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A thorough investigation of the mass and momentum equations pertaining to the spin-coating 
process has been performed. A scaling analysis forms the foundation to determine the relevant 
characteristic quantities of the process and allows the assumptions and simplifications made by 
previous authors to be critically examined. Based on this analysis, the complete equations are 
reduced to a two-dimensional set of equations while retaining the essential physics of the 
problem. By further assuming a uniform film thickness over the disk, a one-dimensional model 
has been developed to assess the importance of the coupling between fluid flow and mass transfer 
during spin coating. The model predictions for the final film thickness can be presented in such 
a manner that the results superimpose onto one curve. In this way the film thickness and its 
relationships with process and material properties, initial solvent content, and spinning 
conditions can be succinctly expressed in terms of two characteristic parameters. The literature 
confusion over the exponent of the power-law dependence of the final film thickness on the 
rotational speed is also clarified. The model predicts an exponent of - $ which agrees with most 
experimental investigations. However, when the total spin time is too short, the exponent may 
deviate from - 4. Finally, a split mechanism model that assumes that the spin-coating process 
could be divided into two stages, one where fluid flow is occurring exclusively and the other 
where only mass transfer occurs,.has been shqwn to be quantitatively inaccurate. 

I. INTRODUCTION 

Spin coating of resist and polyimide films onto silicon 
wafers is an important step in the fabrication of integrated 
circuits. These films may be used for planarization and 
photolithography (sacrificial layers), or as interlayer di- 
electric insulators (permanent layers). A complete review 
of the process may be found elsewhere,’ and we will in- 
clude only a cursory review that emphasizes the points 
important for our discussion. The spin-coating process is 
carried out by dispensing a sufficient amount of liquid onto 
a wafer to flood it with the casting solution and then rap- 
idly accelerating the wafer to the final spin speed. Rotation 
proceeds for a specified amount of time during which the 
film thins by a combination of fluid flow and evaporation. 
Finally, the disk is decelerated to rest. This procedure may 
then be followed by a baking step to remove residual sol- 
vent, or in the case of polyimide films, to cure the poly- 
meric precursor to its desired final form. 

Because of the importance and complexity of the spin- 
coating process, a considerable amount of effort has been 
directed to establish empirical relationships that describe 
the dependence of spin coating on process parameters. The 
basic result of these investigations was that the fmal film 
thickness hr was proportional to a function of the initial 
solvent concentration Co and to some power of the rota- 
tional speed i),2-7 

+“-f( c,> 09. (1) 

Often b was found to be - k, although some authors sug- 
gested that it depended on the evaporation conditions or 
viscosity ranges. Daughton and Givensh6 described an ex- 
tensive experimental investigation of spin-coating parame- 
ters. They determined the film thickness to be independent 

of the amount of fluid dispensed, 
at which the fluid was dispensed, 
to the final. spin speed. The film 

the disk rotational speed 
and the acceleration rate 
thickness, however, was 

found to depend strongly on the final rotational speed and 
initial solvent content as well as the material properties of 
the fuid. 

Many attempts have been made at modeling the spin- 
coating process in varying degrees of complexity. The es- 
sence of these modelss-‘4 was to derive a kinematic expres- 
sion for the film thickness, 

dh pw2 d(r 2h3) --= -- 
at 

--2 
3qr dr (2) 

Here h is the time-dependent film thickness, p is the solu- 
tion density, 7 is the solution viscosity, r is the radial po- 
sition, t is time, and pstands for film thinning due to sol- 
vent evaporation. The pioneering effort by Emslie and co- 
workers’ described the film thinning behavior for a fluid 
where solvent evaporation did not occur. They found that 
a uniform film would remain uniform and that initially 
nonuniform film profiles would reduce to uniform films as 
spinning proceeded. The common result from models that 
included solvent evaporation was that the rate of film thin- 
ning is initially dominated by fluid convection and then by 
mass transfer.12-16 This prompted many authors to claim 
that the spin-coating process can be effectively approxi- 
mated by splitting it up into two time domains. During the 
first stage only fluid flow is allowed to occur, while in the 
second stage mass transfer occurs exclusively. We will 
show that significant errors can develop following this 
“split model” approach. 
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II. EXPERIMENTAL PROCEDURES TABLE I. Typical conditions on which the spin-coating model is based. 

Spin-coating experiments were performed with two Du 
Pont polyimide precursor solutions, PI2525 and PI2545 
Prior to spinning, the solutions were removed from a 
freezer and allowed to equilibrate thoroughly to room tem- 
perature. Dilutions were made using pure N-methyl-Z 
pyrrolidinone (NMP) solvent from Aldrich. Care was 
taken to minimize the exposure of the solvent and solutions 
to the atmosphere since NMP is extremely hygroscopic. 
The stock bottle of solvent was stored under nitrogen and 
small quantities were removed when required in a nitrogen 
glovebox. 

The polymer films were made by spin coating the poly- 
imide precursor film using a model P6024 tabletop preci- 
sion spin coater by Integrated Technologies. The rotational 
speed ranged from 3000 to 8000 rpm and the acceleration 
and deceleration rates were set to their maximum values. 
The experiments were performed in a hood with the spin- 
coater lid off so that no accumulation of solvent vapor 
above the film would occur. A combination of 25 cm glass 
cover slips, 2 in. silicon wafers, and 4 in. silicon wafers was 
used as substrates. The glass cover slips were used when 
only qualitative trends were desired. 

After spinning, most films were dried under vacuum in 
order to remove any remaining solvent until their weight 
no longer changed. The cured films were processed follow- 
ing the suggested schedule by the manufactures, namely a 
soft bake at 170 “C followed by a ramp to and cure bake at 
400 “C. All weight measurements were made using a model 
GA1 10 Ohaus digital balance accurate to 0.1 mg. Approx- 
imate Elm thicknesses were calculated based on the weight, 
disk cross-sectional area, .and initial density of the polyim- 
ide precursor solution. Also, tilm thickness measurements 
were performed at specific locations on the silicon wafers 
using an Tencor Alphastep 200 protilometer. 

Ill. SPIN-COAT MODELING 

The spin-coating process can be divided into three 
stages: deposition and spin up, spin off, and film drying. 
Although these stages overlap slightly, their physics can be 
effectively modeled by separating them into three distinct 
stages and treating their mathematics individually. This 
approach differs from the “split model” in that mass fluid 
flow and solvent evaporation are not restricted from occur- 
ring simultaneously. 

A. Deposition and spin up 

The liquid solution may be deposited in several differ- 
ent manners ranging from pouring the entire solution at 
the center of the disk and allowing it to spread radially 
over the film, to delivering the liquid in a steady stream 
moving radially over the rotating disk so that the deposited 
liquid forms a spiral. In all cases the amount of fluid de- 
posited is such that the disk receives a large excess of fluid 
and is completely covered. Next, the disk is accelerated to 
its final rotational speed. It is here where the liquid under- 
goes a great deal of change from its initial state as a thick 
film essentially at rest to a thin film rotating with the disk. 

