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ABSTRACT: In this work, smooth polymer films of PS, PLA and their blends, with thicknesses
ranging from 20 nm up to 400 nm and very few defects on the surface were obtained by dip-
coating. In contrast to the process of spin-coating which is conventionally used to prepare thin
films of polymer blends, we showed that depending on the deposition parameters (withdrawal
speed and geometry of the reservoir), various morphologies such as layered film and laterally
phase-separated domains could be formed for a given blend/solvent pair, offering much more
opportunities compared to the spin-coating process. This diversity of morphologies was
explained by considering the superposition of different phenomena such as phase separation
process, dewetting and vitrification in which parameters such as the drying time, the
compatibility of the polymer/solvent pairs and the affinity of the polymer towards the interfaces
were suspected to play a significant role. For that purpose, the process of dip-coating was
examined within the capillary and the draining regimes (for low and high withdrawal speed
respectively) in order to get a full description of the thickness variation and evaporation rate as a

function of the deposition parameters.
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Introduction

When a blend of immiscible homopolymers is deposited from a solution of the polymers in a
common solvent, the morphology of the film after drying results from the superposition of
complex phenomena such as phase separation process, dewetting and vitrification of the system.
Depending on the evaporation rate, the phase separation and the dewetting can be stopped into
more or less advanced stages *®. This provides a wide variety of thin film morphologies
including co-continuous or dis-continuous laterally phase-separated morphologies as well as
layered systems. The compositional heterogeneities length scale can vary from few tens of
nanometers to several microns °. When deposited by spin-coating, it is rather difficult to vary
significantly the deposition parameters for a given polymer/solvent pair, and post-treatments are
often necessary to direct the morphology in the film (like thermal or solvent — SVA — annealing)
19 On the other hand, it is now well established that experimental conditions in dip-coating such
as the withdrawal speed, the nature of the solvent, or the concentration of the solvent vapors
above the reservoir can be tuned in order to significantly influence the properties of the final
dried films ™. Studying dip-coating from sol-gel solutions, Faustini et al. ** demonstrated that
within withdrawal speed from 0.01 to 20 mm.s™ deposition occurs in two specific regimes,
namely the capillary and the draining regimes (for low and high withdrawal speed respectively).
The physical processes of the film formation are different ', leading to a “V” shaped thickness
evolution. Extensively studied in the case of sol-gel process, the dip-coating of polymer
solutions has been reported for a limited number of examples including photovoltaic applications
1315 or block copolymer thin films 2 15 Very recently, it has been demonstrated in a series of
papers by Roland et al. ** 2% that the “V” shaped thickness evolution for supramolecular block
copolymer films formed by dip-coating was verified. It was also shown in these works that the
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morphology was highly influenced by the withdrawal speed, allowing for morphology control in

a very simple way, without the need of additional post-annealing techniques.

In this work, we have exploited the versatility of the deposition process by dip-coating in order to
direct the morphology in thin films of polymer blends. We focused our investigation on blends of
polystyrene (PS) and polylactic acid (PLA) that can be used, in case of a laterally phase separated
morphology, as masks for etching as demonstrated in previous work from our group 2*. We varied
the type of solvent used to prepare the polymer solution, the withdrawal speed and also the
configuration of the reservoir containing the solution to be deposited in order to generate various
evaporation conditions. Dip-coating of polymer blends using such a large variety of deposition
speeds and solvent quality has, to the best of our knowledge, not been yet reported. In the first
part of the paper, we focus on the thickness variations of the film as a function of the deposition

parameters. In the second part, we examine the morphology of two PS and PLA blends.

Experimental

Materials: Polystyrene (PS), polylactic acid (PLA) respectively with molar weight of 350,
95 kg.mol™ were used. All the used solvents were purchased from Sigma Aldrich and used as
received. In a 6” wafer of Si(100) supplied by MEMC Electronic Materials, substrates of 10*60
mm? were prepared. Because it is known that the oxide layer nature at the top of the Si substrate
can deeply influence the wetting behavior and therefore the morphology of heterogeneous
polymer systems deposited as thin films®, all samples were prepared from a same single wafer to
ensure the reproducibility of the surface composition. All samples were cleaned using the exact

same procedure by sonication in dichloromethane, methanol, distilled water for 10 minutes each,



dried under dry nitrogen gas for one minute and used straight away. The contact angle with water
after this preparation was 71 £ 2° on all prepared samples.

