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ABSTRACT: The crystal orientations of linear polyethyl-
ene films on silicon substrates are investigated using
grazing incidence X-ray diffraction and atomic force
microscopy. From diffraction analysis, we can identify the
structural arrangement of PE crystals in ultrathin film. The
orientation of lamellar crystal in PE films changes from
edge-on to flat-on with the decrease of film thickness in
the film thickness below � 100 nm. The slightly inclined
lamellae relative to the substrate are found to coexist with

the flat-on lamellae in thin PE films that we have investi-
gated. We find that the crystal orientation and structures
is governed by the constraint imposed by film thickness
rather than enthalpy gain as the film got thinner especially
in the thickness below 200 nm. VC 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 123: 2558–2565, 2012
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INTRODUCTION

The structure of polymers confined to thin and ultra-
thin films have been extensively studied during the
recent decades in polymer science and technology1–9

The chain packing of polymers in films is a factor in
tuning the properties for various practical applica-
tions such as organic electronics and surface coat-
ings.1,4 Studies on thin films have been performed
on amorphous glassy polymers5–7 as well as semi-
crystalline polymers.1–3,10–14 Among those studies,
understanding the crystalline structures and orienta-
tions in thin crystalline polymer films would be
fundamentally important and at the same time use-
ful in the practical applications of crystalline poly-
mer-based thin films such as organic optoelectronic
devices.8,9

Several groups have studied the crystallization
behaviors and structures of semicrystalline polymers
confined to nanoscopic spaces.1–3,10–33 Frank and
coworkers1–3 reported the substantial reduction of

the crystallization rate in ultrathin films of poly(di-n-
hexylsilane). Mellbring et al.10 observed a morphologi-
cal change from spherulitic structure to aggregated
edge-on lamellae structure, as the thickness of as-cast
polyethylene (PE) films decreases. Recently, studies on
the change of lamellar orientation depending on the
film thickness were reported for the thin and ultrathin
films of poly(di-n-hexylsilane),11 linear low-density
PE,12 and poly(ethylene oxide).13 Yang and coworkers
observed windmill-like morphology with twisted
lamellae.14 One of important factors in governing the
crystallization behavior and structure in thin film must
be surface or interfacial free energy. The formation of
edge-on lamella orientation is known to be the result
of the crystallization with the energetic benefit of sub-
strate surface.33 Entropic penalty, driven by film thick-
ness or degree of confinement, is thought to be
another one that could explain the kinetic formation of
flat-on lamella.
Despite the many efforts, however, the polymer

crystallization on flat substrates, occurring even under
a severe confinement, still makes it challenging to con-
trol micro- and nano-structural evolution and resulting
properties of the thin films. To this end, it is necessar-
ily preceded to investigate the crystalline structure in
detail. Although the methods used in previous studies
for structure determination by spectroscopy and
microscopy can give the information on the orientation
of crystalline polymer chains in the films, much more
detailed information on the structure of polymer crys-
tal is still highly demanded. In this study, to investi-
gate the confinement-induced structure of the thin
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polymeric films in detail, we have characterized the
crystal orientation and morphological features of PE
films on silicon substrates. Especially grazing incidence
X-ray diffraction (GIXRD), combined with atomic force
microscopy (AFM), enabled us to study on the struc-
ture and the crystal orientation of PE crystals in
ultrathin film. With the aid of GIXRD and AFM, we
found that slightly inclined flat on lamellae and flat-on
lamellae could coexist in PE thin film with a certain
thickness. It must be also interesting and worthy to
understand the formation of crystalline structure and
thin film morphology of crystalline polymer in the light
of energetic or entropic aspects of crystalline structure.

EXPERIMENTAL

Materials and sample preparation

A linear PE (HDPE, ME6000, q ¼ 0.961 g cm�3,
Tm ¼ 133�C, Mn ¼ 35 kg mol�1, and Mw/Mn ¼ 4.02)
was purchased from LG Chemical. Si h100i wafers
were used as a substrate for PE films. The wafers
were cut into squares (1.5 � 1.5 cm2).

