
F

M
d

A
M
a

C
b

C
c

a

A
R
R
A
A

K
P
D
M
T
P

1

a
o
p
r
p
l
fi
e
T
t
c
p
a
m

h
0

Applied Surface Science 393 (2017) 127–133

Contents lists available at ScienceDirect

Applied Surface Science

journa l homepage: www.e lsev ier .com/ locate /apsusc

ull length article

orphology control in thin films of PS:PLA homopolymer blends by
ip-coating deposition

lexane Vital a,b, Marylène Vayer a, Thomas Tillocher b, Rémi Dussart b,
ohamed Boufnichel c, Christophe Sinturel a,∗

Interfaces, Confinement, Matériaux et Nanostructures (ICMN), CNRS-Université d’Orléans, UMR 7374, 1B Rue de la Férollerie, C.S. 40059, 45071 Orléans
edex 2, France
Groupe de recherches sur l’énergétique des milieux ionisés (GREMI), CNRS-Université d’Orléans, UMR 7344, 14 rue d’Issoudun, B.P. 6744, F45067 Orléans
edex 2, France
STMicroelectronics, 16, rue Pierre et Marie Curie, B.P. 7155, 37071 Tours Cedex 2, France

r t i c l e i n f o

rticle history:
eceived 4 July 2016
eceived in revised form 2 September 2016
ccepted 28 September 2016
vailable online 30 September 2016

eywords:
olymer blend

a b s t r a c t

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 pro-
cess 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 films 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 diver-
sity of morphologies was explained by considering the superposition of different phenomena such as
ip-coating
orphology

hin polymer film
hase separation

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.

© 2016 Published by Elsevier B.V.
. Introduction

When a blend of immiscible homopolymers is deposited from
solution of the polymers in a common solvent, the morphology

f the film after drying results from the superposition of complex
henomena such as phase separation process, dewetting and vit-
ification of the system. Depending on the evaporation rate, the
hase separation and the dewetting can be stopped into more or

ess advanced stages [1–8]. This provides a wide variety of thin
lm morphologies including co-continuous or dis-continuous lat-
rally phase-separated morphologies as well as layered systems.
he compositional heterogeneities length scale can vary from few
ens of nanometers to several microns [9]. When deposited by spin-
oating, it is rather difficult to vary significantly the deposition

arameters for a given polymer/solvent pair, and post-treatments
re often necessary to direct the morphology in the film (like ther-
al or solvent – SVA – annealing) [10]. On the other hand, it is

∗ Corresponding author.
E-mail address: christophe.sinturel@univ-orleans.fr (C. Sinturel).

ttp://dx.doi.org/10.1016/j.apsusc.2016.09.151
169-4332/© 2016 Published by Elsevier B.V.
now well established that experimental conditions in dip-coating
such as the withdrawal speed, the nature of the solvent, or the con-
centration of the solvent vapors above the reservoir can be tuned
in order to significantly influence the properties of the final dried
films [11–13]. Studying dip-coating from sol-gel solutions, Faustini
et al. [11] demonstrated that within withdrawal speed from 0.01 to
20 mm s−1 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 [14], 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 exam-
ples including photovoltaic applications [13,15] or block copolymer
thin films [12,16–19]. Very recently, it has been demonstrated in a
series of papers by Roland et al. [12,20,21] that the “V” shaped thick-
ness evolution for supramolecular block copolymer films formed
by dip-coating was verified. It was also shown in these works that

the 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.

dx.doi.org/10.1016/j.apsusc.2016.09.151
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2016.09.151&domain=pdf
mailto:christophe.sinturel@univ-orleans.fr
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In this work, we have exploited the versatility of the deposition
rocess by dip-coating in order to direct the morphology in thin
lms of polymer blends. We  focused our investigation on blends of
olystyrene (PS) and polylactic acid (PLA) that can be used, in case
f a laterally phase separated morphology, as masks for etching
s demonstrated in previous work from our group [22]. We  var-
ed the type of solvent used to prepare the polymer solution, the

ithdrawal speed and also the configuration of the reservoir con-
aining the solution to be deposited in order to generate various
vaporation conditions. Dip-coating of polymer blends using such

 large variety of deposition speed and solvent quality has, to the
est of our knowledge, not been yet reported. In the first part of the
aper, we focus on the thickness variations of the film as a function
f the deposition parameters. In the second part, we  examine the
orphology of two PS and PLA blends.