Polymers thin film solution: Solutions of PS and PLA were prepared by dissolving the adequate
mass of polymer in solvent (toluene, 1,2-dichloroethane (DCE), or tetrahydrofuran (THF)) to
obtain a concentration of polymer of 30 mg.mL™". The solutions were stirred at least 2 hours.
Solutions of PS and PLA blends were prepared in the same way: PS and PLA were weighted in
order to get the adequate polymer concentration (30 mg.mL™") and mass ratio (namely PS:PLA
70:30 and 30:70) and dissolved in solvent (toluene, DCE, or THF). The solutions were stirred at
least 2 hours.

Dip-coating procedure: The films were prepared by dip-coating Si substrate using a homemade
equipment. The container of the polymers solution was a graduated cylinder. The dimension of
the graduated cylinder are: 7.5 cm high and 1.7 cm internal diameter. Two configurations of
filling were used: completely or half filled (named “full” and “half” respectively). In both
configurations, the Si substrate was immersed in the solution on 4 cm high. It was left immersed
one minute. This time allows all perturbations due to the immersion of the substrate to be fully
damped. Then, the substrate was pulled out at constant speed between 1 to 500 mm.min™.
Thickness evaluation: The film thickness was evaluated using an interference-based film
thickness measurement system (F20, Filmetrics) for the PS and PLA homopolymer films. For
films of PS:PLA blends, the thickness cannot be evaluated with interference-based thickness
measurement system. The thickness of these films was thus evaluated only using AFM profiles.
A typical on dimensional line-cut in shown in Figure S1 (SI).

Atomic force microscopy images: Atomic Force Microscopy (AFM) images were collected using

a Molecular Imaging Pico+ in contact mode. Only height images were recorded. For
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morphologies showing circular domains, AFM images were thresholded in order to get binary
images and evaluate the characteristics of the discrete domains. The area, length and geometric
centres of the discrete domains were determined using Image J software * and the domains were
fitted by an ellipse. The size of the domains was calculated as the mean between the lengths of
the major and the minor axes. The films were scratched after dip-coating in order to uncover
partially the bare substrate. The scratched area was imaged by AFM and cross section profiles
were performed. The corresponding profiles were used to evaluate the thicknesses of the films,
which are in agreement with those evaluated with the interference-based thickness measurement
system for PS and PLA films. An example of the process flow as well as typical histogram is
provided in Figure S2 (SI).

Selective elimination of one polymer: PLA and PS were eliminated by depositing respectively a
drop of glacial acetic acid or tetrachloroethylene onto the film during 15 s and wiping it out
through an N flow.

Determination of the film drying time: To determine the film drying time, solution contained
only one polymer (PS or PLA\) is used. Videos of the withdrawing samples at 5 and 80 mm.min™
were recorded. The height position of the drying line on the withdrawing sample was visually
located by a sharp colour change on the sample. The height difference between the solution and
this line was measured. The drying time was calculated from this height difference and the

withdrawal speed.



Results and discussion

Figure 1 shows the typical variation of the polymer film thickness (after drying) as a function of
the withdrawal speed. The results shown here were obtained with pure PS deposited by dip-
coating from solutions in three solvents (Toluene, Tetrahydrofuran (THF) and 1,2- dichloroethane
(DCE)) using the “full” and “half” deposition configurations. As already shown in similar works

using polymer solutions % %2

, the thickness versus withdrawal speed in a log/log scale exhibits
a “V” shaped curve. It decreases with increasing speed at low speed, goes through a minimal
thickness for a critical speed, and increases for higher values of the speed. The curves relative to
the PLA, PS:PLA 70:30 and 30:70 blends are shown in SI (Figures S3, S4, S5) and exhibit the

same kind of behavior.

