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Abstract. Ellipsometry is used in a novel way to study the ordering dynamics of symmetric poly(styrenemethyl methacrylate) diblock copolymer thin ﬁlms. Ordered thin ﬁlms form lamellae parallel to the substrate which can form islands or holes at the free surface to ensure commensurability of the layers. The
sensitivity of ellipsometry provides the unique ability to probe morphological changes during the ordering
process before the ultimate formation of islands or holes at the free surface. We observe three distinct
stages in the ordering process: i) an ordering into an intermediate state, ii) an incubation time where the
ﬁlm structure remains constant and iii) the nucleation of islands or holes to achieve equilibrium lamellar
morphology. The time-resolved measurement of an incubation period and initial ordering stage provides a
means for studying the eﬀect of thickness on the ordering kinetics. The dependence of incubation time on
the commensurability of the initial ﬁlm height is explained using strong segregation theory.

1 Introduction
Diblock copolymers consist of two chemically distinct
polymer chains that are covalently bonded together. These
molecules are known for their remarkable ability to selfassemble into complex structures when annealed below
the order disorder transition (ODT) [1]. Thin ﬁlms of diblock copolymers are of particular interest due to their
promise of technological advancement in photonics [2],
data storage [3,4], adhesion [5], and surface property modiﬁcation [6] among other applications [2].
It has been well established that symmetric diblocks,
one of the simplest copolymers consisting of equal parts
of both polymer blocks, will microphase separate into a
lamellar morphology [1]. In equilibrium, each copolymer
bilayer will have a characteristic thickness L0 , determined
by the balance between the enthalpic cost of creating the
lamellar interfaces and the entropic cost of chain stretching [1]. In uncapped, supported thin ﬁlms, we must take
into account the eﬀect of additional interfaces resulting
from the substrate and free surface. A diﬀerence in the interfacial energies of the two polymer blocks with the substrate and the air causes the orientation of lamellae parallel to these interfaces [7]. In asymmetric wetting conditions, interfacial energies are such that one block preferentially orders at the air interface and the other block at the
substrate, as is the case for poly(styrene-methyl methacrylate) (PS-PMMA). This results in a total ﬁlm thickness
at equilibrium that is (N + 1/2)L0 , with N an integer.
a
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This ﬁlm height preserves the bilayer thickness L0 while
satisfying the surface preferences for both interfaces [8].
When the initial ﬁlm height, h0 , is incommensurate
(i.e. h0 = (N + 1/2)L0 ), the free surface will form relief structures of islands or holes upon annealing. These
relief structures will grow, conserving volume, until the
entire ﬁlm is composed of two distinct heights, both satisfying the equilibrium condition of h = (N + 1/2)L0 [8].
Though the equilibrium structure of symmetric diblock
ﬁlms is well understood [7,8], how the ﬁlms order remains
an elusive question. A number of studies have examined
the growth of islands or holes both experimentally [9–12]
and theoretically [9,13] to discern how a symmetric diblock ﬁlm evolves when annealed below the ODT. Though
these studies provide a good picture of how islands and
holes form and grow, to the best of our knowledge, timeresolved in situ measurements of ﬁlm ordering before the
free surface forms relief structures are yet to be presented.
Using ellipsometry, a tool that is sensitive to the small
changes in structure within the ﬁlm, we investigate the
timescales of evolution from amorphous to lamellar morphologies of symmetric PS-PMMA thin ﬁlms.

