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T
here has been a long-standing inter-
est in developing an understanding
of the processes occurring during the

spin coating of multiphase polymeric mate-
rials from a common solvent. This interest
has originated in part from the potential
applications of the rich variety of morphol-
ogies generated, such as the ability to serve
as self-organized patterned substrates with
regular micrometer-scale features.1 This at-
tention has recently intensified due to the
additional attraction of using organic mate-
rials within electronic devices, for example
in photovoltaic devices where the nano-
scale phase separation determines device
efficiency.2 Motivated by these real-world
applications, understanding phase separa-
tion during spin coating has consequently
been a subject of theoretical interest3 and
has established a challenging benchmark
for models of polymer phase phenomena.4

Spin-coating phase-separated morpholo-
gies result from a liquid�liquid phase tran-
sition occurring as the common solvent for
both components evaporates and a subse-
quent liquid to solid transition, either through
crystallization or vitrification. These pro-
cesses and thus final film morphologies
have been experimentally shown to depend
on a wide range of factors including fea-
tures of the individual polymers (molecular
weight,5 solubility,6 surface tension, viscosity),
the blended solution (solid content,7 sol-
vent properties,6 blend ratio8), and the sub-
strate (chemistry,6 roughness, size, shape)
along with details of the coating process such
as spin speed,1 acceleration, and atmo-
sphere.9 Based on the assembled experi-
mental data a wide range of models have

been proposed to account for the reported
parametric relationships that rely on as-
sumptions about the dynamic behavior
during spin coating such as vertical solvent
gradients,3 Marangoni instabilities, and
stratification.10 However, to date, verifying
and assessing these dynamic phenomena
experimentally has been limited by the
available characterization tools, which have
crucially been unable to directly capture
spatially resolved information during the
coating process.
During the spin-coating process the hor-

izontal substrate is rotated at speeds between
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ABSTRACT Spin coating polymer blend thin films provides a method to produce multiphase

functional layers of high uniformity covering large surface areas. Applications for such layers include

photovoltaics and light-emitting diodes where performance relies upon the nanoscale phase

separation morphology of the spun film. Furthermore, at micrometer scales, phase separation

provides a route to produce self-organized structures for templating applications. Understanding the

factors that determine the final phase-separated morphology in these systems is consequently an

important goal. However, it has to date proved problematic to fully test theoretical models for phase

separation during spin coating, due to the high spin speeds, which has limited the spatial resolution

of experimental data obtained during the coating process. Without this fundamental understanding,

production of optimized micro- and nanoscale structures is hampered. Here, we have employed

synchronized stroboscopic illumination together with the high light gathering sensitivity of an

electron-multiplying charge-coupled device camera to optically observe structure evolution in such

blends during spin coating. Furthermore the use of monochromatic illumination has allowed

interference reconstruction of three-dimensional topographies of the spin-coated film as it dries and

phase separates with nanometer precision. We have used this new method to directly observe the

phase separation process during spinning for a polymer blend (PS�PI) for the first time, providing

new insights into the spin-coating process and opening up a route to understand and control phase

separation structures.
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1000 and 10 000 rpm, limiting attempts to perform
direct imaging during coating to low spatial resolution
analysis applicableonly formacroscopicphenomena.11,12

As a result of the limited spatial resolution of these
high-speed photographymethods, morphological stu-
dies of phase separation in thin film polymer blends,
which generally occurs on the micrometer and nano-
scale, have relied upon static optical microscopy and
scanning probe microscopy of the final frozen mor-
phology,6 in some cases combined with inferred mor-
phology development from laser reflectance measure-
ments,7 a method originally outlined by Hass et al.13 As
an example, Jukes et al.14 demonstrated the ability to
use off-specular laser scattering signal to provide
information about the evolution of in-plane length
scales during film formation. In these laser methods it
is also possible to simultaneously use fluctuations in
reflected intensity to back-calculate spatially averaged
drying rate curves for the area illuminated by the laser
using Bragg's law (constructive interference occurs
when 2nd cos θi = mλ, where n = refractive index of
the film, d is the thickness, θi is the angle of incidence
relative to the normal, and λ is the wavelength).15�17

