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Abstract

We present comprehensive measurements of the evaporation behaviour, F, of a thinning liquid film during a
hydrodynamic-evaporative spin coating experiment. FE, w (the rotation speed), and v (the liquid viscosity) are the
main control parameters of the process. The evolution of the entire film thinning process can be described theoretically
quite well based on the bulk value of v of the deposited liquid and with a process-specific (constant) E. The weighing in
values of v are easily accessible (calculations, literature values, simple measurements). E is specific for the experimental
conditions and values for £ cannot be found in literature. There is also no generally accepted strategy to calculate F in
advance. We analyzed our experimental results in view of a theoretical prediction for E, which was presented already
some time ago by Bornside, Macosco, and Scriven, but never tested experimentally. We find good agreement between
theory and experiment for many solvents and different w. Accordingly, this approach permits in advance the calculation
of the evolution of the entire hydrodynamic-evaporative film thinning ina spin coating process. In addition, we present
a general formula, which allows in the case of spin coating mixtures of volatile solvents and nonvolatile solutes the
prediction of the final solute deposit based on literature data only.
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1. Introduction of a thin film of the solute. Typically this solute film is

the main purpose of the process. The thickness of the so-
Spin coating is widely used in research and in industrial

lute film (the solute coverage) can be adjusted through the
applications to prepare thin planar films on substrates. In

process parameters. The most relevant parameters are (1)
the process, a small amount of liquid is deposited on a ro-

the liquid viscosity, (2) the solute concentration, (3) the
tating planar substrate and spread into a planar film by

rotation speed, and (4) the evaporation behaviour of the
centrifugal forces. The liquid may be a melt or a solution.
liquid.
Here we will focus on hydrodynamic-evaporative spin cast-
The thinning of the liquid film and the spatio-temporal
ing i.e., spin coating of mixtures of volatile solvents and

evolution of the solute/solvent composition during hydrodynamic-
nonvolatile solutes. After evaporation of the volatile com-

evaporative spin coating have been analyzed in some de-
ponents this process results in the permanent deposition

tail. Meanwhile the process is understood quite well[1-3]
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in many cases, the final solute coverage can be predicted.
In fact, aside from the evaporation rate, all the other
relevant spin coating parameters can be obtained rather
easily, e.g., from literature or from independent measure-
ments. For instance, the density and viscosity of the sol-
vent/solute mixture can be measured or obtained /calculated
from literature data. The rotation speed can be adjusted
during the experiment.

Alas, evaporation rates under spin coating conditions
cannot be found in literature. They are considered to be
rather specific for the experimental conditions (geometry
of the spin coating setup, rotation speed, etc.). Therefore,
it has been suggested to measure the evaporation rate of a
specific solvent for a specific spin coating configuration[2].
This evaporation rate can then be used to calculate the
outcome of spin coating processes with the same setup and
solvent, but otherwise different process parameters. The
relevant evaporation rate can be derived for instance, from
the final solute coverage resulting from a ”calibration” spin
coating experiment. This approach is useful. Neverthe-
less, it is still desirable to know/calculate the evaporation
rate in advance without the necessity of a "calibration”
experiment. Thus, one would gain for instance substan-
tial flexibility to pre-select suitable solvents to achieve a
desired spin coating result.

Already some time ago, Bornside, Macosco, and Scriven
(BMS) proposed how to calculate the evaporation behaviour
of volatile liquids in a spin coating configuration [4, 5]. For
the calculation only readily accessible literature and pro-
cess parameter data are necessary. Up to now this theoret-
ical approach has never been tested/confirmed thoroughly
by experiment. Presumably this is the case, because 1.)
reliable experimental evaporation data were not available