Parameter 

Rotational speed 
Acceleration rate 
Dispense volume 
Dispense manner 
Viscosity range 

Conditions 

20004000 rpnl 
impulse (as close as possible) 

large excess 
flood the entire disk with fluid 

initially l-100 P 

The majority of the liquid is sloughed from the disk as the 
disk is accelerated due to the overwhelming force of the 
centrifugal acceleration. Conversion to a thin, nearly uni- 
form film takes place within the first second or two of 
spinning. 

We also utilize the previously mentioned experimental 
results where the final film thickness has been shown ex- 
perimentally to be independent of the manner of deposi- 
tion, the amount of fluid dispensed, and the acceleration 
rate of the disk to’ its final spin speed.5*6 However, if the 
disk is accelerated extremely slowly or if an insufficient 
amount of fluid is dispensed to cover the disk, then the final 
film thickness may indeed depend on these conditions.14 
Therefore, the deposition stage is assumed to take place 
under conditions typical of the microelectronic industry, 
specifically those indicated in Table I. 

Operating within these experimental specifications, one 
can safely assume that the final film thickness will be in- 
dependent of both the initial tilm profile and thickness, 
provided they are not too nonuniform or thin, respectively. 
This point has been confirmed by numerous theoretical 
models from the most simple8~‘2~17’18 to the more com- 
plex. 9~11*13,14 Since these models differ in both assumptions 
and complexities, yet they all agree on this point, it must be 
taken to be an inherent fact in the physics and not just a 
byproduct of modeling assumptions. Also, the azimuthal 
velocity of the liquid lilm has been found to match almost 
instantaneously that of the rotating solid.” Finally, be- 
cause of the limited time for evaporation, the solvent con- 
centration has not deviated significantly from its original 
value. Therefore, we can assume that this stage of the spin- 
coating process merely sets up the next stage and the de- 
tails of the mathematics are unimportant. What is impor- 
tant is that we are left with a reasonably uniform thin film 
rotating at the speed of the disk and with a solvent con- 
centration essentially at its original value. 

B. Spin off 

During this stage the film is thinned due to a combi- 
nation of convection and solvent evaporation. The centrif- 
ugal forces act to drive the fluid radially off the edge of the 
disk impeded only by the viscous resistance. This radial 
flow quickly diminishes because the film has become ex- 
ceedingly thin and evaporation of solvent has increased the 
viscosity by several orders of magnitude. During fluid flow 
the film is also thinned by solvent evaporation to the over- 
lying atmosphere. It is the trade-off between these two 
mechanisms that controls the film thickness, uniformity, 
and the success of the spin-coating process. 
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FIG. 1. Comparison of the different mechanisms for the rate of film 
thinning in arbitrary units. The fluid convection thinning arises from the 
force of the centrifugal acceleration, while the mass transfer loss results 
from solvent evaporation at the free surface. 

It would be tempting at first to separate the spin- 
coating process into two separate mechanisms where there 
would be a sudden transition from pure centrifugally 
driven 3uid tiow to pure solvent evaporation. This idea has 
been used by several authors10~12*18120 and suggested by 
most others. The basis for this separation is that the rate of 
film thinning is dominated first by the centrifugal force and 
then by the solvent evaporation.‘712>‘3 Figure 1 illustrates 
the typical competition between these mechanisms. The 
solvent evaporation, however, plays an important role dur- 
ing the flow-dominated regime through the strong concen- 
tration dependence of the viscosity. In fact, Jenekhe” con- 
cluded that the predominant elect of solvent evaporation 
is through the changing rheological properties of the sys- 
tem. Therefore, because the viscosity strongly depends on 
the solvent concentration profile, solvent evaporation can 
play a crucial role during the fluid flow regime and cannot 
a priori be separated from the spin-off stage. 

C. Film drying 

In this final stage of spin coating, fluid flow has essen- 
tially halted and further shrinkage of the film arises from 
solvent loss alone. Previously, the solvent. concentration 
profiles depended on fluid convection tlow through the 
cross terms in the solvent conservation equation. However, 
as the velocity components drop to zero, this dependence 
becomes unimportant, and solvent conservation may be 
considered independently. It is at this point where the spin- 
off stage ends and the film drying stage begins. We may 
continue to track the solvent concentration via the conser- 
vation equation or simply flash off any remaining solvent 
leaving a dry film behind. The former technique would be 
required when the film or underlying topography is not 
uniform because solvent diffusion may tend to modify ex- 
isting free surface profiles. 

D. Model development 

The physics of the spin-coating process can be de- 
scribed by the incompressible equations of mass and mo- 
mentum conservation and are enumerated below in their 
compact form: 

v*v=o, (3) 

Dv 
p E= -vp+pg-v-r, 

Dws 
x=V(DVw,), 

where v is the fluid’s .velocity vector, p is the system pres- 
sure, g is the gravitational force vector, r is the deviatoric 
stress tensor, and w, is the weight fraction solvent. These 
equations are called the continuity, Cauchy momentum 
balance, and convective diffusion equations, respectively. 
One further equation is required for closure of the prob- 
lem, namely a constitutive relationship relating the stress 
values to the relevant shear rates. A generalized Newton- 
ian form, 

r= -q(Vv+VlJj, (6) 

can be chosen as it allows for shear thinning through a 
simple shear-dependent viscosity coefficient ‘il. For a New- 
tonian fluid, 7 is independent of shear rate. Many poly- 
meric solutions, however, exhibit shear thinning behavior 
that can be described by a phenomenological relationship 
between the viscosity coefficient and the shear rate of the 
fluid. One often quoted expression is the Carreau model, 

17=77f(1+lP12p--)‘2, (7) 

where vf and il are constants that depend only on the 
solvent weight fraction. I2 is the second invariant of the 
deformation tensor, a measure of the shear rate. 