For example, Heriot et al. used modeling of this spec-
ular signal intensity together with the off-specular
scattering pattern to infer that for a blend of poly-
(styrene) and poly(methylmethacrylate) the phase
separation process was driven byMarangoni effect dis-
ruption of stratified layers.10 More recently Mokarian-
Tabari et al. used the same technique to investigate the
effects of solvent atmosphere for directing the final
morphology as well as investigating the effect of radial
sheer upon phase separation by offsetting the incident
laser relative to the center of rotation.9

This approach has the benefit of high temporal
resolution for the reflected signal due to the high
intensity of the laser, but suffers as the development
of in-plane structure has to be inferred from the scat-
tering data by converting from reciprocal space into
real space and then matched to the final morphology.
Moreover, the scattering data collected are spatially
averaged by sample rotation, due to the limited speed
of data capture and exposure time for the CCD camera,
and obtained from a sample area limited by the laser
footprint (typically a few mm). This reliance on an
indirect estimate of the spatial evolution of final struc-
ture has hampered the goal of fully characterizing spin-
coating phase separation processes and thus develop-
ing robust theories that can in turn be used to improve
and control the performance of the resulting functional
and regularly structured materials.
In this study we have used a direct imaging ap-

proach and exploited improved optics, light sources,
and video capture methods to demonstrate a straight-
forward method to allow micrometer-scale lateral
resolution and nanometer vertical precision metrology
during the spin-coating phase separation of a polymer

blend from solution, paving the way to the fundamen-
tal insights needed to develop the highly controlled
spin-coating morphologies required for the next gen-
eration of advanced materials.
To achieve this, we have synchronously triggered a

short pulse from a high-power, narrow-bandwidth,
green LED (520 nm, Δλ 10 nm) and a high-sensitivity
electron-multiplier charge-coupled device camera
connected to a conventional episcopic optical micro-
scope to record a series of stroboscopically frozen
images of the rotating spin-coating substrate, with
one frame captured every full revolution. This has been
achieved with sufficient precision to repeatedly image
the same region of the spinning disk with an error less
than the optical limit throughout the duration of the
coating process. The duration of the pulse (50 μs) is
sufficiently short that a 400 μm field of view, near the
center of rotation, appears static at spin speeds up to
3000 rpm. To generate a better understanding of the
processes involved in the phase separation of polymer
blends, we have directed our studies toward a blend of
high molecular weight polystyrene (PS) (MW = 577.5 k)
and poly(isoprene) (PI) (MW 800 k) dissolved in a low
vapor pressure solvent (o-xylene), spun at 1500 rpm
and so consequently imaged at 25 fps. The highmolec-
ular weights of the polymers and the relatively low
vapor pressure of o-xylene ensure the length scales are
clearly optically visible and that the phase separa-
tion and drying are relatively slow. This blend is also
remarkable for the reproducibility and uniformity of
the final morphology, providing a robust system to
demonstrate this method.8,18

RESULTS AND DISCUSSION

Typical stroboscopically illuminated images cap-
tured during spin-coating deposition of a PS:PI blend
onto a silicon substrate at 1500 rpm are shown in
Figure 1. It is apparent that the optical image quality is
high, with no evidence of motion blur, even at the
edges of the images, showing the short LED pulse
length has produced the desired frozen images. In
addition, the lateral position of features in the image
series remains consistent, showing that the triggering
procedure has ensured illumination of the same region
of the spinning sample with high precision. As a result,
with the experimental setup described above, it is now
possible to directly observe the evolution of micro-
structure during polymer blend spin coating with a
clarity and resolution similar to that obtained from
conventional opticalmicroscopy of a static sample. The
movie from which Figure 1 shows extracts is available
as Supporting Information.
As the illumination was chosen to have a narrow

bandwidth to allow interferometric height reconstruc-
tion, the contrast in the stroboscopic images shown in
Figure 1 is primarily due to constructive and destruc-
tive interference between reflections at the air�solution
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interface and the solution�silicon interface. Conse-
quently the image contrast reflects the instantaneous
height differences at the sample surface. Due to the
similar refractive index of the two polymers and the
solvent, very little additional optical contrast is ex-
pected. As the absolute height of the film is also con-
stantly reducing due to solvent evaporation/material
ejection, periodic interference contrast inversions oc-
cur according to Bragg's law, for example as seen
between the last two still frames, Figure 1.19 With this
interpretation it is apparent that as the solution is
initially spun, we have a flat uniform sample surface
(0�12 s, see video) evident from the uniform intensity.
From approximately 12 seconds onward, it is possible
to determine weak, large-scale fluctuations of approxi-
mately 100 μm in length, which are increasingly domi-
nated by shorter length scale domain features (appro-
ximately 20 μm) with positions that appear to remain
fixed with time right through the coating process to
the final dried state (17.2 s). This reflects the expected
stages of the spin-coating process. Initially solvent
concentration is high enough for the blend compo-
nents to remain miscible;20 however after a certain
amount of time sufficient shear and evaporative thin-
ning has occurred to commence the liquid�liquid
phase transition to an immiscible solution (around
12.8 s here), followed by further solvent loss to reach
the eventual final dry film morphology. This final
morphology is consistent with the bicontinuous
phase separation reported for similar PS:PI blends
at 1:1 ratios.18