The linear PE films with various thicknesses of
21 nm to 1.2 lm were prepared by spin-casting PE in
xylene solution onto the wafers. To avoid the crystalli-
zation of PE during spin-casting, the solution, dispens-
ers, and wafers were preheated to the deposition
temperature. Before spin-casting, the native oxide layer
was etched by dipping the Si wafer in dilute hydro-
fluoric acid (48% HF : H2O ¼ 1 : 10) for 1 min. After
the removal of oxide layer, the wafers were subse-
quently rinsed with deionized water. The spin-casting
temperature was controlled to be 120�C by using a
home-made heating chamber. The whole spin-casting
process was performed within 1 min after HF etching
to minimize the oxidation of the Si substrates. The
thickness of the crystalline polymer film was controlled
by the variation of concentration of the PE solution and
the spinning rate, while the temperature of the cham-
ber and the solution was kept the same. The PE films,
cast on Si substrates, were melted at 145�C for 30 min
on a hotplate and then recrystallized by slow cooling
to 30�C at a rate of � 0.5�C min�1 in a vacuum oven.
The thickness of PE films crystallized on Si wafer sub-
strates was measured with an atomic force microscope
(D3100, Veeco Instruments, USA). After scratching and
scraping out the PE film piece with a razor blade, the
thicknesses of the films were measured from the height
difference between exposed bare wafer area and PE
film surface in the scanned cross-sectional profiles.

Structural characterization

The crystalline structure and orientation in the films
were determined by GIXRD. The experiments were
performed using a synchrotron radiation source at

4C2 beamline of Pohang Light Source (PLS, accelera-
tion voltage � 2.5 GeV), Pohang, Korea. The
diffracted patterns were recorded by a 2D area
detector. The beam was monochromatized using a
double Si (111) crystal and focused onto the sample.
Beam size was 1.0 � 0.5 mm2 (vertical � horizontal),
and the wavelength of the beam was 1.3807 Å. The
incident angle (ai) was evaluated to be 0.12�–0.15�

for thinner films (thickness � 52 nm), and
0.14�–0.17� for thicker films (thickness >100 nm).
The total acquisition time was 60 s for all samples.
Sample-to-detector distance was about 16.9 cm, and
the photon flux was informed to be � 1011 photons/
sec/mrad/0.1%. All the patterns were calibrated by
silver behenate (d ¼ 5.84 nm). The samples were
kept under vacuum to reduce air scattering and to
minimize the sample damage by X-ray radiation.
Three slits were placed in front of sample stage, and
the last slit was placed close to the sample so that
parasitic scattering could be minimized. Innova
Scanning Probe Microscope (Veeco Instruments,
USA) was used in contact mode to characterize the
morphological features of the PE film surfaces. The
topological measurement was carried out with con-
stant positioning of tip and 1D bow motioning of
sample. The resolution was 256 � 256 pixels,
and image compensation with 1D bow type was
performed after measurement.

RESULTS AND DISCUSSION

The 2D GIXRD patterns of the linear PE films and
bulk are shown in Figure 1(a–g). The calculated
penetration depth is 1.7 lm at ai ¼ 0.155�. Hence we
believed that we could get the structural information
for the most part of the films with the current exper-
imental setup. As shown in Figure 1(a), the bulk PE
showed typical diffraction patterns of isotropic PE
crystals. The two semicircles from the center of the
pattern correspond to (110) and (200) reflections of
the orthorhombic PE crystals.21 The higher order
reflections were not distinctive enough for the
analysis.
The (200) reflections in the GIXRD patterns

showed that the PE crystals in the thin films have
different orientation depending upon the variation
of film thickness. The concentration of the PE solu-
tion and the spinning rate of each film for spin-cast-
ing was (a) 6.0 wt % and 3000 rpm, (b) 3.0 wt % and
3000 rpm, (c) 1.6 wt % and 3000 rpm, (d) 0.8 wt %,
and 3000 rpm, (e) 0.6 wt % and 3000 rpm, and (f) 0.2
wt % and 2500 rpm, respectively. The thickness of
each film was found to be (a) 1.2 lm, (b) 607 nm,
(c) 255 nm, (d) 115 nm, (e) 52 nm, and (f) 21 nm,
respectively, from the cross-sectional analysis of
AFM after scraping out the film with a razor blade.
The thickness of bulk sample was measured to be
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about 65 lm. The arc of (200) reflections in the
GIXRD patterns of thicker films appeared around
the vertical center in the detector (azimuthal angle
of 0�), as shown in Figure 1(b–d). It indicates that
the a axes of the orthorhombic PE crystals are mostly
aligned along the direction normal to the substrate
plane with a distribution of the crystal orientation
around the preferential direction, as reported by
Bartczak et al.25 From the GIXRD patterns of these
films, as in Figure 1(b–d), (200) reflection appears
more intense on the vertical center in the arc, as
compared to bulk. In these films, the crystals more
orient along their preferred direction as the film
becomes thinner [Fig. 1(b,c)]. From Figure 1(c,d), the
distribution of the crystal orientation becomes
broader.