In order to reduce this set of vector equations to a 
tractable set of differential equations, a number of simpli- 
fications and assumptions are employed: (i) The disk is 
taken to be horizontal; (ii) the flow is assumed to be axi- 
symmetric; (iii) Coriolis forces are neglected, and (iv) ve 
is taken to be equal to wr. The balance equations can then 
be reduced to the following two-dimensional system of 
equations in cylindrical coordinates: 

( a~, au, au, 
p ~+ur-g+uz~-m2r 

) 

ap id 
=--g-yap (lr,)+T-$, 

(8) 

(9) 

au, au, au, 
p ( ap ia 

-+v,---+I&-- =----- 
at ar a2 ) 

az r ar (rr,) -%+pg, 

( 10) 

a4 ~+vr$+vz~=~!-(rD$)+~,(Df$), (11) 
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while the stress components and second invariant become 

au, 4 
7;r=--2Qp rt?g=-22?jly, r&J=o, 

ah r,= -277 -, 
au, au, 

r,,= --r] ( 1 z+-& 9 rzl?=Q (13) 

12=2 ,f$+(t,2+($)2,+(g+g)2* (14) 

Before we attempt to solve this complicated system of 
equations, we will nondimensionalize in such a manner 
that an ordering analysis may be performed. By doing so, 
we hope to determine appropriate characteristic quantities 
and to simplify further the equations while retaining the 
essential physics of the problem. The procedure for accom- 
plishing this is outlined in Lin and Sega12’ and consists of 
scaling each variable with the appropriate value such that 
the nondimensionalized variable is of order one. First- and 
higher-order derivatives involving quantities of order unity 
are themselves assumed to be approximately of order unity. 
In this way the relative importance of each term is deter- 
mined from the remaining dimensionless groups. The prob- 
lem at hand considers fluid flow in a thin film and is similar 
to the scaling development of flow equations for the growth 
of a boundary layer near a sharp edge.16 The occurrence of 
a strong centrifugal force, however, changes the nature of 
the problem slightly as will become apparent below. 

We start with the equations describing fluid flow by 
scaling each variable in the following manner: 

r 
r=-- 

Z 
z=- VT i$.=- V.? 

R’ Ho’ V’ 
&- 

U’ 

-rl - P-Pa 
T=G9 ~=po2ff~-p,~ (15) 

where the tilde identifies a dimensionless quantity, no is the 
characteristic viscosity taken to be the value at the initial 
solvent concentration, R is the radius of the rotating disk, 
andp, is the atmospheric pressure set arbitrarily to zero. U 
and V are not immediately obvious, hence they need to be 
determined from the problem itself. The characteristic 
value for the pressure, p&H& is chosen so that the pres- 
sure term remains of equal importance as the viscous terms 
in the axial momentum equation. There is some theoretical 
basis for this choice as Higgins2’ has shown that there must 
be a first-order pressure term in the classical axial momen- 
tum equation. Ho is chosen as the initial characteristic axial 
space variable since it is the most obvious quantity. How- 
ever, we note that this must be a maximum value and 
dictates the search for a more appropriate choice. 

The continuity equation can be scaled to determine a 
relationship between the characteristic velocities. The re- 
sulting expression, V/R - U/Ho, is a statement of con- 
servation of mass. Next we turn to the radial momentum 
equation to obtain a value for V. The centrifugal force is 
the main driving force for the fluid flow while the viscous 
resistance keeps the tluid from being flung completely from 
the disk. It is exactly when these two forces are competing 

that the spin-off stage is occurring. Therefore, a balance 
between these forces yields an estimate for the character- 
istic radial velocity of the fluid: 

V- (pw2RH;)/q,. (16) 

Finally, we can make one obvious simplification by realiz- 
ing that the film is thin so that Ho ( R. Any term premul- 
tiplied by (Ho/R)2 can therefore be neglected when com- 
pared to unity. With these choices in mind, we can simplify 
our system of differential equations to the following dimen- 
sionless form: 

(17) 

( aiT, 
Reo aT -+~~+;gi)-~+~), a (18) 

Re 

=~+=g-(Fq+Zg(qg)+st,, (19) 

?j+(ws) [ l+Dq ($)2](n-‘)‘2; (20) 

where we have defined the following dimensionless quan- 
tities: 

p WH;: 
Reo= 2 

70 
9 sto=+-p 

0 0 
Dee= (“m~~)2. (21) 

Reo is the dimensionless Reynolds number, which de- 
scribes the importance of the inertial forces to the viscous 
forces, St, is the Stanton number and describes the relative 
importance of the gravitational forces to the centrifugal 
forces, and DQ is a type of Deborah number, which deter- 
mines whether shear thinning is important. The subscript 0 
indicates that these values are based on the initial condi- 
tions. 

Next we scale the convective diffusion equation. .The 
characteristic quantities are similar to Eq. ( 15) except that 
a new dimensionless time HqDo is defined because diffu- 
sion takes place on a different time scale than the fluid 
convection. Do is the characteristic diffusivity value based 
on the initial solvent concentration. Using these definitions 
and eliminating terms of order (HdR)2 we derive the fol- 
lowing dimensionless equation: 

a4 
x+Pe0 4~+4 

( 

- aws - $g!-(52) , (22) 

where PQ is the initial Peclet number defined as 

Pe0= (p~2tiV(rloDo), (23) 
and measures the importance of the convective terms to the 
mass transport of solvent. 

Any system of differential equations requires appropri- 
ate initial and boundary conditions for the problem to be 
fully defined. We assume that initially a uniform film of 
known thickness rotates at the speed of the disk with a 
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0.01 0.1 1 
Polymer Concentration (g/cm3) 

FIG. 2. Plot of the specific viscosity of two Du Pont polyimide precursor 
solutions as a function of polymer concentration. Entangled and semidi- 
lute regions for polyimide precursor solutions can be separated by a crit- 
ical concentration C, which is 0.06 and 0.09 g/cm3 for PI2525 and 
P12545, respectively. 

uniform solvent concentration equal to that of the dispens- 
ing solution. At the solid substrate we impose the no-slip 
and no-solvent flux boundary conditions, essentially U, 
= 0, v, = 0, va = wr, and awJaz = 0. At the free surface we 
impose a series of balance equations. The first, 

n. (v~~-v) + (m/p) =O, (24) 

is the so-called kinematic condition which is a statement of 
conservation of mass at the free surface. vrs is the velocity 
of the free surface rather than the velocity of the fluid at 
the free surface v, and n is the normal vector to the free 
surface. When the free surface is defined to be a function of 
only one of the coordinates, i.e., h =f (r), the free-surface 
velocity vFs has only an axial component and is equal to 
ah/at. . 

The second term in this equation takes into account 
the mass flux at the free surface and is calculated using the 
following definition for the mass transfer coefficient: 

i;z=iz,=pk(wf-w&J (25) 

where the superscript g indicates that these are gas-phase 
values and the asterisk represents that this value is in equi- 
librium with the solvent in the film at the free surface. The 
kinematic equation tracks the position of the free surface 
and therefore needs to be solved simultaneously with the 
other conservation equations. The nondimensional form of 
this expression becomes 

aZ - g+c$-~+~ (wf*-wf,J=o, (26) 

where She equals kHdDo and determines the relative im- 
portance of internal to external resistance to mass transfer. 

We also enforce a balance of both stress and solvent 
mass at the free surface resulting in the following expres- 
sions: 

a PI2545: viscosity data 
- - PI2525: power law fit 
- - PI2545: power law fit 
- PI2525: 5th power fit 

2x10’ 4 

Polymer Weight Fraction 

FIG. 3. CorreIation of viscosity data by two different power-law expres- 
sions. The dotted curves were calculated based on a fit of the data to a 
power-law expression. For the solid lines, the power was fixed at 5. There 
is no apparent difference between the two fitting expressions. 