From the radially integrated Fourier transformed
data we can follow the evolution of the two length
scales during the coating process. The longer length

scale decreases in length as the film dries, converging
with the length scale corresponding to the obvious
phase separation domain structure. It is interesting to
note that, of the two length scales present, it is that of
the phase separation that dominates the final lateral
structure. This length scale agrees with the mean
phase-separated phase domain size in the final real-
space optical image and shows a phase-separated
length scale of ∼18 μm (q = 0.35 μm�1), which is con-
sistent throughout the phase separation process. The
2D Fourier transforms show the isotropic nature of
both length scales.
The images and FFT analysis consequently indicate

that the final phase-separated structure evolves very
little after the liquid�liquid transition occurs, despite
solvent evaporation continuing for a further 5 s. The
larger length scale structure is likely to be due to weak
Marangoni instabilities due to solvent evaporation.
However in this case these instabilities have little
influence on the final structure. This ability to directly
observe the development of phase separation and
Marangoni phenomena in this way provides a valuable
newmethod to explore in more detail proposals made
about the extent towhich they inter-relate in a range of
systems.
Due to the interference phenomena that determine

the intensity of the reflected optical signal, analysis of
the oscillations in intensity at each image pixel as a
function of time allows the corresponding drying rate
of the film to be determined and mapped across the
entire field of view, in analogy to existing interference
microscopy techniques and the spatially averaged
specular laser methods discussed above. The former
topographical reconstruction methods require as a

Figure 1. At the top a series of unprocessed stroboscopic optical reflectance images recorded during spin coating of a 1:1
blend of PS:PI (2%wt at 1500 rpm) from o-xylene are shown. The imageswere illuminatedwith narrow-bandwidth green light
at the indicated times during the spin-coating process (taken from Movie 1 Supporting Information). Corresponding
background-corrected 2D Fourier transforms are shown underneath each frame, with the radial integral of the Fourier
transform for the entire movie shown below.
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reference point either a known position of the refer-
ence beam in the case of spatialmodulation or through
a known surface when fringe counting.21 In our case
we instead use the assumption of flat uniform film
morphology at a sufficiently early stage of film

formation as a starting point.22 The way this approach
is applied to produce an array of drying curves with
high spatial resolution is illustrated in Figure 2. From
the overlay of typical reflected intensity curves it is
apparent that at the start of the reconstruction (<12 s,
Figure 2) the interference intensities are in phase,
consistent with the assumption of a flat uniform start-
ing morphology. However, as the spin-coating process
continues, a phase shift develops, due to the appear-
ance of topographical differences (12�15 s). We con-
sequently apply an automated fringe counting algo-
rithm from this reference point onward to produce
drying curves for each pixel location across the image.
These drying curves are then placed on an absolute
height scale by adjusting their mean end height to
correspond to estimates of average final sample thick-
ness obtained by AFM scratch testing and ellipsometry
(see Supporting Information). Typical drying curves
reveal that there is a consistent difference in the drying
rate between the optically “bright” and “dark”domains,
which results in the predicted height difference be-
tween these locations in the final morphology, such
that optically dark domains actually dry more slowly
and to a higher final position. Comparison with the
same analysis applied for equivalent homopolymer
samples (Figure 2, bottom) shows that pure PS dries
completelywithin 12 s of spin coating, whereas PI takes
22 s to dry. The blend dry film end point lies at the
midpoint between these values. In addition, the drying
rate over the final 6 s reconstructed is faster for PS than
PI, and ellipsometry indicates that the final PS film
thickness is less than that for PI. This would suggest
that optically “bright”, lower lying, faster drying do-
mains are PS rich, and the surrounding optically
“dark” higher domains are PI rich. Selective washing
has confirmed this assignment, showing that drying
curve determination in this way can allow material
identification.
Because this approach can be applied at every pixel

