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Abstract

This paper reports experimental observations on spin and dip coating of light-emitting polymer (LEP) solutions where both the process
conditions as well as the solution properties are factors influencing thickness and uniformity of thin LEP films. In terms of spin coating, which
is a typical process for the manufacture of polymer light-emitting diodes (PLEDs), a number of process variables including spin speed were
systematically explored. A matching series of dip-coating experiments was also carried out with the retraction speed as a primary variable.
Modifications of existing models for both spin and dip coating were developed to include solvent evaporation and the effect of solution viscosity
change during evaporation. Both models were found to give reasonable agreement with the major observed trends for final film thickness as a

function of process conditions tested in this paper.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Spin coating; Dip coating; Light-emitting polymer; Thin film; Polymer light-emitting diode; Nanostructure

1. Introduction

Light-emitting polymers (LEPs) are now well established as
potential devices for the manufacture of optical display tech-
nology (see, for example, Burroughes et al., 1990; Mentley,
2002; Chou et al., 2005) and a key feature of a polymer light-
emitting diode (PLED) is the necessity to produce a solid
thin LEP film sandwiched between two electrodes. A device
can be fabricated as shown in Fig. 1 using a glass substrate
support where indium tin oxide (ITO) is commonly used as
a transparent anode that is coated on the glass substrate by
electron-beam evaporation or sputtering (Braun and Heeger,
1991; Wu et al., 1997; Kim et al., 1999). A typical device then
consists of two polymer layers. The first layer spin coated
onto the anode (thickness of around 500 A) is non-emissive
and its primary, but not necessarily only, function is to aid
hole-injection properties. Poly(3,4-ethylenedioxythiophene),
PEDT, doped with Polystyrene Sulphonic acid (PSS) was
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chosen in this study. It cannot emit light due to a very small
band gap of 1.6eV (4 = 775nm) which is in an infrared re-
gion (Sapp et al., 1998). A thin LEP film, which is the emissive
layer, is prepared by spin coating a polymer solution on top of
the PEDT:PSS layer and it is this process that this paper is con-
cerned with. Typically, the film thickness needs to be of order
of 700-1000 A (Kim et al., 1999; Carter et al., 1997). A layer
of calcium/aluminium is then deposited on the ‘top’ surface by
thermal evaporation. If an electric field is applied across the de-
vice, the device can emit in either the red, green, or blue regime
depending on the band gap of the polymers that have been
used.

An extensive range of LEPs has now been reported in the sci-
entific literature (see, for example, Janietz et al., 1998; Redecker
et al,, 1998; Stevens et al., 2001). In this paper, a limited
range of LEPs were used and their properties are described
in Section 2.

An important characteristic of PLEDs is their ease of man-
ufacturing when compared to small organic molecule light-
emitting diodes (OLEDs) and traditional inorganic LEDs,
both of which have crystalline structures that are grown under
vacuum conditions using costly equipment. By contrast the
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Fig. 1. Basic structure of PLEDs.

manufacturing process of PLEDs is relatively simple. In order
to manufacture PLEDs, it is necessary to prepare a uniform
thin film of LEP and this is normally carried out using the
spin-coating process, transforming a low-viscosity liquid poly-
mer solution into a solid LEP film (Carter et al., 1997; Friend
et al., 1999). Spin coating is a well-established technology
which in the past has been used in the manufacture of photore-
sists and oxide coatings for screens (Emslie et al., 1958; Hall
et al., 1998). There is a substantial scientific literature on the
spin-coating process and useful reviews on the subject are given
by Scriven (1988) and Larson and Rehg (1997). Of particular
relevance to this paper is the work of Emslie et al. (1958) who
established how a Newtonian fluid thins under the action of a
centrifugal rotation on a flat disc. His model described the im-
portance of spin speed, liquid viscosity, and spin time on the
film thickness.

