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Abstract Thin polystyrene films were produced by spin
coating from solutions in toluene. The amount of sol-
vent retained in the films after drying for different times
was measured using gas chromatography. Whereas for
thicker films (thickness > 200 nm), the relative amount
of solvent in the films is less than a few percent, the
proportion of toluene increases significantly in thinner
films. The thickness dependence of the mass of retained
solvent shows that the solvent is mainly retained at the
polymer—substrate interface. The solvent desorption
rate exhibits no variation on the film thickness.
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Introduction

Although most mechanical applications of polymers
take advantage of their bulk properties, there are
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numerous technologies based on ultra thin and thin
polymers. For example, they are used as resists and
interlayer dielectrics in microelectronics fabrication,
alignment layers in liquid crystal displays, and lubri-
cants in magnetic information storage devices. In these
applications, the polymer chain orientation and state of
organization play an important role in determining the
final properties of the films [1].

Thin films are usually fabricated by spin-casting. In
this coating procedure, a polymer solution is first de-
posited on the substrate, and the substrate is then accel-
erated rapidly. Owing to the centrifugal force, a film of
the solution is formed, and the excess is ejected off the
edge of the substrate. The film continues to thin slowly
until disjoining pressure effects causing the film to reach
an equilibrium thickness or until it turns solid-like due
to a dramatic rise in viscosity resulting from the solvent
evaporation. The final thinning of the film is then due
solely to solvent evaporation [2]. Most of the solvent
evaporates during the last step of the spin-coating, but
it is known that some solvent is still present in the
films at the end of the spin-coating [1, 3, 4] and that
the polymer chains are quenched in a nonequilibrated
state [5-8]. Spin-coated films are therefore generally
annealed above the glass transition temperature of the
polymer to dry the films and let the polymer relax to
equilibrium. Whereas solvent loss during this drying
step (with respect to the initial solvent content) has
been extensively studied [3, 4, 9-15], there is hardly
any information available on the absolute amount of
solvent left in the films.

There is however a number of reported results sug-
gesting that some solvent is retained in dried films. In
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absorption/desorption experiments of toluene in sev-
eral methacrylate polymer films, Saby-Dubreuil et al.
[16] observed that some of the absorbed toluene re-
mains trapped in the films even after extensive drying.
The presence of solvent in films has also been detected
through some changes in the film properties [17, 18].
A striking result is the fact that the glass transition
temperature T, of annealed stereo-regular poly(methyl
methacrylate) films strongly depends on the solvent
used for spin-coating them [19]. Ty is either larger or
smaller than the transition temperature in bulk, de-
pending on the solvent used. This effect was interpreted
as arising from different conformations of the polymer
chains persisting even after annealing. The presence of
solvent retained in the films could be another expla-
nation. Finally, the mechanical adhesion of annealed
diblock copolymer films on the supporting substrate
was also observed to depend on the solvent used for
spin-coating [20], suggesting again a possible presence
of solvent retained after drying.

Besides the question of whether and how much sol-
vent is retained, one should wonder where the solvent
is located in the films. Some of the results mentioned
above suggest that the solvent could be segregated
at the polymer/substrate interface [19, 20]. Water ab-
sorbed in films of different polymers has also been
shown to be located at the polymer/substrate interface
[21-25]. Another relevant question is the dependence
of the amount of retained solvent with the film thick-
ness. Indeed, properties of polymer films, such as the
glass transition temperature and the molecular dynam-
ics, are known to change as the film thickness decreases
below a few 100 nm [26-29].

We have therefore studied the amount of solvent
retained in polystyrene (PS) films spin-coated from a
solution in toluene as a function of film thickness in the
range of 15-500 nm. The absolute amounts of retained
solvent were investigated using gas chromatography
(GC), which appears to be a very useful technique to
perform residual solvent analysis, even for the minute
volumes of our thin films.

