrodes is investigated by dielectric relaxation spectroscopy. As a main result, it is found
that the glass transition temperature 7, does not depend on the thickness of the polymeric layer down to a
thickness of 10 nm. For thicknesses lower than 10 nm, an increase of T, is observed. A more detailed analysis
of the temperature dependence of the relaxation rates reveals that the Vogel temperature increases and the
fragility decreases systematically with decreasing film thickness d. Further, the dielectric strength Ae decreases
with decreasing d. This is discussed by the formation of a surface layer of adsorbed polysulfone segments
having a reduced molecular mobility with regard to the time scale characteristic of the glassy dynamics of bulk
polysulfone. Plotted versus inverse film thickness Ae decreases linearly with 1/d and becomes zero for an
extrapolated length scale of 10 nm. From that it is concluded that the thickness of the adsorbed boundary layer
is about 5 nm. Contact-angle measurements were carried out to confirm the strong interaction between alumi-
num and polysulfone. It is also shown that preparation details like annealing conditions strongly influence the

glass transition of supported ultrathin films.

DOLI: 10.1103/PhysRevE.79.011801

I. INTRODUCTION

Ultrathin polymer films are of considerable interest tech-
nologically in a wide range of areas ranging from coatings to
organic electronic devices. This is due to reasons that include
tunability of the properties, low production costs, and high
flexibility. Since the pioneering work of Keddie and Jones
[1], the structural and dynamic properties of thin polymer
films have been in the focus of scientific discussion [2-5]. A
variety of problems have to be understood from a fundamen-
tal point of view. This includes, for instance, wetting [6],
viscoelastic properties [7], diffusion processes [8], and most
importantly the glass transition phenomenon [1,2] because
the glass transition temperature 7, is a key property for the
application of thin polymer films. Among other methods like
ellipsometry [1,9], x-ray and neutron scattering [10-13],
Brillouin light scattering [14-16], and fluorescence spectros-
copy [17-19], dielectric spectroscopy is a powerful tool to
study the molecular dynamics of ultrathin polymer films [5].
Several groups have used extensively that method to inves-
tigate the molecular dynamics of different polymers in thin
films [20-30]. For a review of the dynamics of polymers in
thin films and molecules in confinement in general, see Ref.
[31].

From the rich numbers of experimental investigations,
one can conclude that the dependence of the glass transition
temperature 7, on the film thickness of ultrathin supported
films is controvers1ally discussed in the literature. T, seems
to be controlled by several effects. The both most 1mportant
are the thickness of the polymer film (confinement effect)
and the interaction of polymer segments with the supporting
substrates. In addition to that, the preparation (annealing)
and the used experimental method may also play a role. Just
to mention a few examples, in their pioneering work Keddie
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et al. [1] found a decrease of the glass transition temperature
with decreasing film thickness for polystyrene (PS) almost
independent from the nature of the substrate (gold, silicon
oxide). In contradiction to that, dielectric spectroscopy gives
that the 7, of PS films prepared on an aluminum support is
almost independent of the layer thickness down to a few nm
[24,28]. Poly(methyl methacrylate) (PMMA) spin coated on
gold surfaces shows a decreases of T, with decreasing layer
thickness where an increase of T, is found for a silicon oxide
substrate [1]. A detailed study of the role of the polymer-
surface interaction for glassy dynamics of thin supported
polymer films is given in Ref. [11]. There it is concluded that
for lower Values of the polymer-surface energy vysp than a
critical one y the glass transition temperature decreases
where for ysp> 'y an increase of 7, is observed. In Ref.
[12] it is concluded that the polymer-surface energy Yysp
alone is an insufficient parameter to describe the glass tran-
sition in ultrathin polymer layers. Also the density of the
segments close to the surface should be considered.