. Experimental

.1. Materials

Polystyrene (PS), polylactic acid (PLA) respectively with molar
eight of 350 and 95 kg·mol−1 were used. All the used solvents
ere purchased from Sigma Aldrich and used as received. In a 6”
afer of Si(100) supplied by MEMC  Electronic Materials, substrates

f 10*60 mm2 were prepared. Because it is known that the oxide
ayer nature at the top of the Si substrate can deeply influence the

etting behavior and therefore the morphology of heterogeneous
olymer systems deposited as thin films [23], all samples were pre-
ared from a same single wafer to ensure the reproducibility of
he surface composition. All samples were cleaned using the exact
ame procedure by sonication in dichloromethane, methanol, dis-
illed water for 10 min  each, dried under dry nitrogen gas for one

inute and used straight away. The contact angle with water after
his preparation was 71 ± 2◦ on all prepared samples.

.2. Polymers thin film solution

Solutions of PS and PLA were prepared by dissolving the ade-
uate mass of polymer in solvent (toluene, 1,2-dichloroethane
DCE), or tetrahydrofuran (THF)) to obtain a concentration of poly-

er  of 30 mg·mL−1. The solutions were stirred at least 2 h. Solutions
f PS and PLA blends were prepared in the same way: PS and PLA
ere weighted in order to get the adequate polymer concentra-

ion (30 mg·mL−1) and mass ratio (namely PS:PLA 70:30 and 30:70)
nd dissolved in solvent (toluene, DCE, or THF). The solutions were
tirred at least 2 h.

.3. Dip-coating procedure

The films were prepared by dip-coating Si substrates using a
omemade equipment. The container of the polymers solution was

 graduated cylinder. The dimension of the graduated cylinder are:
.5 cm high and 1.7 cm internal diameter. Two configurations of
lling were used: completely or half filled (named “full” and “half”
espectively). In both configurations, the Si substrate was immersed
n the solution on 4 cm high. It was left immersed one minute. This
ime allows all perturbations due to the immersion of the substrate
o be fully damped. Then, the substrate was pulled out at constant
peed between 1 and 500 mm min−1.

.4. Thickness evaluation
The film thickness was evaluated using an interference-based
lm thickness measurement system (F20, Filmetrics) for the PS and
LA homopolymer films. For films of PS:PLA blends, the thickness
Fig. 1. Thickness (hf) as a function of withdrawal speed (U0) for PS solutions in
toluene (circles), DCE (squares) and THF (diamonds) in “half” (H) (open marks) and
“full” (F) configuration (full marks).

cannot be evaluated with interference-based thickness measure-
ment system. The thickness of these films was thus evaluated only
using AFM profiles. A typical on dimensional line-cut in shown in
Fig. S1 (SI).

2.5. 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 morphologies showing circular domains, AFM
images were thresholded in order to get binary images and evalu-
ate the characteristics of the discrete domains. The area, length and
geometric centres of the discrete domains were determined using
Image J software [1] 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 evalu-
ate the thicknesses of the films, which are in agreement with those
evaluated with the interference-based thickness measurement sys-
tem for PS and PLA films. An example of the process flow as well as
typical histogram is provided in Fig. S2 (SI).

2.6. 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 N2 flow.

2.7. 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−1 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.

3. Results and discussion
Fig. 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)
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Table  1
Dfit (10−4 m1/3·s2/3), Efit (10−12 m3·s−1), E5 (10−12 m3·s−1) and E80 (10−12 m3·s−1) for PS and PLA solutions in toluene, DCE, THF for the “full” and “half” configurations.

