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The cold crystallization process in poly(ethylene terephthalate) (PET) spin-coated ultrathin films was
studied by infrared spectroscopy. The conformational change associated to the formation of crystal phase
during annealing at 107 �C was measured in real time, by monitoring both intensity and frequency shift
of trans and gauche conformer bands of the PET glycol segment. Enhancement of crystallization kinetics
was observed in thin films deposited on amorphous silicon, with respect to a 20 mm thick free standing
film used as reference, where the fastest kinetics was observed for the thinnest (35 nm) film. Experi-
mental findings were interpreted in terms of scarce interaction between PET films and silicon substrate,
which does not provide slowing down of crystallization kinetics as observed on different substrates. This
results in a dominant effect of the polymer/air interface, where faster kinetics is observed, as also
confirmed by atomic force microscopy imaging, particularly on the thinnest film. Additionally, Avrami
and Avramov analyses evidence a decrease of both the Avrami exponent, related to growth dimen-
sionality, and induction time, related to delay of nucleation start, when decreasing film thickness.
Therefore, the reported results enrich the description of confinement and substrate interaction effects on
the cold crystallization process taking place in PET ultrathin films.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The behavior of polymers in nano-pores, nano-channels, nano-
layers as well as polymer nano-particles, nano-rods and nano-films
is of wide interest to the scientific and applicative development of
soft matter nanotechnologies since all the mentioned geometries
are examples of confined spaces. Indeed, properties of polymers
such as the glass transition, the melting temperature and the
crystallization kinetics may differ in confined geometry in more or
less extent from the corresponding properties of the unperturbed
materials in the bulk [1].

It is widely accepted that polymer crystallization at surfaces and
interfaces differs somehow from bulk crystallization, while the
reasons for this behavior are still under debate. Nucleation from
impurities concentrated at the exposed surface has been often
invoked in the past [2,3], while more recently, phenomena
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connected to the different dynamics of the polymer at the interface
have been considered [4,5].

Among polymers, poly(ethylene terephthalate) (PET) can be
chosen as a model material to study crystallization in confined
geometry, because its crystallization rate is slow enough to allow
isothermal studies also under accelerated conditions such as those
that may be found in confined geometries [6]. Moreover, PET is an
important material for large scale applications such as packaging
films and bottles as well as for electronics, due to its good optical,
electrical and gas barrier properties, as well as to its quite high
melting temperature. For all the mentioned applications and in
particular in view of combining packaging and electronics, the
properties of polymers at the interface with air, as well as with
those metals that are typically used for electronics, may be of
crucial importance.

Several works have dealt in the last years with the behavior of
PET in confined geometries [7e10]. In particular, its glass transition
temperature in ultrathin films on gold was found to decrease
monotonically with the film thickness when the latter is smaller
than 100 nm [7]. Crystallization of PET at the air interface studied
by AFM, grazing incidence X-ray diffraction and XPS was found in
all cases to be faster than the bulk one [11e13].
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Fig. 1. Stack adopted to collect infrared spectra of 35 nm ultrathin films.
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On the contrary, the crystallization rate and the crystalline
fraction in films on gold substrates were both found to decrease
with the film thickness [9]. Similarly, a slowing down of structural
dynamics was observed by dielectric spectroscopy in PET thin films
capped between aluminum electrodes [8]. Such effect was related
to a reduced mobility layer at the aluminum interface. Reduction of
the crystallization kinetics rate in ultrathin films on silicon
substrates was also observed for poly(ethylene oxide) [14] and poly
(ethyl-vinyl acetate) [15]. Generally, a reducedmobility of polymers
near the interface is invoked to explain the lower crystallization
rate. Another explanation for the reduced crystallization rate found
in thin films is that the spherulites located near the interfaces or
surfaces have a lower probability to include polymer volume in the
formation of the crystal with respect to what happens in the bulk
[16].

Recently Reiter and coworkers [17] showed, by dynamic Monte
Carlo simulations, that a more rich scenario would exist: in fact, both
decrease and increase of crystallization rate may be observed in
ultrathin films, depending on whether there is attraction or neutral
repulsion between polymer and substrate. This indicates that, in
principle, a crystallization rate increase could be observed for crys-
tallizable polymers on scarcely interacting substrates. Nevertheless,
experimental evidences of such a fact are still missing until now.