2 Experiment
2.1 Ellipsometry
In previous work, nulling ellipsometry has proven eﬀective
for measuring diblock morphological changes [14]. In the
form of nulling ellipsometry employed here, circularly polarised monochromatic light is passed through a polarizer
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2.2 Sample preparation
PS-PMMA of molecular weight Mw = 25000–26000 g/mol
and a polydispersity of 1.06 was used in this study (Polymer Source, Canada). Thin ﬁlms with thicknesses varying from h0 = 105 to 195 nm were spincoated from dilute
toluene solutions (2.5–4.5% by mass) onto silicon with a
1.7 nm native oxide layer. The initial as-cast thicknesses
ranged from h0 ∼ 4.0L0 to 7.3L0 , with L0 = 26.5 nm
as measured by AFM for the PS-PMMA molecules used
in this study. Samples were then heated in vacuum at
80 ◦ C for 2 hours to remove residual solvent and initial
ﬁlm heights were measured using ellipsometry (Accurion
Nanoﬁlm EP3, Germany). Samples were annealed during the ellipsometry experiment on a modiﬁed microscope
heating stage (Linkam THMS 600, United Kingdom). A
rapid heating rate of 90 ◦ C/min was used for all measurements.
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and quarter wave plate such that when the polarizer is
set at angle P , the elliptically polarized light produced
after reﬂection from the ﬁlm will be linearly polarized.
A second polarizer called the analyzer is then rotated
to an angle A such that it is cross polarized with the
resultant light, yielding a minimum or “null” intensity. In
traditional ellipsometry, these polarizer angles P and A
are used to calculate ﬁlm properties such as thickness and
index of refraction of a thin ﬁlm through the standard
equations of ellipsometry [15]. Unfortunately, this analysis
is model dependent, thus requiring a knowledge of the
ﬁlm structure. Since the evolution of symmetric diblock
ﬁlms from amorphous to lamellar structure is complex
and annealing time dependent [16–18], such a direct
analysis would be speculative.
To utilize the sensitivity of ellipsometry while simplifying our analysis, we use a modiﬁed ellipsometry technique
for the bulk of our measurements. The approach we take
may not be easily invertible to direct structural information, but as we will see, can be used to obtain the kinetics
of changes in the properties of the sample. When the diblock ﬁlms are annealed, the polarizer angles P and A
are ﬁxed to the settings that create a null intensity at the
very beginning of the annealing process. Upon annealing,
the diblock ﬁlm will order from the amorphous structure
obtained after sample preparation with an average index
of refraction and no internal interfaces, to a lamellar morphology with interfaces between layers of PS and PMMA.
Since our polarizer angles remain ﬁxed throughout the
annealing process, even a small change in the index of
refraction proﬁle within the ﬁlm will alter the reﬂected
polarization of light, causing a change in the measured intensity [14]. Studying the change in the intensity during
ﬁlm evolution, we can measure the timescales associated
with the ordering of lamellar forming thin ﬁlms before the
formation of islands or holes occurs at the free surface.
The high sensitivity of ellipsometry to changes in the index of refraction proﬁle makes this experimental tool ideal
for studying the ordering of the symmetric diblock.
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Fig. 1. a) The result of a typical intensity measurement
taken for a 137 nm (5.17L0 ) ﬁlm with annealing temperature
of 160 ◦ C. b) AFM topography images of 141 nm (5.32L0 ) sample taken in the plateau region (left) and after the second intensity increase (right). Scale bar is 10 μm. Both images have
the same height scale of 28 nm. c) Schematic of transition from
metastable lamellar morphology in plateau region to ﬁnal equilibrium state.