One can further argue that the free surface of the polymer
film (polymer-air interface) characteristic of ellipsometry and
fluorescence measurements is important for the strong 7', de-
pression with decreasing film thickness found by these meth-
ods where dielectric measurements, where the film is pre-
pared between aluminum electrodes, often show a constant
value of T, down to a few nanometers. Recently, a new
method for dielectric measurements was developed where
one side of the film is also free [32]. Also, these measure-
ments show no T, shift with decreasing film thickness for a
variety of polymers. Moreover, specific heat-capacity spec-
troscopy using a chip calorimeter where the sample has also
a free surface gives similar results [29,32]

To be complete in addition to the mentioned effects also
the formation of a chemical bond between the surface and
the polymer can play a role. So for poly(ethylene terephtha-
late) (PET) spin coated on aluminum the formation of bonds
between the carbonyl group (—C=0) of the polymer and
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FIG. 1. Chemical structure of polysulfone.

the Al of the surface was reported for both PET/Al and
PET/AIO, interfaces [33-35]. For the case of polymers
grafted on a surface, a strong increase of T, was reported
even for rather large layer thicknesses [36].

In this contribution dielectric relaxation spectroscopy is
employed to investigate the molecular dynamics of ultrathin
polysulfone (PSU) films were PSU is spin coated on alumi-
num. The obtained results are compared with data obtained
for polysulfone spin coated on a quartz slide with a native
oxide surface layer investigated by fluorescence spectros-
copy [19] and for PSU on the native oxide surface of a sili-
con wafer studied by ellipsometry [9]

II. EXPERIMENT

Polysulfone having a molecular weight of M,
=45000 g/mol and a polydispersity index of 1.6 was pur-
chased from Sigma-Aldrich. Its chemical structure is given
in Fig. 1. Size exclusion chromatography proves that there
are no significant low-molecular-weight contributions or mo-
nomeric components. The glass transition temperature T, of
the bulk material is estimated to 457 K (DSC, 10 K/min,
second heating run). Polysulfone is an amorphous polymer
which does not crystallize.

The ultrathin films were prepared between two aluminum
electrodes. Glass slides of 2.5 cmX2.5 cmX 1 mm were
used as substrate. The slides were cleaned in a first step in an
ultrasound alkaline bath at 333 K for 15 min followed by a
second ultrasound bath with ultrahigh purified water (Milli-
pore, resistivity >18 M{)/cm). Then the glass plates were
first rinsed in acetone and then in chloroform (both solvents
Uvasol quality). After that, the substrates were dried in a
nitrogen flow. An aluminum electrode (width 2 mm, height
ca. 60 nm) was deposited onto the glass substrate by thermal
evaporation in an ultrahigh vacuum (107% mbar). After the
evaporation of this first electrode, the plates were again
rinsed in acetone and chloroform. Subsequently, a thin poly-
mer film was spin coated from a filtered chloroform solution
at 3000 rpm. The film thickness was adjusted by changing
the concentration of the polymer in the solution. After spin
coating, the sample was annealed or equilibrated at a tem-
perature well above the bulk glass transition (7y,=7, pui
+35K) in an oil-free vacuum (1073 mbar) for 24 h. The
quality of the film was checked by imagine the topography
by atomic force microscopy (AFM) measurements (tapping
mode). Down to 10 nm, homogeneous films with a low
roughness are obtained by this procedure. No dewetting was
detected.

The preparation was finalized by the evaporation of the
counterelectrode on the top of the polymer film. In general,
evaporation of metals can damage the polymer surface as
discussed in Ref. [37]. To minimize the diffusion of metal
atoms into the film and to avoid damages of the polymer, a
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so-called flash evaporation was applied. This means the
evaporation time was kept as short as possible (<2 s). It is
known that under these conditions a sharp and smooth metal/
polymer interface is obtained [38]. Also, pinholes were not
observed because pinholes would preclude the dielectric
measurements. Prior to the measurement, the sample was
annealed again at (T, =T, pux+35 K, in an oil-free vacuum
1073 mbar, 24 h) to relax the internal stresses introduced by
the evaporation of the second electrode. It should be noted
here that due to the preparation condition, a thin aluminum
oxide layer (1-2 nm) might be formed at the bottom elec-
trode. This layer can influence the dielectric behavior, but
equivalent circuit models can be applied to estimate its in-
fluence.

To study the influence of the annealing temperature on the
molecular dynamics of thin PSU films, samples with a thick-
ness of 20 nm were annealed at different temperatures from
close t0 Ty i Up t0 Tony=T, puic+35 K.