(27) 

n+[(vFs-v)w,+DVw,J+(ritJ~)=O. (28) 

The subscript “air” indicates that this is the stress induced 
on the film surface by the overlying atmosphere, RI and 
R2 are the principal radii of curvature of the free surface, 
and y is the value of the surface tension coefficient at the 
film-air interface. The first equation is known as the La- 
place equation and we can think of the second as a solvent 
kinematic condition that, using Eq. (24), can be trans- 
formed into 

n.DVw,+(l-ww,)(riz,/p)=O. (29) 

The Laplace equation can then be written in its dimension- 
less component form as 

g&&2 ($+z$) ..$g, (30) 

?g&+(2f~-+$ ($+z$) &+‘;;$Y 

(31) 
Here terms of order H,$/R2 were again neglected when 
compared with unity and we have defined 

Ca= y/(pw2R2Ho) (32) 

as the capillary number, which is an-indicator of whether 
surface tension forces are important. Similarly, the solvent 
kinematic condition can be nondimensionalized to obtain 

D$n;=-Sh,(l-w,)(l-u&J. 

We need to determine the mass transfer coefficient rel- 
evant to the spin-coating situation. Sparrow and Gregg28 
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and Krieth, Taylor, and Chon29 have proposed the fol- 
lowing correlation to calculate the mass transfer coefficient 
from a rotating disk to an infinite atmosphere: 

A,= li,(p$ -da 1. (34) 

For laminar flow, WI “/v~, < 2 X 105, these authors found 
the following expression to hold: 

kg= CDJ ohair) 1’2, (35) 

where Da is the diffusivity of the solvent in the atmosphere 
and C is a constant that depends on the dimensionless 
quantity SC, = V&Da.” Note that the mass transfer coef- 
ficient is independent of radial position and depends only 
on the ambient conditions and the square root of the rota- 
tional speed. Since the gas phase is very dilute in iolvent, 
we replace the solvent gas-phase density A by the product 
of the air density and the gas phase solvent weight fraction. 
Comparison to the model definition for the mass transfer 
coefficient, Eq. (25), results in the following expression: 

k=CD,(p&i) (w/v&~‘~.~ (36) 

The weight fraction of solvent in the gas phase in equi- 
librium with the surface weight fraction in the film is also 
required. Therefore we need an expression, a so-called 
equation of state, relating the solvent weight fractions in 
the solution to the gas state above it. The Flory-Huggins 
equation3’ is the simplest and most common of these equa- 
tions and gives a reasonable representation of the behavior 
especially when the volume fraction of polymer is above its 
critical entanglement point. Using the ideal gas law to de- 
scribe the gas-phase behavior and replacing volume frac- 
tions with weight fractions, we can rearrange the Flory- 
Huggins expression to the following form: 

w $=“~p 
sat 

-w,exp[(l-w,)+x(1-w,)21~~(w,)w, 
R Tpair 

(37) 
where M, is the molecular weight of the solvent, pat is the 
pure component solvent vapor pressure, R is the universal 
gas constant, and T is temperature. @ can be thought of as 
a Henry’s coefficient with an exponential correction term 
that is of order unity, and x is referred to as the Flory 
interaction parameter and is a measure of the interaction 
between the polymer and the solvent. 

E. Ordering arguments 

Equations (17)-(20), (22), and (26) along with the 
boundary conditions [Eq. (30), (3 1 ), and (33)] comprise 
the most general model of the spin-coating process. How- 
ever, one of the above-mentioned goals for nondimension- 
alizing the system of equations was to perform an ordering 
analysis. We have already used one simple scaling concept 
which was the thin-film approximation to neglected terms 
of order (Ho/R)2 when compared to unity. The problem 
can be further simplified based on the typical spinning con- 
ditions put forth in Table I. The Reynolds number takes on 
values between 4 X lo-* and 7 X low3 when Ho is 100 
ym. For larger values of film thickness the centrifugal force 
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Shear Rate (llsec) 

T 
1000 

FIG. 4. Shear rate dependence of Du Pont PI2525 viscosity at 22°C. 
Weight % values given in the legend are rounded off. The viscosity ap- 
pears to be nonshear thinning over this range of shear rates and the 
reproducibility of the experimental technique appears quite good. 

would clearly dominate and we would still be in the spin- 
up stage. As the characteristic film thickness decreases or 
spinning continues, the Reynolds number diminishes fur- 
ther. Therefore, the inertial terms are clearly not important 
when modeling spin coating on a flat horizontal plate. Tak- 
ing typical values for surface tension (30 dyn/cm) and 
disk radius (5 cm), it is possible to calculate 10m3 and 
lo-’ for ( l/Ca) and (H?Ca R2>, respectively. Hence, the 
effects of surface tension may also be neglected. 

Based on the definition of the Deborah number De, the 
possibility of .shear thinning can be neglected when the 
relaxation constant il is less than 0.01 s. An experimental 
study of two polyimide precursor solutions showed no sig- 
nificant shear thinning below 100 rad/s (see Fig. 4). Fur- 
ther, Jenekhe31 has investigated the rheology of similar 
polyimide precursor solutions and found that the onset of 
shear’ thinning behavior was in the range of 30-440/s. 
Therefore, at least for these polyimides, the solutions may 
be treated as simple Newtonian fluids and the possibility of 
shear thinning may be neglected. 

In contrast to the above dimensionless numbers, the 
Peclet and Sherwood numbers may change orders of mag- 
nitude during the spin coating process. Even the initial 
values may vary greatly depending on the specific cases. 
Therefore all the terms in the mass transfer equations must 
be included until a better characteristic film thickness is 
determined. 

With these simplifications in mind, the system of equa- 
tions becomes 

a ag 
F+: q- =o, 

( ) az az (38) 

-~+f+-j~)+2~(~~)+Sto=o, (39) 

;i=fr(wsA (40) 
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and the free-surface boundary conditions become 

-a;r,- (n-ah), 
?? z- %= pw2H& 9 

while the solid surface boundary conditions remain 

aws iT,=o, i&=0, ==o. 
a2 

(41) 

(42) 

(43) 

(4.4) 

(45) 

IV. ONE-DIMENSIONAL MODEL OF SPIN COATING 

Equations (38)-(46) comprise a complete set neces- 
sary to describe the spin-coating problem. They have been 
simplified while retaining the physics necessary to study 
most relevant aspects of the problem. For example, the 
efTect of the environment such as forced air flow past the 
disk or a partial pressure of solvent in the atmosphere 
could be investigated. Also, mechanistic details such as the 
leveling of nonuniform film thickness may be studied. 
These problems are deferred for a later study and a simpler 
version of these equations will be solved to answer the 
important question of the coupling between the mass trans- 
fer and fluid mechanics without including two-dimensional 
complications. 