The dip-coating process was first commercially used to
produce thin films in a sol-gel technology in 1939 (Brinker
and Hurd, 1994). It has also been used to produce thin films
in other technologies, such as photoresists films (Gibson
et al., 1985) and lubricant layers for magnetic hard disks (Gao
et al., 1995). Dip coating is a simple process for depositing
a thin film of solution onto a plate, cylinder, or irregular-
shaped object. The fact that the geometry of the substrates
can vary widely is a distinguishing feature of the dip-coating
technique. The process involves immersing a substrate into
a reservoir of solution for some time thereby ensuring that
the substrate is completely wetted, and then withdrawing the
substrate from the solution bath. The liquid film formation
is achieved by two main mechanisms, i.e. gravity drain-
ing of liquid solution and evaporation of solvent. An early
dip-coating analysis was presented by Landau and Levich
(1942). This model is a 1-D model derived purely from hy-
drodynamics of a Newtonian fluid flow, ignoring solvent
evaporation.

In this paper, a series of experiments was carried out for a
range of LEP solutions for both spin and dip coating. In both
cases, models were modified and compared with the experi-
mental results. In the following section, the polymer solutions
and their rheology are given. The experimental results for spin
coating are then reported, followed by the spin-coating models.
The experimental dip-coating data is then presented followed
by its respective model. Finally, conclusions for the overall
work are given.

2. LEP solutions and rheological characterisation

The LEP solutions used were blends of two different LEP
systems, namely poly(9,9-dioctylfluorene-co-benzothiadiazole)
(F8BT) and poly(9,9-dioctylfluorene-co-TFB) (Host 1), with a
weight ratio of approximately 5:95. Details of the LEP solutions
used in this paper are shown in Table 1.

Rheological characterisation of LEP solutions was carried
out in order to establish how polymer solution rheology influ-
enced thin film processing. A Rheometrics Dynamic Spectrom-
eter (RDS II), a strain-controlled rotational rheometer, was used
in order to obtain the magnitude of solution viscosity. The RDS
II measures the torque response and converts to shear stress as
the sample is subjected to prescribed shear deformations. The
characterisation was performed at 20 °C controlled by an ethy-
lene glycol bath and in a range of shear rates equivalent to spin
speeds between 500-5000 rpm. In addition, different solution
concentrations (up to 10% w/v due to a very low solubility of
the LEPs in xylene) were carried out in order to accomplish the
change in viscosity with concentration as the thin film dries.
This information was useful for the subsequent modelling of
thin films. Fig. 2 shows that the solution viscosities in the ranges
of concentration 0.5-10% w/v are essentially Newtonian, i.e.
the viscosity is independent of shear rate. The relationship be-
tween the Newtonian viscosity and concentration of the solu-
tions given in Fig. 3 shows that the viscosity increases to a first
approximation exponentially with the increase in concentration
and the data followed the “Martin equation” (Macosko, 1994).
From the results shown here it can be concluded that at low ini-
tial spinning concentrations the fluid is essentially Newtonian,
with a low viscosity. As solvent evaporation proceeds during
the drying process of the film, the viscosity substantially rises.

Table 1
Details of LEP solutions

Solution  Concentration  Solvent Newtonian My, of F8BT (My of
(% wiv) viscosity Host 1 =95,000)
(Pas)
1 1.6 Xylene 2.5x1073 151,000
2 3.0 Xylene 8.5x1073 151,000
3 1.6 Xylene  1.8x1073 61,400
4 1.6 Xylene 2.5x1073 504,000
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Fig. 2. Viscosities of solution 1 at various concentrations: (@) 0.5%, (¢) 1%,
(#) 1.6%, (L) 2%, (A) 3%, (B) 5%, (V) 8%, and (O) 10% wiv.
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Fig. 3. Relationship between viscosity and concentration of solution 1: Closed
circles: experimental data, continuous line: exponential fitting.