and 2.) a concise theoretical description of the spin coating

process was not exisiting until recently. Indeed, evapora-
tive film thinning in spin coating configurations has been
measured, e.g. by ellipsometry (CITATION). However,
until recently it was not clear how meaningful these data
were. For instance, it has been discussed whether there
exists something like a ”simple” evaporation rate at all. It
has been questioned whether a single number is meaning-
ful and sufficient to describe in good approximation the
evaporative contribution to the film thinning and thus in
the end the resulting final solute coverage in the case of
solvent/solute mixtures. It was unclear how much the in-
crease of the solute concentration during evaporative film
thinning might affect the evaporation rate itself (e.g. via a
”skin formation”) and thus modify the film thinning pro-
cess and in particular the resulting final solute deposition.
Also, the impact of film dewetting (hole formation) dur-
ing film thinning (in particular in the late stages of film
drying) was not known.

With on-line imaging of the film thinning during the
spin coating process it is possible to investigate the film
thinning behaviour with high precision[3, 6]. We applied
this experimental approach and in the following we will
present precise experimental data on the evaporation be-
haviour derived from the film thinning. The results will
be analyzed in in view of the predictions of the BMS ap-
proach. We will address in particular whether the BMS
theory can be used to quantitatively describe the evapo-
rative contribution to the liquid film thinning in a spin
coating process. In addition we will discuss in which cases
it is possible to apply this approach for solvent/solute mix-
tures. Last not least we will show how it can be used to
predict the final solute coverage i.e., the main purpose of

most spin coating processes.



2. Materials and Methods
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Figure 1: Experimental setup to measure the hydrodynamic-
evaporative thinning of a volatile liquid film in a spin coating con-
figuration. The sample surface is imaged via reflection microscopy
i.e., with monochrome illumination from the top (through the lens).
The interference of the light reflected from the surface of the contin-
uoulsy thinning liquid film and from the interface between the film
and the substrate surface modulates the intensity of the reflected
light as indicated. The time evolution of the film thickness can be
derived from these intensity modulations with great precision. More
technical details on the experimental setup (synchronization of the
frame rate with the sample rotation, background subtraction, etc.)
can be found in [6].

The evaporation rates for various different volatile lig-
uids and liquid mixtures under different spin coating con-
ditions (rotation speeds) were measured with a setup as
depicted in Figure 1. In the experiment a drop of the lig-
uid is placed on a solid, planar substrate, which is rotating
at a constant speed, w. After its deposition, the liquid drop
rapidly forms a planar film due to centripedal and viscous
forces [7]. Due to outward liquid flow and/or spin off at
the substrate perimeter, the height, h, of this liquid film is
continuously decreasing (h = h(t)). With volatile liquids,
evaporation also contributes to film thinning. Because vis-
cous shear forces increase rapidly if the film gets thinner
evaporative liquid losses increasingly dominate film thin-
ning. For sufficiently thin films the outward liquid flow
practically ceases and film thinning only occurs due to ev-
poration. This range of purely evaporative film thinning
reveals the evaporation rate, FE, with a linear decrease of

the film thickness:

dh/dt = —E. (1)

FE can be determined with great precision with the
setup depicted in Figure 1 in combination with Equation
(1). The range of purely evaporative film thinning can be
identified easily, because transition between the (nonlin-
ear) film thinning driven by lateral liquid flow and linear
film thinning dominated by evaporation is rather well de-
fined and can be measured experimentally. The transition
occurs at (and defines) the so-called transition film height,
hir. hye is related to E, v (viscosity) and w (rotational

velocity) according to [1, 8]:

3B\
me= (5 ) - )

The transition height, h¢,.-, is the key process parame-
ter, because together with the solute concentration it can
be used to calculate the final deposit of the solute (see

discussion section).

3. Theoretical calculation of FE

Some time ago Bornside, Macosko, and Scriven pre-
sented a theoretical description of the steady state evap-
oration behaviour of thin volatile films in a spin coating
configuration [4, 5, 9, 10]. They predict an evaporation

rate, F/, with:

FE = kgvialp(xsolv - -Tsolv,oo)' (3)

Here, pso; is the solvent density in its liquid phase and
Puap 1s its density in the vapour phase. Zso, and Tsoip,00
are the solvent mass fractions in the liquid phase and far-
away from the liquid in the vapor phase, respectively. k is

the mass transfer coefficient.