In this model we will further assume that the film 
remains uniform throughout the spin-off stage, thereby 
causing the dimensionless film thickness to be only time 
dependent. Earlier studies have shown that the final film 
thickness of spun-cast films tends to be of uniform thick- 
ness and that any nonuniformities are removed during 
spinning.8l’7 Consistent with this assumption, the solvent 
weight fraction will also be independent of radial position 
because the mass transfer coefficient is independent of po- 
sition. Finally, in order for the film thickness to be inde- 
pendent of radial position we must require that the viscos- 
ity be independent of shear rate. A shear thinning viscosity 
would result in smaller shear forces at larger radial posi- 
tions where the rate of shear is stronger. This would lead to 
a nonuniform film thickness. However, the assumption of 
no shear thinning was shown to be adequate for the poly- 
imides of interest here. Finally, we neglect the effects of air 
shear, as those induced naturally by the rotating disk have 
been shown to be negligible except for film thickness much 
less than those found in microelectronics.‘9*32 

With these additional assumptions in mind we simplify 
our equations following the approach used by Bornside 
and co-workers’4 to arrive at a set of one-dimensional in- 
tegropartial differential equations. This set of equations 

will be derived from the dimensional form of Eqs. (38)- 
(46). First, the radial momentum equation is integrated 
twice to determine an expression for the radial velocity 
component, 

s = (h-z’) 
v,=pw2r ~ dz’. 

0 7 
Next, we substitute this expression into the continuity 
equation to obtain 

au, x+2p02 s = (h-z’) 
~ dz’=O. 

0 rl 
(48) 

Since the solvent weight fraction is independent of radial 
position we can further simplify the solvent conservation 
equation to be 

aws aw, a aw, 
dt+vZ~=~ Dz 2 

i ) 
(49) 

while the kinematic expression at the free surface is also 
simplified to 

ah 
~-v’+k(uf-z&)=o. 

Under the conditions specified, 
become 

l&=0, 
aws 
z=O, at z=O, 

(50) 

the boundary conditions 

(51) 

and 

D$=-/ccl-wJ(d”-w&C,), at z=h. (52) 

A. Characteristic film thickness 

The initial value is not an appropriate characteristic 
quantity for film thickness because the final spin-coated 
film thickness has been shown to be independent of this 
value. Therefore, the initial Peclet and Sherwood numbers 
are not representative of the nature of the mass transfer. 
Recall (Fig. 1) that initially the lossof film height is dom- 
inated by the fluid convection, and then mass transfer be- 
comes competitive and eventually controls the film thin- 
ning process. The film thickness where the two 
mechanisms become of equal importance would be the 
most appropriate value for the characteristic film thick- 
ness. At values larger than this, film thinning is controlled 
almost exclusively by fluid convection and mass transfer is 
unimportant. Only when the film has thinned to where 
solvent evaporation begins to compete for film thinning 
does the process begin to deviate from the classical solution 
by Emslie and co-workers.8 If is this critical infltience of 
the mass transfer that eventually set the final film thick- 
ness. Stated in an equivalent manner, the characteristic 
film thickness H should be chosen such that the mass 
transfer and fluid convection terms are of equal order of 
magnitude in the scaled kinematic condition, Eq. (42). 
Therefore we require that 
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Sh Wwsdrlo -= 
Pe 

pw2H3 ~1 or H=(k@~a~“o)“3. (53) 

Based on this characteristic film thickness we can be- 
gin to examine two regimes for the mass transfer proper- 
ties. The first is where the solvent mass transfer is con- 
trolled by the external mass transfer coefficient. This 
corresponds to a small value of the Sherwood number Sh. 
Here the diffusion coefficient is essentially infmite and the 
solvent concentration is constant across the film. We 
solved this simplified model as a test to the more elaborate 
model where both external and internal resistances to mass 
transfer occur. The extreme case of negligible external 
mass transfer resistance is not considered separately, but as 
part of the second, more elaborate model. For this situa- 
tion the diffusivity values are likely to be so low that a solid 
film of polymer would grow at the free surface and the 
spin-coating process would likely be unsuccessful. Born- 
side and co-workers’4 have considered this special problem 
and we will not study it as a separate case. 

B. Externally controlled mass transfer model 

For this situation the internal diffusive resistance is 
assumed negligible and the solvent weight fraction can be 
taken as a constant: Since there are no” solvent gradients, 
the viscosity is no longer a function of position, and the 
flow equations, Eqs. (47) and (48), can be integrated di- 
rectly to give 

v =‘$ (hz-2) and v~===--~~ r 

(54) 
These are equivalent in form to the classical solution of 

Emslie and co-workers,’ except here the viscosity is a func- 
tion of time by virtue of the changing solvent weight frac- 
tion. The kinematic condition can also be stated in a more 
explicit form in light of these simplifications, namely, 

dh 
x= -‘$ h3--k(w$wfJ. 

In addition, we require a solvent mass balance in order to 
track its weight fraction in the film, 

dws -& (l-w,)(w$~J. 

These two coupled ordinary differential equations, in con- 
junction with a relationship for the viscosity dependence 
on solvent weight fraction, can then be solved simulta- 
neously to obtain the time dependence of the film thick- 
ness. 

C. Numerical flashing 

After spin coating, the film is typically subjected to a 
baking stage to remove any remaining solvent. The result is 
a film of pure polymer. Once solvent mass transfer has 
dominated the film thinning process, we can ignore fluid 
convection and only consider solvent mass transfer. Since 
the final film thickness is the ultimate desired quantity, a 

simplification may be introduced where all remaining sol- 
vent is immediately removed leaving a solid polymer film 
behind. We will term this procedure flashing and note that 
it is only a mathematical simplification and does not phys- 
ically occur. A simple mass balance results in the following 
expression for the tinal iilm thickness, 

hf= 
s 

h (1-w,)dz. 
0 

(57) 

D. Split mechanism model 

In order to compare the exact results obtained by con- 
sidering mass transfer during the entire spin-coating pro- 
cess to those obtained by separating the two mechanisms, 
we must determine the procedure for the latter approxi- 
mate model, which we term the split mechanism model. 
This simple model assumes that the film is thinned first by 
fluid convection alone and then exclusively by mass trans- 
fer. The transition between these two processes takes place 
when the rate of film thinning by each would be equal. 
Referring to the kinematic expression, Eq. (50), we see 
that the condition for this change over of mechanisms is 
given by 