1000
Slope: -1
Slope: 2/3
/é-. =
£ 100 §
= ]
7 oPS/Tol/H *PS/Tol/F
7 aPS/DCE/H =+PS/DCE/F
10 <-PS/THF/H +PS/THF/F

1 10 100 1000
U, (mm.min-7)

Figure 1. Thickness (hs) as a function of withdrawal speed (Up) for PS solution with toluene
(circles), DCE (squares) and THF (diamonds) in “half” (H) (open marks) and “full” (F)

configuration (full marks).



For high withdrawal speed, the formation of the liquid film on the substrate results from the
balance between the viscous drag of the solution and capillary forces which are opposed to the
deformation of the meniscus. The geometry and dimension of the resulting meniscus which is of
high importance in this process has been already described in details in the litterature.***% The
moving substrate takes off the liquid from the surface of the bath until a critical point (generally
named stagnation point) where the solution goes back into the bath due to the domination of the
gravity forces *. In this so-called draining regime, the thickness (ho) of the liquid film withdrawn

14,24-26

from the reservoir can be described by the Landau-Levich equation (1) considering a

Newtonian and non-evaporating liquid:

hy = 0.94 sV (1)
= U. —_— 1
0 vs /6(psg) /2

with ns, vs and ps being the viscosity, the surface tension and the density of the liquid, Uy and g
being the withdrawal speed and standard gravity respectively.

In our case, the solvent is evaporating and the non-volatile species are progressively concentrated
until the point where a dried film with a thickness hs is formed. In these conditions, the thickness
of the film hs can no longer be expressed with equation 1 but has still a 2/3 power-law
dependence on the withdrawal speed ?"?®, The final thickness can be expressed by equation 2

that takes into account the evaporation of the solvent as proposed by Faustini et al.**
_ °/3
he = k;D U, (2)
where k; represents the volume proportion of the non-volatile compounds in the solution, D is a
global draining constant. k; can be calculated in our case by k; = ¢; / p; where ¢; and p; being the

mass concentration of the polymer in the solution (g.cm™) and the density of the polymer (g.cm™)

respectively.



At low withdrawal speed, the evaporation phenomenon is dominant and induces a capillary flow
that drags the solution from the bath towards the upper part of the meniscus. This leads to an
accumulation of the non-volatile species which in turn favors the formation of higher thicknesses.

This trend can be described by equation 3 ** %'

hy = k; % Uio (3)
with E, L being the evaporation rate and the film width, respectively. In this model, the dried film
thickness is proportional to the inverse of the withdrawal speed.

For very low withdrawal speed (1 mm.min™), stripes are formed at the surface of the film,
perpendicularly to the withdrawal direction (Figure S6a). This phenomenon, called “stick-slip
motion” has been observed and described by Huang et al., Ghosh et al. and Uchiyama et al.*3!
and occurs when high concentrations of non-volatile compounds are formed and pinned in the
upper part of the meniscus, leading to the formation of local thickness heterogeneities (Figure
S6b).

Combining the two models of equations 2 and 3 permits to describe the variation of the film

thickness over the whole range of withdrawal speed (equation 4) **.

2

L
In our case, we have verified that the thickness variation with the withdrawal speed exhibits a
slope close to 2/3 and -1 in the draining and capillary regime respectively (see Figure 1). The
curves of the thickness versus withdrawal speed relative to PS and PLA films were fitted using
equation 4. From the fits, we were able to extract the values of the draining constant Dy and
evaporation rate Es; for each polymer/solvent pair, in the two types of deposition configuration

“full” and “half” (table 1).



The draining constant Dg; was found to be slightly affected by the type of solvent for a given
polymer but was found to be lower for PLA compared to PS. This could be related to the lower
molecular mass of PLA inducing a lower viscosity of the solution. In contrast, it can be observed
that the configuration and the nature of the solvent strongly affected the evaporation rate Egi.

Three main parameters were found to play a central role:

The deposition configuration: the evaporation rates are lower in the “half” configuration
compared to the “full” one for a given polymer/solvent pair. This is consistent with the presence
of higher vapor pressure inside the cylinder due the confinement of the atmosphere which

induces a reduced evaporation rate.

