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Abstract

The thickness dependence of the crystal orientation of poly(trimethylene 2,6-naphthalate) (PTN) films was clearly demonstrated using the
methods of two-dimensional grazing incidence wide angle X-ray diffraction (2D GIWAXD) and grazing incidence reflection absorption FTIR
(RA-FTIR) spectroscopy. The 2D GIWAXD results showed that for films thicker than 200 nm, the “c” axis (main chain direction) and “b”" axis
of crystal unit cell are almost parallel to the sample surface, whereas for thin films the ¢’ axis is preferentially perpendicular to the film plane in
the crystalline phase of isothermally crystallized PTN films. The anisotropic orientation of the naphthalene rings in the isothermally crystallized
PTN film was also confirmed. By analyzing the relative absorbance of the parallel band (1602 cm™") to the one of perpendicular band
(917 cm™ "), the thickness dependence of the crystal orientation suggested by the GIWAXD results was also confirmed. Furthermore, the naph-
thalene rings in the isothermally crystallized thick films were found to lie flat on the film plane. The chain orientations derived from the GI-

WAXD and RA-FTIR results in this work were found to be consistent with the “flat-on” and “edge-on” lamellar orientation for the thin

and thick films, respectively, which has previously been reported in many polymer systems.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer thin and ultrathin films have received a great deal
of attention both scientifically and technologically due to their
usefulness for photolithography [1], liquid crystal displays [2],
sensors [3], microelectronic applications [4], and antireflection
coatings [5]. Given that many properties of thin polymeric
materials are highly affected by the presence of surfaces
and/or interfaces, a fundamental understanding of the influ-
ence of these factors on the structural aspects of polymers,
such as their conformation, orientation and the local packing
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is essential. With ultrathin films, the glass transition tempera-
ture [6], crystallization kinetics [7,8], crystallinity [9], mor-
phology [10] and electrical properties [4] have been reported
to be highly dependent on the thickness of these films.

Schonherr et al. [10] found that for isothermally crystal-
lized thin and ultrathin films of poly(ethylene oxides) on oxi-
dized silicon substrates, lamellar crystals were observed to
grow preferentially in ‘““flat-on” orientation in films thinner
than approximately 300 nm; i.e., the helical PEO chains are
oriented along the surface normal direction. In contrast, lamel-
lar crystals in films thicker than 1 um are preferentially in an
“edge-on”’ orientation. Recently, Wang et al. [9] found that the
morphology of melt-crystallized LLDPE showed “edge-on”
lamellae for films thicker than 30 nm and ‘““flat-on” lamellae
for films thinner than 15 nm.

Grazing incidence wide angle X-ray diffraction (GIWAXD)
[11—26] and small-angle X-ray scattering (GISAXS) [26—37]
have been proven to be very powerful tools for evaluating
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surface structures and orientations of thin films of which the
structure and especially their orientation at the surface of
a thin polymer film were difficult to analyze with conventional
transmittance WAXD and SAXS methods. Using GIWAXD
technique, the characteristic behavior of the crystal structures
of thin polymer films was extensively studied with poly(ethyl-
ene terephthalate) (PET) [20—22], polyimide [11,16], isotactic
polypropylene (iPP) [12,13], poly(3-hexyl thiophene) (P3TH)
[24,26], and polyfluorene [14].

Fourier transform infrared (FTIR) spectroscopy is an im-
portant technique for characterizing the localized chain struc-
ture in many polymers [38—40]. It can be used to probe subtle
details such as intermolecular interactions, localized molecular
conformations and orientations directly. Reflection absorption
FTIR (RA-FTIR) spectroscopy is one of the various infrared
techniques that are useful to characterize the structure in
thin polymer films. With an incidence angle ranging from 75
to 88°, it is likely a good alternative for characterizing the
physical structure of ultrathin films as the incident infrared
radiation used for grazing incidence angle RA-FTIR spectros-
copy spans a significantly wider surface area [41—45]. For the
incidence angle given above, the illuminated surface area for
RA-FTIR can be 3—30 times greater than the corresponding
area analyzed in transmission FTIR with a normal incidence.
One important characteristic of RA-FTIR is that the resultant
electric field vector is perpendicular to the film surface when
reflected from the metal substrate. Therefore, if molecules
are adsorbed onto the substrate with a preferred orientation,
vibration modes having transition moments perpendicular to
the surface will appear with greater intensity than modes hav-
ing transition moments parallel to the surface. Thus, RA-FTIR
is especially useful for determining the orientation of molecu-
lar species in thin polymer films.