In order to assess this predicted behavior, a non metallic
substrate with potential interest in electronics applications such as
silicon was select as scarcely interacting substrate for PET. There-
fore, thin and ultrathin films on silicon were prepared by spin-
coating. Silicon in amorphous state was selected because it is
mostly transparent in the infrared spectral region and it can be used
as support for infrared spectroscopy analysis in the conventional
transmission mode. The crystallization of PET was then followed
isothermally during annealing at 107 �C by infrared spectroscopy
which can provide information on the crystallization process as
well as on the polymer conformation and possible interaction at the
interfaces [7,15]. Morphology of initial and final surfaces was also
obtained by AFM to further support our findings.

2. Experimental part

2.1. Materials and sample preparation

PET sheets of 250 mm thickness were purchased from Good-
fellow. Molecular weight average and distribution were character-
ized by Size Exclusion Chromatography (SEC) using CHCl3/CH2Cl2/
hexafluoroisopropanol 60/30/10 as an eluent at 1 ml/min. The
analysis revealed that the used PET has Mn¼ 38800 kg/mol and
Mw/Mn¼ 1.97.

Ultrathin films of various thicknesses were prepared by spin-
coating chloroform/trifluoroacetic acid solutions of PET on amor-
phous silicon IR windows (Nicodom, IR Si transmission windows).
Before the polymer deposition, the substrates were sonicated
successively in acetone, isopropanol and deionized water. Then,
they were cleaned by UV/ozone during 15 min.

Film thickness was varied by changing the solution concentra-
tion and spin-coating speed. To allow a gradual solvent evapora-
tion, the samples were annealed under vacuum (10�4 mbar) for few
days at 30 �C, and progressively heated up to 65 �C (just below the
bulk glass temperature Tg¼ 71 �C). Then, the samples were kept at
such temperature during 6 additional hours to remove possible
mechanical stresses induced by the spin-coating. Annealing above
the glass transition temperature was avoided since in that case
spherulite formation on the surface occurs, as evident by AFM
imaging.

The solvent removal was checked by IR spectroscopy analysis, by
monitoring the disappearing of the intense OeH and C]O
stretching bands at 3200e3500 cm�1 and 1750e1800 cm�1. We
found that the total removal of the solvent before the annealing at
65 �C was necessary in order to avoid any crystal formation.

After the last annealing procedure, the film thickness was
measured by profilometry.

A free-standing film of PET of w20 mm thickness, used as
reference bulk sample, was obtained by compression moulding
(Collin 200P) at 250 �C during few min at 50 bar, and then
quenching in water.

2.2. Infrared spectroscopy

Fourier transform infrared (FT-IR) spectra in transmission mode
were collected with a Perkin Elmer 1770 spectrophotometer.
A total of 32 scans with 4 cm�1 resolution were collected for
ultrathin films over 3e4 min. 8 scans were collected in the case of
the free standing film. Background was acquired every 4 scans on
clean reference windows. Single films deposited on substrates
were analyzed, excepting for the case of 35 nm ultrathin films,
where the absorbance of a single film was too low to obtain
reliable IR data. Therefore three films were stacked with teflon
O-ring spacers (10 mm thickness) between them, in order to
increase absorption (Fig. 1). A similar assembly with clean Si
windows was used to obtain the corresponding background
measurement. In this case 64 scans were accumulated for both
sample and background.

A home-made thermostated sample holder was used for the
on-line study of cold crystallization kinetics at 107 �C. Tempera-
ture was regulated by Lake Shore 331 controller equipped with T
thermocouple (contacted to silicon substrate) and Pt100 A-Grade
sensor (embedded into the metallic sample holder). Both sensors
measured the same temperature within their accuracy, therefore
we can exclude the presence of significant gradient across the
sample. Infrared spectra were collected as a function of time,
while films were kept at 107.0� 0.5 �C. Zero of time was fixed
when temperature raised to 104e105 �C, in such a way that
temperature stabilized to the final 107 �C during the first point of
acquisition. During the first hour of annealing, measurements
were performed every w3 min, and in the following period the
time interval between consecutive measurements was progres-
sively increased.
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2.3. Surface morphology

Atomic force microscopy (AFM) images were recorded at room
temperature in air with a NanoScope III multimode AFM (Veeco,
Santa Barbara, CA) in standard tapping-mode. Microfabricated
silicon tips/cantilevers with a nominal tip radius of curvature of
5e10 nm and spring constant of about 3 N/m were used (Veeco).
Topographical and tapping phase contrast images were collected
simultaneously by adjusting the free oscillation amplitude (A0) and
the set point tapping mode amplitude (Asp) in order to achieve
stable imaging conditions. Image processing was performed by
WSxM software [18].