3. Experimental procedure: spin coating
The LEP thin films were prepared using a commercial ITO-

coated glass substrates of sizes 25x25 and 50x50 mmz, both
1 mm thick. The substrates were cleaned using THF, rinsed

with a mixture of isopropanol and water, and dried using fil-
tered dry nitrogen gas. The spin coater used was a Karl Suss
RC 8 GYRSET, which can operate with a rotating cover called
a GYRSET. The GYRSET system is a closed chamber that cre-
ates a solvent-rich environment above the substrate. The evapo-
ration rate of the polymer solution can thus be controlled by the
use of the GYRSET. The spinning with GYRSET is henceforth
referred to as ‘slow evaporation” whereas the spinning without
GYRSET is referred to as ‘fast evaporation’. An initial acceler-
ation of 500 rpm/s and a spin time of 60 s were used throughout
the experiments. It was found that in most cases film thickness
was essentially independent of time providing a minimum spin
time of 40 s was used.

Once the thin LEP film has been produced, the film thickness
was measured using a surface profilometer, Veeco Dektak 3. In
order to measure the film thickness, the sample was scratched
with a groove using a scalpel. Measurements were made elec-
tronically by moving the sample beneath a diamond-tipped sty-
lus at a setting scan length and speed. As the stage moves, the
stylus, which is mechanically coupled to the core of an linear
variable differential transformer (LVDT), rides over the sam-
ple surface. Surface variations (level differences between the
surface of the film and the surface of the substrate) cause the
stylus to be translated vertically, resulting in changing the core
position of the LVDT. Electrical signals produced by the LVDT
are sent to the computer analyser and converted to a digital
format through a high precision, integrating analogue to digital
converter.

4. Spin-coating experimental results

Fig. 4 shows the effect of spin time for a specific set of
conditions and the results show that provided the spin time
is greater than approximately 40s the thickness of the film is
essentially independent of time. In all further cases, a spin time
of 60s was used.

Fig. 5 presents measured film thickness as a function of spin
speed, solvent evaporation rate, and polymer concentration. For
both fast and slow evaporation, the film thickness decreases
with increasing spin speed, , due to the increase in the cen-
trifugal forces associated with the rotary motion. The higher
force creates more liquid outflow resulting in a thinner film.
However, for fast solvent evaporation the film thickness reaches
a plateau stage at high spin speeds as seen from the results of
solution 2 at the spin speed of 1500 and 3000 rpm. These results
agree with similar experimental findings of Schwartz (1965),
Damon (1966) and Hall et al. (1998).

The relationship between the film thickness and spin speed
was found to be a power law of the form & o< »~” (e.g. Emslie
et al., 1958; Meyerhofer, 1978) where b was experimentally
found to be in a range of 0.4-0.9 in this study. The small value
of b of 0.41 was found for the case of solution 2 spinning
without the GYRSET.

In terms of the solvent evaporation rate, the results show
that the films prepared without GYRSET (fast evaporation) are
thicker than those prepared with the GYRSET (slow evapo-
ration). This is because as the solvent evaporates during the
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Fig. 4. Film thickness as a function of spin time. Spin with GYRSET (slow
evaporation): (4) solution 1 and (A) solution 2.
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Fig. 5. Film thickness as a function of spin speed. Spin without GYRSET
(fast evaporation): ({) solution 1 (b =0.75) and (A) solution 2 (b = 0.33).
Spin with GYRSET (slow evaporation): (¢) solution 1 (b =0.58) and (A)
solution 2 (b =0.94).

spinning, the solution concentration increases and hence, the
solution viscosity also increases and this retards the film thin-
ning process.

Results reveal that a solution with a higher initial concentra-
tion produces thicker films for both fast and slow evaporation
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Fig. 6. Effect of starting solution viscosity on the film thickness. Spin without
GYRSET (fast evaporation): (A) solution 1, ({) solution 3, and (O) solution
4. Spin with GYRSET (slow evaporation): (A) solution 1, (¢) solution 3,
and (@) solution 4.

when compared with a lower concentration solution. The de-
pendency of the solution concentration on film thickness was
also reported in previous studies (e.g. Extrand, 1994; Gupta and
Gupta, 1998; Hall et al., 1998). Damon (1966) combined the
effects of viscosity and concentration into an empirical correc-
tion between the film thickness and solution concentration, c,
which was in a form of & o ¢?.