The corresponding bulk sample was obtained by casting
from a chloroform solution on a polished glass substrate. To
control the initial evaporation of the solvent from that thick
film, the glass plate was placed in a closed chamber. To
remove the residual solvent, the bulk sample was annealed
using the same conditions than for the ultrathin films
(Tann=Tg pui*+35 K in an oil-free vacuum (1073 mbar) for
24 h).

A high-resolution ALPHA analyzer (Novocontrol) is used
to measure the complex dielectric function &*(f)=g’(f)
—ig"(f) (f, frequency; &' and &”, real and imaginary parts of
the complex dielectric function, i=v-1) in the frequency
range from 107! to 107 Hz. The temperature was controlled
by a Quatro Novocontrol cryosystem with a temperature sta-
bility better than 0.1 K. For more details, see Ref. [39]. It is
worth mentioning that during the whole measurement the
sample was kept in a pure nitrogen atmosphere.

The film thickness d was determined by measuring the
real part of the sample capacitance C’ in a spectral region not
affected by dielectric dispersions (T=298 K, f=1 kHz). It
holds

goe'A
d== (1)
with g, the permittivity of free space and A the electrode area
(4 mm?). &' is the permittivity of the bulk sample estimated
to 3.7 at T=298 K for 1 kHz. For a few samples this proce-
dure was checked by the absolute thickness measurements
by AFM.

III. RESULTS AND DISCUSSION

Bulk polysulfone shows at least two relaxation processes
indicated by peaks in the dielectric loss &” (see Fig. 2). The 8
relaxation at low temperatures is assigned to localized fluc-
tuations. At higher temperatures than the B process, the a
relaxation (dynamic glass transition) takes place. This relax-
ation process is related to cooperative segmental fluctuations
of PSU. There might be some indications that in the tempera-
ture range between the 8 and « processes are further pro-
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FIG. 2. Dielectric loss vs temperature for pure PSU at a fre-
quency of 1 kHz. The line is a guide for the eyes. The inset gives
the dielectric loss versus frequency for three different temperatures
above T,: A, 465 K; O, 476 K; [, 488 K. The solid lines are fits of
the HN function to the data including a conductivity contribution.
The dashed line gives the contribution for the a relaxation for T’
=476 K.

cesses, but the dielectric loss is low and no pronounced peak
can be observed. Additional investigations are necessary to
clear up this.

The model function of Havriliak and Negami (HN) [40] is
used to analyze the dielectric measurements quantitatively. It
reads

Ae

- [1+ (iw/wy)P]” @

S:IN((U) - &,

wy is a characteristic frequency related to the frequency of
maximal loss f, (relaxation rate). The explicit relationship
between both is discussed in detail in Ref. [41]. ., describes
the value of the real part ¢’ for > f,,. B and vy are fractional
parameters (0<B<1 and 0<By<1) characterizing the
shape of the relaxation time spectra. Ae denotes the dielec-
tric strength. From the fit of the HN function to the data, the
relaxation rate f, and the dielectric strength are determined
and further discussed. Conduction effects are treated in the
usual way by adding a contribution & ,=0y/[w’gy] to the
dielectric loss where oy is related to the specific dc conduc-
tivity of the sample. The parameter s(0<s< 1) describes for
s=1 Ohmic and for s <1 non-Ohmic effects in the conduc-
tivity. For details, see Ref [41]. Some examples of fitting the
HN equation to the « relaxation of bulk PSU are given in the
inset of Fig. 2.

Figure 3 gives the temperature dependence of the relax-
ation rates for the « relaxation and in the inset of Fig. 3 for
the B process of bulk PSU. As is known for glassy dynamics,
f.o{T) is curved versus 1/T, which can be described by the
Vogel-Fulcher-Tammann (VFT) equation [42]
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FIG. 3. Relaxation rate f,, , vs 1/T for the a relaxation of bulk
polysulfone. The line is a fit of the VFT equation to the data. The
inset gives f), g vs 1/T for the (3 relaxation of bulk PSU. The line is
a fit of the Arrhenius equation to the data.