The vapor pressure of the solvent: for a given polymer, the evaporation rate increases with higher
vapor pressure (Prue (193 hPa) > P°ce (87 hPa) > Plrouene (29 hPa) at 20°C induces
EtHF>Epce>Etoluene)-

The affinity of the solvent towards the polymer, which is known to affect the rate of the solvent
removal in the general case of the polymer film formation.>> We estimated for that purpose the
swelling ratio of a polymer film exposed to solvent vapor at a given partial pressure that gives a
measure of the polymer/solvent affinity. The swelling ratio for PS and PLA films evaluated in
such way at p/p0=0.95, are respectively 1.8, 1.9 for toluene, 2.5, 3.0 for THF and 2.0, 3.0 for
DCE. Consideration of these values shows that toluene, THF and DCE are more selective to PLA

than PS. This explains why the evaporation rates are lower with PLA.

The fitted values of the evaporation rate were compared to experimental values determined from
videos of the substrate withdrawing from the solution. From the height position of the drying line
on the withdrawing sample (visually located by a sharp color change of the substrate on the

video), the drying time (tp) was extracted on the video by time monitoring. During this drying
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time, the amount of solvent to be evaporated could be estimated considering that the solution to
be dried is located between the solution and the maximal height of the meniscus (approximated to

the capillary length Ic).** Consequently, the evaporation rate could be estimated using equation 5.

E _ (hS_hf) lc L (5)

2 tp

with h thickness at the base of the solution, L width of the sample.

Two withdrawal speeds were investigated: 5 mm.min™® within the capillary regime and
80 mm.min™* within the draining regime leading to the determination of Es and Egy respectively.
The results displayed in table 1 show a good agreement between Eg: and Es, those two values
being considered in the capillary domains (low withdrawal speed). In contrast, Egy differs from
Esit (or Es) which indicates that the evaporation rate (E) depends on the withdrawal speed in our
experimental conditions. In the two configurations Egy > Es suggesting that the vapor pressure
above the reservoir is not homogenous: at high speed, the sample dries far away from the surface
where the concentration of solvent vapor is low whereas at low speed, the sample dries close to
the reservoir surface where the concentration of solvent vapor is higher. This effect is minimized
in the “full” configuration where the vapor pressure gradient is expected to be sharper (vapor
pressure is already low for Es). The difference between Egy and Es depends also on the intrinsic
evaporation of the solvent (vapor pressure) and is reduced for solvent with high evaporation rate
such as THF. The evaporation rates are lower for PLA than for PS indicating a better solvent
retention in PLA than in PS film. Although we show that E depends on U, equation 4 is still valid
with E being taken in the capillary regime since the first tem of equation 4 vanished at higher

speed values.
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Table 1. Dg; (10* m*3.5*3), Eg (10 m3.s™), E; (10" m’.s™) and Eg, (10 m?.s™) for PS and

PLA solutions in toluene, DCE, THF for the “full” and “half” configurations.

FULL HALF
Polymers Solvent Drsit Esit Es Eso Dsit Esit Es Eso
4.0+ 35+ 0.6+ 04+
PS Toluene 31 31 12+5 4+1
0.5 0.5 0.5 0.1
3.8+ 3.2+ 1.3+ 1.1+
PS DCE 61 72 | 12+6 62
0.5 0.5 0.5 0.4
4.1+ 25 + 34+ 22+
PS THF 15+1 |25 +9 3+1 | 62
0.5 15 0.5 0.5
3.0 31+ 0.6+ 0.2+ 20+
PLA Toluene 3+x1 2+1 6+2
+0.5 0.5 0.5 0.1 0.7
35+ 3.0 14+ 05+ 22+
PLA DCE 7+1 5+2 8+4
0.5 +0.5 05 0.2 0.8
35+ 2.7 + 25+ 19+
PLA THF 17+1 | 14+5 | 1145 3+1
0.5 0.5 0.5 0.7

Finally, we have examined the position of the critical speed (U;) which corresponds to the
withdrawal speed at the point where both regimes compensate and the thickness reaches a

minimum value (minimum of the curves in Figure 1). From the derivative of the equation 4
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(equation 6), it can be seen that U, is only a function of the evaporation rate of the solvent (E), L
and D being both constant in our experimental conditions:

v.= ()"

As seen in table 1, the evaporation rate increases in the order Tol<DCE<THF. Consequently, the
characteristic velocity increases in the same order as seen in Figure 1 where the minimum of the

curves is shifted to the right part of the diagram in the order Tol, DCE, THF.