In the following section, we present how we pre-
pared the samples and measured the amount of solvent
retained after drying. In “Results and discussion,” we
show our results on the amount of toluene retained
in PS films as a function of film thickness and dry-
ing time. We discuss the implications of these results,
showing that there is a significant proportion of solvent
present in ultra-thin films and that this solvent is mainly
retained at the interface with the substrate. We also
find that the desorption rate is independent of film
thickness.
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Experimental section
Sample preparation

PS films were prepared by spin-coating from solutions
of PS in toluene. Standard atactic PS (M,=178 kDa,
D(polydispersity)=1.03, T,=100°C, Polymer Standards
Service—USA) was used to prepare several PS solu-
tions in toluene (Rathburn Chemicals, p=0.867 g/cm?,
T»=110.6°C). Toluene was chosen as solvent, as it is
one of the most commonly used solvents for the spin-
coating of PS films.

The films were spin-cast on fused quartz substrates.
The substrates were first cleaned in an ultrasound bath,
successively with acetone and ethanol, and then dried.
To oxidize any impurities still present, the substrates
were placed in chromosulphuric acid for at least 12 h,
rinsed with double distilled water, dried in an oven at
120°C for at least 2 h, and cooled in air until room
temperature is reached.

To make films, toluene solutions of PS were filtered
and spin-cast at 2,500 rpm for 30 s. The concentration
of PS in the solution determines the thickness of the
films obtained after spin-coating (which varied between
15 and 500 nm), as given by established master curves
[30]. The agreement between the thickness of our films
and the prediction of the master curves, as well as the
uniformity of the films and the absence of defects, was
checked by imaging with an atomic force microscope.
The films were prepared at room temperature. Spun
films were placed in a flow of dry nitrogen, in a chamber
with a temperature regulated at 115°C (15°C above the
glass transition temperature of the polymer) for further
drying and annealing, and then cooled down at room
temperature. The films were dried for different times,
ranging from 10 min to 6 h, to observe the kinetics of
the desorption process.

Measurements techniques

To determine the amount of toluene retained in the
films, we dissolved the annealed films with a good
solvent (cyclohexanone) for both PS and toluene. The
composition of the obtained mixture was then deter-
mined with GC. This technique has been already used
to perform residual solvent analysis with bulk systems
[31, 32]. The measurements were performed with a
Carlo Erba GC 6000 Vega Series gas chromatographer,
with a flame ionization detector coupled to a Hewlett-
Packard HP3394A integrator. The injection tempera-
ture and the temperature of the column were 200°C;
the temperature at the detector was 230°C.
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Because the dependence of the signal given by the
detector on the toluene quantity is not known, a cali-
bration curve was made of the column response versus
toluene concentration using solutions of toluene in cy-
clohexanone, with known concentrations in the range
of 0.05-10 ul/ml. A fixed amount of acetonitril was
also added as a reference to be able to correct for the
differences in the quantities injected into the column
of the gas chromatographer. The amount of toluene
in the films was expected to be very small. To avoid
systematic errors due to uncertainties on the base line
of the detector, we dissolved the films (which have a
volume varying between 6 and 200 nl) with 50 ul of
a toluene—cyclohexanone-acetonitrile solution with a
known concentration of toluene. This ternary solution,
called working solution, was beforehand analyzed with
GC to use its toluene response as a reference. Then
2 ul of the solution resulting from the dissolution of
the film was injected in the GC to determine the total
concentration of toluene. This concentration had two
contributions: (1) the toluene present in the working
solution and (2) the toluene present in the dissolved
film (which was always at least 10% of the first contri-
bution). The difference between this last concentration
and the concentration in the working solution gives
then the amount of toluene present in the film. To
obtain good statistics, the analysis of a given solution
with GC was repeated three times, and for each film,
parameters (thickness and drying time), about four
films, were prepared and analyzed. The error bars
given in the results show the standard deviation of the
measurements.

With this measurement method, we reach detection
limits of 1072 ug/ul of toluene from the film in the
working solution, which corresponds to a total mass of
toluene in the films of 0.5 ug. We have checked the
amounts of toluene measured with this method in the
case of clean bare substrates (without any film) and
bare substrates after spin-coating with pure toluene.
The measured amounts of toluene were then zero
within the measurement errors.

Results and discussion

From the GC measurements, we have obtained ab-
solute values of the amount of toluene found inside
the polymer films. We describe first the dependence of
this amount on the film thickness (in the range 15-500
nm), after a drying time of 6 h, and in a second part the
desorption kinetics.

Thickness dependence

The mass of toluene found in films is shown in Fig. 1a
as a function of film thickness, for a drying time of
6 h at 115°C, which is 15°C above the glass transition
temperature of the polymer. Note that all the films have
the same area.

