
DOI 10.1140/epje/i2002-10155-4

Eur. Phys. J. E 11, 191–198 (2003) THE EUROPEAN
PHYSICAL JOURNAL E

Crystallization kinetics and crystal morphology in thin
poly(ethylene oxide) films

M.V. Massa1, K. Dalnoki-Veress1,a, and J.A. Forrest2

1 Department of Physics & Astronomy and the Brockhouse Institute for Materials Research, McMaster University, Hamilton,
ON, L8S 4M1, Canada

2 Department of Physics and Guelph-Waterloo Physics Institute, University of Waterloo, Waterloo, ON, N2L 3G1, Canada

Received 12 December 2002 and Received in final form 12 May 2003 /
Published online: 2 July 2003 – c© EDP Sciences / Società Italiana di Fisica / Springer-Verlag 2003

Abstract. We present a detailed study of the kinetics of crystallization for thin films of poly(ethylene oxide)
(PEO). Measurements of the growth rate have been carried out using optical-microscopy techniques on
films of monodisperse PEO. Films with thicknesses from 13 nm to ∼ 2 µm were crystallized isothermally at
temperatures ∼ 20 ◦C below the melting point. A remarkable non-monotonic slowing-down of the crystal
growth is observed for films with thickness less than ∼ 400 nm. The changes in the growth rate from
bulk-like values is significant and corresponds to a factor of 40 decrease for the thinnest films studied. The
morphologies of isothermally crystallized samples are studied using atomic-force microscopy. We find that
a morphology, similar to diffusion-controlled growth (dendritic growth and densely branched growth), is
observed for films with h < 150 nm. In addition, changes in the morphology occur for thicknesses consistent
with changes in the growth rate as a function of film thickness.

PACS. 61.41.+e Polymers, elastomers, and plastics – 68.55.-a Thin film structure and morphology –
81.10.-h Methods of crystal growth; physics of crystal growth

Introduction

Semi-crystalline polymers are of tremendous economic im-
portance and their uses range from sophisticated techno-
logical applications to disposable consumer products. In
addition, many polymeric systems are used in confined ge-
ometries: thin-film devices, coatings, lubricants, etc. Ques-
tions of general importance relate to the changes that oc-
cur when polymeric systems crystallize in a confined ge-
ometry. The expectation is that fundamental studies into
crystallization in confinement may help us to gain ad-
ditional understanding of polymer crystallization in gen-
eral. It is perhaps not surprising that after many decades
of work on crystallization in polymer systems there are
still many fundamental questions —crystallization in poly-
mers is a complex process requiring the self-organization
of large chains into smaller stems which can assemble to
form lamellar structures [1]. This process is dependant on
kinetic considerations: the mechanisms that can reduce
the free energy of the system most rapidly are favoured,
resulting in metastable growth structures. Studies of crys-
tallization in confinement can be motivated by the follow-
ing facts: 1) crystal growth in polymeric systems is kinet-
ically controlled [1], and 2) many studies have shown that
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dynamics of amorphous polymeric systems are affected by
finite-size or chain-confinement effects [2,3]. For example,
at the chain coil length scale, self-diffusion has been shown
to be perturbed from “bulk-like” behaviour [4,5], while at
the segmental length scale, the glass transition and as-
sociated dynamics can also be seen to deviate from that
observed in the bulk [2,3]. Various schemes have been used
to study polymer crystallization in confinement. The mul-
titude of micro-phases of block-copolymer systems can be
used to study confinement in spheres, channels or lamel-
lae, where one of the components confines a crystallizable
block [6–10]. Perhaps the most versatile system is confine-
ment into thin films, where the thickness can typically be
easily controlled [11–24]. All of these studies have shown
that the morphology, crystallinity, or the crystal growth
kinetics in confinement are in some way affected.