In this work, the crystal orientation of poly(trimethylene
2,6-napthalate) (PTN) films of various thicknesses was studied
with synchrotron source GIXRD and grazing incidence
RA-FTIR methods. The dependence of the crystal orientation
on the film thickness was also examined.

2. Experimental section
2.1. Sample preparation

PTN synthesized with 1,3-propandiol and dimethyl 2,6-
naphthalene dicarboxylate showed an intrinsic viscosity of
0.52 dL/g in a mixed solvent of 1,1,2,2-tetrachloroethane and
phenol. The PTN was dissolved into a solvent of 1,1,1,3,3,3-
hexafluoro-2-propanol to prepare PTN solutions of various
concentrations. It was then spin-coated onto silicon (100) and
gold-coated silicon wafers (Aldrich) (spin speed: 2000 rpm)
for the GIWAXD and RA-FTIR measurements, respectively.
The as-coated sample was baked in a vacuum oven at 40 °C
for 12 h to remove residual solvent. To prepare an isotropic sam-
ple, the dried films were melted at 235 °C (T, =204 °C) for
3 min and then quickly quenched by liquid nitrogen-cooled
air. The isothermally crystallized samples were prepared by iso-
thermal annealing of the melt-quenched sample at 160 °C for

2 h. The thicknesses of cold-crystallized samples were mea-
sured with an ellipsometer (Plasmos Inc., SD2302 Model,
with a wavelength of 632.8 nm He—Ne Laser) and by an Al-
pha-step device (DEKTAKS3, Veeco Instruments Inc.). The sam-
ple thicknesses were the average values of both measurements.

2.2. 2D GIWAXD measurement and data analysis

The GIWAXD measurements were carried out at the 4C2
beamline of the PAL (Pohang Accelerator Laboratory, Korea)
using a two-dimensional (2D) CCD detector (PI-SCX4300-
165/2, Princeton Instruments). The wavelength of the incident
X-rays was 1.54 A and sample-to-detector distance was 126.8.
Samples were mounted on a 4-circle kappa goniometer installed
in a vacuum chamber. The incidence angle of the X-ray radiation
was set to 0.24°. The critical angle of PTN was 0.171°.

One-dimensional (1D) in-plane and out-of-plane scan
GIWAXD profiles were extracted from the corresponding
2D GIWAXD patterns [18,21]. The intensities of in-plane scan
GIWAXD profiles were scanned along the horizontal direction
while keeping the exit angle of 0.6° and the intensities of out-
of-plane scan GIWAXD profiles were scanned along surface
normal direction. To calculate average crystal orientation, the
azimuthal scanning profiles of (002) reflection were extracted
from corresponding 2D GIWAXD pattern. The intensities of
azimuthal scanning profiles of (002) reflection were scanned
along the azimuthal angle from —90 to 90° while keeping the
26 of (002) reflection peak constant. The zero azimuthal angle
was set to the meridional direction in the 2D GIWAXD pattern.

2.3. Grazing incidence reflection absorbance FTIR

To observe segmental orientations in thin films, the RA-
FTIR spectra were measured with a variable-angle reflection
accessory (Specac) and a polarizer-attached Bruker IFS 66v/
s spectrometer using an incidence angle of 80° (angle from
the plane normal). The polarization of the incoming beam
was parallel to the plane of incidence (p-polarized).

