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The spin coating of thin (> 200 nm thick) and ultrathin (< 200 nm thick) poly- 
mer films is examined in several solvents of varying volatility over a broad range of 
polymer solution concentrations and spin speeds. Experimentally measured film 
thicknesses are compared with a simple model proposed by Bornside, Macosko, 
and Scriven, which predicts film thickness based on the initial properties of the 
polymer solution, solvent, and spin speed. This model is found to predict film thick- 
ness values within 10% over the entire range of conditions explored, which gave 
film thicknesses from 10 nm to 33 pm. The model underpredicts film thickness for 
cases in which a very volatile solvent is used or the initial concentration of polymer 
is high, while overpredicting film thickness for cases in which a low volatility sol- 
vent is used or the initial polymer concentration is very low. These deviations are a 
consequence of how the model decouples fluid flow and solvent evaporation. 

INTRODUCTION ness or until it turns solid-like due to a dramatic rise 

pin coating from dilute solution is a common S method to produce a thin, uniform polymer film 
on a planar substrate. I t  is most often employed in the 
microelectronics industry for the production of pho- 
toresists. Photoresists typically have film thicknesses 
in the micron range, 2nd thus most experimental and 
mathematical modeling work has focused on condi- 
tions by which films with thicknesses in this range 
may be produced. Very few studies have critically 
tested proposed models by examining a wide range of 
film thicknesses and process conditions. Recently, 
there has been growing interest in ultrathin polymer 
films (1). i.e., films with thicknesses less than 200 
nm. The spin coating of these ultrathin films still re- 
mains largely unexplored. This study experimentally 
examines the spin coating of polymer films under a 
wide range of process, conditions in which both thin 
and ultrathin films are produced. The results are then 
compared with those predicted by a simple model. 

SPIN COATING BASICS 

In the spin coating process, solution is first deposit- 
ed on the substrate, and the substrate is then acceler- 
ated rapidly to the desired rotation rate. Liquid flows 
radially, owing to the action of centrifugal force, and 
the excess is ejected off the edge of the substrate. The 
film continues to thin slowly until disjoining pressure 
effects cause the film to reach an  equilibrium thick- 

in viscosity from solvent evaporation. The final thin- 
ning of the film is then due solely to solvent evapora- 
tion. An excellent description of the basic principles 
involved in the spin coating process is given in a re- 
view by Bornside, Macosko, and Scriven (2). 

Mathematically modeling the spin coating process is 
extremely challenging because of the complex cou- 
pling of fluid rheology and solvent evaporation. A sim- 
ple model first proposed by Meyerhofer (3) has been 
found to capture much of the essential characteristics 
of the spin coating process even though it decouples 
evaporation and flow. The film thinning process is 
treated as occurring through two distinct stages. In 
the first stage, film thinning is only due to radial out- 
flow. Solvent evaporation is neglected, and the solu- 
tion concentration is assumed to stay constant at its 
initial value. This situation is analogous to the thin- 
ning of a Newtonian liquid on a rotating disk first de- 
rived by Emslie, Bonner, and Peck (4): 

2pw2h3 
(1) 

where h is film thickness, t is spinning time, p is liq- 
uid density, w is spin speed, and v0 is initial solution 
viscosity. When the rate of film thinning reaches some 
specified evaporation rate, E, the film is treated as be- 
coming essentially immobile, and the second stage in 
which all thinning is due to solvent evaporation is en- 

- -___ dh _ -  
dt 3710 
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tered. Bornside, Macosko, and Scriven (5) proposed 
that E may be calculated using a mass transfer ex- 
pression: 

E = k(4 - XlJ 

where k is the mass transfer coefficient, xy is the ini- 
tial solvent mass fraction in the coating solution, and 
x,, is the solvent mass fraction that would be in equi- 
librium with the solvent mass fraction in the gas 
phase. The mass transfer coefficient, k, is given by the 
following expression: 

(3) 

where c is a constant that depends on the Schmidt 
number of the overhead gas phase, Dg is the binary 
diffusivity of the solvent in the overhead gas phase, vg 
is the kinematic viscosity of the overhead gas phase, 
& is the vapor pressure of the pure solvent at temper- 
ature T, Ml is the solvent molecular weight, and R is 
the ideal gas constant. 