3. Results and discussion

3.1. FT-IR analysis of ultrathin films

PET ultrathin films were analyzed by infrared spectroscopy in
transmission mode by taking advantage of the high transparency of
the used Si windows in the 4000e1550 cm�1 as well as of
reasonably limited absorption in the 1550e1000 cm�1 region.
Typical PET spectra were observed at all investigated thickness as
reported in Fig. 2a [19].

The inset of Fig. 2a shows the absorption bands due to the
wagging of glycol eCH2eCH2e in gauche (w1370 cm�1) and trans
(w1340 cm�1) conformation (Fig. 2b), plus the band at 1410 cm�1

due to in-plane vibration of the benzene ring [19] frequently used
as the normalization band.

PET in the crystalline phase assumes a full trans conformation,
which means that the glycol segments, the phthalates and the ester
moieties are all arranged in trans conformation [20,21]. Indeed, the
IR conformational bands can be used to follow the PET crystalli-
zation process as well as to assess the presence of crystal phase in
starting PET films [22]. In particular, the fraction of glycol segment
in trans conformation (fT) is carried out as [9,23e25]:

fT ¼ A1340

A1340 þ k$A1370
(1)
transgauche
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Fig. 2. (a) IR spectra of ultrathin films of PET spin coated on Si windows, (b) Sketch of
trans and gauche conformations of the glycol segment in PET.
In equation (1) Ai are the integrated absorption intensities of the
infrared absorption bands having maximum at i wavenumber, and
k is a constant equal to the ratio between the absorption coefficient
of the wagging band for the glycol segment in gauche and trans
conformation. The value of k was derived for a reference free
standing film of PET 20 mm thick [26] to be 6.7, in good agreement
with previous used values [9,23,24].

The amount of glycol segments in trans conformation in the as-
prepared ultrathin films ranged between 0.07 and 0.13, where the
lowest amount was found for the 35 nm film. Indeed, it is well
known that the glycol segments of PET in the amorphous phase are
mostly in the gauche conformation, while 10e12% of them are in
trans conformation [27,28]. That was also our case, and so the
absence of relevant amount of crystalline phase in all prepared
films was verified.

3.2. Cold crystallization at 107 �C

FT-IR spectra were acquired while ultrathin films of PET were
annealed at 107 �C (See Fig. 3 as example). A progressive intensity
increase of the band at 1340 cm�1, due to the trans glycol
conformer, and a corresponding decrease of the band at 1370 cm�1,
due to the gauche conformer, were observed. This indicates
a progressive conversion of gauche conformers into trans ones,
probably due to the cold crystallization process [28].

Other spectral variations over the annealing time were the
increase of the bands at 727, 1024, 1110, 1126, 1255, 1271 cm�1 and
the carbonyl component at 1717 cm�1. Moreover a decrease of the
bands at 1093, 1099, 1288, 1240 cm�1 and of the carbonyl compo-
nent at 1732 cm�1 were observed. All these spectral variations are
typically associated to the formation of crystalline phase [22].

AFM imaging performed both before and after the annealing
process showed the presence of crystal and amorphous phases in
the samples annealed at 107 �C (see Fig. 4 as an example), while
only few or no crystalline seeds are detected in the initial stage
images (not reported).

Fig. 4 shows a comparison between surface structures of
annealed films of 35 and 160 nm thickness. In both cases, branched
spherulite like structures appearing on the surface seem to indicate
mainly a flat-on lamellar growth. The crystalline area fraction at the
interface with air was obtained from the AFM topography data, by
using a threshold procedure already introduced in Ref. [12]:
Fig. 3. IR spectra of the 114 nm thin film kept at 107 �C for increasing time (see
legend). Spectra were normalized with respect to the maximum intensity of the band
at 1410 cm�1.



Fig. 4. AFM images of (a) 35 nm and (b) 160 nm films after 1360 min annealing at 107 �C.
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a statistical analysis of topographic images estimated a crystalline
area fraction of 91 � 8% and 87 � 6%, respectively for the film of 35
and 160 nm thickness. This value is much larger than the crystal
volume fraction we found by FT-IR on the same PET thin films (see
next subsection). Such crystalline fraction is also dramatically
larger than the value of 30e35% found by different techniques
(XRD, FT-IR, calorimetry, dielectric spectroscopy) on bulk PET
samples annealed at the same temperature [26,29e31]. Actually,
a very high level of crystal area fraction is a typical feature of the air/
polymer free surface and it has been already observed by AFM
analysis of several bulk polymeric films [32] included PET [12].
Similarities between the surface crystallization patterns and frac-
tion in films of different thickness could indicate that the substrate
and confinement effect are not able to hinder the faster surface
crystallization dynamics even in the thinnest films.