Assuming Raoult’s law to describe the vapour-liquid
equilibrium of the solvent and the ideal gas law to estimate

its density [4, 5] Eq.(3) can be written as:

P* . Mgy
E=Fk (=220 ) (2401 — T : 4
( psolngT (xaolv -Taolv,oo) ( )
P? .., is the vapour pressure of the pure solvent and

Mo10 is its molecular weight. R, is the ideal gas constant
and T is the temperature.

According to Bornside, Macosco, and Scriven for a pla-
nar plate rotating at speed w the mass transfer coefficient

k can be replaced leading to:

cDgp 'UJl/Q PsovM lv
oo () (i) s
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The constant ¢ is a function of the Schmidt number

Sc with ¢ = 0.386 - Sc”%5% and Sc = Vair/ Dsotv,air [11].

Do1v,qir is the diffusion coefficient of the solvent (solv) in
air (air) and vq;, is the kinematic viscosity of air.

With the approximation ¢ = 0.386 - Sc?462 ~ 04 -

(Vair/ Dsotw.air)*/? Eq. (5) can be simplified to:

E~04: Diéi} air® w'/? (m) (Tsotv — Tsolv,oo)-
(6)
For pure solvents 4o, = 1 and Zso1,00 = 0, because
the solvent concentration in the air far away from the
evaporating surface can be neglected. Therefore (zso1, —
Tsolv,co) = 1. Accordingly, Eq. (6) can be simplified fur-

ther:

0.4- Diéi} azr 1/2P50lUMsolv
~ ’ (7)

psolngT

This is an important result, because all the data neces-

sary to calculate FE via Eq. (7) are either available from

literature or given by the experimental conditions.

4. Experimental Results

4.1. FEvaporation rates for different liquids
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Figure 2: Experimentally measured thinning curves (w=1000 rpm).
The dashed lines are the theoretical fit thinning curves according
to the "zero-order” model. The solid lines indicate the linear slope
range of the purely evaporative region with dh/dt = —E. Panel (A):
Pure toluene (TOL) and a solution of toluene with 8% PS-b-PMMA
(MW:55k-b-22k). For better visualization the curves are shifted lat-
erally on the time axis. Panel (B): chloroform (CHL), tetrahydrofu-
ran (THF), toluene (TOL), and water (H20, 26 °C, relative humidity
40%).

Fig. 2—A depicts examples of a thinning curve of a
pure solvent (toluene) and of a solution of this solvent
with 8% PS-b-PMMA (MW:55k-b-22k). For better visu-
alization the curves are shifted laterally on the time axis.
The data were measured with the setup depicted in Figure
1. Fig. 2—B presents examples of experimentally observed
thinning curves for several pure solvents.

In all cases the region of film thinning dominated by

evaporation can easily be identified. It is the range with



the linear decrease in film height, which ends either with
the bare substrate (h=0) for the pure solvents or, in the
case with the solution containing a nonvolatile component,
with a final deposit of film thickness, hy = h(t — o).
The solid lines show the slope of the purely evaporative
region with dh/dt = —F according to Eq. (1). The inter-
pretation of the data with respect to the evaporation be-
haviour is coroborated by the anlysis of the entire thinning
curve. The dashed lines are theoretical fits to the exper-
imental date according to the scenario of hydrodynamic-
evaporative film thinning as described earlier by the ”zero-
order” model i.e., neglecting the impact of the solute on
the evaporation behaviour [1-3]. This analysis/simulation
takes into account both, hydrodynamic and evaporative
thinning. The agreement between the experiment and the

theory is quite good.