The preferred orientation of the PE crystal changes
dramatically in much thinner films. From the reflec-
tion of (200), it was found that the preferred orienta-
tion is shifted to another direction with the decrease

of film thickness. In thinner film, as in Figure 1(e),
the intense reflection of (200) plane in the vertical
arc disappears and shifts to another azimuthal angle.
The changes of orientation seem gradual with the
decrease of film thickness. Although the (200) reflec-
tion at the vertical center could still be observed in
the diffraction pattern [Fig. 1(e)], it is much weaker
than in the thicker films [Fig. 1(b–d)]. It was ana-
lyzed that the a axes of the orthorhombic PE crystals
developed in those thin and ultrathin films are pref-
erentially tilted by 36� with respect to the normal
direction of substrate plane, as shown in Figure 1(e).
In the GIXRD pattern of 52-nm thick film [Fig. 1(f)],
the a axes of the crystals are oriented in two differ-
ent directions at the azimuthal angles of 36� and 44�

from the vertical center of GIXRD patterns, while
the trace of the reflection can be still observed in the
vertical axis passing through the reflected main
beam. As the thickness of the film becomes thinner
from 115 to 21 nm [Fig. 1(e,g)], the (200) reflection

Figure 1 GIXD patterns of linear PE bulk (a) and films (b)–(h) on Si h100i wafers. The concentration of the PE in xylene
and the spinning rate of each film for spin-coating was (b) 6.0 wt % and 3000 rpm, (c) 3.0 wt % and 3000 rpm, (d) 1.6 wt
% and 3000 rpm, (e) 0.8 wt % and 3000 rpm, (f) 0.6 wt % and 3000 rpm, and (g) 0.2 wt % and 2500 rpm, respectively. The
thickness of each film was measured to be (b) 1.2 lm, (c) 607 nm, (d) 255 nm, (e) 115 nm, (f) 52 nm, and (g) 21 nm,
respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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appeared at an azimuthal angle of 36� becomes
more intense and then gets weaker. In the mean
time, the reflection at an azimuthal of 44�–46� was
getting stronger, whereas the reflection at the verti-
cal center (azimuthal angle of 0�) was almost disap-
peared. In the film thickness of 21 nm [Fig. 1(g)], its
intensity at an azimuthal angle of 36� diminishes
quite a bit, and (200) reflections cannot be found any
longer. Throughout the whole samples, the (110)
reflections are getting sharper with the decrease of
film thickness. Therefore, it is found that the distri-
bution of crystal orientation becomes narrower, as
the thickness of the film goes thinner. Also, the shift
of preferred orientation in thinner film appeared
distinctively on the GIXRD patterns. The dot-like
diffraction patterns were observed in thinner films,
as can be seen in Figure 1(e–g). The dot-like diffrac-
tion patterns, in the reflection of both (110) and
(200), denote that the crystals in these thinner films
are more preferentially oriented, as compared with
the thicker films.

The crystal orientations and their distribution in
the films were confirmed from the azimuthally
scanned profiles of (200) reflections in GIXRD pat-
terns, as shown in Figure 2. It is quite distinctive in
the azimuthally scanned profiles that the preferred
orientation of crystal is shifted on the decrease of
film thickness. In the scanning, the azimuthal angle

was defined as the degree of deviation from vertical
line with the center of reflected main beam. As has
been depicted in the 2D diffraction patterns, the
(200) reflection appeared on the vertical line in thick
films [Fig. 2(a–c)]. Then, it shifts to � 36� with a
shoulder around 44–46� with discernable decrease of
intensity at the zero azimuthal angle in thinner films
[Fig. 2(d,e)]. As the degree of confinement goes
stronger, eventually the diffraction � 36� survives
with a very weak intensity and sharp reflection at
an azimuthal angle around � 45� remains [Fig. 2(f)].
The azimuthal intensity distribution of (110) reflec-
tions were also changed with the decrease of film
thickness. For thicker films [Fig. 3(a–c)], the (110)
peak maximum located at azimuthal angle of � 60�

from the vertical center of GIXRD patterns. The
results mean that, from the calculation on the basis
of the geometry between the two lattice planes of
(110) and (200), the b axis of the orthorhombic PE
crystal in thin films is parallel to the substrate plane.
The (110) peak moved to slightly larger azimuthal
angle and appeared around 64�–66� for thinner films
[Fig. 3(d–f)]. It is also observed that the azimuthal
scan of (110) reflections are also getting sharper and
narrower with the decrease of film thickness. It
implicates again that the stronger constraint along
the thickness of the film makes the distribution of
crystal orientation narrower.