In order to vary an initial LEP solution viscosity, different
molecular weight of F8BT and Hostl were used. Solutions 1,
3, and 4 were all prepared using xylene as a solvent and had
the same concentration of 1.6% w/v. The effect of solution con-
centration was linked with the effect of solution viscosity by
some researchers (Damon, 1966; Schwartz, 1965; Weill and
Dechenaux, 1988). In their experiments, different viscosity so-
lutions were obtained by varying the concentration of the same
material. This method is only applicable for non-volatile solu-
tions. For a volatile system, the variation of the solution vis-
cosity should be achieved by using different molecular weight
polymers to exclude the effect of solution concentration.

For fast evaporation, the results presented in Fig. 6 fall
onto one trend line. The films produced from most solutions
show a slight difference in the thickness, indicating a weak
influence of the viscosity on the film thickness. For slow evap-
oration, the trend lines do not overlap, implying that the film
thickness depends on the viscosity of the solutions. As the
viscosity increases, the thickness of the film increases. The
thickness dependency on the solution viscosity was also re-
ported by Daughton et al. (1978) although they did not clearly
explain if the effect of viscosity was due to the effect of
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concentration. It can be concluded that the effect of the initial
viscosity is dependent on the solvent evaporation. If the solvent
evaporation is the main mechanism in the film thinning, the
viscosity of the solution does not play a significant role, and
vice versa.

5. Modelling of spin-coating process

The earliest spin-coating model was developed by Emslie et
al. (1958) where a one-dimensional model was derived from a
balance between rotational centrifugal forces and viscous shear
forces with assumptions of (i) radially symmetric flow, (ii) a
Newtonian fluid, and (iii) negligible edge effects, Coriolis and
gravitation forces. The advantage of the model is its simplicity
but yet an ability to predict film thickness trends. However, the
effect of solvent evaporation was not considered in the model
and hence, a disadvantage in the context of this work where
volatile solvents were used.

Meyerhofer (1978) further developed Emslie’s model by tak-
ing into account the effects of solvent evaporation. The concept
of his analytical model is that the film thinning is a result of
two sequential mechanisms, i.e. the convective radial outflow
and the solvent evaporation. Initially, liquid thins down due to
the radial outflow driven by the centrifugal force. At this stage,
the solvent evaporation is negligible. As the liquid thins down,
the rate of the radial outflow decreases and the solvent evapo-
ration dominates the film thinning.

A modified model, which is a combination of Emslie’s model
and a two-stage solvent evaporation, is proposed in this paper.
The concept of the model is that the film thinning is a result
of two mechanisms (see Fig. 7), i.e. the convective radial out-
flow and the solvent evaporation. During the first stage, the
liquid thinning is a result of both mechanisms, not only the ra-
dial flow as suggested by Meyerhofer (1978). As the solvent
is lost by the evaporation, the concentration of the solution in-
creases and therefore the viscosity of the solution also increases.
The change of the solution viscosity with the concentration is
taken into account in the modified model. A second stage is
assumed to start when the solution concentration reaches a crit-
ical value (say 10% w/v). The concentration of 10% w/v repre-
sents a maximum concentration of LEPs dissolved with xylene
and this value was found from experiments in this study. Al-
though the critical concentration depends on molecular weight
of the LEPs, there is no significant difference in the values.
At this stage, we assumed that the material can no longer
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Fig. 7. Schematic diagram of liquid thinning in spin-coating process: (a) first
stage and (b) second stage.

radially flow outwards and further thinning occurred by solvent
evaporation only.

It was assumed that during the first stage, the film thinning
mechanism involves both radially outward flow and solvent
evaporation. According to the rheological investigation, the so-
lution was a Newtonian fluid up to the concentration of 10%
w/v (a critical concentration). The rate of the film thinning is
then given by

<dh) 2p,0°h3
dr 1 3’7? (t)
where £ is a liquid film thickness, 7 is a spinning time, o is
a spinning speed, p, is a solution density, #,(¢) is a solution
viscosity at time ¢, E, is an evaporation rate, and subscript 1
denotes the first stage.