The literature regarding polymer crystallization in
thin films has been growing steadily in recent years. Many
of the experiments are measurements of isothermal crys-
tallization, where the crystallization temperature is held
at Tc. Here we provide details on some of the thin-film
work that is most relevant to the results presented in this
manuscript. A series of papers by Frank, Despotopoulou
and co-workers studied confinement effects in samples of
poly(di-n-hexyl silane) [11–13]. They observed reductions
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in the rate of crystallization and the overall crystallinity
with decreasing film thickness. The crystallization rate de-
creased steadily from the bulk value for thicknesses h <
50 nm. Studies conducted on isotactic polystyrene (it-PS)
in Miyaji’s group [14,15] showed that the crystal growth
rate, G, decreased with decreasing h. A minimum value
of G was obtained for the thinnest films with h = 25 nm
which corresponded to 75% of the bulk value. At a par-
ticular value of Tc, the data obtained on it-PS could be
described by a simple relation, G(h) = G(∞)(1 − d/h)
with d = 6 nm, and d was found to be independent of Tc

and Mw, as well as the substrate used. It was suggested
that the transport of amorphous material to the growth
front is responsible for the anomalous kinetics. The same
group also found that the morphology of crystallization
was affected in thin films [16,17].

The characterization of crystal morphology in polymer
systems is greatly facilitated by atomic-force microscopy
(AFM). When applied to polymer systems, which typi-
cally exhibit slow growth kinetics, AFM can even be used
to provide high-resolution imaging of crystal structures
as they evolve in time. The crystallization and melting
of PEO lamellae was studied by Pearce and Vancso [18].
These authors showed that the lamellar growth veloci-
ties measured using AFM matched the spherulitic growth
rates found with optical microscopy (i.e. small length scale
kinetics was in agreement with much larger length scale
kinetics). They also observed a depletion zone of amor-
phous material in the region immediately in front of the
crystal. In a recent study, Li and co-workers examined
lamellar growth processes, and observed branched growth
as well as the “nucleation” of new lamellae from the par-
tially ordered region at the fold surface of an existing
lamella [25]. Hobbs et al. found that the growth rates could
vary between individual lamellae and also change with
time within a single lamella [26]. This work also demon-
strated the sensitivity of lamellae to their surrounding en-
vironment by showing approaching lamellae redirect their
growth to avoid meeting.

In a series of seminal papers by Reiter, Sommer and
co-workers, AFM was used to study the crystal morphol-
ogy in ultrathin PEO samples [19–21]. The films were
found to dewet on the substrate leaving behind a thin ad-
sorbed monolayer of PEO. This adsorbed layer, a quasi–
two-dimensional system, was found to nucleate crystals
only at defects, and most of the crystallization was initi-
ated in the thick dewetted droplets of the PEO. The AFM
images show a fractal-like fingering instability which is
reminiscent of diffusion-limited aggregation (DLA) mor-
phologies [27–29]. A characteristic length scale of the fin-
gers was measured which decreased with Tc, and they also
observed a depletion region ahead of the crystal growth
front. Reiter, Sommer and co-workers were able to re-
produce the growth morphology with computer simula-
tions. Sakai et al. observed fingering patterned growth
morphologies in crystal terraces which formed within very
thin films of poly(ethylene terephthalate) [22]. The growth
front was found to exhibit a periodic fingering pattern
with a well-defined length scale. In some cases the growth

tip would branch into two causing tip-splittings. Sakai
and co-workers also attributed the behaviour to diffusion-
controlled processes, and reproduced these growth mor-
phologies in computer simulations, where surface tension
and crystal anisotropy were found to play a crucial role.
Taguchi and co-workers have observed similar structures
in 11 nm films of it-PS, which they also interpreted in
terms of diffusion-controlled processes [16]. Their study re-
vealed transitions from facetted growth to dendritic growth
to a dense branching morphology (DBM) as Tc is de-
creased. These researchers suggest that the difference in
height between the crystal and a depletion zone of amor-
phous material establishes a thickness gradient at the
crystal-melt interface. It is this gradient which is consid-
ered as the source of the unstable growth front [16]. For
thicker films the shallow depletion contributes less, and it
was observed that these diffusion-controlled morphologies
were absent for films with h > 20 nm.

We have previously reported a significant slowing-
down of the crystal growth rate from bulk-like values for
thin PEO films on several substrates [30]. In particular, we
observed no change in G as h was decreased from 1000 nm
to 200 nm. However, further decreases in h resulted in
monotonic reductions in G by as much as a factor of 3
for the thinnest films studied (h = 40 nm). The analysis
provided suggested that the chain transport was modi-
fied from the bulk and was responsible for the reductions
in G. In the current paper we report further results of
G(h) obtained with optical microscopy for films as thin
as 13 nm. The measurements that will be presented be-
low have significantly better resolution compared to our
previous work. We find that the G(h) data does not de-
crease monotonically with decreasing h in contrast with
previous measurements [11–15,17,30], rather we see for
the first time a complex dependence of G on h. It is inter-
esting to note that Hutter and Bechhoefer have studied
spherulitic growth in a liquid crystal and observed similar
non-monotonic changes in the growth rate as a function of
the degree of undercooling [31,32]. In order to characterize
the complex behaviour of the growth rate, we use AFM to
study the surface topography which reveals a morphology
similar to that observed by others [16,17,19–22].