Employing Eqs 1 and 2, one can calculate a wet film 
thickness, &, at which the film is supposed to be- 
come immobile (5): 

Further film thinning is due only to evaporation; there- 
fore, the final film thickness, hf. is 

b= (1 - 4)h! (5) 

This simple model captures the experimentally ob- 
served scaling (6) of 5 - q01/3w-1/2, but has been 
shown to underpredict film thickness in certain condi- 
tions due to the neglecting of solvent evaporation in 
the initial spin off stage (5). More detailed modeling 
has been performed that takes into consideration how 
solvent evaporation affects fluid rheology and vice 
versa, but these studies involve complex numerical 
methods and often include parameters which are diffi- 
cult to estimate (7). 

PREVIOUS WORK INVOLVING SPIN COATING 
ULTRATHIN FILMS 

Stange et d (8) studied the morphology of ultrathin 
polystyrene (PS) films spin coated from toluene onto 
silicon substrates using atomic force microscopy and 
ellipsometry. They found that 2 nm was the lower film 
thickness limit at which a continuous, defect-free PS 
film could be achieved. This film thickness is an order 
of magnitude smaller than the radius of gyration of 
the PS chains employed (- 25 nm for 20,000,000 mo- 
lecular weight PS) indicating that the polymer chains 
adopt a highly extended configuration in the film. 
Extrand (9) found that the lower film thickness limit 
for a continuous film can depend on the substrate 
type and the polymer used. The flow of low molecular 

weight nonvolatile liquids on spinning disks were 
studied by Forcada and Mate (10). They found that 
films with thicknesses between 4 and 25 nm could 
still be modeled as that of a continuum, Newtonian 
liquid and followed the theory of Emslie (4). However, 
the apparent viscosity seemed to be as much as 80% 
higher than that of the bulk fluid. 

The only study concerning the effect of process pa- 
rameters on the spin coating of ultrathin polymer 
films was published by Extrand (1 1). Natural rubber, 
poly(methy1 methacrylate) (PMMA), and PS films rang- 
ing in thickness from 0.5 to 170 nm were spun from 
dilute solution onto silicon wafers. No film thickness 
dependence was found on the volume of initial solu- 
tion dispensed or the surface treatment of the silicon 
wafer. Film thickness measurements were found to be 
consistent with the following scaling: 

The results were quantitatively compared with an ex- 
pression found by integrating Eq I and assuming that 
all the solvent flashes off at a certain time, t*, and that 
no evaporation takes place before t* [similar to the as- 
sumption of Meyerhofer's model (3)]. Determination of 
t* was performed by visual observation. Films were 
found to be approximately twice as thick as predicted, 
and the discrepancy was blamed on the erroneous as- 
sumption that no evaporation occurs before t*. 

EXPERIMENTAL 

PS (GPC: M, = 80,000; M, = 200,000) and PMMA 
(GPC: M, = 50,000; M, = 94,000) films were spun 
from solution onto 5-cm-diameter polished silicon 
wafers that contained a thin native oxide surface 
layer. The solvents used were toluene, chloroform, 
and xylene with polymer concentrations ranging from 
0.25 wt?? to 30 wt??. The initially stationary wafer was 
flooded with polymer solution until the entire surface 
was covered and then accelerated to the desired rota- 
tion rate. Acceleration times were less than 2 s and 
total spin times were 60 s. Spin speeds ranged from 
500 to 4500 rpm. Spun films were placed under vacu- 
um at room temperature for a period of at least 12 
hours even though this further drying process did not 
seem to affect the final Alm thickness. Film thickness 
measurements were performed using a Tencor P10 
profilometer, and the calibration was checked with a 
14 nm step height standard from VLSI Standards 
Incorporated. At least ten thickness measurements 
were taken per film along the centerline of the wafer. 
Zero shear viscosities, qo, of the polymer solutions at 
30°C were determined using Ubbelohde glass kine- 
matic viscometers. 