3.3. Crystallization and conformation

An usual method to compare the crystal volume fraction in
films at different thickness, is to normalize the area value of the
trans conformer band at 1340 cm�1 (A1340) with the reference band
area at 1410 cm�1 (A1410) [13,19,33] because the latter is assumed
to be not affected by conformational change of the monomeric
unit. This procedure was attempted to compare the crystallization
kinetics in films of different thickness (Fig. 5) but showed a marked
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Fig. 5. Normalized area values of the trans conformer band (at 1340 cm�1) for PET films on
respect to the reference band at 1410 cm�1 (a) or with respect to the film thickness (b).
discrepancy for the 35 nm film, while a coherent behavior was
observed for all the other samples. The values of the area ratio at
the end of the observation time, that is in the fully crystallized
films, were w2.2 for the 35 nm film and w0.9 for all the others.
This last value is in agreement with the value observed by N. W
Hayes et al. [13] in a 150 nm thick PET film spin-cast on a silicon
wafer, analyzed by FT-IR in transmission mode after annealing for
30 min at 110 �C. The high ratio value in the 35 nm film here
obtained seems to indicate the formation of a larger final amount
of crystalline phase in the thinnest film than in the others. This is
the opposite of what was observed for ultrathin PET [9] and poly
(ethylene-vinyl acetate) films [15] on gold, where a reduction of
both the nucleation rate and the crystalline degree were observed
when the film thickness became comparable to the gyration radius
of the polymer.

We observed that the A1340/A1410 ratio value in the 35 nm film
was larger than in all the other films at any annealing time,
including the initial time. Such ratio was 1.5 times larger at the
beginning, increasing up to 2.5 times at the longest analysis time.
The initial content of glycol segments in trans conformation (fT)
calculated by using equation (1) and the band intensities in the
spectra of the 35 nm film at room temperature indicated instead
a lower value in the 35 nm film than in the other films. The
dependence of the two band areas on the film thickness was
investigated to look into the apparent contradiction. In fact, in
b
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transmission mode, with incidence angle of 0� and absorbance
values smaller than 0.6e1, the band intensity should be propor-
tional to the film thickness according to the LamberteBeer law [34].
On the contrary, no linearity was observed for the ring vibration
band, as the 35 nm film value at 107 �C was lower than expected
(Fig. 6). This deviation must be responsible of the discrepancy in
Fig. 5a, and indicates that the band at 1410 cm�1 should not be used
as reference band. The statement is confirmed by Fig. 5b where
comparable plots are observed for the films at different thickness
by normalizing the areas of the trans conformer band with respect
to the film thickness obtained by profilometry measurements
(Fig. 5b). A slightly lower crystal content in the 35 nm films than in
the thicker films is found, in agreement with the results previously
obtained for PET films deposited on gold [9].

In order to analyze the possible source of discrepancy for the
intensity of the ring vibrational band at 1410 cm�1 in the 35 nmfilm,
a couple of hypotheses can be formulated: (1) at the air interface,
intermolecular and intramolecular forces of PET chains are lower
than in the bulk, so that the intensity decrease with temperature
of the aromatic ring band at 1410 cm�1 [35] is larger in the thinnest
film, (2) the substrate induces optical anisotropy, visible in the case
Fig. 7. Possible arrangements of the aromatic r
of the thinnest film, whose infrared spectrum shows a band ratio
that differs from that of the corresponding isotropic material [36].