At this stage, a constant evaporation rate, E,, was assumed

since the film is so thin and the mass transfer coefficient used
here is gas-side controlled as (Perry et al., 1984)

(Ey)y = k/G(Pi — Poo) = kg (ci — o), ()

where kg, and kg are gas-phase mass-transfer coefficients in
units of pressure and concentration, respectively, p; and c;
are partial pressure and concentration, respectively, of solvent
vapour at the liquid—gas interface, and p~, and cs, are partial
pressure and concentration, respectively, of the solvent vapour
in the atmosphere above the interface. The model can be ap-
plied to two cases, i.e. a spinning in an atmosphere (with-
out GYRSET) and a spinning in a confined volume (with
GYRSET). The values of ps and co are equal to zero if the
spinning is done in the atmosphere, whereas they increase from
zero to saturated pressure or concentration if the spinning is
done in the confined volume.

For the case of a spinning disk, the gas-phase mass-transfer
coefficient, kg, can be described as (Middleman, 1998)

12 1/3
ke :0.621)A3(p“w) <"—“) 3)
a paDAB

(Evr, ey

where Dyp is a binary diffusion coefficient of xylene vapour
and air, p, is the density of air, and 5, is the viscosity of air.

As the solvent is lost by evaporation, the solution concentra-
tion increases and hence, the solution viscosity increases. The
relationship between the concentration and viscosity obtained
from the rheological study was included into the model. The
second stage began once the concentration increases to a point
where the polymer precipitates from the solution due to its low
solubility in the solvent (around 10% w/v). At this stage, the
film could no longer flow by a viscous mechanism and only the
quiescent solvent evaporation occurred. The final film thick-
ness was hence calculated on the assumption that all solvent
had evaporated from the film (see more details in Yimsiri et al.,
2001; Yimsiri, 2002).

The experimental data was compared with three models,
namely Emslie’s, Meyerhofer’s and the modified models. The
basis of Emslie’s model assumes a constant viscosity and as-
sumes all solvent evaporates after spinning. Fig. 8 shows that
Emslie’s model substantially underpredicts for the spinning
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Fig. 8. Comparison between experimental results and model predictions:
solution 1 and (b) solution 2.

without the GYRSET (fast evaporation) and are closer to the
results for the spinning with the GYRSET (slow evaporation).
These findings confirm the strong effects of the solvent evap-
oration during the spinning. On the other hand, the results
from Meyerhofer’s model only slightly underpredicts for the
spinning without the GYRSET. The underprediction of Mey-
erhofer’s model is due to the fact that the model assumes no
solvent evaporation during the initial stage. Conversely, the
modified model shows good agreement with the experimental
results for both fast and slow solvent evaporation. In general,

Table 2
Value of exponent b obtained experimentally and from the model prediction

Solution Exponent b
Experiment Modified model
With Without With Without
GYRSET GYRSET GYRSET GYRSET
1 0.68 0.75 0.85 0.50
2 0.94 0.41 0.65 0.50

the modified model for fast evaporation matches very well
with the experimental results, whereas the modified model for
slow evaporation slightly underestimates the film thickness.

According to previous studies, the correlation between film
thickness and spin speed is typically expressed as a power-law
function, & oc w~". The value of the exponent b is dependent
on spin-coating fluids if it was found experimentally and on
assumptions used if it was found theoretically. In the case of no
solvent evaporation, according to Emslie’s analysis it was found
that the exponent b is equal to 1. The exponent b found from
experimental results of Givens and Daughton (1979) for a high-
viscosity fluid and from Skrobis et al. (1990) for a solution with
low volatility is close to 1, supporting Emslie’s theory. If solvent
evaporation occurs during the spinning due to the volatility of
solvents, several researchers have found the exponent b close
to 0.5 (see, for example, Meyerhofer, 1978; Ohara et al., 1989;
Skrobis et al., 1990).