Figure 2 Azimuthal scanning profiles of (200) reflection from GIXD patterns of linear PE films. The thickness of each
film was found to be (a) 1.2 lm, (b) 607 nm, (c) 255 nm, (d) 115 nm, (e) 52 nm, and (f) 21 nm, respectively In the distribu-
tion, the azimuthal angle was defined as the deviation from vertical line that passes through the reflected main beam.
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It was interesting that 2D spherulitic crystalline
boundary was observed in thicker films despite the
anisotropic crystal orientation observed in GIXRD
[Fig. 1(b,c)]. The AFM topographic images of the PE
films on Si substrates are shown in Figure 4. The 1.2
lm and 607 nm-thick films have 2D spherulitic
grain boundary [Fig. 4(a,b)], while their GIXRD pat-
terns represent oriented lamellar crystals. From the
two different characterization methods that depict
the crystalline structure in different scale, it could
be found that crystallization in these thick films pro-
ceeds mainly by crystal growth starting from nucle-
ation points, similar to bulk, and forms crystalline
grain boundary, while the lamellae have preferred
orientation. It is also noteworthy that the 2D spheru-
litic grain boundary of crystallites in these films
seems to be diffuse, and eventually the grain bound-
ary disappears with the decrease of film thickness
[Fig. 4(c)]. The occurrence of blurry grain boundary
[Fig. 4(a,b)] is thought to be partially due to the
slow crystallization. The slow crystallization process
used in this study might make the crystallites pene-
trate the neighboring crystal domains. Probably due
to the slow crystallization process, more open crys-
talline structures such as sheaf-like structures for
the 115- and 52-nm-thick film [Fig. 4(d,e)] and den-
drite-like structures for the 21-nm-thick film
[Fig. 4(f)] were thought to be observed. But, apart
from the slow crystallization, this morphological

difference upon the variation of the thickness indi-
cates that the crystal orientation was affected by the
confinement imposed along the direction of film
thickness. The morphology of the 21-nm-thick film
[Fig. 4(f)] is different from the aggregates of edge-on
lamellae of the as-cast films with similar thickness,
as reported elsewhere.10,25 For the 21-nm-thick PE
film, flat and wide crystalline structures were
observed. It seems not difficult to identify that the
flat area in the AFM surface image is flat-on
lamellae.
Combining the information from the GIXRD anal-

ysis and the AFM surface observation of the PE
films, the thickness-dependent orientation of lamel-
lae in PE films on Si substrates was schematically
drawn in Figure 5. The schematic illustration was
drawn on the basis of assumption that the lamellar
normal is tilted from the c axis of the crystal at an
angle about � 30� that is known for crystal grown in
solution.34 In cases of the thicker films (thickness
� 1.2 lm, 607 nm, 255 nm), the edge-on lamellae
were mainly formed (top illustration of Fig. 5). Even
the 2D spherulitic crystalline grain boundary was
observed at the same time (thickness � 1.2 lm
and 607 nm). For the PE films with intermediate
thickness (thickness of 115 and 52 nm), the flat-on
lamellae or slightly inclined flat-on lamellae were
dominantly developed, as represented in the second
and third illustrations from the top in Figure 5.

Figure 3 Azimuthal distributions of (110) reflection in GIXD patterns of linear PE films. The thickness of each film was
found to be (a) 1.2 lm, (b) 607 nm, (c) 255 nm, (d) 115 nm, (e) 52 nm, and (f) 21 nm, respectively.
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However, the edge-on lamellae still existed in this
range of thickness of film, although the population
of them was getting minor with the decrease of film
thickness. It can be confirmed from the existence of
weak intensity distribution for the (200) reflection in
GIXRD around the azimuthal angle of 0� in Fig-
ure 1(e,f). It indicates that gradual change of the
dominant lamellar orientation from edge-on to flat-
on occurs with the decrease of film thickness due to
the more severely imposed confinement. It is also
worthy to mention that the edge-on lamellar orienta-
tion with broad distribution exhibited in the thicker
PE films (thickness � 1.2 lm, 607 nm, and 255 nm),
while the lamellae with different orientations mainly
coexisted in the thinner films (thickness � 115 and
52 nm). When the film becomes much thinner, the
crystal was aligned along a preferred orientation. In
the thinnest film of this study (21-nm-thick film),
flat-on orientation of lamellar crystal was domi-
nantly observed, and the schematic illustration of
crystal orientation is given in the bottom of Figure 5.