Experiment

High molecular weight (Mw = 304600), monodisperse
(Mw/Mn = 1.12) PEO obtained from Polymer Source
(Dorval, Quebec, Canada) was dissolved in acetonitrile.
Mass fractions ranging from 0.50 to 3.00% were spincoated
with spin speeds ranging from 1500 to 7000 r.p.m. onto Si
substrates with the ∼ 5 nm native oxide layer present.
The Si substrates were cleaned with a jet of argon and
then rinsed with acetonitrile immediately prior to spin-
coating. The film thicknesses studied ranged from 10 to
500 nm, as measured with atomic-force microscopy. In ad-
dition, we prepared “bulk-like” films by solvent casting
(h > 1000 nm).

Crystallization was performed in a commercial hot-
stage (Linkam THMS-600) which provided temperature
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control to within 0.1 ◦C. The sample was loaded into the
hot stage at room temperature and was surrounded by a
thin Al ring with a glass coverslip placed on top which
could be lowered and raised externally. With the glass
coverslip lifted up and the lid (with viewing port) closed,
the sample was flushed with argon for 3 minutes at the
isothermal crystallization temperature Tc = 46 ◦C and
then sealed. The sample was subsequently held at Tc for
an additional 7 minutes. This reduces thermal gradients
within the stage by equilibrating the bulk of the stage at
the temperature at which the measurements are to be per-
formed. We flushed with argon to alleviate concerns asso-
ciated with a humid environment. The coverslip was then
lowered onto the Al ring, thereby enclosing the sample in a
very small volume and further reducing any thermal gra-
dients. As will be apparent later, the temperature must
be controlled in a very reproducible manner in order to
ensure data with minimal error because of a high sensi-
tivity of the crystal growth rate to the temperature. The
temperature was subsequently raised (∼ 20 ◦C/min) to an
annealing temperature Ta = 70 ◦C, which is greater than
the ideal melting point of PEO, Tm = 68 ◦C, for 1 minute.
This was found to sufficiently melt the crystallites formed
upon spincoating, as will be discussed below. The sample
was allowed to cool to Tc = 46 ◦C which takes approxi-
mately 4 minutes.

The crystal growth front was monitored using opti-
cal microscopy with nearly crossed polarisers. Image se-
quences taken with a CCD camera enabled high-precision
measurements of the crystal growth rate G. The growth
front was easily resolvable for film thicknesses down to
∼ 50 nm. However, for thinner films contrast enhance-
ment of the images was required to distinguish between
the crystalline and amorphous regions.

The surface morphology of the crystallized films was
characterized using atomic-force microscopy (TM micro-
scopes Explorer, Veeco) where topography images were
taken in contact mode at room temperature. Scan sizes
between 10 and 50 microns best revealed the crystal struc-
tures for all film thicknesses.

Results and discussion

In Figure 1(a) is shown a typical sequence of images for a
sample with film thickness h = 130 nm. From such images
it is straightforward to obtain the change in the crystal ra-
dius R(t)−R0, where R0 is the initial position of the crys-
tal boundary and R(t) the position at time t. Figure 1(b)
shows a plot of R−R0 as a function of time, t, from which
we obtain the crystal growth rate: G(h) = d(R − R0)/dt.

Before performing measurements each sample was an-
nealed in argon at a temperature of 70 ◦C for 1 minute.
The intent of the annealing procedure is to completely
melt the crystallized chains, remove any residual solvent
and suitably relax the polymer chains from the crystalline
morphology (i.e. since the surface of a crystallized film
is rough which may influence the growth rate, we must
relax this surface roughness). Our reasons for annealing
at a low temperature (70 ◦C) for short times are twofold:
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Fig. 1. (a) A typical sequence of images of a crystal growth
front taken with optical microscopy with nearly crossed po-
larisers (h = 130 nm). The time interval between images is
10 s, and each image is 750 µm wide. The change in the crys-
tal radius as a function of time for the sample shown in (a) is
plotted in (b).