The exponent b found experimentally and from the modified
models are shown in Table 2 and agree with previous findings,
which is, in the case of slow evaporation the exponent b is
close to 1. The prediction of the model also shows a decrease of
b values as the solution concentration (or viscosity) increases.
This is because as mentioned earlier that a high concentration
or viscosity solution (solution 2) reaches a plateau thickness at
a lower spin speed, resulting in a smaller b compared to that
of a low-viscosity solution (solution 1). However, the values of
b obtained experimentally are in the opposite direction. This
is because a smaller number of data points for solution 1. For
fast evaporation, the modified model resulted in a value of 0.5,
which is similar to previous studies, whereas the experiments
found b to be in the range of 0.4-0.7.

6. Experimental procedure: dip coating

A Stable Microsystems Texture Analyser (TA-XT2) (Stable
Microsystems, 1996) was used in the experiment for the dip-
coating process. The apparatus is a micro-testing machine nor-
mally used for food and pharmaceutical applications. The in-
strument can move a test probe vertically at a constant speed
of between 0.1 and 10 mm/s. The probe has been modified to
handle plate substrates. Two sizes of solution baths were used
for two sizes of substrates, 25x25 and 50x50 mm?Z. A lid with a
small slot, for a substrate to be immersed and withdrawn from
the bath, was employed to prevent solvent evaporation from the
surface of the solution.
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Tests were performed on the same type of polymer solutions
used for the spin-coating process. The cleaned ITO-coated glass
substrate was immersed into the solution bath at a constant
dipping speed of 2 mm/s and kept inside the bath for 30s. The
substrate was then withdrawn from the bath at a prescribed
withdrawal speed. The film was left to dry and its thickness
and uniformity evaluated.

Two drying methods were applied to the polymer films, i.e.
ambient drying and hot-air drying, in order to investigate the
effect of solvent evaporation. For ambient drying, the substrate
was left in a vertical orientation in a fume cupboard for 60 min
to dry. For hot-air drying, hot air from a hair dryer was blown
onto the substrate during the withdrawal process. A diffuser
was attached to the head of the hair dryer to achieve uniform
distribution of the hot air. The hot air had a temperature of
around 50-60°C and the blowing speed was approximately
6m/s. The aim of hot-air drying is to minimise the overlap
between the liquid draining and film drying stages, which can
cause a non-uniform film thickness. In the following discussion,
the ambient drying and hot-air drying are referred to as slow
and fast drying, respectively.

7. Dip-coating experimental results

Fig. 9 shows a plot of film thickness, A, as a function of
withdrawal speed, u, solvent evaporation rate, and polymer
concentration. The film thickness increases as the withdrawal
speed increases. This is because a viscous drag of the moving
substrate is proportional to the withdrawal speed. At a higher
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Fig. 9. Film thickness as a function of withdrawal speed. Hot-air drying:
(Q) solution 1 (x = 0.24) and (A) solution 2 (x = 0.56). Ambient drying:
(#) solution 1 (x =0.62) and (A) solution 2 (x = 0.43). Continuous lines:
power-law fitting.

4

10

o

film thickness (A)
8
w
|

10

107

solution viscosity (Pa.s)

Fig. 10. Effect of initial solution viscosity on film thickness (withdrawal
speed of 0.5 mm/s): (@) ambient drying and (Q) hot-air drying. Continuous
and broken lines: trend lines.

withdrawal speed, a larger force results in a greater amount
of the liquid moving upwards with the substrate, and hence a
thicker film. The relationship between the film thickness and
the withdrawal speed can be described as /1 o< u},. The exponent
x of both slow and fast drying ranges between 0.4 and 0.6,
which agrees with the prediction by Landau and Levich (1942).
In addition, the evaporation rate has a minor effect on the film
thickness because the film thickness for slow and fast drying
is similar. This is due to the fact that an amount of liquid
pulled up with the substrate is small, and hence very little of
it drains back to the solution bath. For a high concentration
(solution 2), thicker films were obtained from the hot-air drying
at high withdrawal speeds (2 and 5 mm/s). This is because a high
concentration at a high withdrawal speed results in reasonably
large amounts of entrained and draining liquid. The hot air
prevents the liquid draining, thus a thicker film is achieved.
Guglielmi and Zenezini (1990) investigated the effect of the
evaporation rate on the thickness of sol—gel coating and found
that thinner coating was obtained when the process was carried
out in a saturated solvent vapour atmosphere.