3. Results and discussion
3.1. GIWAXD measurement

PTN is known to have two crystal structures known as the
o and B forms. An « crystal can be obtained by cold crystalliza-
tion whereas a f crystal structure is obtained by melt crystalliza-
tion. The a-form PTN crystal is reported to have a monoclinic
crystal system with unit cell parameters of a=0.722 nm,
b=0.709 nm, c¢=2.384nm, o=90.0°, £=90.0°, and
v =81.6° [46]. Although the detailed chain structure of the
PTN B crystal has been previously reported, the chain conforma-
tionin the PTN o-form crystal has thus far not been reported [47].

Fig. 1 shows 2D GIWAXD patterns of isothermally crystal-
lized PTN films with various film thicknesses. Fig. 2 shows
two sets of one-dimensional GIWAXD profiles ((A) out-of-
plane scan, (B) in-plane scan) which were obtained from the
2D GIWAXD patterns (Fig. 1). By combining the out-of-plane
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Fig. 1. 2D GIWAXD patterns of cold-crystallized PTN films of various thicknesses: (A) 689 nm (B) 208 nm (C) 152 nm and (D) 92 nm.

and in-plane scanning profiles of identical samples (Fig. 2(A),
(B)), it was possible to confirm that the crystal structure of all
samples is the a-form of PTN. Furthermore, the relative inten-
sity of each diffraction peak in the out-of-plane scan is clearly
different from that of the corresponding peak in the in-plane
scan profile.

In the case of a thicker film (689 and 208 nm), the intensity of
the (201) plane reflection in the out-of-plane scan is much stron-
ger than that in the in-plane scan. Additionally, the intensities of
the (011), (012) and (013) plane reflections were much weaker
than the corresponding peaks in the in-plane scan profile; the
reflection from the (002) plane can be observed clearly only in
the in-plane scan profile. These results indicate that for a thicker
film, the normal of (002) crystal plane is parallel to the sample
surface. Furthermore, the “a’ axis of the monoclinic unit cell,
which is perpendicular to normal of the (002) crystal plane, is
preferentially oriented nearly perpendicular to the film plane
[23]. The orientation of the crystal on the surface is schemati-
cally shown in Fig. 3(A) for the thick film and in Fig. 3(B) for
the thin film. In the o-form crystal unit cell, the angle between
the “c” axis and normal to the (201) crystal plane is 81.2° and
the angle between the ‘b’ axis and normal to the (201) crystal
plane is 90° [46]. Therefore, it can be also deduced that the “c”
and “b” axes are nearly parallel to the film surface. The higher
intensity of the (0k/ ) crystal planes in the in-plane scan is a direct
indication of the preferential crystal orientation suggested
above.

2D GIWAXD patterns of thinner samples (152 nm or thin-
ner) are markedly different from those of thicker samples. The
peak intensities from the crystal planes (201) and (0kl) are
very different compared with those of a thicker sample. This
fact indicates that the crystal orientation in a thin film is
very different from that in a thicker film. The diffracted inten-
sity from the (002) plane is clearly observed from the merid-
ional direction and its intensity in the in-plane scan profile is
negligible, as shown in Figs. 1(C), (D) and 2. This result im-
plies that the chains in the a-form crystalline phase in a thin
PTN film are nearly perpendicular to the film surface as shown
schematically in Fig. 3(B). Based on the GIWAXD results, it
can be suggested that the lamellae in a thick PTN film have
an ‘“‘edge-on” structure (Fig. 3(A)) whereas those in a thin
film have a “flat-on” structure (Fig. 3(B)).

3.2. Crystal orientation function

In order to analyze crystal orientation quantitatively, the
crystal orientation function was calculated using the method
by Wilchinsy [48,49]. The azimuthal scanning profile of the
(002) reflection was extracted from the corresponding 2D
GIWAXD patterns and the results are shown in the Fig. 4. Az-
imuthal scanning profiles were used to calculate Herman’s
orientation function, f.. The orientation function, f., was de-
rived from the angle ¢.; between the main chain direction
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Fig. 2. (A) Out-of-plane scan profiles and (B) in-plane scan profiles of PTN
samples of various thicknesses obtained from 2D GIWAXD patterns. The
intensities were normalized by sample thickness.