4.2. Evaporation rates for different rotation speeds
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Figure 3: Experimentally measured evaporation rates, F, as function
of the square root of the sample rotation, w!/2. Date are shown for
pure n-nonane (NON), pure toluene (TOL), and for various solutions
of PS-b-PMMA (MW:55k-b-22k) in toluene (the polymer concentra-
tions are given in mass percentage). The dashed lines show linear
fits with slopes indicating the speed-independent evaporation rates
eror as defined by Eq. (9).

Figure 3 shows evaporation rates, E, as a function of
the rotation speed, w. Data are presented for a pure sol-

vent (nonane) and for solutions of toluene with various

concentrations of PMMA. F is plotted as function of the

square root of the rotational speed, w'/2. The dashed lines

are fits to the data supporting the validity ! of Eq. (7) with

E xw'/?. (8)

For a better comparison of the data at various rota-
tion speeds it is convenient to rescale the evaporation rates
and to define a speed-independent evaporation rate, e, by

rewriting Equation (7) accordingly:
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Figure 4: Experimentally measured speed-independent evaporation
rates, e, for various solvents as function of the pure solvent prop-
erties (DgpP*Mqa/pr). The dashed line shows a linear fit (Pearson
coefficient = 0.996) through the origin. Tts slope is 1.6 x 10~% mol/J.

Figure 4 presents evaporation data for many different
pure solvents and mixtures of solvents with nonvolatile so-
lutes (with relatively low solute concentrations). The data
are plotted according to Eq. (9) with the physico-chemical
data for the different systems obtained from literature (see
appendix). Motivated by Eq. (9) the dashed straight line

in Figure 4 has a slope of 0.4/(R,T") with T' = 26°C, the

LFor simplicity it is assumed for the fits that that E(w = 0) = 0),
because the experimental data are not accurate enough to con-
clude/predict by extrapolation (E(w — 0)) with sufficient signifi-
cance the (small) evaporation rates for w = 0.



experimentally applied temperature.

5. Discussion

5.1. General remarks

Evaporation rates in a spin coating configuration, E(w),
were measured for different rotation speeds, different sol-
vents, and various solvent /solute mixtures by direct obser-
vation of the film thinning. The measurements via on-line
imaging show that the evaporating liquids form closed and
planar films throughout the entire film thinning process.
Thus it is assured that the evaporative film thinning agrees
with the scenario assumed for a typical spin coating pro-
cess as it is described by the corresponding theory.

It is observed that the evaporation rates are propor-

1/2 " This behaviour and the absolute numbers

tional to w
measured for E are in good quantitative agreement with
a theoretical prediction published some time ago by Born-
side, Macosko, and Scriven [4, 5]. This means that E can
directly be calculated from literature data of the solvent
properties and from readily available process parameters.
More so, it means that it is possible to quantitively calcu-
late in advance the entire film thinning process during the

spin coating process including its result, the deposition of

the solute.

5.2. Validity and limitations of the approach

Quite remarkable, the technical specifications of the
spin coating setup, such as for instance the size/diameter
of the substrate, are not taken into account by the BMS
approach. It is rather unlikely that the technical condi-
tions of our setup just by chance lead to the quantita-
tive agreement between theory and experiment. It can be
assumed, that under spin coating conditions, which are

roughly similar our case i.e., with substrate dimensions of

a few ¢m in diameter, and with a similar experimental pro-
tocol (e.g., deposition of an excess volume on the already
rotation sample), the evaporation rates can be calculated
quite accurately via the BMS approach.

It has to be considered that the approach presented
in this report will be of limitied applicability for 1.) non-
Newtonian liquids, 2.) if the liquids do not wet completely
the substrate, or 3.) if the liquid viscosity is very sensitive
to temperature (because during film film thinning there is
evaporative cooling). Also, with liquid mixtures of two or
more volatile components the evaporation behaviour and
thus the film thinning behaviour may not be described
correctly by assuming a (constant) evaproation rate calcu-
lated with (the approach leading to) Eq. (7). Even if the
calculation of E with an appropriately modified (for mix-
tures) Eq. (7) yields a correct evaporation rate for thick
planar films, Marangoni effects may influence the thinning
behaviour of thin films. This may cause surface undula-
tions the late stages of film thinning and thus, for instance
to film rupture. Last not least, miscibility gaps may affect
FE and v.