We now present and discuss the different types of morphologies observed by AFM in thin films
composed of blends of PS and PLA deposited from solution in the various organic solvents.
Figure 2 and Figure 3 illustrate the different types of morphologies that can be obtained by
changing the parameters of deposition (withdrawal speed and configuration of the reservoir) and
the characteristics of the solution (type of solvent, composition of the blends). The two first
columns correspond to the configuration “half”, in the capillary regime (5 mm.min™) and in the
draining regime (80 mm.min™). The third column corresponds to the configuration “full”, only
showing the morphology obtained in the draining regime (80 mm.min™) since the morphology
was found to be independent with the regime of deposition (see Figures S7 and S8 in the Sl). The
three lines correspond to the three different solvents used for the preparation of the solution
(toluene, DCE, THF). From the selective extraction of PLA (using acetic acid) and PS (using
tetrachloroethylene) coupled with the AFM observations of the resulting morphologies, we were

able to determine the repartition of the polymer in the film for each situation.
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DCE Toluene

THF

“half” 5 mm.min “half” 80 mm.min* “full” 80 mm.min*

Figure 2. 20 x 20 um AFM images of PS:PLA(70:30) blend films

(@), (b), (c) in toluene;

(d), (e), (f) in DCE;

(9), (), (i) in THF;

(a), (d), (g) at a 5 mm.min* in configuration “half”;

(b), (e), (h) at 80 mm.min™ in configuration “half”;

c), (f), (i) at 80 mm.min* in configuration “full”.

The Z scale is -50 to +50 nm for all images except for image d) (- 500 to +500 nm)
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DCE Toluene

THF

1

“half” 5 mm.min “half” 80 mm.min?*  “full” 80 mm.min™*

A 1T

-,.'Sf."-’,::'o.
ee %o ;o ..3’1“.1} ‘:’.
‘0"'0 Jee-g 00 0. 5% g

Figure 3. 20 x 20 um AFM images of PS:PLA(30:70) blend films

(@), (b), (c) in toluene;

(d), (e), (f) in DCE;

(9), (h), (i) in THF;

(a), (d), (9) at a5 mm.min™ in configuration “half”;

(b), (e), (h) at 80 mm.min™ in configuration “half”;

c), (f), (i) at 80 mm.min* in configuration “full”.

The Z scale is -50 to +50 nm for all images except for image a) and d) (- 150 to
+150 nm)
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Figure 2 shows representative images of the surface morphology obtained by AFM for PS:PLA
(70:30) blend. For the films obtained from toluene solution, the featureless morphology of figure
2a was attributed to the formation of stratified domains with layers (from the top to the bottom)
of PS and PLA as revealed by a global thickness decrease after two successive extractions with
tetrachloroethylene and acetic acid. Similar behaviors were observed with samples shown in
figure 2b and 2c, although the stratification was less perfect as judged by the presence of
discontinuations in the upper PS layer which can be attributed to specific interactions between the

polymer phases during the process of the layer formation.

For the films obtained from DCE solution, a stratified morphology was also found in the case of
the morphologies depicted in figure 2e and 2f, but in this case, the identification of the polymer
location revealed the presence (from the top to the bottom) of a first thin layer of PLA, followed
by PS layer and then PLA layer again as a wetting layer on the substrate surface. In this case, we
now describe the process flow for the qualitative and quantitative characterization of the different
layers based on the successive elimination using selective solvent. Figure S9 in SI shows the
evolution of the cross section profile of the films during this process. It can be seen in this
example that the film thickness decreases from 170 nm to 165 nm after a first selective extraction
with acetic acid (selective to PLA). A second extraction with tetrachloroethylene (selective to PS)
lead to a film thickness of 45 nm. A third extraction with acetic acid (selective to PLA) removes
the remaining layer. This leads to the conclusion that the initial film with a thickness of 175 nm is
composed of a 5 nm layer of PLA on top of a120 nm layer of PS and 45 nm PLA bottom wetting
layer. For a more accurate, direct and non-destructive vertical assessment of compositional
heterogeneities, it has to be noted that grazing incidence techniques such as X-ray reflectivity and
GISAXS are ideal tools. We refer the interested readers to the following literature that describe
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selected examples of such approach®®. Finally, the morphology observed in figure 2d was

attributed to large PS islands surrounding by a matrix of PLA.