((002) plane normal) and the normal direction of the thin film
(reference direction (Z)), using Eq. (1) [50]

_ 3(cos’ . z) — 1 _ 3(cos” donz) — 1

fe= > > . (1)

Here, (cos? ¢, ,) is the average value of the square of the
cosine of the angle ¢.z- The value of f. ranges from —0.5 to
1 depending on the chain direction, which is either perpendic-
ular or parallel with respect to the reference direction,
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Fig. 4. Azimuthal scanning profiles of (002) reflection of samples with various
thicknesses extracted from the corresponding 2D GIWAXD pattern. The inten-
sities were normalized by sample thickness.

respectively. For a random orientation, f, is zero. As the unit
cell of the PTN a-form crystal has a monoclinic crystal system
with 8 =90°, the c-axis direction can be replaced with the
(002) plane normal. Thus, the crystal orientation function f,
can be obtained with the second relationship in the Eq. (1).

Fig. 5 shows the crystal orientation function, f., with
respect to the film plane normal as a function of the film thick-
ness. In order to determine the crystal orientation of a bulk
(~200 pm) sample, the 2D WAXS pattern illuminating the
incidence X-ray along the film thickness direction was also
measured. As expected, the crystal orientation function of
the bulk sample becomes zero, indicating the isotropic orien-
tation of the crystal in the bulk sample. For thicker films
(689 and 208 nm), the crystal orientation function shows a neg-
ative value whereas with thinner films (98 and 152 nm) it
shows a positive value. These results clearly indicate that the
crystal orientation is strongly dependent on the sample thick-
ness. Furthermore, the polymer chain axis in the crystalline
phase of the thicker films is preferentially parallel with the
film surface (Fig. 3(A)), whereas it is preferentially perpendic-
ular in the case of the thinner films (Fig. 3(B)).

In a previous work by the authors with a PTN bulk film
(~200 um thick), the chain orientation at the film surface
was studied with the polarized FTIR-ATR method during the
cold crystallization of a melt-quenched PTN film [23]. Upon

B “Flat-on” lamella orientation
C

N201

Fig. 3. Schematic illustration for the surface crystal orientation. (A) Edge-on lamella orientation, (B) flat-on lamella orientation. n,,, is normal vector of (kk/) plane.
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Fig. 5. The crystal orientation function, f., as a function of the sample
thickness.

cold crystallization, the random orientation of the chains in the
melt-quenched film was found to transform into an anisotropic
orientation due to the surface-induced crystallization. Further-
more, the chains in the crystalline phase in the surface region
monitored by FTIR-ATR spectroscopy were found to be paral-
lel with the surface, and the naphthalene rings also became flat
at the surface. These FTIR-ATR results are consistent with the
GIWAXD results from Figs. 1 and 2 for the thicker films.

3.3. Reflection absorption FTIR measurement

In order to investigate the segment orientation and its depen-
dence on the film thickness in PTN samples, the RA-FTIR spec-
tra were obtained. Fig. 6 shows the RA-FTIR spectra of PTN
samples of various thicknesses as prepared by (B) melt-quench-
ing and (A) isothermal crystallization at 160 °C for 2 h. The
bands primarily studied in this work are noted with arrows in
Fig. 5. The band at 1602 cm™' is associated with the C=C
stretching mode in the naphthalene ring and bands at 917 and
765 cm ™' are related to the out-of-plane bending mode of C—
H groups in naphthalene ring. The transition moment of the
band at 1602 cm ™' is “parallel”, and the others are “perpendic-
ular” to the naphthalene ring plane. In the RA-FTIR experiment,
the electric field of the infrared radiation reflected by the metal
surface is perpendicular to the film surface provided that the film
thickness is sufficiently thinner compared with the wavelength
of the incident infrared radiation [51]. Therefore, the absorbance
ratio of “perpendicular” (1602 cm™"') and “parallel” bands
(917 and 765 cm™ ') can be used to estimate the naphthalene
ring orientation in the film.