In(10)DT,

=logiofu-———— )

logo f, =log o fo — T-T,

T-T,
(log f., and A are constants, and Ty is the so-called Vogel
temperature). The degree of deviation from an Arrhenius-
type temperature dependence provides a useful classification
of glass formers [43,44]. Materials are called “fragile” if
their f,(7) dependence deviates strongly from an Arrhenius-
type behavior and “strong” if f,(T) is close to the latter.
Despite other possibilities, the parameter D=m in Eq.
(3) can be used as a quantitative measure of the “fragility”
[43,44]. All estimated parameters are given in Table I. For
the B relaxation the temperature dependence of the relax-
ation rate obeys the Arrhenius equation with an activation
energy of 45.4 kJ/mol and a prefactor log(f.. [Hz])=14.4.
For the samples in thin-film geometry, an additional effect
has to be considered in the data analysis because for the
thin-film capacitors the resistance R of the Al electrodes can-

TABLE I. Estimated VFT parameters and dielectric glass tran-
sition temperatures T;el.

el
Thickness A T T‘giiel K] [Ig(]
[nm] log,o(f-[Hz]) [K] [K] f=10Hz f=0.1Hz
Bulk 10.8 4293  426.7 470.5 463.3
220 12.15 613.6 418.4 473.4 465.1
138 11.5 523.3 421.7 471.5 463.5
107 9.4 306.7 435.7 472.2 465.2
48 9.3 270.6 439.1 471.7 465.3
23 8.4 191.2 4445 470.3 464.8
20 8.2 168.0 447.8 471.1 466.0
14 8.0 190.7 445.6 472.8 466.8
9.6 8.0 60.0 464.5 482.5 471.6
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FIG. 4. Dielectric loss vs frequency of a polysulfone film with a
thickness of 48 nm for different temperatures: O, 469 K; [, 477 K;
A, 487 K. The solid lines are fits of Eq. (4) to the data. The dashed
lines are the contributions of the conductivity (dash—-double-dotted
line), the « relaxation (dash-dotted line), and the resonance peak
(dashed line) for T=477 K.

not be neglected. This resistance leads to an artificial loss
peak (electrode peak) on the high-frequency side of the spec-
tra with a time constant 7,,,=R*C’ (C’ is the sample capac-
ity). This means with decreasing film thickness C’ increases
and the electrode peak shifts to lower frequencies. Because
its peak shape in the frequency domain obeys a Debye-type
equation, it can be subtracted using the following fit func-
tion:

ES Asres

8fit=8:IN(w)_i ZT 1+ .
0’y 1 +iwT,,

(4)

Figure 4 gives an example for the analysis of the dielectric
spectra of a thin polysulfone film with a thickness of 48 nm
for different temperatures. As expected, the frequency posi-
tion of the artificial loss peak is independent of temperature.

In Fig. 5 the relaxation rate f), , is plotted versus 1/7 for
different film thicknesses. Besides for the lowest layer thick-
ness all other data are more or less independent of the thick-
ness of the film. At first glance this points to a weak influ-
ence of the thickness of the PSU layer on its glass transition
temperature 7,. As a measure for T, a dielectric glass tran-
sition temperature 79" is estimated by Tg“ﬂ:T(fp,a
=C [Hz]). These estimations were done for two values of the
frequency C, 10 Hz and 0.1 Hz. For both values of C, Tg‘el is
plotted versus film thickness d in Fig. 6 and displays a simi-
lar behavior. As is already concluded from the raw data down
to a film thickness of 10 nm, the glass transition temperature
is independent of d. For thicknesses lower than 10 nm, an
increase of Tghe} with decreasing d is observed.

To analyze the temperature dependence of the relaxation
rate in more detail, a derivative method is used [45]. This
method is sensitive to the functional form of f,,(T) irrespec-
tive of the prefactor f... For a dependence according to the
VFT equation, one gets
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FIG. 5. Relaxation rate f,, vs 1/T for the a relaxation of
polysulfone films for the labeled film thicknesses. The lines are fits
of the VFT equation to the data as described in the text. The dashed
line indicates one frequency of 10 Hz used to estimate the dielectric
glass transition temperature Tgﬁe‘. The inset gives (dlo%;fwr” 2 ver-
sus temperatures for the labeled film thicknesses. Lines are linear
regressions to the data.