1) The thinnest films studied, h = 13 nm, can dewet on
the substrate, thereby inducing a topology that does not
correspond to a flat and uniform film surface. To facilitate
comparison, it is important that the same annealing his-
tory can be used for all samples which was possible for the
annealing conditions used. 2) It is our intent to perform
the same measurements for different Mw values of PEO
to probe chain confinement effects. We performed mea-
surements which show that the annealing procedure used
ensures no dewetting of the samples for a combination of
molecular weight and film thickness as low as Mw ∼ 27000
and h = 40 nm.

In order to verify that the annealing history is suffi-
cient, we performed three tests. First of all, values for the
crystal growth rate were conducted over a range of an-
nealing times, ta for a 130 nm film. We observe that for
ta ranging from 1 to 80 min, there is no deviation in the
measured value of G.

Immediately after spincoating, the samples are amor-
phous and the sample surface is flat compared to the crys-
tallized films. Because these samples are solvent-quenched
at room temperature into the amorphous state (i.e. su-
percooled by about 50 ◦C), they crystallize rapidly. It is
these crystallized samples that are subsequently melted
and studied. The basis of our second test is that there ex-
ists a very short time window after the spincoating where
at least parts of the sample remain amorphous and have
surface roughness characteristic of amorphous spincoated
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Fig. 2. Crystal growth rate, G, plotted as a function of film thickness, h. The labels indicate the film thicknesses whose images
are shown in Figure 3.

films rather than crystallized films. Samples were quickly
transferred from spincoater to the hot stage before the en-
tire film was able to crystallize. The crystal growth was
inhibited by holding the film at 59 ◦C (small undercool-
ing), while the standard crystallization procedures were
employed (flushing with argon, annealing). The crystal
growth rate was then measured within areas of the film
that had remained amorphous throughout the entire pro-
cess. The values of G in these measurements showed no de-
viation within experimental uncertainty from those found
in samples prepared with our standard methods.

The third test of our annealing procedure was sim-
ilar to our second approach. Portions of a sample that
had never crystallized using the procedure described above
were annealed for a long time (10 hours). This was done
to ensure that the chains were fully relaxed from the spin-
coating procedure. Again, no deviation in the growth rate
was observed from growth rates measured using our stan-
dard annealing procedure. From these three tests we con-
clude that the samples were adequately annealed for the
purposes of measuring growth rates.

The crystal growth rate, G, was measured in over 40
films and in Figure 2 we show G as a function of the film
thickness h. It is immediately apparent that the behaviour
differs appreciably from previous studies where simple
monotonic reductions from bulk values of G were observed
[11–15,17,30]. In particular, these results are qualitatively
different from our own previous measurements of the same

system, although they are in agreement within experi-
mental uncertainty [30]. A number of features stand out:
as we decrease the film thickness, we first observe devi-
ations from “bulk-like” values of G for h ∼ 400 nm. At
h ∼ 150 nm G reaches a minimum and starts to increase
with decreasing h, resulting in a peak at h ∼ 100 nm.
G decreases monotonically with decreasing h below the
peak, however there is a distinct “kink” in the data at
a thickness h ∼ 45 nm. Though it should only be viewed
as an empirical observation, the region below the kink
(h < 40 nm) and just above the dip (h > 150 nm) both
follow a well-defined straight line on the semi-logarithmic
plot (i.e. G = G′ ln(h/h0), with G′ = 3.27±0.05 µm/s and
h0 = 12.4 ± 0.5 nm). The growth rate data show for the
first time that there are multiple transitions in the crystal-
lization kinetics as a result of thin-film confinement that
have not been previously reported.