For the films obtained from THF solution, the presence of discrete PLA domains dispersed in a
continuous matrix of PS was revealed (figure 2g, 2h and 2i). The selective extraction of the PLA
led to cylindrical cavities, which depth matches the thickness of the film, indicating that the PLA
went through the entire PS phase. It was found that the dimensions of the PLA domains were
influenced by the parameters of the deposition. The mean diameters of the PLA domains in figure
29, 2h and 2i were respectively 1.6 um, 740 and 650 nm. Interestingly, these results are in line
with earlier work from the Muller-Buschbaum group showing the strong dependence between
morphology and i) layer thickness® on one hand and ii) shape of the meniscus on the other
hand®” which are two parameters that are clearly affected by the deposition conditions in dip-
coating. This confirms that the use of dip-coating, allowing for preparation of thin films in
various conditions by changing the withdrawal speed is of high importance to simply control the

morphology of the deposited film.

Figure 3 shows representative images of the surface morphology obtained by AFM for a PS:PLA
(30:70) blend obtained in the conditions already described for figure 2. Again, we were able to
assign the polymer phases on the basis of the AFM observation of the film after successive
selective extractions. For all the configurations, no stratified morphology was observed using this
blend composition. Discontinuous PS domains dispersed within a continuous matrix of PLA were

observed, with shape and dimensions depending on the deposition parameters:

- for the films obtained from toluene solution, more or less elongated discontinuous PS domains

were formed for all conditions (figure 3a, 3b and 3c). The selective removal of the phases
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revealed a wetting layer of PLA on the Si substrate indicating that the PS domains were not going

through the entire PLA phase.

- for the films obtained from DCE solution, cylindrical domains of PS were observed with a mean
diameter of 0.9 and 1.6 um (bimodal distribution), 800 and 650 nm in figure 3d, 3e and 3f
respectively. Similar to toluene, a wetting layer of PLA on the Si substrate was identified by the
successive selective extractions but in this case, an additional thin PLA layer covering the

discontinuous PS domains was observed.

- for the films obtained from THF solution, cylindrical domains were observed with a mean
diameter of 1.9, 1.0 and 2.5 (bimodal distribution), 1.2 um in figure 3g, 3h and 3i respectively but
in this case it was found that the PS domains were going through the entire PLA phase, with no

formation of a continuous PLA wetting layer.

Since the films were deposited from homogeneous solutions of the polymers in a common
solvent, the final dried morphology results from the competition between phase separation of the
polymers (induced by the evaporation) and the vitrification of the system. It can be thus
anticipated that the relative position of the onset of the phase separation and the vitrification will
determine the extent of the phase separation and will drive parameters such as the shape and the
dimension of the domains in the dried state. Additionally, specific interactions from the polymers
toward the interfaces (free surface and film/substrate interface) will favor the formation of
stratified morphology versus laterally phase separated domains.’ We consequently expect that the
morphology observed in figures 2 and 3 can be explained in terms of the drying time, the
compatibility of the solvent/polymer pairs and the affinity of the polymer towards the interfaces.