-12
|:dloi0f2:| =A—1/2(T_ TO)' (5)
dT
In a plot [d logy f,/dT ~/2 versus T a VFT behavior shows
up as a straight line (see inset in Fig. 5). First, it is concluded
that for all thicknesses the relaxation rates follow the VFT
temperature dependence. All experimental data can be well
described by straight lines. To estimate the parameters of the
VFT equation and the fragility D for a quantitative compari-
son the following procedure was applied. 7, and the A pa-
rameter were taken from the derivative technique by linear
regression. The prefactors were obtained by a fit of the VFT
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FIG. 6. Dielectric glass transition temperature Tf,iel (4, 10 Hz;
¢, 0.1 Hz) and Vogel temperature Ty (O) vs thickness d of the
polysulfone film. Lines are guides for the eyes. Typical error bars
are given for Tgia. The error bar for T, results from the linear
regression.
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FIG. 7. Fragility parameter D vs inverse film thickness. The line
is a guide for the eyes. Typical error bars are given. The inset gives
T, vs inverse film thickness. The line is a guide for the eyes.

equation to the relaxation rates keeping 7y and A fixed. All
parameters are collected in Table I.

The derivative technique gives as a second result that the
Vogel temperature 7 is influenced by the confinement. With
decreasing film thickness, the Vogel temperature increases
systematically (see inset in Figs. 5 and 6). This was also
found for a few other systems [14,25,26,46] and will be dis-
cussed later.

From the estimated VFT parameters, the fragility D is
calculated and plotted versus 1/d in Fig. 7. With decreasing
layer thickness, D decreases and becomes zero at an extrapo-
lated length scale of around 8 nm. This points to a dramatic
change in the mechanism of the underlying molecular mo-
tions with decreasing film thickness. Why the fragility of the
bulk sample is lower than for a 220-nm-thick PSU film is not
clear and needs further investigation.

From the fit of the HN function to the data in addition to
the relaxation rate also the dielectric strength Ae is obtained.
Its temperature dependence is plotted in Fig. 8 for several
layer thicknesses.

With decreasing thickness, Ae decreases strongly. To dis-
cuss this quantitatively Ag is taken at a temperature of 485 K
and plotted versus inverse layer thickness in Fig. 9. The inset
of this figure gives Ae versus d. As already concluded from
Fig. 8, Ae decreases strongly, but follows a linear depen-
dence when plotted versus inverse layer thickness. This is
also observed for other polymers [22,26,30]

The Debye theory of dielectric relaxation generalized by
Kirkwood and Frohlich [47] predicts for the temperature de-
pendence of the dielectric relaxation strength

Ae=—gi— 2, ©)

where w is the mean dipole moment of the process under
consideration and N/V is the number density of dipoles in-
volved. g is the so-called Kirkwood-Frohlich correlation fac-
tor, which describes static correlation between the dipoles.
The Onsager factor is omitted for the sake of simplicity. It is
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FIG. 8. Ae vs temperature for different film thicknesses: [,
bulk; A, 138 nm; ¢, 107 nm; V, 48 nm; <, 23 nm; ¥, 14 nm.
Some typical error bars are given. Lines are linear regression to the
data.

most natural to assume that the dipole moment does not de-
pend on the thickness of the polymer film. Assuming further
that also the correlation factor depends only weakly on the
film dimension, it is concluded that the strong decrease of Ae
is due to a strong reduction of the number density of fluctu-
ating dipoles with decreasing film thickness. This can be
explained in terms of a multilayer model. Due to the high
interfacial energy between PSU and AlO, (see below), the
segments very close to the electrodes interact strongly with
the Al substrate. Because of the interaction between the seg-
ments, this surface interaction influences the sample proper-
ties of a larger area. Therefore these segments have with
regard to the time scale of the dynamic glass transition of
bulk PSU a strongly reduced mobility. The extension of this
reduced mobility layer depends on the substrate polymer in-
teraction and the flexibility of the macromolecule. Samples

Ae

1000 10000

. . S
000 002 004 006 008 010 0.2
1/d [nm™"]

FIG. 9. Ae vs inverse film thickness for T,.,,=485 K. The
dashed-dotted line is a guide for the eyes. The solid line is a linear
regression to the data except the point for the lowest layer thickness
(¥¢). The inset gives Ae vs d. Lines are guides for the eyes.
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with less flexible chains like PSU are expected to have a
thicker reduced mobility layer.