Fig. 10 shows a plot of film thickness as a function of solu-
tion viscosity for both slow and fast drying at the withdrawal
speed of 0.5 mm/s. In both cases, a solution with a higher vis-
cosity results in a thicker film. This is because at the same
withdrawal speed, the amount of the liquid moving upwards
with the substrate is larger for a more viscous liquid since the
drag force (nu,) is proportional to the solution viscosity. Straw-
bridge and James (1986) also reported the effect of solution
viscosity on the film thickness; however, in their experiments,
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the change in viscosity was controlled by the change of con-
centration. Therefore, the thickness dependency found by them
was from a combination of both viscosity and concentration.

8. Modelling of dip-coating process

The dip-coating process involves immersing a substrate into
a reservoir of solution for sufficient time, to ensure that the
substrate is completely wetted, and the withdrawing the sub-
strate from the solution bath (see Fig. 11) (Landau and Levich,
1942). After the solvent has evaporated, a uniform solid film
is deposited upon the surface of the substrate. Several forces
are involved in the film deposition. The major forces are vis-
cous drag, gravitational force, capillary force (resultant force
of surface tension), and inertia force (Schunk et al., 1997). The
viscous drag is the force moving liquid upward with the sub-
strate and is proportional to liquid viscosity and withdrawal
speed. Gravity acts to drive the liquid downwards. Surface cur-
vature induced by surface tension at the base of the fluid capil-
lary force lowers the pressure in the liquid beneath the curved
meniscus near the solution bath and produces a driving force
in the same direction as gravity.

A dip-coating analysis was first presented by Landau and
Levich (1942). This analysis has subsequently been reviewed
widely (e.g. Deryagin and Levi, 1959). The model derivation
was based purely on the hydrodynamics of a Newtonian fluid
flow, ignoring solvent evaporation. The model considered a
case of low velocity of an infinite moving plate and relatively
large liquid container (no edge effect). The liquid surface is
separated into two independent regions, i.e. (i) the region of the
surface situated high above the meniscus and directly dragged
by the plate, where the surface of the liquid may be taken to
be nearly parallel to the plate surface, and (ii) the region of the
meniscus of liquid, which is slightly deformed by the motion of

Texture Analyser

i <«— Substrate

Solution ——)\ /

(a) T
\ A

(b) (©

Fig. 11. Schematic diagram of dip-coating process: (a) immersion, (b) wetting,
and (c) withdrawal.

the plate, hence the shape of the surface nearly coincides with
the shape of a static meniscus. By using the classical lubrication
equations, a matching condition for the film entrainment and
the static meniscus regions can be identified and used to obtain
an expression for the film thickness as shown in Eq. (9).
(1)*"

h, =0.944
’ a1/5(pg)/

ko 1/2
5= 0.944(Ca)1/6(—> , ©9)
pg

where h, is the limiting film thickness, u, is the withdrawal
speed, 7 is the solution viscosity, p is the solution density, ¢
is the solution surface tension, and Ca (=nu, /o) is a capillary
number.

The withdrawal speed is the most common parameter used
to control the film thickness. There have been a large number
of researchers studying the film thickness dependency on the
withdrawal speed. The relationship between the film thickness
and withdrawal speed can be estimated by a power law of
the form & o« u, (e.g. Landau and Levich, 1942). A wide
range of the values of x found experimentally has been reported
by various authors, e.g. x = 0.5 (Yang et al., 1980; Gibson
etal., 1985; Strawbridge and James, 1986), x=0.67 (Schroeder,
1969; Dislich and Hussman, 1981), x = 0.53-0.64 (Brinker
et al., 1991), and x = 1.0 (Orgaz and Rawson, 1986). On the
other hand, Gao et al. (1995) reported that the film thickness
was nearly independent of the withdrawal speed (x = 0) for
very low concentrations (0.001-0.01%) of perfluoropolyester
lubricant liquid. The difference in the value of x depends on the
solution properties and process conditions. Smaller values of x
suggest a weaker film thickness dependency on the withdrawal
speed.