The results can also be translated in terms of the
relative amount of solvent retained:

- Mr+ Mp
where My stands for the absolute amount of toluene

retained in the film and Mp stands for the mass of
polymer. Mp is defined as:

M,

Mp = pphpA

where pp is the density of the pure polymer, A p is the
thickness of a film of pure polymer with mass M p, and
A is the area of the substrate. The density pp of the
polymer can, in a very good approximation, be taken as
its bulk value (pp = 1,050 kg m~3). It is still a matter
of debate whether or not the density of a polymer in
an ultra-thin film is different from its density in bulk.
For PS, most results agree, however, on the fact that the
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Fig. 1 a Mass M of toluene retained in films versus film thick-
ness h. The annealing temperature is 115°C and the annealing
time 6 h. b Relative amount M, of toluene retained versus film
thickness 4, calculated from the data in (a)
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polymer density in annealed films thicker than 10 nm
is the same as in bulk [33, 34], and the density at the
interface with air and with a supporting substrate differs
from the bulk density over distances of at most a few
nanometers [35-38].

The equivalent thickness A p of pure polymer in the
film can be obtained by subtracting from the film thick-
ness & the thickness i of a layer of pure toluene of
mass Mrp:

hp=h—hr=h—Mr/prA

where pr is the density of toluene.

The results for the relative amounts M, (Fig. 1b)
show a significant increase as the film thickness de-
creases below 100 nm. For the thinnest films measured,
the relative amount of toluene retained goes up to 35%.
These ultra-thin samples were also observed under the
optical microscope to look for a possible dewetting or
breaking of the film, but no sign of it was found. This
is consistent with reports in the literature that PS films
with thicknesses above 2 nm are continuous [39, 40].
For film thicknesses above 200 nm, the relative amounts
of solvent found in the films are of the order of a few
percent or less.

The absolute amount of toluene retained in PS films
has only a small dependence on the film thickness,
which indicates that the solvent must be mainly lo-
cated at the interfaces of the film. Another evidence
for this segregation at interfaces is the expected glass
transition temperature 7, of the films if the amount of
toluene we find in the films was uniformly distributed
in the films. For bulk PS, the dependence of T, on
the concentration of toluene absorbed in the polymer
has been reported by Chow [41]. We can calculate
what would be the glass transition temperature of the
films assuming that the amount of toluene we find is
uniformly distributed in the films. The result is plotted
in Fig. 2, together with the glass transition temperature
measured for supported PS films [26, 27], which are
generally prepared by spin-coating from a toluene solu-
tion and subsequently dried above the glass transition.
The values of T, we find are well below the measured
values, which agrees with our earlier conclusion that the
toluene is concentrated at the interfaces.

It is most likely that the solvent is mainly located
at the interface with the substrate rather than at the
interface with air, as it would otherwise evaporate. As
toluene is a good solvent for PS, there cannot be a
sharp interface between the two, and full segregation is
improbable. One should rather expect a significant in-
crease of the toluene concentration at the interface with
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Fig. 2 Glass transition temperature T of supported PS films.
Full line data taken from Forrest et al. [26, 27]; triangles calcu-
lated values assuming that the mass M7 of toluene is uniformly
distributed in the films, using the dependence of T, on toluene
concentration of Chow [41]. The disagreement between the cal-
culated values and the measured values is an additional evidence
that the toluene is concentrated at the interfaces. The dashed line
is the bulk T, value

1000

the substrate, which decreases over a certain length
scale.

Segregation of solvent at the polymer/substrate in-
terface of supported polymer films has already been
observed in absorption experiments in which the films
are put in the presence of the solvent vapor [21-25, 42].
It was attributed to the preferential interaction of the
solvent with the substrate [25]. On the contrary, when
this interaction is unfavorable, as in the case of water
in the presence of a hydrophobic surface, a depletion of
the solvent was observed close to the substrate [25].