Except the point for the lowest layer thickness, Ae versus
1/d can be well described by a linear relationship. The ex-
trapolation to Ae=0 gives a length scale of ca. 10 nm, which
gives 5 nm as an estimate for the thickness of the reduced
mobility layer. This value is in agreement with the length
scale where also the fragility parameter becomes zero dis-
cussed above (ca. 8 nm), which will give a thickness of 4 nm
for this layer. In conclusion, in a simplified model the struc-
ture of polysulfone films on the aluminum support has to be
considered at least as a two-layer system consisting of a sur-
face layer with a reduced mobility and a layer in the middle
of the film which behaves bulk like [25,26]. To be more
realistic, a mobility gradient has to be assumed.

The point for the lowest film thickness was excluded from
the linear fit shown in Fig. 9. The corresponding film thick-
ness is below 10 nm. Therefore this value was attributed to
the surface layer having a reduced mobility and a higher
glass transition temperature. This is in accordance with the
result that for the lowest layer thickness (9.6 nm) the glass
transition temperature is increased by more than 10 K com-
pared to the bulk value. It would be interesting to measures
samples with thickness below 9.6 nm to see whether the di-
electric strength actually becomes independent of the film
thickness at such length scales. Unfortunately, no stable films
with lower thicknesses can be prepared by the used experi-
mental method. To be complete one has to mention that the
complex dielectric function for the discussed simple two-
phase model (bulklike layer, reduced mobility layer) is not
additive. Therefore the surface layer with a reduced molecu-
lar mobility can have a complicated influence on the mea-
sured total dielectric response [48]. This is also discussed in
detail in Ref. [26]. Model calculations show [26] that the
decrease of the dielectric strength is in full agreement with
the existence of an adsorbed layer with a reduced mobility.
In addition to that surface layer, the thin oxide layer on the
aluminum electrodes can cause a further reduction of the
dielectric strength as discussed in Ref. [48]. A quantitative
discussion requires some assumptions like a model for the
structure. The justification of these assumptions and the val-
ues of the input parameters are arguable.

Finally, the thickness of the Vogel temperature can be
discussed in the same way. Concerning the experimental re-
sults, the polysulfone films has to be considered as a two-
layer system as discussed above. With decreasing film thick-
ness the ratio between the amount of the surface layer and
that of the bulklike layer increases. One has to keep in mind
that dielectric spectroscopy senses the response of the whole
film. Therefore the estimated Vogel temperature should be
considered as a mean value averaging over the mobility gra-

TABLE II. Contact-angle values of the test liquids with polysul-
fone. The values for aluminum oxide are taken from Ref. [26].
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TABLE III. Total surface energy °? and its dispersive ¥V
and polar components 9 for the test liquids according to the data
given in Ref. [51].

Diodomethan Ethylene glycol Water Glycerol
Y [mN/m] 50.8 48.0 72.80  64.0
YV [mN/m] 48.5 29.0 26.00  34.0
v" [mN/m] 0 2.60 34.2 53
v~ [mN/m] 0 34.8 19.0 42.5

dient inside the film due to interfacial interactions as also
discussed in Ref. [49]. With decreasing film thickness the
contribution of the surface layer increases. Figure 7 shows
that both the fragility and the Vogel temperature 7;, do not
scale linearly with the inverse film thickness. Similar results
are also found in Refs. [25,26], which indicate that dielectric
spectroscopy does not weight the layer contributions regard-
ing their volume percentage. This points again to the fact that
a gradient of molecular mobility instead of a simple two-
layer model has to considered.