Atomic-force microscopy was employed to obtain in-
sight into the crystallization kinetics by analyzing the sur-
face topography. In Figure 3 we show the topography im-
ages taken at different film thicknesses. Labels are pro-
vided in Figure 2 which identify the image corresponding
to the G(h) data. In order to facilitate comparison of the
images, the lateral scale was kept constant where possible
(i.e. the scan size for Figs. 3(a)-(c) was 50 µm and the scan
size for Figs. 3(d)-(f) was 10 µm). Again, we discuss these
results with decreasing film thickness, starting with the
image corresponding to the thickest film. In Figure 3(a)
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Fig. 3. AFM images showing the surface topography for selected films. The images are representative of the morphologies
observed for different values of h: (a) h = 230 nm, (b) h = 120 nm, (c) h = 75 nm, (d) h = 47 nm, (e) h = 43 nm, and
(f) h = 17 nm. Tip-splittings shown in (e) are indicated by the circles. Images (a)-(c) are 50× 50 µm scans, and images (d)-(f)
are 10 × 10 µm scans. The approximate height scale of the images is 80, 55, 50, 30, 30, and 20 nm, respectively. Labels are
provided in the plot of G(h) (Fig. 2) to facilitate comparison.

(h = 230 nm), the surface exhibits a nearly isotropic sur-
face morphology which is characteristic of samples that are
isothermally crystallized in very thick films with h ∼ 2 µm
(there is some anisotropy in the morphology due to the
growth direction of the crystal front). There is little dif-
ference in the morphology from that of “bulk-like” films
even though we are at a film thickness where there is a
definite, albeit small, deviation from bulk values of G. For
these thick films we also observe lamellae that appear in
all orientations including “edge-on” where the lamellae are
perpendicular to the substrate. In contrast to the isotropic
morphology of Figure 3(a), the surface morphology in Fig-
ure 3(b) (h = 120 nm) displays prominent ridges or back-
bones which appear throughout the surface. At this stage,
these backbone structures appear infrequently, and are
oriented roughly radially out from the nucleus of the crys-
tal, although the angular distribution is broad. Another
morphological change is that, as the thickness is decreased
below the bulk, the number of “edge-on” lamellae dimin-
ishes, and are not observed below h ∼ 150 nm. This length
scale coincides with the onset of the backbone structures.
It is worth noting that both films (Figs. 3(a),(b)) exhibit
the same crystal growth rate because the two thicknesses
are located on opposite sides of the dip G(h) (see Fig. 2).
The formation of these backbones as G increases with de-
creasing h represents the onset of a new growth mechanism
in the film thickness ranges from 100 to 150 nm, which has
structural characteristics that are similar to those found

in diffusion-controlled growth (DCG). This is similar to
the morphologies observed in the work by Reiter et al. for
ultrathin PEO films [19–21].

A comparison of Figures 3(b) and (c) (h = 75 nm)
shows the progression of the backbone structures: with
decreasing film thickness, there is a greater angular coher-
ence of the backbones and they are more densely packed.
It should be noted that in Figures 3(a)-(c) the crystal
growth rates are roughly equal. Films with h < 100 nm
are associated with a high density of backbones. To the
right of the peak (100 nm < h < 150 nm) the density of
backbones is low and this regime represents the onset
of a different growth mechanism from the bulk, which is
analogous to DCG. We speculate that as the thickness
decreases below 100 nm, the tightly packed backbones im-
pinge upon their neighbours which may be a contributing
factor in the observed reduction in G. As we decrease the
film thickness further (Figs. 3(d)-(f), note the change in
scan size) it is clear that the morphology is reminiscent of
the dendritic DCG structures that are commonly found
in viscous-fluid displacement in Hele-Shaw cells [33],
electrodeposition experiments [34], and also the polymer
crystallization studied by others [16,17,19–22]. In this
morphology, the backbone marks the primary growth of
the dendrite, from which the secondary fingers branch
and grow, until the neighbouring dendrite is reached.
The spacing of the secondary fingers, and the distance
between backbones both appear to have some well-defined
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Fig. 4. A typical example of the Fourier analysis showing a
two-dimensional FFT of the image shown in Figure 3(f) for a
film with h = 17 nm (a), with the corresponding radial (b),
and angular (c) distributions.

average value. The selection of a particular length scale
is typical for DCG and will be quantified below.