With solutions of volatile solvents and nonvolatile so-
lutes another aspect has to be considered. In this case the
film thinning process can be described quantitatively by
takiing int account the true solution viscosity. [2, 3]. This
means, that the weighing in viscosity of the solution (and
not that of the solvent) has to be taken into account to
calculate the film thinning behaviour, because even with
small solute concentrations, the viscosity of the solution
can be very different to the viscosity of the pure solvent.
With the weighing in solution viscosity, v, an evapora-
tion rate, F, calculated with Eq. (7) for the pure solvent,
the applied w, the film thinning behaviour can be calcu-

lated/predicted quite accurately (except for the late stages



with high solute concentration) E calculated via Eq. (7)
assuming pure solvent properties can be taken in this case
for the calculations, because the evaporation rates of pure
solvent and solution are quite similar as long as the solute
concentrations does not exceed 10-20% due to evaporative
enrichment. In the very late stages of film thinning the de-
viation between experiment and calculation is very signif-
icant, because solute deposition is not explicitly take into
account in the zero order approach. Nevertheless, because
the amount of solute deposition is determined by the early
stages of the hydrodynamic-evaporative film thinning, tak-
ing into account the true weighing in solute viscosity is
sufficient to quite accurately predict the amount of final

solute.

5.3. Estimation of the solute deposition

The final solute film thickness can be calculated with
the spin coating parameters via the transition height, Ay,

(see Eq.(2)) as follows [1-3]:

hf ~ X0 'htr- (10)

This equation assumes identical densities of the solvent
and the solute and xo denotes the volume ratio between
solute and solvent in the initial (weighing in) solution.

With different densities of solvent, pso,, and solute,

Psolus Eq. (10) has to be modified:

Psolv
Psolu

hf ~ Xo 'ht»,‘. (11)

If the solute concentration is given as ¢y i.e., as an
entity per volume (e.g., moles or particles per volume),
deposition leads to a final coverage of the solute in entity

per area, I'y:

T ~co- 2290 py,. (12)
Psolu

It should be noted that ps., denotes the average den-
sity of the solute. This is important, for instance, in the
case of metal nanoparticles coated with a shell of organic
molecules. In this case psopy, results from the weight of the
particle core plus its shell divided by the volume of the

entire particle (core and shell).

5.4. The final "master” equation

The combination of Eq.(11) or Eq.(12) with Eq.(7)

yields a general "master” formula to predict the final film

thickness:
s [vDM2 o Pr M1
hea~0.85. pq - 222 . solv,air® solvt'*solv 13
! 0 Psolu [ w3/2psoluRgT ( )
or the final coverage:
Psol VDR, win Pl Mol "
Tr~085 ¢y 2222 solv,air® solv*solv 14
! 0 Psolu [ w3/2psol1;RgT ( )

The assumptions leading to Egs.(11) and (12) indicate
an accuracy of about £10%. Assuming similar margins for
Eq.(7) based on the experimental results presented in Fig.
4, suggests an accuracy of typically +(20)% or better for
the final master Eqs.(13) and (14). This is consistent with

the experimental data of Figs.3 and 4.