3 Results and discussions
In our experiments, the thin ﬁlms were rapidly heated
above the glass transition and below the ODT. The ellipsometric angles were immediately rotated to achieve a
null intensity after the analyzer, and the intensity was
monitored using the ﬁxed-angle ellipsometry technique described above. A typical intensity proﬁle, shown in ﬁg. 1a,
can be separated into three stages: i) an initial intensity
increase, ii) a plateau region, followed by iii) another intensity increase. Using atomic force microscopy (AFM),
we have observed that the surface remains ﬂat with peakto-peak roughness less than 1 nm until the second intensity
increase, stage iii). Thus, the second intensity increase is
caused by the onset of island or hole formation at the free
surface. An example of typical AFM measurements of a
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ﬁlm in the plateau region and after the second intensity increase is provided in ﬁg. 1b. The combination of AFM and
the ellipsometry measurements indicate that two distinct
processes occur before any changes to the surface topography caused by the ﬁnal formation of islands or holes.
First, an initial ordering of the ﬁlm, signiﬁed by the ﬁrst
intensity increase and the time τord . Second, a plateau
region indicating that the optical properties within the
ﬁlm remain unchanged (within the resolution of the experiment), represented by the time τinc . The plateau region is a direct measurement of the incubation period in a
metastable state prior to the nucleation event associated
with the formation of islands or holes.
The incubation time is not a new concept in the organization of symmetric diblock ﬁlms [9,10,12] and is to be
expected if there is a metastable intermediate morphology. The system can be metastable because of an activation barrier associated with the cost of creating excess
surface at the edge of islands or holes —directly analogous
to the nucleation and growth regime in phase separation.
The ﬁxed-angle ellipsometry technique provides the ability
to distinguish between the initial ordering stage and the
incubation period during ﬁlm organization with excellent
time resolution. This ability to measure the two timescales
separately provides the unique opportunity to study the
eﬀect of thickness and commensurability on both τord and
τinc over a wide range of thicknesses. These timescales and
their dependence on initial thickness also provide insight
into the intermediate metastable morphology and ordering pathway for symmetric diblock thin ﬁlms.
In the initial ordering of symmetric diblock thin ﬁlms,
it has been well established that bilayer formation will
begin at the interfaces due to strong surface energy differences between the two polymer blocks [16–18]. In the
case of PS-PMMA, the surface energy of PMMA at the
substrate interface is much lower than that of PS due to
hydrogen bonding at the native oxide layer [18,19]. Conversely, PS has only a slightly lower surface energy than
PMMA at the air interface, only diﬀering by ∼ 1% [20].
Thus, as the ﬁlm begins to order, the diﬀerence in surface energy at the substrate will initiate ordering from
that interface propagating toward the free surface, forming bilayers of thickness ∼ L0 [16,18]. For incommensurate
ﬁlms, as ordering nears completion there will be either an
excess or deﬁciency of material which prevents lamellae
from achieving equilibrium bilayer thicknesses throughout
the ﬁlm. This incommensurability is what will eventually
drive nucleation of islands or holes. Using the measurement of the temperature dependence of the PS-PMMA
ODT from [21], we calculate the interaction parameter
to be χN ∼ 27 for the PS-PMMA in this study when
accounting for compositional ﬂuctuations [22]. Thus, the
remaining amorphous polymer at the free interface is unstable [23], requiring ordering into an intermediate state.
Metastable intermediate states with parallel lamellae of
non-equilibrium width have been shown to exist before island or hole nucleation in lamellar-forming diblock ﬁlms
through the use of neutron reﬂectivity [9]. For a ﬁlm that
is slightly thicker than commensurate, this means that
the already formed lamellae must incorporate the excess
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amorphous material, deforming into bilayers of thickness
L ≥ L0 . This process will conserve material and lamellar order while forming an intermediate state with a ﬂat
ﬁlm surface. Conversely, if the initial ﬁlm height is slightly
thinner than commensurate, the intermediate state will
consist of bilayers of L ≤ L0 .
While it is not clear how the system adjusts to incorporate amorphous material with non-ideal thickness, we can
turn to a simple free-energy calculation to understand the
lamellar organization. We calculate the free energy of the
ﬁlm morphology in the strong segregation limit (SSL) [24]
for a general ﬁlm thickness without requiring commensurability (note that the model presented below should be interpreted as a ﬁrst-order approximation). In the SSL, the
lowest free-energy morphology in the intermediate state is
that of lamellae with equal bilayer thickness. In this morphology, the excess or deﬁcit of polymer in an incommensurate ﬁlm is shared between all lamellae, decreasing the
total free energy of the ﬁlm. This morphology of equally
deformed lamellae is metastable and consistent with previous measurements of ﬁlm structure in the intermediate
ordered state [9]. In this metastable state, each bilayer will
have a thickness of
h0
,
(1)
L= 
N + 12
schematically shown in ﬁg. 1c. Then, for ﬁlms with h0 <
(N + 1/2) L0 , the metastable state would exhibit bilayers that are equally compressed, at a cost of increasing
the interaction between the two blocks. In contrast, for
ﬁlms with h0 > (N + 1/2) L0 , the metastable state consists of equally swollen bilayers, with an associated cost
of stretching the polymers further than in the equilibrium
state. Such swollen or compressed bilayers are equivalent
to the equilibrium conformation of ﬁlms conﬁned between
two hard walls which has been studied before [25].
The ordering time τord (see ﬁg. 1) represents the time
required to form the intermediate state. To study the effect of thickness on τord , we measured the initial ordering process at 155 ◦ C, where τord > 5 hours for the ﬁlm
heights used in our study. We performed a conventional
nulling ellipsometry measurement where we measure the
P and A necessary to create a null intensity as two nearly
commensurate ﬁlms of 146 nm (∼ 5.55L0 ) and 174 nm
(∼ 6.56L0 ) order into the metastable state. Just as in
the case of the intensity proﬁle in ﬁxed angle ellipsometry
experiments, we do not attempt to model the ellipsometry
data. Rather, for determination of the kinetics of ordering
it suﬃces to recognise that if the ellipsometric angles are
changing with time, so must the internal structure. P (t)
and A(t) change for a time τord , and then plateau as the
ﬁlm reaches the metastable state. In ﬁg. 2, we see that the
6.56L0 ﬁlm takes ∼ 7 hours to reach the plateau region,
whereas the 5.55L0 ﬁlm takes ∼ 5 hours. As both ﬁlms exhibit similar incommensurabilities (∼ 0.05L0 larger than
commensurate height), this increase in ordering time for
the thicker ﬁlm can be attributed to the time needed to order an additional bilayer. The fractional change in A(t) for
the 174 nm ﬁlm is a demonstration of the complex ellipsometric response with changing ﬁlm structure that occurs
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Fig. 2. Nulling ellipsometry measurement of the fractional
change in nulling polarizer (ΔP/Pf ) and analyzer (ΔA/Af )
angles during the initial ordering stage of 146 nm (∼ 5.5L0 )
and 174 nm (∼ 6.5L0 ) ﬁlms. Pf and Af represent the nulling
polarizer and analyzer angles in the intermediate state.