RESULTS AND DISCUSSION 

PS and PMMA films were spun from toluene solu- 
tions with initial solution concentrations ranging from 
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0.5 wtVo to 30 wtVo Rj and 0.5 wt% to 15 wtoh PMMA. 
Continuous films resiilted in all cases with no observ- 
able “pinhole” type defects. Films spun from the most 
dilute solutions tended to be the most uniform, while 
at the highest concentrations (> 15 wtYo) the film sur- 
faces tended to exhibit some degree of waviness. 
These concentrated polymer solutions may be highly 
non-Newtonian. Surface waves on a non-Newtonian 
fluid that is spinning on a disk tend not to damp out 
as readily as for a Newtonian fluid (2). The greater vis- 
cosity of the more concentrated solutions may also 
hinder the damping of surface waves before the fluid 
layer becomes immobile. Both of these effects could 
contribute to the waviness in the thickest films that 
were spun from the more concentrated solutions. 
Slight variations in film thickness with radial distance 
from the center of the wafer were also found for cer- 
tain films spun from the most concentrated solutions. 
Films exhibiting this phenomenon were thickest at 
the center of the wafer with progressively decreasing 
thickness moving radially away from the center. This 
is a sign of non-Newtonian shear thinning behavior 
occurring for films spun from the most concentrated 
solutions, since the shear rate increases from the cen- 
ter of the wafer to this outside edge. The more dilute 
polymer solutions should have higher critical shear 
rates for the onset of shear thinning behavior and 
thus do not exhibit this effect. 

Average film thicknesses as a function of spin speed 
are shown in Figs. 1 and 2 for each initial solution 
concentration. Film thicknesses ranged from 12 nm 
to 33.2 pm for the PS Elms and from 10 nm to 3.4 pm 
for the PMMA films. The solid lines in Figs. I and 2 
are film thickness predictions based on Eqs 3-5. The 

Fig. 1 .  Film thickness, hr. as a 
function of spin speed and initial 
polymer solution concentration for 
PS in toluene: (0) 0.5 w%. (0) 1 
wt96. (0) 2 w e .  W 4 wt%, (+I 6 
w%, (A) 8 wt96, (0) 10 wC%, (W) 15 
wt%, (+I 20 wt96, and (A) 30 ~ 1 % .  
s l i d  lines are prediction?; of Eq 5 
with parwnetms given in Table 1.  

n 

c E 

s+ 
v 

parameters used in the model are given in Table 1.  
Measured qo values as a function of PS and PMMA 
concentration are shown in Fig. 3. Comparing the 
slopes of the data in Figs. 1 and 2 to the slope of the 
model prediction, we see that the expected 5 0~ o-ll2 
scaling holds within experimental error for all cases. 
This is consistent with results first reported by 
Exband (1 1) for ultrathin polymer films. At high initial 
PS and PMMA concenbations (> 10 wtYo), which cor- 
respond to the thickest films, the model tends to un- 
derpredict film thickness. This underprediction is 
consistent with the fact that the model neglects evapo- 
ration in the spin-off stage and the subsequent sharp 
rise in viscosity that follows. Therefore, film thickness 
predictions would tend to be lower than the actual val- 
ues. The degree of underprediction becomes more sig- 
nificant as initial polymer concentration increases be- 
cause, as pointed out in Ref 5, this is the region where 
viscosity changes most dramatidy with polymer con- 
centration. The assumption of Newtonian flow may 

Table 1. Parameters for Predicting h,Values Given in Figs. 1 
and 2 Using Eqs 3-5. 

T =  303 K 
x,, = 0 

R = 82.06 atm cm3/mol K 
v = 0.1553 cm% 

c = 8.5474 (from Ref. 5) 
p = 0.87 g/cm3 
Ad, = 92 g/mol 

p , O  = 0.029 atm [from Ref. 12) 
Dg = 0.086 cm2/s 

qo, see fig. 3for individual values 

400 600 8001000 3000 
spin speed (rpm) 
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also introduce errors in the predicted film thickness 
for films spun at high polymer concentration, but they 
are obviously small compared with those due to ne- 
glecting solvent evaporation during spin-off. 

At moderate initial PS concentrations (6 wto/o to 10 
wtYo) and for 10 wt% PMMA, the model agrees very 
well with the experimentally measured hf values. 
However, at lower initial concentrations (< 6 wt?? for 

Ps and < 10 wt% for PMMA) the model diverges from 
the data again, this time predicting higher %values 
than actually observed. This effect was not seen in the 
initial work of Bornside, Macosko, and Scriven (5) who 
only studied one polymer/solvent system at three dif- 
ferent concentrations. 