across our optical images, it is possible to extend this
method to reconstruct by interpolation the absolute
quantitative sample height across the entire field of
view at any stage during the drying process, as shown
in Figure 3.
The validity of the assumption of uniform film

morphology with low roughness at the start time
chosen for the drying curve reconstruction and the
approach in general can be tested by comparing the
final reconstructed morphology with AFM metrology
carried out at the same region of the final sample
surface, Figure 4. This comparison reveals excellent
agreement with lateral structures in the reconstruction
matching those seen in the AFM image down to the
optical limit. Cross-section analysis reveals quantitative
agreement between the reconstructed and “real” AFM
data in the z-directionwithin 10%accuracy. In addition,
comparison of histograms of the reconstruction

Figure 2. Process used to extract quantitative drying curves
from stroboscopic interference image time stacks. The
optical image sequence is used to generate intensity versus
time graphs for each pixel position across the field of view.
The top graph shows example curves for representative
final “bright” and “dark” 2� 2 pixel binned regions.Maxima
and minima peak position times are used to reconstruct
corresponding spatially resolved drying curves (middle
graph, inset shows detail of the final drying stage). Lower
graph shows the drying curves for typical blend domains
compared to homopolymer samples at the same wt%, with
final thickness determined by ellipsometry.
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reveals an average height difference between the high
and low domains of 70 nm compared to 91 nm for
similar analysis of the AFM image. In this way we verify
the ability of this narrow bandwidth stroboscopic
illumination and reconstruction approach to quantita-
tively visualize the evolution of phase-separating surface
morphology with high spatial resolution on a rapidly
rotating disk. It is further noted that the error of the
sample height will be greatest in the final morphology,
due to the cumulative additive nature of the drying
curve reconstruction, and height reconstructions ear-
lier in the drying process will have increased fidelity to
the true morphology. This excellent morphological
agreement also allows conventional AFM to be used
to assess any later ongoing morphological develop-
ment that may occur as the sample ages.
The final morphology shown in Figure 4 consists of

two distinct domains separated by a consistent height
step, with a bicontinuous structure, corresponding to
the contrast in an optical image of the same location. In

the reconstruction, and more clearly in the AFM mor-
phology data, it can be seen that there are also smaller
length scale circular domain structures (diameter 100�
1000 nm) that appear sunken within the high domains
or raised within the low domains. This suggests small
inclusions of the neighboring phase were trapped
during the larger domain structure formation and under-
went a secondary localized phase separation pro-
cess at some stage during drying. As discussed above,
the bicontinuous phase-separated morphology ap-
pears well before the drying process is complete and
does not undergo significant lateral translation after t
his point. This is illustrated further in Figure 5. Here
features that appear in the final surface topography
are initially visible in the reconstructed topography
at a stage in the drying process when the film
thickness is greater than 2 μm, around 10 times the
final dried film thickness. Indeed, FFT analysis of the
raw optical images indicates that features at this
length scale are first visible around 11 s after spin

Figure 3. (Top) 2D relative height reconstructions during spin coating a PS:PI blend at 1500 rpm obtained from pixel by pixel
drying curve arrays generated from fringe counting the stroboscopic optical images. (Bottom) 3D surface morphology
reconstructions.

Figure 4. Comparison of detail and a virtual cross section of the final optically reconstructed morphology (left) with AFM
phase imaging morphology (middle) and section (right).
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coating begins, a full 6 s before the sample dries,
Figure 1. This early surface structure supports the
previous theoretical prediction that phase separa-
tion originates at the surface first and that this original

structure forms a motif to direct the subsequent phase
separation of solvent richer underlying regions.3 These
morphological reconstructions also confirm the sug-
gestions above, that phase separation in the PI�PS
system appears to follow a straightforward spinodal
decomposition process, with little influence of the
Marangoni instabilities that appear in early optical
images.
Despite the relatively fixed nature of the overall

bicontinuous structure during the last several seconds
of drying, fine details of the phase-separated morphol-
ogy appear to develop over the last fraction of seconds
of the drying process. In Figure 6, necks can be seen to
develop between adjacent sunken domains. In addi-
tion, fine-scale features, which correspond to the cir-
cular inclusions in the final morphology discussed above,
are seen to develop. This indicates that this secon-
dary phase separation occurs as the remaining small
amount of solvent evaporates from the blend. At this
stage diffusion lengths are significantly reduced, pre-
venting phase material from adopting the primary
separation motif.