The first hypothesis was stimulated by the observation that the
area value of the 1410 cm�1 band in the 35 nm film at 107 �C was
68% lower than at room temperature (Fig. 6), not changing appre-
ciably all over the annealing time. The corresponding decrease for
the 20 mm film was 12%, in good agreement with previous findings
[35], while decrease of 31% and 24% was observed for the 160 and
114 nm films, respectively. The area values at room temperature
varied quite linearly with film thickness (Fig. 6). A small deviation
from the linear model was observed for the thinnest film, whose
areawas lower than predicted. The discrepancy at 107 �Cwasmuch
larger than at room temperature. Based on Ref. [35], such intensity
decrease observed at 107 �C with respect to room temperature in
PET films on silicon would be expected at temperature higher than
200 �C. In Ref. [35] the effect of temperature on the intensity of the
trans conformer band at 1340 cm�1 was also analyzed, and a larger
effect than for the above mentioned ring vibration band was
observed. Therefore, under the hypothesis of a less dense packaging
in the 35 nm film than in the thicker films, the A1340/A1410 band
ratio would be expected to be lower for the 35 nm film than for the
others. On the contrary it was higher (Fig. 5a). However, the above
mentioned analysis of the temperature effect in the trans
conformer band intensity was performed in a fully crystallized film,
to avoid the concurrence of conformational change effects. There-
fore the observed behavior is relative to the crystal phase, so that
a smaller decrease of the trans band intensity with temperature in
the amorphous phase cannot be excluded.

The second hypothesis on the cause of the low intensity of the
1410 cm�1 band at 107 �C was stimulated by recent papers con-
cerning the dichroic character of the 1410 cm�1 band [37,38].
Indeed, in IR spectroscopy, the component of the dipole moment in
the wave propagation direction does not contribute to the absorp-
tion intensity. Unfortunately no information on the orientation of
the transition moment related to the vibration mode responsible of
the band at 1410 cm�1 is available in literature. However, the band at
1410 cm�1 is widely accepted as reference band to follow the gauche
to trans conformational conversion, particularly in oriented films
under stress in the plane normal to the propagation vector
[28,39,40]. In any case, by considering that the vibration is in-plane,
the corresponding vector should lie in the aromatic ring plane.
Therefore the low intensity of the 1410 cm�1 band in the 35 nm film
could be due to an excess of aromatic rings oriented perpendicular
to the Silicon surface than in the isotropic PET material. In Fig. 7 the
ing of PET unit perpendicular to a surface.



0 100 120 140 160
0,0

1,2

1,4

1,6

1,8

2,0

105 nm = 3 x 35 nm

Ar
ea

 C
=O

 (c
m

-1
)

thickness (nm)

Initial time
Final time

Fig. 8. Area of the carbonyl stretching band at w1720 cm�1 in the FT-IR spectra of
films with different thickness.

M. Bertoldo et al. / Polymer 51 (2010) 3660e3668 3665
two possible orientations of the aromatic ring perpendicular to the
silicon surface are illustrated.

Furthermore, the carbonyl stretching band at w1720 cm�1 on
the 35 nm film was observed to have higher intensity than expec-
ted for such film thickness (Fig. 8). The carbonyl group is oriented
mostly perpendicularly to the PET chain axis. The vibration dipole
moment has the same orientation of the group itself, therefore the
observed very high level of intensity could be due the orientation of
macromolecular chains perpendicular to the Si surface, as sketched
in Fig. 7a.

The perturbation responsible for such orientation can be caused
by the confinement effect or by the presence of the Silicon
substrate. The effect of the interface with air can instead be
excluded, since it should favor parallel orientation of the benzene
ring [41]. As mentioned before, the A1340/A1410 band ratio in the
35 nm film, at the initial stage, was 1.5 times higher than for the
other films, and became 2.5 times higher after annealing at 107 �C.
Such increase of discrepancy seems to indicate that the initial
orientation also promotes orientation of the crystal phase, with
lamellae parallel to the silicon interface (flat-on lamella growth), as
also confirmed by AFM images.

On the other hand, since the trans conformer wagging band
vector forms an angle of 21� with the macromolecular chain axis
[42,43] the corresponding band intensity should be decreased by
the perpendicular orientation with respect to the silicon surface.
Therefore, the low intensity of the trans conformer band in the
35 nm film with respect to the others (Fig. 5b) at the end of the
crystallization time does not necessarily indicate a lower crystal
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Fig. 9. Wavenumber of the trans conformer band at maxima (a) and corresponding reduced
case spectral data were not suitable for application of band shift method, due to insufficien
content in the 35 nm film but could be due only to an orientation
effect.

Unfortunately, for the 35 nm film, the gauche conformer band
intensity decreased beyond the minimum detectable value as soon
as annealing started. Therefore, the procedure based on fraction of
gauche and trans conformers (equation (1)) could not be applied to
calculate the crystalline fraction over the annealing time, but it
could only be used to determine the starting trans/gauche ratio.