upon initial ordering. As the formation of bilayers propagates toward the free surface, the response of P and A is
not necessarily a monotonic function for all ﬁlms, however
as we are simply identifying the timescale associated with
approaching a region of no change, this does not aﬀect our
evaluation of the ordering time, τord .
For the remaining measurements, samples were annealed at 160 ◦ C and characterized with ﬁxed-angle ellipsometry measurements. At this higher temperature the
samples order into the metastable state much faster, with
τord ∼ 20 minutes. The incubation time τinc , corresponding to the time the samples remain in the metastable state,
was analyzed and deﬁned as the time for which the intensity proﬁle varied by < 10% from the plateau intensity of
the metastable state (See ﬁg. 1a). As an added precaution,
during the experiment the samples were also imaged using
optical microscopy, ensuring that the end of the incubation
of the metastable state coincides with the optically observable nucleation of islands or holes at the ﬁlm surface.
While the changes in τord with h0 at 160 ◦ C are too
small to measure, the measured incubation times, τinc ,
of nearly commensurate ﬁlms increase by over 2 orders
of magnitude (see ﬁg. 3). This signiﬁcant dependence of
τinc on h0 is to be expected. Consider the case of a commensurate ﬁlm which can order into lamellae with bilayer
thickness L0 , with no need to swell or compress lamellae.
This results in no driving force for nucleation of islands or
holes, thus the incubation time diverges. In contrast, for
incommensurate ﬁlms the further the ﬁlm is from commensurability, the further the bilayers are from equilib-
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Fig. 3. Incubation time as a function of initial ﬁlm height on
a log-linear scale. The model incubation times for the growth
of islands (dark grey) or holes (light grey) are given for each
lamellar region. The inset displays the same results on a linearlinear scale. The dotted lines represent commensurate thicknesses of (N + 1/2)L0 .

rium in the metastable state. Thus, the driving force to
nucleate islands or holes increases and τinc decreases.

4 Model
A simple model calculated in the SSL can elucidate the
dependence of incubation time on h0 . Let us ﬁrst consider
the case where the ﬁlm is initially slightly thicker than
commensurate. For this case, L > L0 in the metastable
state and islands must form to reduce the lamellae to their
equilibrium spacing while conserving volume. If we assume
a local model, where the formation of an island initially
only aﬀects the top bilayer of the metastable ﬁlm morphology as shown in ﬁg. 1c, then the free-energy change
will be a combination of surface energy cost due to the formation of an island edge and a free-energy decrease due to
the formation of lamellae with the equilibrium thickness
L0 . The change in free energy may be written as
ΔF = 2πrσ + V · ΔGV (L),

(2)

where r is the radius of the island grown at the free surface,
σ is the line tension of the island edge, V is the local
volume of the ﬁlm participating in the formation of the
island, and ΔGV (L) is the free-energy change per unit
volume for lamellae to go from a lamellar spacing of L
to L0 .
Using conservation of volume between initial and ﬁnal
states, we can deﬁne the local volume as V = πr2 L0 L/δL,
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where δL = L − L0 . Diﬀerentiating the free energy with
respect to island radius, ﬁnding a critical radius for island
formation, and substituting the critical radius back into
eq. (2), we obtain an energy barrier for nucleation of
ΔF ∗ =

−πσ 2 δL
.
·
ΔGV L0 L

(3)

In the SSL, the diﬀerence between the initial and ﬁnal
state entropic and enthalpic contributions is given by [24]
 


γ
γ
+ αL2 ,
(4)
ΔGV =
+ αL20 −
L0
L
where γ is the interfacial tension at the PS-PMMA interfaces and the constant α = kT /(N 2 a5 ), with polymerization index N and monomeric lengthscale a.
At the equilibrium condition (dGV /dL)|L0 = 0, and
thus γ = 2αL30 . In combination with eq. (3), this equation
yields a free-energy barrier to nucleation of
ΔF ∗ =

πσ 2
.
3αL20 δL + αL0 (δL)2

(5)