Incorporating the effect of solvent evaporation into existing
models is mathematically demanding. The model used in this
paper modified the Landau and Levich’s model (denoted as
L&L) by using an arbitrary viscosity of the solution in the so-
lution bath which then increased further due to the effect of
solvent evaporation. The modified model is denoted as, for ex-
ample, 2.7 L&L which means that the viscosity is increased by
2.7 times of the initial value. A multiplying factor for the vis-
cosity depends on solution properties and withdrawal speeds
and it was found that the multiplying factor is large at slow
withdrawal speeds and decreases as the speed increases. This is
because at slow withdrawal speeds, the film is exposed to sol-
vent evaporation at the liquid meniscus for a longer time. On
the other hand, fast withdrawal speeds quickly move the sub-
strate from the solution bath and hence, the solvent evaporation
at the liquid surface is minimised.

Fig. 12 shows that even though the model of Landau and
Levich (1942) fails to quantitatively predict the experimental
results, the prediction of the dependency of the withdrawal
speed on the film thickness agrees qualitatively with the ex-
perimental results. The model suggests that the film thickness,
h, varies with the withdrawal speeds, u,, as a function of
h oc u%67, whereas the experimental results show that / oc u?
where x is in the range of 0.4-0.6. This shows a strong in-
fluence of the withdrawal speed on the film thickness. It can
also be seen that the initial and arbitrary viscosities provide
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Fig. 12. Comparison between experimental results and model predictions.
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Fig. 13. Film thickness as a function of solution viscosity at different with-
drawal speeds for ambient drying.

the upper and lower bounds, respectively, of the experimental
results.

The solution properties also play an important role in con-
trolling the film thickness. According to the model of Landau
and Levich (1942), the effect of the solution viscosity on
the film thickness is as significant as the effect of the with-
drawal speed, which can be described by h o (uon)*%7.

10% — .
I — 44— 0.3mm/s |
- —L1— 0.5 mm/s |
—0O—— 0.8 mmi/s |
og X
(/2]
(7]
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2 10° ; 1
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Fig. 14. Film thickness as a function of solution viscosity at different with-
drawal speeds for hot-air drying.

Figs. 13 and 14 show plots of film thickness as a function of
solution viscosity at different withdrawal speeds for slow and
fast drying, respectively. The continuous lines in the figure are
the best-fit lines of the experimental results. The results for
slow drying reveal a good agreement with the model prediction
in which & o ¥ where y is around 0.6. Lower values of the
exponent (0.40-0.44) were found in the case of fast drying. For
fast drying, the solvent evaporation may occur at the surface of
the solution bath and the solution viscosity and the viscosity
dependency (power-law exponent) may be affected.

9. Conclusion

This paper has shown that spin and dip coating of LEP so-
lutions is particularly sensitive to the evaporation rate of the
solvents during the processing and two models have been used
that are able to predict the observed trends. In terms of spin
coating, both spin speed and solvent evaporation rate are the
key parameters that affect the final film thickness. Both can be
externally controlled and a high level of precision obtained in
relation to thickness control. A further important aspect; namely
the uniformity of the thickness has not been addressed in this
paper and this property will be influenced by additional factors
such as sample volume and local evaporation conditions.

This paper also shows that dip coating is a viable way of pro-
ducing thin films of LEP. Dip coating has certain advantages
in that the geometry of the substrate does not have to be flat,
i.e. it is possible for example to dip-coat rods if required. The
dip-coating process can provide similar film thickness control
to spin-coating process and also the evaporation process is es-
sentially decoupled from the film-forming process in contrast
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to spin coating where film forming and evaporation simultane-
ously occur.
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