The fact that the model may also overpredict film 
thickness should not be surprising. One of the key as- 

lo4 1 I I l l  I I I _I 

Fig. 2. Film thickness h as a - 
poh~mer solution concentrationfor E: 
PMMA in toluene: (010.5 wf i ,  01 ", 
1 wt96, (XJ 4 wt%, (+j 6 w%, (A1 8 S 
w e ,  (OJ 10 wt%. and (.I 15 wt96 
P M .  Solid lines are predictions 
of Eq 5 with parameters given in 
Table 1 .  

jimction of spin speed ain~ E 

n 

0 
pc 

2 

co 

.A  

W 

Fig. 3. Initial solution viscosity, 
Q, as a-tion o f t o h m  mass 
fraction, xIO.  for (0) PS and (0) 
PMMA. 
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Table 2. Parameters for Predicting h,Values Given in Figs. 4 and 5 Using E q s  3-5. 

chloroform solutions 
p = 1.49 g/cm3 

M, = 119.4 g/rnol 
p10 = 0.31 atm 

D,, = 0.106 cm2/s 
T, x,,, R: wg, and c: see Table 1 

xylene solutions 
p = 0.88 g/cm3 

M, = 106.2 g/mol 
plo = 0.013 atm 
Dg = 0.074 cm2/s 

T, x,,, R, Y,,, and c: see Table 1 

sumptions of the model is that all fluid flow halts once 
the rate of film thinning due to convective outflow, 
dh/d t  in Eq 1 ,  reaches a calculated evaporation rate, 
E, in Eq 2. Thus, the model predicts a particular "wet 
film thickness," &, or equivalently, a certain time, f,, 
when the fluid film becomes immobile, which depends 
on the initial properties of the polymer solution, sol- 
vent volatility, and spin speed. In reality, this is some- 
what arbitrary and there is actually a dynamic inter- 
play between evaporation and flow, which may cause 
the actual time, Fa, to be greater or smaller than the 
predicted F,. For cases in which the model overpre- 
dicts 5.. Fa  > P,, there is still flow occurring even 
thou@ the model predicts that the film is immobile. 
In dilute solutions, the viscosity may be still low 
enough to allow significant flow to take place even 
though the rate of film thinning due to convective out- 
flow may be less than the rate due to evaporation. 
Underpredictions of are found when fa < fp, and 
quantitative agreemenl. is found when Fa - fp This 
assumes that the transition between the flow and 
evaporation stages is sharp, which appears to be the 
case for the polymer,'solvent conditions employed 
here, since the slopes of the predicted and experimen- 
tal curves are equivalent. 

Figures I and 2 indicate that xIo and qo are impor- 
tant in determining how well Eqs 3-5 quantitatively 

Fig. 4.  Film thickness, I?, as a 
function of spin speed and  initial 
polymer solution concentration for 
PS in chlorofom [V) 0.25 wt96 PS. 
[O) 0.5 wt96 PS, and (0) 2 wt96 PS. 
Solid lines are predictions of Eq 5 
with parameters given in Txbk 2. 

n 

c E 

s* 
v 

1 o3 

100 

10 

predict 5. with low xl0 values (high qo) giving under- 
predictions of actual %and high xl0 values (low qo) 
giving overpredictions of actual %. Another important 
variable in the calculation of f, is the evaporation 
rate of the solvent. Highly volatile solvents (large p,O) 
evaporate quickly, giving thicker films (also somewhat 
rougher) and smaller values for Fp than less volatile 
solvents for similar xl0 values. Figure 4 plots as a 
function of spin speed and initial polymer solution 
concentration for PS in a highly volatile solvent, chlo- 
roform. As expected, %values are much larger com- 
pared with those films spun from toluene at equivalent 
initial PS concentrations. Also shown are predictions 
based on Eqs 3-5 with parameters given in Table 2 (qo 
values are not given but showed similar concentration 
dependencies as found for toluene in Q. 3). In all 
cases, Eqs 3-5 underpredict the actual %values, indi- 
cating that Pa < Pp In Flg. 5, we consider the oppo- 
site case in which films are spun from a solvent, xy- 
lene, which is less volatile than toluene. For PS in 
xylene, the model overpredicts the actual %values in- 
dicating that fa > F,. 