FULL HALF

Polymers Solvent Dfit Efit E5 E80 Dfit Efit E5 E80

PS Toluene 4.0 ± 0.5 3 ± 1 3 ± 1 12 ± 5 3.5 ± 0.5 0.6 ± 0.5 0.4 ± 0.1 4 ± 1
PS  DCE 3.8 ± 0.5 6 ± 1 7 ± 2 12 ± 6 3.2 ± 0.5 1.3 ± 0.5 1.1 ± 0.4 6 ± 2
PS  THF 4.1 ± 0.5 15 ± 1 25 ± 9 25 ± 15 3.4 ± 0.5 2.2 ± 0.5 3 ± 1 6 ± 2

6 ±
8 ±
11
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PLA  Toluene 3.0 ±0.5 3 ± 1 2 ± 1 

PLA  DCE 3.5 ± 0.5 7 ± 1 5 ± 2 

PLA  THF 3.5 ± 0.5 17 ± 1 14 ± 5 

nd 1,2-dichloroethane (DCE)) using the “full” and “half” deposition
onfigurations. As already shown in similar works using polymer
olutions [12,20,21], the thickness versus withdrawal speed in a
og/log scale exhibits a “V” shaped curve. It decreases with increas-
ng speed at low speed, goes through a minimal thickness for a
ritical speed, and increases for higher values of the speed. The
urves relative to the PLA, PS:PLA 70:30 and 30:70 blends are shown
n SI (Figs. S3–S5) and exhibit the same kind of behavior.

For high withdrawal speed, the formation of the liquid film on
he substrate results from the balance between the viscous drag of
he solution and capillary forces which are opposed to the deforma-
ion of the meniscus. The geometry and dimension of the resulting

eniscus which is of high importance in this process has been
lready described in details in the literature [14,24–26]. The mov-
ng substrate takes off the liquid from the surface of the bath until

 critical point (generally named stagnation point) where the solu-
ion goes back into the bath due to the domination of the gravity
orces [14]. In this so-called draining regime, the thickness (h0) of
he liquid film withdrawn from the reservoir can be described by
he Landau-Levich Eq. (1) [14,24–26] considering a Newtonian and
on-evaporating liquid:

0 = 0.94
(�sU0)2/3

�1/6
s (�sg)

1/2
(1)

ith �s, �s and �s being the viscosity, the surface tension and the
ensity of the liquid, U0 and g being the withdrawal speed and
tandard gravity respectively.

In our case, the solvent is evaporating and the non-volatile
pecies are progressively concentrated until the point where a dried
lm with a thickness hf is formed. In these conditions, the thick-
ess of the film hf can no longer be expressed with Eq. (1) but
as still a 2/3 power-law dependence on the withdrawal speed
11,27,28]. The final thickness can be expressed by Eq. (2) that takes
nto account the evaporation of the solvent as proposed by Faustini
t al. [11]

f = kiDU
2/3
0 (2)

here ki represents the volume proportion of the non-volatile com-
ounds in the solution, D is a global draining constant. ki can be
alculated in our case by ki = ci/�i where ci and �i being the mass
oncentration of the polymer in the solution (g cm−3) and the den-
ity of the polymer (g·cm−3) respectively.

At low withdrawal speed, the evaporation phenomenon is dom-
nant and induces a capillary flow that drags the solution from
he bath towards the upper part of the meniscus. This leads to an
ccumulation of the non-volatile species which in turn favors the
ormation of higher thicknesses. This trend can be described by Eq.
3) [11,27].

f = ki
E 1

(3)

L U0

ith E, L being the evaporation rate and the film width, respectively.
n this model, the dried film thickness is proportional to the inverse
f the withdrawal speed.
 2 3.1 ± 0.5 0.6 ± 0.5 0.2 ± 0.1 2.0 ± 0.7
 4 3.0 ±0.5 1.4 ± 0.5 0.5 ± 0.2 2.2 ± 0.8

 ± 5 2.7 ± 0.5 2.5 ± 0.5 1.9 ± 0.7 3 ± 1

For very low withdrawal speed (1 mm min−1), stripes are
formed at the surface of the film, perpendicularly to the withdrawal
direction (Fig. S6a). This phenomenon, called “stick-slip motion”
has been observed and described by Huang et al., Ghosh et al. and
Uchiyama et al. [29–31] 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 hetero-
geneities (Fig. S6b).