CONCLUSION

In summary, we have demonstrated a powerful nar-
row-bandwidth illumination stroboscopic microscopy
method to allow high-quality optical micrographs to
be obtained throughout the spin-coating procedure
and accurate absolute height reconstruction for the
final part of the drying process, with comparable ver-
tical resolution to AFMmicrographs. We have used this
method to confirm that the phase-separation process
in 1:1 PS�PI blends is dominated by spinodal

Figure 5. (Left) Schematic cross section during the phase
separation process. (Right) Quantitative reconstructed sur-
face topography at 0.25 s intervals (start time 13 s). Esti-
mated polymer content labeled on right-hand axis.

Figure 6. Evolution of fine structure during the final stage of film formation. Circles show necking behavior; squares show
small-scale phase separation.
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decomposition, resulting in the appearance of bi-
continuous morphology that originates around 4 s
before the film has completely dried. This surface
motif roughens as the film dries; however little
further lateral evolution occurs at this length scale.
This is consistent with the model developed by
Buxton et al.,3 which predicts initial phase separa-
tion occurring at the top surface of the nascent film
where the solvent concentration is lowest, followed
by development of this motif as the underlying
material phase separates. During the final fraction
of a second we see evidence for a secondary phase
separation process, again consistent with the diffu-
sion limit placed on the final solvent evaporation. In
addition, a larger scale surface roughness early in the
spin-coating process is assigned to Marangoni in-
stabilities, but in this system has little influence on
the final morphology and phase structure.

Increasing the understanding of the interplay
between phase separation and Marangoni effects
for polymer blends spun cast from solution using this
new method and gathering direct evidence for the
early development of surface phase separation can
in turn produce improved theoretical understanding
and control of functional morphologies for polymer
blend based devices. It should also be noted that
comparable high-resolution visualization of the dy-
namics of phase separation for thin polymer blends
undergoing phase separation at elevated tempera-
tures has previously been achieved using atomic
force microscopy on static samples.23 However di-
rect comparison for the data we report here with
these studies is difficult due to the complication of
the third solvent phase present during spin coating
and the resulting dynamic increase in polymer
weight percent that occurs during phase separation.

EXPERIMENTAL SECTION
Polymer blends of PI and PS were prepared by dissolving the

homopolymers in o-xylene (Sigma Aldrich, >99%) at 2% wt,
followed by filtration (Whatman PTFE filter at 0.45 μm) and
blending in a 1:1 ratio by volume. A square of freshly oxygen
plasma cleaned silicon wafer (10 mm � 10 mm) was placed
upon a rotating disk attached to a dc motor, mounted under a
20� microscope objective (Nikon), and 20 μL of the polymer
blend was dispensed onto the surface and then spun at
1500 rpm. Illumination from a 100 W green LED (λcenter =
520 nm, width 10 nm) was focused on the surface using the
episcopic optics of the microscope. A custom-built electronic
trigger connected to themotor commutators fired the LEDwith
a pulse duration of 50 μs once every revolution and simulta-
neously triggered image capture. The short duration of the
individual pulse, and use of monochromatic light, limited the
photon flux available for microscopy and therefore required a
fast, high-sensitivity camera, in this instance an EMCCD with a
quantum efficiency of ∼95% (ANDOR, iXon 897). Typically
movies were recorded as 16-bit TIFF stacks, for ∼30 s at 25
fps, as defined by the motor spin speed. In our experimental
geometry the Bragg equation for constructive interference
simplifies to d =mλ/3 (approximating both polymer and solvent
refractive indices to n = 1.5). Usingmonochromatic illumination
at 520 nm, this gave consecutive constructive interference
occurring every time the film thins by 173.33 nm. It should be
noted that, due to the finite width of the illumination, the
amplitude of the interference effect decays as the film thickness
increases (i.e., at earlier, more solvent-rich periods during the
spin-coating process). This produced the enveloping of the
intensity oscillations shown in Figure 2. Image analysis and
height reconstruction were performed using Labview software,
and three-dimension topographies were rendered using Pov-
ray. AFM micrographs were captured with a Veeco Explorer
microscope operating in tapping mode.
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