-%=wmLo)w,--4-1, (58) 

where the variables are evaluated at the free surface. 
The first part of the spin-off stage consists of fluid flow 

without solvent evaporation and the expression for the film 
thickness as a function of time, 

h= Ho 

is just the classical expression first derived by Emslie and 
co-workers for a Newtonian fluid without solvent evapora- 
tion.8 Based on Eq. (58) it is then possible to solve for the 
value of the film thickness h* at which this arbitrary trans- 
fer of mechanisms would take place, 

(60) 

The time at which. this transition of mechanisms occurs 
may also be determined, 

p = 311 
4pw2H; 

(61) 

Note that the dependence on Ho cancels for most cases as 
the root term is much larger than unity. After this time we 
assume that the solvent evaporation mechanism domi- 
nates. Since only the final film thickness is required, we can 
use the flashing technique discussed above to remove the 
solvent. In this case the solvent weight fraction is uniform 
throughout the film after t* and the tinal film thickness 
becomes 

hf=h*(l-wa). (62) 
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V. SOLUTION TECHNIQUE 

The procedure for solving this system of nonlinear dif- 
ferential equations is based on a Gale&in finite element 
method over deforming elements combined with a finite 
difference predictor-corrector scheme for the temporal in- 
tegrations. It follows a scheme outlined by Keunings33 for 
simulating transient viscoelastic flows with free surfaces, 
however, in a much simplified form. The free-surface dis- 
placement is unknown a priori and is determined simulta- 
neously with the flow and concentration fields. The grid is 
then deformed to follow the motion of the free surface and 
g”rid motion is incorporated in the formulation of the dis- 
cretized finite element problem. 

The finite element method is a powerful technique for 
solving difficult differential equations in complex geome- 
tries. Strang and Fix34 and Reddy35 discussed the finite 
element method in detail, while an introduction to the sub- 
ject can be found in several texts (for example, Reddy36). 
The t&rite element technique reduces the problem to a set 
of algebraic equations that are then solved using linear 
algebraic methods. 

VI. PHYSICAL PARAMETERS FOR 
MODEL 

SPIN-COATING 

In order to compare the model prediction to experi- 
mental data, it is necessary to determine the physical pa- 
rameters for the spin-coating model. In general, very few 
data are available for polyimide precursor solutions and 
the N-methyl-2-pyrrolidinone solvent. Whenever possible, 
measurements were made to determine the most accurate 
value for the parameters. If this was not possible then es- 
timates were made based on theoretical and empirical re- 
lationships. The paragraphs below discuss the best method 
utilized to determine these physical parameters. 

A. Viscosity coefficients 

The viscosity of two Du Pont polyimide precursor so- 
lutions, PI2525 and P12545, was measured using two sep- 
arate methods. First, the concentration dependence of the 
viscosity coefficient rlo was investigated using bulb viscom- 
etry. An Ostwald no. OC viscometer was utilized for the 
lower-viscosity measurements, while a Cannon-Fenske no. 
300 viscometer was used for the high-viscosity solutions. 
The concentration range of interest for the spin-coating 
process is one that starts with the stock solution and be- 
comes more concentrated in polymer. However, it is ex- 
tremely difficult to form more concentrated polymer solu- 
tions as the vapor pressure of the NMP solvent is 
extremely low at room temperature, approximately 4 
Torr.37 Further, it is well known that the polyimide pre- 
cursor, polyamic acid, reacts slowly at room temperature.38 
This premature conversion would result in a stiffer chain 
thereby changing the rheological properties of the solution. 
Elevating the temperature to remove solvent would also 
not work as this would facilitate the reaction. It is therefore 
necessary to extrapolate diluted solution data to higher 
concentrations in the most intelligent manner possible. 
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Polymer solutions can exist in two different states. In 
the so-called semidilute regime the polymer molecules be- 
have as isolated chains in a roughly spherical orientation 
with little interaction. At some higher concentration C* 
these isolated “spheres” begin to overlap and the polymer 
chains interact with one another. Above this concentration 
the chains are in an entangled state and the viscosity often 
follows an empirical rule, 

rl--ca, (63) 

where a is typically equal to 5.39 Figure 2 illustrates the 
semidilute and entangled regimes of these solutions where 
C* is approximately 0.09 g/cm3 for PI2525 and 0.06 
g/cm3 for P12545. This corresponds to 8.6 and 5.8 wt % 
polymer for PI2525 and P12545, respectively. Since the 
entire spin-coating process takes place in the entangled re- 
gion, the data greater than C* were fitted to a power-law 
relationship between viscosity and weight fraction. The re- 
sulting expressions are 

qp12525=3.254X lo4( b--Ws)4’918, (64) 

qpI2545 = 3.927 X lo5 ( 1 - Ws)5’028, (65) 

where the viscosity coefficient is measured in units of poise. 
Since the power exponent in each expression is very close 
to empirical value of 5, one is tempted to use this value and 
take an. average value for the prefactor. This alternate ap- 
proach leads to the following equations: 

(66) 

r]pr2545=3.7Ox 105( l-w,)5. (67) 

Figure 3 compares these expressions both to the first ex- 
pressions and to the experimental data. The dotted lines 
correspond to Eqs. (64) and (65), while the solid lines 
refer to values calculated using Fqs. (66) and (67). There 
is essentially no difference between the values predicted by 
the two alternative expressions and the fit to the experi- 
mental data is excellent. Therefore, the simpler fifth-power 
expressions, Eqs. (66) and (67), will be chosen as the 
viscosity relationships. 

The shear thinning nature of the fluid was tested using 
a RMS-705 rheometer by Rheometrics with a 12.5mm- 
radius plate and a 5” cone. The cone and plate geometry 
was chosen because the shear field is constant throughout 
the fluid. Several weight fractions in the entangled regime 
were tested. However, the range of shear rates was limited 
by the measurable torque of the transducer and the ten- 
dency of the fluid to be flung from the disk at high rota- 
tional speeds. Figure 4 shows the results of these experi- 
ments for three different weight fractions. There appears to 
be no effect of shear thinning except for possibly the -25 
wt % polymer solution when the shear rate was above 
100/s. However, for this range of shear rates the torque on 
the transducer is approaching its limiting range and the 
viscosity is dropping off because the reading at the trans- 
ducer is no longer accurate. 
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FIG. 5. Desorption of solvent at vacuum at 25 “C from Du Pont PI2525 
precursor solution initially at 25.5 wt %  polymer. Measurements were 
taken using a Cahn electrobalance. 