Combining the two models of Eqs. (1) and (3) permits to describe
the variation of the film thickness over the whole range of with-
drawal speed (Eq. (4)) [11].

hf = ki(
E

L

1
U0

+ DU2/3
0 ) (4)

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 Fig. 1). The curves of
the thickness versus withdrawal speed relative to PS and PLA films
were fitted using Eq. (4). From the fits, we  were able to extract the
values of the draining constant Dfit and evaporation rate Efit for each
polymer/solvent pair, in the two  types of deposition configuration
“full” and “half” (Table 1).

The draining constant Dfit 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 Efit. Three main parameters
were found to play a central role:

1. 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.

2. The vapor pressure of the solvent: for a given polymer, the
evaporation rate increases with higher vapor pressure (P0

THF
(193 hPa) > P0

DCE (87 hPa) > P0
Toluene (29 hPa) at 20 ◦C induces

ETHF > EDCE > Etoluene).
3. 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 [32]. We  estimated for that pur-
pose 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 selec-
tive 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 with-
drawing from the solution. From the height position of the drying
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ig. 2. 20 × 20 �m AFM images of PS:PLA(70:30) blend films (a), (b), (c) in toluene;
b),  (e), (h) at 80 mm·min−1 in configuration “half”; c), (f), (i) at 80 mm·min−1 in con
500  nm).

ine on the withdrawing sample (visually located by a sharp color
hange of the substrate on the video), the drying time (tD) was
xtracted on the video by time monitoring. During this drying time,
he amount of solvent to be evaporated could be estimated consid-
ring that the solution to be dried is located between the solution
nd the maximal height of the meniscus (approximated to the cap-
llary length lC).[33] Consequently, the evaporation rate could be
stimated using Eq. (5).

 = (hs − hf )lCL
2tD

(5)

ith hs thickness at the base of the solution, L width of the sample.
Two withdrawal speeds were investigated: 5 mm·min−1 within

he capillary regime and 80 mm·min−1 within the draining regime
eading to the determination of E5 and E80 respectively. The results
isplayed in Table 1 show a good agreement between Efit and E5,
hose two values being considered in the capillary domains (low
ithdrawal speed). In contrast, E80 differs from Efit (or E5) which

ndicates that the evaporation rate (E) depends on the withdrawal
peed in our experimental conditions. In the two configurations
80 > E5 suggesting that the vapor pressure above the reservoir is
ot homogenous: at high speed, the sample dries far away from the
urface where the concentration of solvent vapor is low whereas
t low speed, the sample dries close to the reservoir surface where
he concentration of solvent vapor is higher. This effect is mini-

ized in the “full” configuration where the vapor pressure gradient
s expected to be sharper (vapor pressure is already low for E5). The
ifference between E80 and E5 depends also on the intrinsic evap-

ration of the solvent (vapor pressure) and is reduced for solvent
ith high evaporation rate such as THF. The evaporation rates are

ower for PLA than for PS indicating a better solvent retention in
LA than in PS film. Although we show that E depends on U, Eq. (4)
), (f) in DCE; (g), (h), (i) in THF; (a), (d), (g) at a 5 mm·min−1 in configuration “half”;
tion “full”. The Z scale is −50 to +50 nm for all images except for image d) (−500 to

is still valid with E being taken in the capillary regime since the first
tem of Eq. (4) vanished at higher speed values.

Finally, we have examined the position of the critical speed (Uc)
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 Fig. 1). From the derivative of the
Eq. (4) (Eq. (6)), it can be seen that Uc is only a function of the
evaporation rate of the solvent (E), L and D being both constant in
our experimental conditions:

Uc = (
2
3
E

L D
)
3/5

(6)

As seen in Table 1, the evaporation rate increases in the order
Tol < DCE < THF. Consequently, the characteristic speed increases in
the same order as seen in Fig. 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 morpholo-
gies observed by AFM in thin films composed of blends of PS
and PLA deposited from solutions in the various organic solvents.
Figs. 2 and 3 illustrate the different types of morphology that can
be obtained by changing the parameters of deposition (withdrawal
speed and configuration of the reservoir) and the characteris-
tics 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−1) and in the draining regime
(80 mm·min−1). The third column corresponds to the configura-
tion “full”, only showing the morphology obtained in the draining
regime (80 mm·min−1) since the morphology was  found to be inde-
pendent with the regime of deposition (see Figs. S7 and S8 in the