Several routine methods such as DSC, XRD and density
measurements are available to confirm IR spectroscopy indications
for thick films, but these methods cannot be used for ultrathin
films.

To confirm that the correspondence between conformational
change and crystallization during annealing is also valid in thin
films, evaluation of the infrared band positions in a comparative
way in thin and thick films was performed. Indeed, accordingly to
the results by Cole et al. [22] the wavenumber of the maximum of
the trans conformer band is associated to the crystalline fraction.
Two positions for the maxima of the trans conformer bands in
infrared spectra are identified, one at 1343.0 cm�1 for the crystalline
ordered phase, and the second one at 1339.5 cm�1 for the glycol
segments in trans conformation in a disordered amorphous phase.
Films with a mixture of the two phases exhibit intermediate band
position resulting by the overlap of the two components. Consis-
tently, initial band maxima in the free standing reference thick
films, which showed no detectable crystallinity by XRD and DSC
analysis, was located at 1339.8 cm�1 (Fig. 9a). The band maximum
shifts toward higher wave-numbers while the film is annealed at
107 �C. A plot of this quantity versus time displays a sigmoid shape
with inflection at 1341.3 cm�1 and plateau at 1341.8 cm�1. The final
value was lower than the value of 1343 cm�1 indicated in Ref. [22]
for the completely ordered phase. Thus, a lower degree of order is
indicated, in accordance with the general finding for PET crystals
grown in the 100e120 �C temperature range [34,44].

The kinetic behavior of the reference sample can be compared to
that of thin films. Before annealing, band maxima are located at
lower wavenumber than in the reference film. Moreover, the band
maxima further decreased at the beginning of the annealing stage
(Fig. 9a), to increase again similarly to what observed in the free
standing film. The red shift with respect to the free standing film
persisted all over the observation time. If the band shift (n�n0) vs.
time is normalized with respect to the maximum observed shift
(ninf�n0), similar sigmoidal graphs are obtained (Fig. 9b). Therefore
the two graphs are just shifted to one another and the observed
band intensity increases while annealing can be associated to the
formation of similar crystalline phase in the thin and thick films.
Moreover, the analysis of the inflection points showed faster
b
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kinetics with thickness decrease (Fig. 9b), as also observed in the
comparison of Fig. 5b.

The systematic band maxima shift toward the red in the thin-
nest films with respect to the reference may indicate a less dense
packaging of PETchain similar to the temperature effect reported in
Ref. [35], as suggested also by the observed low intensity of the
aromatic ring vibration band.

3.4. Avrami analysis

The comparison in Fig. 5b shows that the variation of the
intensity of the trans conformer band is a little bit faster in the
ultrathin films than on the free standing film. Such difference is
more evident for the thinnest film, namely the 35 nm one. In order
to investigate more deeply the mentioned differences, the varia-
tion of the amount of crystal phase during the annealing time at
107 �C was compared for ultrathin and thick films. If the amount
of glycol in trans conformation (fT) was assumed as linearly
varying as the crystal phase volume fraction [20,21] then the
relative amount of crystal phase at time t, that is, c=cN, could be
calculated as:

c

cN
¼ fT � fT0

fTN � fT0
(2)

the subscript 0 and N refer to the fT value at time zero and at
equilibrium, respectively. In the case of the 35 nm film, as already
mentioned, the signal to noise ratio for the gauche conformer band
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Fig. 11. Comparison between the Avrami’s plots for PET crystallization
was too low, so the unnormalized trans area band was used in such
case instead of the fT value. The obtained plots are compared in
Fig. 10, where differences among the crystallization kinetics for
films of different thickness are evident.

The growth of crystal phase (a) over time under isothermal
conditions is usually described in terms of the semiempirical
Avrami’s model

aðtÞ ¼ 1� expð�KtnÞ (3)