B. Diffusion coefficients 

The diffusivity data were taken using a model D200 
digital recording balance by Cahn Instruments, This in- 
strument converts the torque required to maintain a bal- 
ance between the sample pan and a counterweight into 
sample weight. Further details about the operation of elec- 
trobalances can be found elsewhere.4s-“2 Figure 5 illus- 
trates the typical output from this balance for the desorp- 
tion of solvent from a polyimide precursor solution. The 
desorption experiment was conducted under vacuum at 
25 “C. The diffusion coefficient can be obtained from the 
initial data in Fig. 5. For short times the film can be as- 
sumed infinite in extent, thereby creating a classical simi- 
larity problem from which the following expression for the 
total mass as a function of time can be derived.43 

M--M p-‘Qwfi@ t 0 
fi $* 

(68) 

Here M is the mass of solution and A is the cross-sectional 
area. The diffusion coefficient, therefore, may be deter- 
mined from the limiting slope of a plot of mass versus the 
square root of time. Since the diffusivity value is extracted 
from very short-time data, we may safely assume that the 
solvent weight fraction has not changed from its initial 
value. 

An exponential form is chosen to fit the experimental 
data as it contains the essential features of the dependence 
of the diffusion coefficient on concentration and it is simple 
enough to be fitted by a limited amount of data. Although 
this will not predict the exact nature of the polymeric so- 
lution, it should provide the trends necessary for this 
model. Figure 6 illustrates the fit of the data to the follow- 
ing exponential expression: 

0=3.88x lo-l”exp(7.54w,), (69) 

where the diffusion coefficient is measured in cm2/s. 

D = 3.88 x  1W” exp ( 7.54 w, ) 

0.2 0.4 0.6 0.8 1. 
Solvent Weight Fraction 

FIG. 6. Exponential fit of diffusion coefficient to solvent weight fraction. 
A simple exponential expression was chosen since the accuracy and scat- 
ter of the data does not warrant a more sophisticated expression. 

Since there is no literature data available to assess if 
this expression is reasonable, we compare the dilute diffu- 
sivity value to that predicted from the simple Einstein 
equation,@ 

k,T 1 
(70) 

where kB is the Boltzman constant, R, is the effective ra- 
dius of the solvent molecule and can be estimated from 
critical properties and group contribution methods to be 
2.82 A,43 and qsoln, the solution viscosity, is taken to be 1 P. 
The typical diffusivity value of NMP in a reasonably dilute 
polyimide precursor solution is then estimated to be 
10F7. This is in excellent order-of-magnitude agreement 
with the experimental data. 

C. Mass transfer coefficient 

Both available and estimated data were combined to 
evaluate Eq. (36) for the mass transfer coefficient. At 
25 “C!, the density of air is found to be 0.0013 g/cm3 and 
the kinematic viscosity of air vair can be calculated to be 
0.1597 cm2/s based on data obtained from Perry’s Chem- 
ical Engineering Handbook.45 The diffusivity of solvent 
(NMP) in air D, can be estimated using the Chapman- 
Enskog theory for diffusion of gases44 to be 0.075 cm’/s. 
Hence, the following expression for the mass transfer co- 
efficient can be derived: 

k=l.l7x 10-401’2 (c~/s”~). (71) 

D. Equilibrium expression 

The equilibrium expression based on the Flory- 
Huggins equation for polymeric solutions, Eq. (37), re- 
quires three additional physical parameters for polyimide 
precursor solutions. The solvent molecular weight is 99.13 
g/mol and the vapor pressure is 4 Torr.37 No data, how- 
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FIG. 7. Results of spin-coating model where the final film thickness is 
plotted against changing mass transfer properties. 

ever, exist for x for this polymer-solvent combination and 
an approximate value of 0.1 is chosen because NMP is a 
good solvent for the polymer, yet the mixture should not be 
completely athermal. This choice is not crucial as the 
Flory-Huggins model is itself a crude approximation of 
polymeric solution behavior. Also, the correction term 
containing x is of order unity and does not influence the 
model results to any large extent. Based on these values, 
the room-temperature liquid-vapor equilibrium coefficient 
in Eq. (37) becomes 

~(zQ=0.016exp[(l--u),)+0.1(1--w,)2]. (72) 

VII. RESULTS AND DISCUSSION 

Figure 7 shows the final film thickness predicted by 
various combinations of the initial solvent weight fraction 
and mass transfer parameters. Obviously this representa- 
tion is too complicated to extract any useful information 
about spin coating. Similarly, plotting a series of curves 
changing a few parameters while holding others constant 
does not offer fundamental understanding of the spin- 
coating process. Therefore, we are interested in presenting 
the data in such a manner that it is possible to gain insight 
into the physics of the problem and possibly to find uni- 
versal predictive capabilities. With these goals in mind we 
plot the data as functions of characteristic parameters de- 
termined from our scaling analysis. 

Figure 8 shows the final film thickness predicted for 
various values of the characteristic film thickrless, H and 
Sherwood number Sh. Notice that at small values of Sh, 
the final film thickness is relatively independent of this 
parameter. In fact, the final film thicknesses predicted by 
the exact model converge to limit the value predicted when 
Sh is set to zero (placed arbitrarily at Sh = 5 x 10e6). 
This is the externally controlled model discussed above, 
Eqs. (55) and (56), where the mass transfer is controlled 
exclusively by the external mass transfer resistance and the 
solvent weight fraction was constant across the film. 

0 
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.i mn q q I2 0 
l- 3- q 
.!I E 2- 0 0 
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FIG. 8. The final film thickness predicted by the spin-coat model for fluid 
flow on a rotation disk. His a characteristic length scale where the mass 
transfer effects become as important as the fluid convection for film thin- 
ning. The initial solvent weight fraction for each of these curves was 0.9. 
The Sherwood number is a measure of the relative importance of the 
external to internal mass transfer resistance at this characteristic film 
thickness. The solid symbols represent the limiting value when the mass 
transfer is controlled exclusively by the external mass transfei coefficient. 

For intermediate values of the Sherwood number, the 
final film thickness begins to drop off with increasing Sh. 
The fact that this change begins to occur on the order of 
unity justifies the choices made for the characteristic values 
during scaling. It is in this region that both external and 
internal resistances to mass transfer are important. Notice 
that at larger values of the Sherwood number, the final film 
thickness again seems to be independent of Sh. These val- 
ues are at the fringe of stability in the convective diffusion 
equation and it is difficult to obtain points at larger values 
of Sh. However, the data suggest that we are entering a 
region where the external mass transfer resistance is neg- 
ligible and the concentration profiles are determined exclu- 
sively by the diffusivity. 

If the predicted final film thicknesses are divided by the 
corresponding characteristic film thickness H and plotted 
against Sh, all four curves collapse to one. However, sep- 
arate dimensionless curves result for a different initial film 
solvent weight fraction. In order to understand and justify 
this collapse of the data and to determine the best method 
of further superimposing the data, we take a closer look at 
the scaling and nondimensionalization.of the model equa- 
tions. First, the following scaling variables are defined: 

z .- h 
&- , 4 70% 

HC 
h=F, Jz=u==T3, 

c P Hc 

too tu 
.i-&=s, &yjp es= 

~'(wsh%-~, 

@(w~>w&-@m. 
(73) 

c c 

Previously Qj was included in the scaling arguments so that 
the appropriate order of magnitude could be determined; 
however, the inclusion of f3, as a concentration variable 
handles the nondimensionalization in a more consistent 
manner. Again, two different time scales, tD and tH, are 
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used for scaling the convective diffusion equation and ki- 
nematic expression, respectively. 