To estimate the role of the molecule/substrate in-
teractions in our case, we can evaluate the interfacial
energies ygr and ygp of a glass/toluene and glass/PS
interface, respectively, using the decomposition of in-
terfacial energies in contributions corresponding to dif-
ferent interactions between the adjacent media [43, 44].
The interfacial energy y,, between media 1 and 2 can be
written in the following form:

2
Yi2 = (W— m>
+2 <\/V1+V1 + \/Vz%’ - \/VH{ - \/m/f)

where y*WV is the Lifschitz-van der Waals (or disper-
sive) component of the surface tension of medium i,
v, is the electron-acceptor (Lewis acid) component,
and y;” is the electron-donor (Lewis base) component.




Colloid Polym Sci (2007) 285:1617-1623

1621

Table 1 Values of the surface tension components (at room
temperature) for the materials relevant to our study

Material yLW Yl Yy~
(mJm~2) (mJm~?) (mJm~2)
Glass [47] 37 1 45
Toluene [45] 27 0 1
Polystyrene [48] 36 0 1

The fact that we evaluate ygr and ygp at room temperature
instead of 115°C is not relevant, as the temperature dependence
of the components are is expected to significantly differ for
toluene and PS [49, 50]

Using values of the different components available in
the literature (Table 1), we obtain the following in-
terfacial energies: ygr = 12 mIm~2, ygp = 11 mJm~2.
These values are very close to each other, in particu-
lar in view of their variation on the method used to
determine them. For instance, the interfacial energy
of the glass/toluene interface can also be determined
from the literature values of the surface tension of
toluene (yr =29 mJ m~2 [45, 46]), the contact angle of
toluene on glass (6 = 6° [46]), and the surface energy
of glass (yg = 48 mJ m~2 [47]), using Young’s relation:
Y61 = Y6 — yrcosf = 19 mIm~2. This shows that the
difference between the values of ygr and ygp found
above is not significant and energetic considerations
cannot explain the preferential location of toluene at
the interface with the substrate.

Another factor determining the preferred location
of solvent in our system is entropy. The presence of
a hard wall reduces the number of configurations ac-
cessible to the polymer chains in the vicinity of the
wall, reducing the entropy of the system. Concentrating
small molecules at this interface decreases this effect
and is therefore favorable with respect to a uniform
distribution of solvent in the film. This is the same
reason why chain ends are segregated at the interfaces
of polymers [51-54].

Another interesting feature is the fact that the sol-
vent retention shows a nontrivial behavior for thick-
nesses below 200 nm (Fig. 1a). This limit of 200 nm
corresponds well to the thickness below, which the glass
transition temperature of supported PS films departs
from the bulk glass transition temperature [26, 27] (see
also Fig. 2). This shows that this limit corresponds to the
thickness below, which the behavior of the system de-
parts from that in bulk. In the ‘bulk’ regime (thickness
> 200 nm), the absolute amount of solvent retained is
independent of film thickness, whereas in the thin-film
regime (thickness < 200 nm), we find that the amount

of solvent retained does depend on film thickness. It is
however not clear what this dependence arises from.

Time dependence

We have also followed the amount of solvent retained
over a time range from 0 to 6 h after the spin-coating.
We observe a slight but systematic decrease of the mass
of toluene in the films (Fig. 3). By fitting the data with
a function of the form Mj,exp(—«t), we can calculate
the desorption rate «. For a drying temperature of
115°C, this rate is in the range 1-5x1075 s~! for all
film thicknesses (in the range 15-500 nm), with no
clear thickness dependence. We have also performed
the same measurements for a drying temperature of
25°C, and we find an desorption rate in the range 2-5x
10~% s~!. However, we reach with these measurements
the limit of detectable mass differences, and this value
should be considered an upper limit.

Our results at 115°C suggest that one should anneal
the films for at least 16 h at this temperature to reduce
the amount of solvent below the detection limit of
0.5 pg per film of our GC technique. The relative
amount of solvent retained in the films would then vary
from 0.3% for 500 nm-thick films to 9% for 15 nm-thick
films. To reduce the concentration of toluene in these
thinnest films to below 1%, one should anneal them
for at least 43 h, but the absolute amounts of toluene
present would then be so small that it would be very
difficult to measure them.