The “kink” in the G(h) data at h ∼ 45 nm (Fig. 2)
marks a change in the growth mechanism. In order to elu-
cidate this change, we show Figures 3(d) and (e) which
differ in film thickness by only 4 nm and are in the “kink”
region (h = 47 nm and h = 43 nm, respectively). Besides
the decreasing length scale in the topology with decreasing
film thickness, the morphology becomes qualitatively dif-
ferent at the “kink”. As we decrease the film thickness, the
onset of this transition is characterized by a decrease in

separation between backbones as well as a decrease in the
width of the backbones to a size that is comparable to the
width of the side branches. At this stage there is less dis-
tinction between the backbone and the side branches and
an increased number of tip-splittings is observed. This tip-
splitting is only prevalent for films with thickness below
the “kink” (h < 40 nm), and the DCG morphology per-
sists, but the morphology is qualitatively different. Fig-
ure 3(f) (h = 17 nm) shows a lamellar orientation that
is “flat-on” (i.e. parallel to the surface), which is typical
of the thinnest films. For this film thickness the primary
and secondary growth fingers no longer differ in size, and
tip-splittings occur with great frequency resulting in less
angular coherence of the growth structures (i.e. greater
anisotropy). These growth features are characteristic of
the so-called compact-seaweed (CS) or dense-branching
morphology (DBM) commonly observed in systems that
exhibit DCG [35].

It is apparent that many of the features observed in the
G(h) data coincide with changes in the growth morphol-
ogy. A Fourier analysis was used to quantify the changes in
the morphology as a function of the film thickness. A two-
dimensional Fast Fourier Transform (FFT) was made of
the AFM images that displayed diffusion-controlled mor-
phologies (i.e. for h < 150 nm —thicker films exhibit
bulk-like morphologies). A typical example of the anal-
ysis is shown in Figure 4 for the film with h = 17 nm
(Fig. 3(f)). The analysis was performed as follows. The
FFT was obtained from the real-space images (Fig. 4(a))
and was used to plot the radial distribution (Fig. 4(b)) as
well as the angular distribution (Fig. 4(c)) of the inten-
sity. In order to measure the dominant length scale, λ, of
the backbone structures, a Gaussian signal peak plus an
inverse-frequency background is fit to the radial distribu-
tion data. This fitting procedure is not based on a physical
model of the distribution, rather an approach was required
that would result in a consistent method to obtain the
peak position. The plot of λ(h) is shown in Figure 5(b)
and in order to facilitate comparison we also reproduce
G(h) with the same horizontal axis (Fig. 5(a)). There is
some scatter for thicker films (100 nm < h < 150 nm)
which can be attributed to the lack of coherence of the
dendritic backbones as they first appear. The logarithmic
plot appears linear over the entire range of thicknesses;
however, with the uncertainties given, we do not discount
the possibility of a more complicated relationship between
λ and h.

A measure of the anisotropy of the growth was ob-
tained from the angular distribution of which a typical
example is shown in Figure 4(c). The data is well described
by a Lorentzian peak which is used to obtain the full width
at half-maximum (∆θ). Again, the fit is empirical and is
only used to provide a reproducible method for quantify-
ing the anisotropy. If ∆θ is large, then this indicates lit-
tle angular coherence between the backbones and a more
isotropic morphology. Conversely, a smaller value of ∆θ
implies that the backbones are arranged parallel to each
other resulting in an anisotropic morphology. The results
of this anisotropy analysis are shown in Figure 5(c).
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Fig. 5. Plot of the crystal growth rate and the measured
morphology parameters as a function of the film thickness.
The crystal growth rate G(h) (a), dominant wavelength of
the growth morphology λ(h) (b), and the full width at half-
maximum of the angular distribution ∆θ(h) (c) are all plotted
with the same horizontal axis. The dotted lines identify the
transitions from bulk to dendritic growth at h ≈ 150 nm and
from dendritic to dense-branching growth at h ≈ 45 nm.

With the procedure discussed we are able to quantify
the features observed in the AFM images (Fig. 3). As the
film thickness is decreased from ∼ 150 nm to ∼ 45 nm,
backbones appear and become more prevalent resulting
in a closer spacing and a greater anisotropy. These fea-
tures are observed in the plots of λ(h) and ∆θ(h). With
further decreases in the film thickness, the wavelength, λ,
continues to decrease; however at the “kink” (h = 45 nm)
the value of ∆θ starts to increase again. This subsequent
broadening of the angular distribution in the thinnest
films agrees with the observed increase in the number of
tip-splittings, which cause the crystal fingers to splay out-
wards and loose angular coherence.