6. Summary and Conclusion

We have measured the evaporation rates, E, of many
different volatile solvents and mixtures of volatile solvents
and non-volatile solutes during a hydrodynamic-evaporative

spin coating process. This process describes the evolution



of a planar, continuously thinning liquid film on a rotating
substrate. Recently it has been analyzed theoretically in
some detail. The film thinning during the spin coating pro-
cess is essentially determined by three control parameters:
1.) the evaporation rate, F, 2.) the liquid viscosity, v,
and 3.) the rotation speed, w. With solutions of a volatile
solvent and a nonvolatile solute, a final deposit of the so-
lute remains after complete evporation of the solvent. The
amount of final deposit can be calculated from the solute
concentration, xg, of the solution at the beginning of the
process. Three of these parameters, w, v , and xg, are
readily available prior to the spin coating process. They
can either be adjusted, easily measured, obtained from lit-
erature, or calculated from literature data. Data on E, on
the other hand, are not readily available from literature
for several reasons. E is considered to be specific for the
experimental setup. It is also rather hard to measure F
under spin cast conditions. Last not least, there is no gen-
erally accepted way how to calculate E, because it may
change during the process. Yet, already some time ago
Bornside, Macosco, and Scriven presented a way to cal-
culate E from literature data. Up to now, their proposal
has never beeen tested by experiment. We present exper-
imental data for £ and we analyze them in view of their
proposal. We find that their theoretical calculation of F
agrees remarkably well with our experimentally measured
FE for many different solvents and spin cast conditions.
We combined their approach with the recent quantitative
theoretical analysis of spin coating. Because F can be cal-
culated from literature data the entire spin coating process
can be calculated in advance. This is in particular impor-
tant in the case of solutions containing nonvolatile solutes,
which will be deposited in the course of the process. Quite

often the controlled deposition of the solute is the main

purpose of the spin cast process. We present a formula to
calculate in advance the final solute coverage solely based
on readily available (literature) data. Thus the desired
solute coverage can be adjusted in advance through the
selection of the solvent and/or the rotation speed.
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7. Appendix

Physico-chemical properties of the solvents

Table 1: Physico-chemical properties of the solvents at 298,15K. The unmarked data for density (psoiy), molecular weight (Mg ),
kinetic viscosity (Vso1v), and vapor pressure P = (estimation by the Antoine equation) are from Ref. [12]. The data marked by * are from

Ref. [13]. The data for the diffusion coefficients in air (Dgo1v,air) are from: ** Ref.[14], ¥ Ref.[15], T Ref.[16], ' Ref.[17], § Ref. [18], ¥ Ref.[19].

Solvent psotw[kg/m>]  Msor[10~3kg/mol)] Ps*olv[lO?’Pa] Disotvair[107m? /8] vso1,[107"m? /5]
Water 1000 18 3.37 25.1°%F* 8.93
Toluene 867 92 3.79 8.03% 6.34
Ethyl acetate 902 88 12.6 8.61f 4.72
Chloroform 1483 119 26.2 8.887 3.65
Tetrahydrofuran 889 72 21.6 11.18 5.17
Dimethylformamide 944 73 0.502 9.73f 8.5
n-Heptane 684 100 6.11 7.05' 5.5
n-Octane 703 114 1.86 6.161 7.25
n-Nonane 718 128 0.572 6.43' 8.65
n-Decane 730 174 0.22 5.74' 11.8
Methylcyclohexane 770 98 6.05* 6.15% 8.7

Speed-independent evaporation rates of the solvents

Table 2: Speed-independent evaporation rates: Experimental results (e) and calculated numbers (et). The measured evapora-
tion rates, e, are also presented in Fig. 4 of the main text. The theoretical evaporation rates, ey, are calculated using Eq.(8) (see below and
main text) with the physico-chemical properties given by Table 1 and with Ry = 8.31 Jmol ™! K~1, w = 16.7s~! (=1000rpm), T = 299.15 K
(=26°C), RHy,o = (40 1)% .

Solvent e[1070m/s' /2] ey, [1070m/s'/?]
Water 0.07 0.05
Toluene 0.18 0.19
Ethyl acetate 0.61 0.58
Chloroform 1.11 1.01
Tetrahydrofuran 0.68 0.80
Dimethylformamide 0.01 0.02
n-Heptane 0.37 0.39
n-Octane 0.12 0.12
n-Nonane 0.04 0.04
n-Decane 0.01 0.02
Methylcyclohexane  0.29 0.35
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