where a is the crystalline fraction, K is a constant which can be
expressed in terms of the characteristic time of the process sc as
K¼ 1/sc, and n is a parameter whose value depends on the occur-
rence of nucleation [45] and on the dimensionality of the growth
process. For a semicrystalline solid, a(t) is given by the relative
amount of crystal phase at time t, that is c=cN. According to the
most of the polymer crystallization models [2], the parameter n
assumes the value of 4 for the spherical crystallization under fast
radial growth with thermal nucleation in a large sample, where the
effect of the interface can be neglected. On the contrary, the value of
n can be smaller than 4 because of many effects: very fast nucle-
ation (for instance heterogeneous nucleation by impurities,
nucleants or interfaces), slow radial growth, orientation and
confinement effects [46,47]. The radial growth rate and the nucle-
ation rate in isotropic pure polymers dependmostly on the attitude
of the polymer to crystallize, as well as on the temperature of
crystallization; therefore such rate can be assumed to be constant
for a given polymer which crystallizes isothermally. In order to find
the reference value of n for the PET used in the present study
undergoing isothermal crystallization at 107 �C, the value for the
reference thick film was estimated as follows. We adopted a stan-
dard method consisting in the linearization of the Avrami’s equa-
tion (3), by plotting data in bilogarithmic scale (Fig. 11) [2]. The
resulting graph in the case of equation (3) is a straight line with
slope n and intercept e ln K. However, as commonly observed in
literature for the crystallization of polymers [21,48], a deviation
from the straight behavior at short times is observed for our data.
Such deviation is often ascribed to the presence of a delayed start of
the crystallization, named induction time (t0). This delay can be
connected to the time required to establish thermal equilibrium in
the sample, or for the polymer chains to relax and allow the
formation of the first crystal nuclei. The deviation was observed for
all studied films, included the thick one (Fig. 11a). Actually a simple
temperature delay is not likely for timescale of several minutes, due
to the fast equilibration time of our apparatus and the small mass
involved by the system sample/Si window.

Fitting of the linear part of the plot with a straight line provides
the values of n andeln K shown in Table 1. The reference film (thick
b
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1 2 3 4 5 6
-3

-2

-1

0

1

ln t

ln τc

in a thick free standing film (a) and in the 114 nm film on Si (b).



Table 1
Crystallization parameters obtained by data analysis with Avrami and Avramov
methods.

Thickness
(nm)

t1/2
(min)

sc
(min)

n ln K t0
(min)

s1
(min)

n

Avrami Avramov
20 000 32 36 2.9 10.3 21 11 2.9
160 29 36 2.1 7.5 12 17 1.9
114 29 36 2.1 7.5 15 14 1.7
35 15 26 0.9 2.9 0 10 0.9
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free standing) shows a characteristic time sc of the process of
36 min under the conditions of our study. Such time is slightly
longer than the crystallization half time t1/2 (also reported in Table
1) defined as the time at the inflection point of the sigmoid plot of
Fig. 9 (32 min). The latter is in agreement with the value of 33 min
from DSC analysis reported in Ref. [31] for the isothermal crystal-
lization of PET at a similar temperature. Moreover, the same sample
was analyzed by DSC, XRD, and dielectric spectroscopy (DS) [26]
and the results confirmed the value of 32 min here obtained by
FT-IR analysis. sc can be expressed as the sum of the induction time
(t0) and a characteristic time s1 that better describes the system
kinetics. Such time is derived from the intercept of the x axis by the
function ln(-ln(c/cN)). The value of n found for the reference film
was 2.9 which is quite typical for films of polyesters that crystallize
slowly, particularly under cold crystallization conditions [49e51].
In Ref. [47] it is shown that the Avrami’s exponent can be as small as
2.2 in 50 mm films, when the potential nuclei number is low, as well
as the activation rate.

The comparison of the induction time in the reference free
standing film and ultrathin films can also provide useful informa-
tion on thickness dependence of crystallization. Experimental data
were therefore analyzed by the method proposed by Avramov et al.
[48], which allows the evaluation of the induction time t0. More-
over, the Avramov’s method has the advantage that the derived
characteristic time of the process is scarcely affected by the scat-
tering of data at the beginning and at the end of the observation
time. This aspect can be important for the case here analyzed,
where some unclear phenomena are present during the induction
time. In the Avramov’s method, the relative crystallinity ðc=cNÞ is
plotted versus the natural logarithm of time (Fig. 12a). The c=cN
derivative plot is calculated, so that its maximum provides s1 þ t0
where s1 is the true characteristic time of the crystallization process
and t0 the induction time. Avramov proved that such maximum
should be at c=cN ¼ 0:63 when the induction time is zero.
Therefore, t0 is the time at which the c=cN versus ln (tet0) has its
maximum at c=cN ¼ 0:63 (Fig. 12). By this method, an induction
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Fig. 12. Avramov’s plots for PET crystallization in a 35 nm film on Si. Plot
time of 21 min was obtained for the free standing film. The Avra-
mov method allows also to obtain the n parameter from the slope
b at the inflection point of the bilogarithmic plot, by evaluating
n¼ e b. The value found for the reference film is 2.9, in good
agreement with the value found with the classical Avrami’s
method.