Therefore, the incubation time may be calculated as



ΔF ∗
β
= τ0 exp
, (6)
τinc = τ0 exp
δL2
kT
δL + 3L
0

where τ0 and β are ﬁtting constants with β ≡
πσ 2 /(3kT αL20 ). The constant τ0 governs the dynamics of
the system and corresponds to the case where there is
no energy barrier (ΔF ∗ = 0) and equilibration is limited
by molecular mobility. The parameter δL is experimentally determined from the initial ﬁlm height, h0 , using
eq. (1) and the equilibrium bilayer spacing measured using AFM. Thus, the incubation time for islands may be
calculated for each (N + 1/2) number of layers formed
in the metastable state. As well, the identical calculation
may be performed for hole, rather than island, nucleation
with the same result, the only diﬀerence being that δL is
a negative quantity, causing a sign change in the exponential of eq. (6). Notice that for a commensurate ﬁlm where
L = L0 , δL = 0, and we recover the expected divergence of
the incubation time for commensurate ﬁlms. Conversely,
as the ﬁlm thickness deviates further from commensurability, δL increases causing a greater driving force to nucleation and a resultant decrease in the incubation time
as indicated by eq. (6).
In ﬁg. 3 we plot the experimentally determined incubation time as a function of ﬁlm thickness, as well as the
model with τ0 = 1100 s and β = 0.1L0 . Clearly the simple nucleation model, calculated in the SSL, eﬀectively
describes the data. As the initial ﬁlm height approaches
commensurability, the model diverges and the measured
values increase more than 2 orders of magnitude in comparison to τinc for incommensurate ﬁlms. There is little
variation in τinc for incommensurate ﬁlms regardless of the
number of bilayers formed in the metastable state. However, the nearly commensurate ﬁlms show larger increases

in τinc for thicker ﬁlms. This diﬀerence in commensurability eﬀect on τinc can be attributed to the fact that bilayers deform less in the metastable state for thicker ﬁlms,
as there are more bilayers to compensate for the incommensurability of the ﬁlm. Since the bilayers are deformed
less, there is a decrease in the driving force to nucleate
for thicker ﬁlms, thus the incubation time is longer. This
phenomenon emerges naturally from the model since L,
and consequently δL = L − L0 , is inversely proportional
to (N + 1/2) according to eq. (1). This inverse proportionality causes a decrease in maximum δL for thicker ﬁlms,
resulting in an exponential increase in eq. (6). This decrease in driving force causes a narrower region of short
incubation times as can be seen in the linear inset of ﬁg. 3.
We note that this model assumes a homogeneous sample,
ignoring any existence of defects. Additionally, the precise
pathway by which islands and holes are nucleated is not
taken into consideration for our calculations. Thus, it is
expected that some of our measured incubation times will
be much shorter than predicted, simply due to defects and
ordering pathways of the sample which lower the activation barrier to nucleation. Therefore, the model provides
an upper bound on the experimental results.
Though our model provides a good description for
nearly commensurate ﬁlms (h0 ∼ (N + 1/2)L0 ), as the
ﬁlm heights approach complete incommensurability, the
assumptions of the model break down. We assumed that
the intermediate state consists of equally deformed lamellae as that is the lowest free-energy morphology consistent with our measurements. However, for incommensurate ﬁlms, the incubation time becomes much shorter and
approaches the timescale of the ordering time. As τinc gets
shorter, the intermediate state will take on a morphology
which is not only driven by energetics, but kinetics as
well. This intermediate state could then be quite diﬀerent
from the assumption of equally deformed layers, altering
the ordering pathway and dynamics for island and hole
formation. Nevertheless, the model of the ordering pathway provided here for PS-PMMA thin ﬁlms provides an
acceptable description of the data.

5 Conclusions
In summary, using ellipsometry we were able to measure
two distinct timescales in the ordering process of symmetric diblock copolymer ﬁlms before the ultimate formation
of islands or holes at the free surface. At 155 ◦ C we observe
an increase in τord for thicker ﬁlms which we attribute to
the additional time required to order more bilayers in the
metastable state. Annealing at 160 ◦ C, incubation times
were found to increase by up to 2 orders of magnitude for
nearly commensurate ﬁlms. As well, thicker ﬁlms demonstrated a stronger dependence of τinc on commensurability
due to a decrease in driving force from bilayer deformation in the metastable state. The nucleation model, based
upon the SSL, captures the physics required to describe
the incubation time results while providing insight into
the metastable morphology of nearly commensurate symmetric diblock ﬁlms.
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