To estimate the interfacial energy between aluminum ox-
ide AlO, and polysulfone contact angle, measurements were
carried out. Diodomethan, ethylene glycol, and water have
been used as test liquids. The measurements were carried out
using the automated contact-angle system G2 (Kriiss) by the
Sessile drop method. To estimate the values for AlO,, the
contact angles are taken from Ref. [26]. The angle values are
given in Table II. The contact-angle values were used as
input to calculate the interfacial energy vygp in the frame of
the Fowkes-van Oss—Chaudry-Good (FOCG) model
[11,50]. In this model the surface tension is given by °@
=YV =V 24y y, where YV is the dispersive and
v" the polar component. The equation of Young and Dupré
[50] was applied to estimated YV, y*, and y~. The corre-
sponding values for the test liquids used for that analysis are
taken from Ref. [51] and listed in Table III. The values ob-
tained for both aluminum and polysulfone are displayed in
Table IV. The polar component is further expressed by the
electron-acceptor y* and electron-donor components 7y~
[50,51]. The Good-Girifalco-Fowkes [52] combining rule
was applied to estimate ygp between PET and AlO,:

ysp= (VAR = VM) 4+ 2L (vE9) 2 + (¥ 9p) 2 = (vyp) 2
- (svp)'"?1. (7)

S and P refer to the substrate and polymer. According to Eq.
(7), the dispersive part of the Al0,/PSU is 1.59 mN/m and
the polar one is 3.8 mN/m, leading to a total energy of

TABLE IV. Total surface energy $°® and its dispersive 4V and
polar components " for polysulfone and aluminum oxide.

,}}otal ’}’LW ,y+ o

Diodomethan  Ethylene glycol Water Glycerol [mN/m] [mN/m] [mN/m] [mN/m]
PSU 37.0£3.4 64.9*0.6 103.9+0.4 PSU 41.1 41.1 =() 0.2
AlO 63.6 0.1 79.0=0.7 79.0x2 AlO 30.4 26.5 0.5 7.7

X

X
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FIG. 10. Dependence of the glass transition temperatures vs film
thickness for thin polysulfone films: @, dielectric data (C=10 Hz),
this publication. The error bars are the same than in Fig. 6, [, data
measured by Kim et al. [9]: ¢, data published by Torkelson er al.
[19]. The lines are guides for the eyes. V¥, dielectric data measured
for a 20-nm-thick film annealed at 7=473 K; 4, dielectric data
measured for a 20-nm-thick film annealed at 7=463 K.

5.45 mN/m. In comparison to the values given in Ref. [11],
the value found here is essential higher and in a region which
correspond to a strong increase of T, ('y:PzZ mN/m for
different couples of substrates and polymers [11]). To be
complete the real interfacial energy could be higher than the
calculated ygp due to the formation of chemical bonds or
specific interaction between Al and PSU, for instance, via the
sulfonate group. The discussion of this point is out of the
scope of this paper and is currently studied by detailed x-ray
photoelectron spectroscopy (XPS) investigations [53].
Torkelson et al. [19] investigated the dependence of T, of
polysulfone layers prepared on the surface of a quartz slide
by fluorescence spectroscopy. Ellipsometry was employed by
Kim et al. [9] to study the thickness dependence of the glass
transition temperature of thin PSU layers spin coated on the
native oxide surface of a silicon wafer. The corresponding 7',
values were taken from these publications, and the difference
to the bulk T, value is plotted versus the layer thickness in
Fig. 10 and compared to the dielectric data discussed here.
For both systems a strong decrease of 7, with decreasing
layer thickness is observed where the dielectric data show
almost no thickness dependence as discussed. The reason for
this diverging behavior might be the different interactions of
the polysulfone segments with the different substrates and/or
different preparation conditions. Another point to discuss is
that the samples investigated here are capped between two
aluminum electrodes. The samples studied by Kim et al. and
Torkelson et al. had one polymer/air interface (free surface).
It is often argued that this free surface is responsible for the
significant reduction in the glass transition temperature [29].
This might be one further reason for the differences in these
data sets. But, however, it should be also mentioned that
recent dielectric and thermal measurements for samples with
one free surface did not report any significant 7, reduction
[32]. To shine some light on the influence of the preparation