SI). 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 tetra-
chloroethylene) coupled with the AFM observations of the resulting
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Fig. 3. 20 × 20 �m AFM images of PS:PLA(30:70) blend films (a), (b), (c) in toluene; (d), (e), (f) in DCE; (g), (h), (i) in THF; (a), (d), (g) at a 5 mm·min−1 in configuration “half”;
(b),  (e), (h) at 80 mm·min−1 in configuration “half”; c), (f), (i) at 80 mm min−1 in configuration “full”. The Z scale is −50 to +50 nm for all images except for image a) and d)
(
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−150  to +150 nm).

orphologies, we were able to determine the repartition of the
olymer in the film for each situation.

Fig. 2 shows representative images of the surface morphology
btained by AFM for PS:PLA (70:30) blend. For the films obtained
rom toluene solution, the featureless morphology of Fig. 2a was
ttributed to the formation of stratified domains with layers (from
he top to the bottom) of PS and PLA as revealed by a global
hickness decrease after two successive extractions with tetra-
hloroethylene and acetic acid. Similar behaviors were observed
ith samples shown in Fig. 2b and c, although the stratification
as less perfect as judged by the presence of discontinuations in

he upper PS layer which can be attributed to specific interactions
etween the polymer phases during the process of the layers for-
ation.

For the films obtained from DCE solution, a stratified morphol-
gy was also found in the case of the morphologies depicted in
ig. 2e and f, but in this case, the identification of the polymer loca-
ion revealed the presence (from the top to the bottom) of a first thin
ayer of PLA, followed by PS layer and then PLA layer again as a wet-
ing layer on the substrate surface. In this case, we now describe the
rocess flow for the qualitative and quantitative characterization of
he different layers based on the successive elimination using selec-
ive solvent. Fig. S9 in SI shows the evolution of the cross section
rofile of the films during this process. It can be seen in this exam-
le that the film thickness decreases from 170 nm to 165 nm after a
rst selective extraction with acetic acid (selective to PLA). A second
xtraction with tetrachloroethylene (selective to PS) leads to a film

hickness of 45 nm.  A third extraction with acetic acid (selective
o PLA) removes the remaining layer. This leads to the conclusion
hat the initial film with a thickness of 170 nm is composed of a

 nm layer of PLA on top of a 120 nm layer of PS and 45 nm PLA bot-
tom 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 reflectiv-
ity and GISAXS are ideal tools. We  refer the interested readers to
the following literature that describes selected examples of such
approach [34,35]. Finally, the morphology observed in Fig. 2d was
attributed to large PS islands surrounding by a matrix of PLA.

For the films obtained from THF solution, the presence of dis-
crete PLA domains dispersed in a continuous matrix of PS was
revealed (Fig. 2g–i). 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 influ-
enced by the parameters of the deposition. The mean diameters
of the PLA domains in Fig. 2g–i were respectively 1.6 �m,  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 [36] on one hand and
ii) shape of the meniscus on the other hand [37] which are two
parameters that are clearly affected by the deposition conditions
in dip-coating. This confirms that the use of dip-coating, allow-
ing 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.

Fig. 3 shows representative images of the surface morphology
obtained by AFM for a PS:PLA (30:70) blend obtained in the con-
ditions already described for Fig. 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
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LA were observed, with shape and dimensions depending on the
eposition parameters.

For the films obtained from toluene solution, more or less elon-
ated discontinuous PS domains were formed for all conditions
Fig. 3a–c). The selective removal of the phases revealed a wetting
ayer of PLA on the Si substrate indicating that the PS domains were
ot going through the entire PLA phase.

For the films obtained from DCE solution, cylindrical domains of
S were observed with a mean diameter of 0.9 and 1.6 �m (bimodal
istribution), 800 and 650 nm in Fig. 3d–f respectively. Similar to
oluene, a wetting layer of PLA on the Si substrate was  identified
y the successive selective extractions but in this case, an addi-
ional thin PLA layer covering the discontinuous PS domains was
bserved.