The fact that the desorption rate is essentially in-
dependent of the film thickness is in agreement with
results on absorption rates published in the literature.
The absorption rate of water vapor in thin films of

toluene mass (ug)

0 100 200 300 400

time (min)
Fig. 3 Mass Mt of toluene retained in films versus drying time
for 50 and 200 nm-thick films, and the corresponding fits with

an exponential decay (full and dashed lines, respectively). The
drying temperature is 115°C
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poly(vinyl pyrrolidone) [25] and in the polyelectrolyte
poly(4-ammonium styrene sulfonic acid) [23] was also
found to be independent of film thickness. Note, how-
ever, that we work in a rather different regime of
solvent concentrations. The above mentioned polymers
are hydrophilic, and the concentration of water in the
films reaches 50% when they are put in the presence of
saturated water vapor. In our case, the relative amount
of solvent present is only a few percent for the thicker
films.

To analyze their data, Vogt et al. [23, 25] assumed
that the absorption rate was purely determined by the
diffusion of the absorbed molecules, after the diffu-
sion models developed for bulk and bulky films [55].
In this case, an absorption rate independent of film
thickness means that D/h* (where D is the diffusion
coefficient of the absorbed molecules in the film) is
independent of film thickness and, therefore, that D
varies as h? [23, 25]. If we make the same assumption,
our observation also imply that the diffusion coefficient
of toluene in the films varies as A? and, therefore,
decreases by several orders of magnitude as the film
thickness decreases down to ~10 nm. For the thickest
films we have studied (A = 500 nm), the diffusion coef-
ficient estimated from our measurements is D ~ ah® ~
5 x 10718 m?s~!, which can be considered as a lower
limit for the bulk diffusion coefficient. This value is
consistent with the extrapolation of bulk data obtained
by Pickup and Blum [56] at the same temperature but
for larger concentrations of toluene (11% and larger),
which gives D ~ 10715 — 10717 m?s~!.

There are several possible explanations for a de-
crease of the diffusion coefficient as film thickness
decreases. Besides those already mentioned in the lit-
erature [25], a good candidate is the fact that poly-
mer chains are aligned in the vicinity of interfaces.
This has mainly been shown by computer simulations
[52, 57-59], and a number of experimental results are
consistent with such an interfacial alignment [60-62].
Such an alignment is expected to decrease the mobil-
ity of molecules in the direction perpendicular to the
surfaces, while the mobility increases in the direction
parallel. This has indeed been found in simulations for
the mobility of the polymer itself [52]. Fluorescence
recovery after photo-bleaching performed on thin PS
films, which probes the in-plane diffusion, has shown
that the diffusion coefficient of a dye increases (by
up to two orders of magnitude) as the film thickness
decreases [63, 64]. The alignment of polymer chains
by rubbing has also been shown to decrease the diffu-
sion of short chains out of the surface layer (i.e., the
diffusion perpendicular to the surfaces decreases) but
only by a factor 2 [65]. Our drying experiments, and
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the absorption experiments of Vogt et al. [23, 25], only
probe the diffusion perpendicular to the film surfaces.
In view of the above, we indeed expect that the dif-
fusion coefficient determined from these experiments
decreases when the film thickness decreases.

The fact that the desorption or absorption rate of
small molecules in polymer films is independent of
film thickness could, however, be interpreted in a dif-
ferent way than by changes in the diffusivity. This
rate could be dominated by a process with a much
longer characteristic time than the diffusion process.
This is likely to happen for thin films, as the char-
acteristic diffusion time through a film of thickness &
varies as h*. Therefore, a process with a characteristic
time much smaller than the diffusion time through
a macroscopic sample (and therefore unnoticeable in
the desorption/absorption dynamics of such systems),
could become dominant for nanometric systems. In
our experiments, the desorption of toluene from the
polymer/substrate interface is a good candidate for such
a rate-limiting process. At the present state of available
data, it is not possible to distinguish between the two
types of interpretation presented above.

Conclusions

GC is able to provide quantitative information on the
absolute amount of solvent present in thin polymer
films, for thicknesses down to ~10 nm. The thickness
dependence of the absolute amount of toluene retained
in PS films, after annealing and drying at 115°C, shows
that the solvent is retained at the polymer/substrate
interface. As the films get thinner, the relative amount
of solvent increases significantly. The desorption rate is
essentially independent of the film thickness. This could
arise from a strong decrease of the diffusion coefficient
of toluene in the polymer as film thickness decreases or
from the fact that the desorption process is dominated
by another process taking place at much longer time
scales than the diffusion of the films.
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