PHYSICAL REVIEW E 79, 011801 (2009)

conditions, experiments are carried for a 20-nm-thick
polysulfone film annealed at different temperatures above the
bulk glass transition temperature of PSU. The results are
included in Fig. 10. With decreasing annealing temperature
the estimated 7, decreases and becomes comparable with the
data reported in Refs. [9,19]. This decrease of T, should be
not attributed to residual solvent left inside the sample be-
cause the layer thickness is small. It is likely due to a non-
equilibrium state of polysulfone segments (compared to bulk
PSU) introduced by the preparation of the film. By spin coat-
ing the polymer, chains are transferred from the solution to a
solid state in a short time. This corresponds first to extremely
high cooling rates. Second, for ultrathin films, the surface
layer formed by strongly adsorbed segments dominates the
properties of the whole film. Because this surface layer has
an essential lower molecular mobility, the equilibration of it
needs a longer time or higher temperatures than for the cor-
responding bulk. Insufficient equilibration conditions can
lead to frustrated structures of the polymer, which can give
rise to different properties like 7,. From these experiments
one can conclude that the preparation conditions may have
an essential influence on the properties of ultrathin polymer
films.

IV. CONCLUSION

Ultrathin films of polysulfone were prepared from a chlo-
roform solution by spincoating between aluminum layers
serving as electrodes for the dielectric measurements. The
film thickness was adjusted by varying the concentration of
the polymer in the solution from microns down to values
below 10 nm. The so prepared samples were studied by
dielectric spectroscopy in the frequency range from
107! to 107 Hz.

The bulk PSU sample shows two different relaxation pro-
cesses characteristic of amorphous polymers: an activated 8
process at low temperatures and « relaxation (dynamic glass
transition) for temperatures above 7.

For the thin films a dielectric glass transition temperature
Td‘el was calculated from the temperature dependence of the
relaxation rates fpa bY Td‘el—T(fp .=C [Hz]) as a measure
for T,. For the selected two frequencies C (10 and 01 Hz),
Td'e' does not depend on the thickness of the film down to
thlcknesses of 10 nm. For lower thicknesses than 10 nm, an
increase of T, was found. This behavior is in pronounced
contrast to the behavior reported by Torkelson et al. [19] for
thin PSU layers on a native quartz surface investigated by
fluorescence spectroscopy and the results found by Kim et
al. [9] for polysulfone spin coated on the native oxide sur-
face of a silicon wafer. Both groups found a strong depres-
sion of T, with decreasing layer thickness. The reason for
this discrepancy might be the different interactions of the
polysulfone segments with the different substrates and/or dif-
ferent preparation conditions. To explore the latter point ex-
periments are carried out for a 20-nm-thick PSU annealed at
different temperatures above the glass transition temperature
of bulk polysulfone. With decreasing annealing temperature,
Tg‘el decreases and comes close to the values reported in
Refs. [9,19]. This decrease of T‘;‘e' is probably not due to
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traces of solvent left in the film because its thickness is
small. More likely is to assume that spin coating introduces a
nonequilibrium state of the macromolecules which needs
longer times or higher temperatures to be relaxed. This
proves that the preparation condition of ultrathin polymeric
films can have an essential influence on its properties.

To explore the interaction of the PSU segments with the
aluminum oxide surface the dielectric relaxation strength Ae
was estimated from the measurements. It is proportional to
the dipole density taking part in the « relaxation. With de-
creasing film thickness a pronounced decrease of Ag was
observed which is attributed to the formation of a surface
layer of polysulfone segments which interacts strongly with
the aluminum surface. Therefore this layer has a reduced
molecular mobility compared to bulk PSU. The existence of
such a layer was confirmed by contact-angle measurements

PHYSICAL REVIEW E 79, 011801 (2009)

from which the interfacial energy between aluminum oxide
AlO, and polysulfone is estimated. From the thickness de-
pendence of the dielectric relaxation strength, it was con-
cluded that the thickness of this surface layer is ca. 5 nm.
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