Fig. 7 shows the ratio, R, of the absorbance of the 917 cm™!
band to that of the 1602 cm™' band as a function of the film
thickness of the isothermally crystallized and melt-quenched
PTN films. For the melt-quenched samples, the absorbance ratio
increases gradually with the film thickness up to nearly 350 nm,
and then slightly decreases. For the isothermally crystallized
samples, however, very different results were observed. For
the thinner films, the absorbance ratio value of the isothermally
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Fig. 6. RA-FTIR spectra of various thicknesses of PTN samples as prepared by
(A) isothermal crystallization at 160 °C for 2 h and (B) melt-quenching.

crystallized sample was very low compared to the correspond-
ing value of the melt-quenched sample. Additionally, it remains
as a very low value as the film thickness increases to 200 nm
(region A). The ratio increases abruptly as the film thickness
increases further to nearly 350 nm (region B), and its value
maintains high.

It should be noted that the electric field of the infrared radia-
tion for grazing incidence RA-FTIR experiment with a thin poly-
mer film is perpendicular to the sample surface. The low ratio
value for the thinner film of the isothermally crystallized sample,
therefore, can be interpreted in terms of the perpendicular orien-
tation of the naphthalene rings and the polymer chains to the film
surface, asin the “flat-on” orientation of the lamellae (Fig. 3(B)).
For the film with an “edge-on” lamellar orientation (Fig. 3(A)),
the chain and the naphthalene rings in the crystal will be parallel
to the surface, resulting in the high and low absorbance of the 917
and 1602 cm ™' peaks, respectively (Fig. 7). The high ratio value
of the isothermally crystallized sample in the (B) region in Fig. 7
can be, therefore, interpreted in terms of the “edge-on” orienta-
tion of the lamellae in the thicker film. The lamellar orientation
deduced from the grazing incidence RA-FTIR result is consistent
with that from the GIWAXD results. Furthermore, the flat orien-
tation of the naphthalene rings in the crystalline phase of the
thicker film was suggested in a previous work involving FTIR-
ATR with a cold-crystallized PTN film [23].

Although the ratio of the isothermally crystallized sample
showed a drastic change at a thickness of approximately
200 nm, this change with the melt-quenched sample is not
negligible as well. Either the melting process used in this
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Fig. 7. Absorbance ratios of the 917 and 1602 cm ™' band as a function of the
film thickness. O, Melt-quenched sample; e, isothermally crystallized sample.

work may not be sufficient to completely remove any anisot-
ropy introduced during the spin-coating process, or there is in-
herent anisotropy in a certain fraction of the film having direct
contact with air or the substrate surface. Further studies should
be carried out to elucidate more clearly the exact origin of the
thickness dependence of the ratio R for a melt-quenched film.

4. Conclusions

In this work, the crystal orientation in isothermally crystal-
lized PTN film and its dependence on the film thickness were
studied with 2D GIWAXD and RA-FTIR methods. Grazing
incidence RA-FTIR was found to be very useful to monitor
the segmental orientation in thin polymer films.

It was found that the crystal orientation is strongly depen-
dent on sample thickness and that its orientation shows a sig-
nificant difference for the film thickness of the PTN film above
and below approximately 200 nm. By analyzing in-plane and
out-of-plane scans of the 2D GIWAXD profiles and the
relative absorbance of the parallel and perpendicular peaks
of RA-FTIR, it can be concluded that for films thinner than
200 nm, the polymer chains in the crystalline phase of the iso-
thermally crystallized PTN show a preferential orientation that
is perpendicular to the film plane, whereas for a thick film
those are parallel to the film surface. Furthermore, the naph-
thalene rings in the crystalline phase of the thick film was
also found to be flat on the film surface, which is consistent
with previous FTIR-ATR results [23]. The chain orientations
found in this work can be explained in terms of the ‘“edge-
on” and “flat-on” orientations of the lamellar crystals gener-
ally observed for thick and thin films, respectively, in other
polymer systems [23].
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