Both the surface morphology and the crystal growth
rate data indicate a significant change from the growth
mechanism in bulk systems as the degree of confinement
is increased. The appearance of the dendritic and dense
branching structures strongly suggest that the decrease in
film thickness results in growth kinetics that are controlled
by the diffusion of amorphous material to the growth
front. Such diffusion-controlled processes are commonly

found in two-dimensional electrodeposition, viscous fluid
flow, and melt-solidification experiments [33,34]. In these
systems, the growth of a smooth interface becomes unsta-
ble under a small driving force. The selection of a spe-
cific morphology is sensitive to intrinsic properties such
as the surface tension. Thermal gradients, created by the
removal of latent heat, are known to cause instabilities
at the crystal interface. However, the thermal diffusion
lengths of polymers are typically on the order of centime-
ters to meters [15], making heat transport a minor factor
in the formation of these growth patterns.

In the study of it-PS [16], it was suggested that the
driving force was the result of the difference in height
between the lamella and the much thinner region of
amorphous material ahead of the growth front. A deple-
tion zone, observed in several studies of polymer crystal
growth, arises from the difference in density at the solid-
melt interface [15–19]. However, there are two significant
differences between the behaviour observed in it-PS films
and the results presented in this article: 1) The morpholo-
gies found in 11 nm it-PS films were not present in films
thicker than 20 nm. This was attributed to a strong de-
pendence of the driving force on the relative thickness
of the depletion region to the overall film thickness. In
contrast to this, diffusion-controlled morphologies are ob-
served in PEO films as thick as ∼ 150 nm. 2) The transi-
tions from facetted growth to dendritic growth to densely
branched growth follow from a decrease in the crystalliza-
tion temperature, and are observed at a fixed film thick-
ness. In our studies the progression of morphologies in
PEO films from bulk-like growth to dendritic growth to
densely branched growth corresponds to a reduction in
film thickness at a constant crystallization temperature.
Similar growth morphologies were also observed by Re-
iter, Sommer and co-workers [19–21]. In their work, the
crystallization of adsorbed monolayers of PEO was com-
pared to simulations with a basis in diffusion-limited ag-
gregation [27]. In work done on a liquid-crystalline system
non-monotonic changes in the growth rate of spherulites
were observed with decreasing temperature [31,32]. While
these studies were on a very different system, and the pa-
rameter changed was the temperature rather than film
thickness, the similarities in the growth rate dependence
may be more than an intriguing coincidence.

There are critical thicknesses at which the crystal
growth rate has transitions: we measure deviations from
“bulk-like” values of G at h ∼ 400 nm, a local minimum in
G at h ∼ 150 nm, a peak in G at h ∼ 100 nm, and finally a
“kink” in the growth rate at h ∼ 45 nm. At present, we do
not have a full understanding of the complex growth mech-
anisms which result in the observed morphologies and dy-
namics. The inherent length scales of the system are the
lamellar thickness ∼ 10 nm and the end-to-end distance of
the PEO used Ree ∼ 50 nm [36]. While it is possible that
the “kink” in growth rate at h ∼ 45 nm may be associated
with Ree, all the other length scales are much larger. Per-
haps most relevant are measurements which indicate that
chain diffusion in confinement can be significantly affected
at length scales that are 5–10 times as large as Ree [4,5].
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The reductions in the diffusion may be, at least in part,
a reason for the reductions in the crystal growth rate for
thin films. Our discussion in terms of the well-established
diffusion-controlled behaviour is strongly suggested by the
morphologies, but it is not clear how the diffusion may be
affected in the confined geometry. While we cannot pro-
vide a full explanation for the cause of the slowing-down of
the crystallization, we can conclude that, regardless of the
mechanism, the final morphology displays many features
typical of those observed in diffusion-controlled processes.

Conclusions

In this paper we described the results of an extensive study
of the isothermal crystallization growth rate, G, in thin
films of PEO. Optical microscopy was used to measure
the growth rate for films ranging in thickness from 13 nm
to 2 µm. The larger errors associated with previous re-
sults obstructed a rather complex non-monotonic depen-
dence of G on the films thickness which is only apparent
in these new data. The reduction in the growth rate from
bulk-like values is significant, corresponding to a factor
of 40 for the thinnest films. These measurements of the
growth rate were complemented by AFM measurements
of the surface topography. Surprisingly, transitions in the
growth rate dependence on the film thickness could be
linked directly to changes in the morphology. For films
with h < 150 nm, we observed the emergence of a process
similar to diffusion-controlled growth as observed previ-
ously in much thinner films (h ∼ 10 nm) [16,17,19–22].
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