In the following, we discuss these parameters for each of the three solvents used in this study.
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A laterally phase separated morphology with discrete domains is observed with THF. As judged
by the values of the Flory-Huggins parameters (yPS/THF = 0.05, yPLA/THF = 0.01), THF can be
considered as a good solvent for both PS and PLA, that produces PS-rich and PLA-rich phases
equally swollen after phase separation. This mediates the surface energy of the swollen system,
favoring a mixed distribution of polymer phases at both interfaces (silicon/polymer and surface of
the film). Additionally, the high solubility of both polymers in THF delays the phase separation
for more concentrated solution meaning high evaporation level, potentially very close to the
vitrification point of the system. The combination of these two phenomena favors the formation
of laterally phase separated domains going through the entire film thickness (figures 2g, 2h, 2i,
39, 3h and 3i). For a given deposition condition, the behaviors of the PS:PLA (70:30) and (30:70)
blends are similar (laterally phase separated morphology) but not fully symmetric due to the
mobility difference of the PLA versus PS chains and asymmetry of the phase diagram. Very
interestingly, it can be noted that for a given composition of the solution, different morphological
characteristics can be obtained (here the domain size) by changing the deposition parameters.
Higher evaporation rate favors the formation of domains with smaller dimensions, due to the
limitation of the phase separation progress. Such range of variety of morphology for the same

solution cannot be achieved and well controlled using spin coating.

In contrast, toluene can be considered as a poorer solvent than THF for both PS and PLA
(xps/roluene = 0.5, xpLarmoliene = 0.5). The limited solubility of both polymers in toluene favors the
phase separation for low evaporation level, allowing for diffusion and coalescence phenomena of
separated phases. During the phase separation, a PLA wetting layer on the silicon is formed,
driven by the small surface energy between PLA (39 mN.m™) and Si (36 mN.m™) inducing the
formation of a PS-rich surface layer in contact with the solvent in the same time. Layered
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morphology (PS layer on the top of PLA layer) is obtained for a composition where PS is the
major component (PS:PLA (70: 30)) (figure 2a, 2b and 2c). When PLA is the major component,
PS forms discrete domains resulting from the dewetting of the PS layer above the PLA layer

(figure 3a, 3b and 3c).

DCE provide a third type of behavior where the two polymers display a different affinity towards
the solvent. DCE is a good solvent for PLA (ypLapce = 0.01), and a poor solvent for PS (ypsipce =
0.4). Consequently, PS-rich and PLA-rich phases produced by the phase separation process are
not equally swollen, which is not in favor of a mediation of the surface energy of the phases in
formation. PLA migrates at both interfaces (surface between silicon and polymer and surface of
the film) and PS-rich phase is rejected between these two PLA-rich phases. This three-layer
morphology (PLA/PS/PLA) is observed for high withdrawal speed (high evaporation rate) when
the PS is the major component in the blend (figure 2e and 2f). For lower speed (lower
evaporation rate as previous demonstrated), the phase separation proceeds to a higher extent,
allowing the three-layer morphology to evolve to more advanced state where PS-rich phase forms
discrete domains on a wetting PLA layer (figure 2d). The fragmentation of the intermediate PS
layer could involve dewetting process as already proposed for the morphology formation in thin
films of polymer blends formed by spin-coating.®® The same fragmentation process is likely to
occur when PS is the minor component in the blend (PS:PLA(30:70)) (figure 3d, 3e and 3f)
where discrete PS domains are formed instead of a three layer morphology (in this latter case a

thin residual PLA layer on top of the PS domains is in favor of this mechanism).

Conclusion
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We demonstrated that the morphology of the dried films, for a given polymer/solvent pair can be
driven by the deposition parameters (withdrawal speed and geometry of the reservoir) which
allow much more opportunities compared to the spin-coating process where the morphology in
the latter case is mostly driven by the composition of the solution to be deposited. We have
interpreted the various morphologies obtained (layers and laterally phase-separated domains) by
considering the superposition of different phenomena such as phase separation process, dewetting
and vitrification. Parameters such as the drying time, the compatibility of the polymer/ solvent
pairs and the affinity of the polymer towards the interfaces were suspected to play a great role in
the control of the morphologies. In this context, the process of dip-coating was carefully
examined within the capillary and the draining regimes (for low and high withdrawal speed
respectively) in order to get a full description of the thickness variation and evaporation rate as a
function of the deposition parameters. This study is of high interest for the control of the
morphology in thin films of polymer blends which are considered as serious candidates for
advanced functional systems such as sensors, photovoltaic devices or smart templates for

lithographic applications.
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