For the films obtained from THF solution, cylindrical domains
ere observed with a mean diameter of 1.9, 1.0 and 2.5 (bimodal

istribution), 1.2 �m in Fig. 3g–i respectively but in this case it was
ound that the PS domains were going through the entire PLA phase,

ith no formation of a continuous PLA wetting layer.
Since the films were deposited from homogeneous solutions

f the polymers in a common solvent, the final dried morphol-
gy resulted from the competition between phase separation of
he polymers (induced by the evaporation) and the vitrification of
he system. It can be thus anticipated that the relative position of
he onset of the phase separation and the vitrification will deter-

ine the extent of the phase separation and will drive parameters
uch as the shape and the dimension of the domains in the dried
tate. Additionally, specific interactions from the polymers toward
he interfaces (free surface and film/substrate interface) will favor
he formation of stratified morphology versus laterally phase sep-
rated domains [9]. We  consequently expect that the morphology
bserved in Figs. 2 and 3 can be explained in terms of the drying
ime, the compatibility of the solvent/polymer pairs and the affinity
f the polymer towards the interfaces. In the following, we discuss
hese parameters for each of the three solvents used in this study.

A laterally phase separated morphology with discrete domains
s observed with THF. As judged by the values of the Flory-Huggins
arameters (�PS/THF = 0.05, �PLA/THF = 0.01), THF can be con-
idered as a good solvent for both PS and PLA, that produces
S-rich and PLA-rich phases equally swollen after phase sepa-
ation. This mediates the surface energy of the swollen system,
avoring a mixed distribution of polymer phases at both interfaces
silicon/polymer and surface of the film). Additionally, the high
olubility of both polymers in THF delays the phase separation
owards more concentrated solution, meaning high evaporation
evel, potentially very close to the vitrification point of the system.
he combination of these two phenomena favors the formation of

aterally phase separated domains going through the entire film
hickness (Figs. 2g–i, 3g–i). For a given deposition condition, the
ehaviors of the PS:PLA (70:30) and (30:70) blends are similar (lat-
rally phase separated morphology) but not fully symmetric due to
he mobility difference of the PLA versus PS chains and asymmetry
f the phase diagram. Very interestingly, it can be noted that for

 given composition of the solution, different morphological char-
cteristics can be obtained (here the domain size) by changing the
eposition parameters. Higher evaporation rate favors the forma-
ion of domains with smaller dimensions, due to the limitation of
he phase separation progress. Such variety of morphology for the
ame solution cannot be achieved and well controlled using spin
oating.

In contrast, toluene can be considered as a poorer solvent than
HF for both PS and PLA (�PS/Toluene = 0.5, �PLA/Toluene = 0.5). The
imited solubility of both polymers in toluene favors the phase
eparation for low evaporation level, allowing for diffusion and
oalescence phenomena of separated phases. During the phase sep-
ration, a PLA wetting layer on the silicon is formed, driven by the
ience 393 (2017) 127–133

small surface energy between PLA (39 mN m−1) and Si (36 mN m−1)
inducing the formation of a PS-rich surface layer in contact with
the solvent in the same time. Layered morphology (PS layer on the
top of PLA layer) is obtained for a composition where PS is the
major component (PS:PLA (70: 30)) (Fig. 2a–c). When PLA is the
major component, PS forms discrete domains resulting from the
dewetting of the PS layer above the PLA layer (Fig. 3a–c).

DCE provides a third type of behavior where the two poly-
mers display a different affinity towards the solvent. DCE is a
good solvent for PLA (�PLA/DCE = 0.01), and a poor solvent for PS
(�PS/DCE = 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 evap-
oration rate) when the PS is the major component in the blend
(Fig. 2e and f). 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 (Fig. 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
[38]. The same fragmentation process is likely to occur when PS
is the minor component in the blend (PS:PLA(30:70)) (Fig. 3d–f)
where discrete PS domains are formed instead of a three layer mor-
phology (in this latter case a thin residual PLA layer on top of the
PS domains is in favor of this mechanism).

4. Conclusion

We  demonstrated that the morphology of the dried films, for a
given polymer/solvent pair can be driven by the deposition parame-
ters (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 vit-
rification. 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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