Judging from the results above, the crystalline orien-
tation and crystalline morphology in thin PE films
were strongly dependent on the film thickness. In the
PE films over hundreds of nanometer thick, crystalline
grain boundary with rather preferred orientation of
crystal but with some orientation distribution was
developed, unlike the bulk random orientation. The
grain boundary means that the crystalline structures

were formed via mainly lateral growth after nucleation
with the preferential orientation of the lamellae. But,
the morphology was changed into more distinctive
preferential appearance of flat-on lamella with the
decrease of film thickness. It looks much related to the
thickness of PE film, or degree of confinement, to
make the specific orientation in thin films. As the
thickness of the film goes thinner, the whole film is
thought to be under the influence of substrate surface.
When the crystallization happened under the environ-
ment where edge-on lamella were formed majorly by
the benefit of substrate surface,33 from the energetic
point of view, the interfacial free energy reduces the
total energy of crystal. Therefore, the extra stability
given by substrate is thought to drive the preferred
orientation of lamellar crystal during the crystallization
in the thick film within this thickness range. However,
formation of edge-on lamellae would become less
favorable with the decrease of film thickness.12 As the
film gets thinner, the width of edge-on lamellae would
go narrower. The narrowing of the crystal would
induce the instability of lamellae, because the fraction
of unstable interfaces (i.e., surface-to-volume ratio)
increases.34 Thus, it is conjectured that formation of
edge-on crystal is not energetically favored any more
with less than a certain thickness, and other crystalline
structure might appear dominantly. In a much thinner
film, the entropy penalty driven by the degree of
confinement seems to be the determining factor in the

Figure 4 AFM height images of linear PE films on Si h100i wafers with the thickness of (a) 1.2 lm, (b) 607 nm,
(c) 255 nm, (d) 115 nm, (e) 52 nm, and (f) 21 nm. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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formation of lamellar crystal. In the thinner film, flat-
on crystals were majorly formed. It is clear that the
formation of flat-on lamella does not have any ener-
getic benefit from the substrate surface, and thus it can
have no more advantages in the light of its overall
energy. So, it is guessed that this orientation change
happened due to the confinement in this thickness
range, and the crystallization process and the crystal
orientation was governed probably kinetically under
the strong constraint. The overall crystallization in this
range of film thickness should be dominated by the
crystal growth, judging from the fact that lamellar
morphology was still observed as mentioned above.

It was interesting that we could observe the sys-
tematic changes of crystal orientation in thin PE
films with different thickness via GIXRD. The exis-
tence of slightly inclined lamella implies that the
crystalline structure and its formation could be

strongly influenced by the constraint rather than the
energetic benefit from the substrate in ultrathin
films. Considering that the slightly inclined lamella
appeared in the middle of orientation change from
edge-on to flat-on upon the variation of the degree
of confinement, and it could coexist with flat-on
lamella, it is valid to contend that the crystallization
of linear PE is governed by the strong confinement
in ultrathin polyethylene film. In this ultrathin film,
it seems quite obvious that the energetic gain owing
to the interface cannot compensate for the entropy
penalty driven by the degree of confinement any
more, and the crystal formation is dictated by the
film thickness. We also conjecture that the origin of
the coexistence of the flat-on lamellae and slightly
inclined flat-on lamellae in thinner film might be the
twisting nature of PE lamellae due to the unbal-
anced surface stress.32 However, it seems clear to
have an idea that the crystalline structures would be
more influenced by the constraint imposed by film
thickness, and that confinement may induce the
kinetic formation of large flat-on lamella rather than
edge-on crystal under a suitable environment.

CONCLUSION

In summary, we observed that the crystal orientation
and the lamellar morphology in the linear PE films
on the Si substrates changed upon the variation of
film thickness. We found that the lateral confine-
ment due to the film thickness can induce the forma-
tion of large flat-on lamellae rather than edge-on
lamellae with small width. Taking the benefit of
GIXRD, we could observe the systematic crystal ori-
entation changes and newly found that the flat-on
lamellae with slight inclination were formed and
they coexisted with the flat-on lamellae with the pre-
ferred in-plane orientation in ultrathin film. This
result is evidence that the crystallization of lamella
in a much thinner film is more strongly influenced
by the degree of confinement rather than energetic
benefit of substrate surface.

It is grateful that Guiduk Yu, Kyunghee Lee, and Bongseok
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experimental support at 4C2 beamline of PLS is also grate-
fully acknowledged.
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