For a highly volatile solvent such as chloroform, one 
expects to have very significant evaporation during 
the spin-off stage, which causes a rapid rise in solu- 
tion viscosity, thus leading to t*, < t*, and underpre- 
dictions for 5. However, for a much less volatile sol- 

400 600 800 1000 3000 
spin speed (rpm) 
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Fig. 5. Film thickness, hs. as a 

polymer solution concentration for 

4 wt96 PS. Solid lines are predic- 
tions of E q  5 wi th  parameters 
gimn in Table 2. 

function of spin sped and initial 

Ps in xylene: (01 1 wt96 Ps and N 

1 o3 

100 

400 

vent such as xylene, one expects evaporation during 
the spin off stage t o b e  . ’ d , thus extending the 
flow time of the fluid film leading to t*, > t*,. There- 
fore, the volatility of the solvent is also important in 
determining how well Eqs 3-5 quantitatively predict 

The results presented here regarding the spin coat- 
ing of ultrathin polymer films are essentially in agree- 
ment with the results first reported by Extrand (1 l), 
namely that the 5 a w-1/2 scaling found for thin films 
still holds. The difference in % scaling with qo and xIo 
between Eqs 3-5 and Eq 6, which was used by Ex- 
trand for ultrathin films, are difficult to resolve when 
one examines a narrow range of process conditions 
and film thicknesses such as those employed in Ex- 
trands study. Our studies show that Eqs 3-5 predict 
%values surprisingly well over a wide range of condi- 
tions. One advantage of using Eqs 3-5 is that it elimi- 
nates the need for experimentally determining F. 

It is unlikely that significant improvements may be 
made to the Bornside, Macosko, and Scriven model (5) 
without resorting to numerical methods. Still, it is 
quite remarkable that a simple analytical model, 
which essentially ignores the coupling of solvent evap- 
oration and fluid flow, quantitatively predicts %as a 
function of initial process parameters, usually within 
10% of the actual value for thin as well as ultrathin 
polymer films. 

%- 

CONCLUSIONS 

Spin coating of thin (33.2 pm > 5 > 0.2 pm) and 
ultrathin (200 nm > ty > 10 nm) polymer films from 
dilute solution has been studied as a function of 
process parameters. Relationships between process 
parameters and final film thickness found previously 

600 800 1000 
spin speed (rpm) 

3000 

for the spin coating of thin films were also found to 
hold for the spin coating of ultrathin films. Compari- 
sons of measured film thickness to those predicted by 
a simple analytical model proposed by Bornside, 
Macosko, and Scriven (5) were found to agree within 
lo?? over the whole film thickness range. The model 
tends to underpredict film thickness for films spun 
from solutions with an initially high polymer concen- 
tration or solutions in which a highly volatile solvent 
is used: the model tends to overpredict film thickness 
for films spun from very dilute solutions or solutions 
in which a low volatility solvent is used. These devia- 
tions from an exact quantitative fit of the experimental 
data are a consequence of the assumption of the 
model that fluid flow and evaporation are decoupled. 
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NOMENCLATURE 

c = constant that depends on the gas phase 

Dg = binary diffusivity of the solvent in the gas. 
Schmidt number. 

E = evaporationrate. 

h = filmthickness. 
% = fbalfilmthickness. 
h, = wet film thickness at t*,. 
k = mass transfer coefficient. 

GPC = gel permeation chromatography. 
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MI = 
M,, = 
M ,  = 

PS = 

PMMA = 
R =  
T =  
t := 

P , O  = 

f, LX 

fp = 

xlo = 
XI- = 

rlo = 
P =  
w =  

- 
vg - 

solvent molecular weight. 
number average molecular weight. 
weight average molecular weight. 
vapor pressure of solvent. 
polystyrene. 
poly(methy1 methacrylate). 
ideal gas constant. 
temperature. 
time. 
actual time at which the spin-off stage 
ends 
predicted time at which the spin-off stage 
ends as defined by Eq 4. 
initial solvtmt mass fraction. 
equilibrium solvent mass fraction. 
initial solullion viscosity. 
initial solution density. 
spin speed. 
kinematic liscosity of gas phase. 
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