The Avrami and Avramov methods were both applied to obtain
the n parameters for all the thin films on Silicon. The values
obtained by the twomethods are in good agreement between them
by taking into account the data scattering, particularly in the
Avrami method (Table 1). The n values for the ultrathin films
decrease with the film thickness. Similar behavior was observed
also by Zhang [9] who found values from 2.3 to 1.2 for PET films on
gold with thickness from 115 to 22 nm crystallized at 105 or at
110 �C. On the other hand, in spite of the similar decrease of the
exponent, the crystallization half time t1/2 on gold was found to
increase with the film thickness, that is the opposite to what was
here observed on Si (Table 1).

The decrease of the n exponent in confined environment has
been the subject of many theoretical works which interpreted the
experimental evidences showing a decreasing crystallization rate
in thin films because of the lower probability of polymer volume
located near the interface to be included in spherulites with respect
to bulk volume [16]. The cited approach predicts a decreasing
crystal amount and rate with film thickness decrease, as found for
the gold substrate. On the contrary, we observed an increasing
crystallization rate with thickness decrease and comparable crystal
amount at least in films 20 mm, 160 nm and 114 nm thick. This
experimental observation strongly indicated that our results cannot
be explained only by geometrical considerations. Indeed, the
infrared band maxima position indicated an higher order degree
around the trans glycol unit in the thinnest film than in the others
and the trans glycol segments initially in the film are those thatmay
evolve into potential crystal nuclei. Moreover we can also infer
a preferential orientation of chains close to the substrate in the
thinnest film that was not observable in the thicker samples.

The half time of the crystallization process (t1/2) (Table 1) was
scarcely affected by the thickness decrease, except for the thinnest
film of 35 nm. This difference was evidenced also by the character-
istic time of the process s1, as obtained by the Avramov method.
Because of the data scattering especially at the beginning of the
observation time, there is quite a large difference between the t1/2
and the sc values. In that case, the Avramov method allows to
overcome the drawback of data scattering and provides a character-
istic time of the process s1 of 10 min for the 35 nmfilm,which, due to
data scattering, seems to be comparable to the corresponding values
in the films with higher thickness. Moreover, the Avramov method
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allows to evidence a decrease of the induction time t0 with the film
thickness decrease which most likely can be connected to the rate of
activation of the potential nuclei due to a highermobility of chains in
the 35 nm film than in the thicker ones.

The most part of literature data related to crystallization in thin
and ultrathin polymeric films shows a decrease of crystal amount
and crystallization rate with thickness decrease [9,15]. Here we
report an experimental evidence of increasing crystallization rate
with film thickness decrease. This behavior was predicted by Reiter
and coworkers for crystallization in films on slippery walls [17]. The
surface energy of amorphous silicon is 1.05 J/m2 [52], lower than
the corresponding values of materials typically used as polymer
substrates, like gold, aluminium, and silicon oxide [53]. Moreover,
when the film thickness decreases to few nanometers, not only the
substrate interface but also the air interface becomes important to
the overall dynamic behavior. Indeed, the crystallization of PET at
the air interface has been found to be faster than in the bulk [11]
and thus most likely the observed increased crystallization rate as
the film thickness decrease could be due to the predominant effect
of the interface with air over that with the amorphous silicon
substrate.

4. Conclusion

Infrared spectroscopy was employed to follow the formation
kinetics of crystal phase in PET 160, 114 and 35 nm thin films spin-
coated on amorphous silicon and annealed at 107 �C. Crystalliza-
tion kinetics was found slightly faster in the thinnest film with
a decrease of both the Avrami exponent and the induction time of
the crystallization. The effect becomes larger with the film thick-
ness decrease. Occurrence of surface crystallization was confirmed
by AFM morphology analysis.

An unexpected low intensity of the ring vibration IR band at
1410 cm�1 was observed at 107 �C, which can be interpreted as
orientation effect of the PET chains perpendicularly to the silicon
substrate or in terms of a low density packaging of PETchains in the
ultrathin films, particularly evident in the case of the 35 nm PET
film.

All such phenomenology suggests a trend that is at odds with
respect to previous observation on PET ultrathin films. We attrib-
uted it to the dominant effect of the air interface over the scarcely
interacting silicon surface: the overall result is to make the PET
chains more mobile and prompt to order and nucleate.
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