The result of this nondimensionalization of the model 
equations is 

&3+2 
s 

z (L-z’) 
-T--dz=o, 

0 rl 
(74) 

aL I-= v,-- es. 
at 

(75) 

(76) 

The characteristic value of the film thickness, 

H,= 
~r7oPw%h4o-~~l 

Pm2 
7 (77) 

was determined by requiring that all terms in the kinematic 
expression, Eq. (76), be of the same order of magnitude. 
H, includes the mass transfer driving force through the 
addition of wfi and w&,. The characteristic Sherwood num- 
ber is now defined as 

Sb,= 
l iH,[Q>&Jwao-timI 

DO 
(781 

The boundary and initial conditions must also be nondi- 
mensionalized consistent with the above equations. The 
resulting expressions are 

-a~, 
~~=-Sh,(6i--03)6&, at yJ=i, 

- ae, 
Dz=O, at z=O, and f3,= 1, at t=O, (79) 

where 8i is 

This system of equations has essentially two parameters, 
Sh, and 8i. At first it would be tempting to suggest that the 
parameter & is the cause of the deviation in the curves 
when the initial solvent weight fraction is changed. How- 
ever, this parameter is always of order unity, and it does 
not play a significant role in determining h/H,. 

It is possible to collapse the entire set of data to one 
curve as illustrated’by Fig. 9. This general curve is inde- 
pendent of physical parameters, spinning conditions, and 
initial solvent content. The ( 1 - w&lo) factor accounts for 
the eventual removal of solvent that occurs upon drying 
the film. Note that what changes along the abscissa is the 
mass transfer properties of the polymer solvent system. 
When investigating a new polymer formulation or 
polymer-solvent combination, it is not necessary to per- 
form new spin-coating experiments or repeat the model 
calculations. If the physical parameters of the coating so- 
lution and the spinning conditions are known then this 
general curve allows the prediction of film thickness. Also, 
the effect of changing various conditions, such as spinner 

0 Hc=50, WFO.9 
0 I&=25, w,=o.9 
o H,=lO, ~~0.9 
o H,=5, w,=O.9 
o H,=25, w,=O.8 
q I&=45, wyo.7 
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FIG. 9. When the final film thickness is scaled by dividing by the char- 
acteristic value of H,( 1 - Q,) and the Sherwood number is also based on 
this value then the entire set of data collapses to one curve. The solid line 
corresponds to the film thickness that would be predicted by the split 
mechanism model where the fluid convection and solvent evaporation are 
divided into two separate stages. 

rotational speed discussed below, may be determined di- 
rectly from this curve and the definitions of H, and Sh,. 

Finally, we compare the split mechanism model (solid 
line in Fig. 9) to the values calculated from the complete 
model. This split model was developed earlier, and the 
major assumption is that the spin-coating process can be 
divided into two stages, one where fluid flow is occurring 
exclusively and the other where only mass transfer occurs. 
The approach does not allow for any dependence of the 
final film thickness on the diffusion coefficient. Figure 9 
shows that significant error can occur by applying the sim- 
ple split mechanism model, especially at larger values of 
the Sh,. Attempts have been made to correct for this inac- 
curacy of the split mechanism model by allowing the time 
and/or the solvent content when this transition of mecha- 
nisms occurs to be determined experimentally. However, 
this reduces the model to an empirical fitting expression 
and is no longer predictive. 

A. Comparison of model results to typical behavior 

It is well documented that spin-coated films tend to 
follow a power-law dependence between the fmal film 
thickness and the rotational speed: 

hf- wb. (80) 

Most investigators report a value of - i for 6,2-5 while 
Daughton and Given? reported a value of -0.8 for 
higher-viscosity liquids, specifically polyimides, and Lai4 
claimed that it depended on evaporation conditions. This 
dependence was investigated using the model equations 
and the physical parameters determined for our polyim- 
ides. Figure 10 shows the results of this investigation, a 
power-law dependence with the exponent being - g. In ac- 
tuality Fig. 9 and the definitions for H, and Sh,, Eqs. (77) 
and (78), would yield the required information. The cor- 
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FIG. 10. A power-law dependence is predicted for the dependence of the 
final film thickness on the rotational speed. This final film thickness cal- 
culation assumed that spinning proceeded long enough for the solvent 
mass transfer to be the dominant mechanism of film thinning. 

relation for the mass transfer coefficient, Eq. (36), shows 
that the mass transfer coefficient k is proportional to the 
c#~; therefore, H, must be proportional to W-I/~. Since 
Sh, - HJc, it is independent of the rotational speed, and 
h/H, must be independent of w. Therefore, we can always 
conclude that 

hf--w-1/2. (81) 

Then how does one explain the -0.8 dependence ar- 
rived at by Daughton and Givens? During their experi- 
mental investigation, these authors spun their films for 20 
s. The curves in Fig. 10 were calculated based on the as- 
sumption that spinning continued until the rate of film 
thinning was dominated by solvent evaporation. For high- 
viscosity polyimide solutions, the time required for this 
dominance may be greater than 20 s. In fact the depen- 
dence of final film thickness on spin time was determined 
experimentally for PI2525 at 4000 rpm. Figure 11 shows 
the final weight of film, assumed to be proportional to the 
film thickness, as a function of spin time. Included are both 
cured and uncured films although the uncured films corre- 
spond more directly to the model since the shrinkage re- 
sulting in imide ring closures during the curing step was 
not included. 

Notice that the final film thickness was found to de- 
pend on the spinning time for times shorter than some 
characteristic quantity, in this case approximately 100 s. 
This time where film thickness becomes independent of 
spinning time corresponds to the minimum point in the 
model where the mass transfer has dominated and the fluid 
convection is no longer important. Figure 12 is a plot of the 
final film thickness versus spinning time calculated using 
the model. The physical parameters were chosen so that 
they would be as similar to those conditions in Fig. 11 as 
possible. The model predicts that the final film thickness 
does depend on the spin time until it reaches a certain 

1 o Uncured Exnerimental Data1 
q Cured Expe&nental Data 

n I3 

II 
Spin Time (seconds) 

FIG. 11. Dependence of the final film weight on spin time for PI2525 Du 
Pont polyimide. The rotational speed was 4000 rpm and the films were 
spun casted onto 25 mm glass cover slides. The cured films included a soft 
bake at 170°C followed by ramp and cure step at 400°C for 30 min. 
Uncured films were stored under vacuum conditions to remove any re- 
maining solvent until their weight no longer changed. The final film 
weight appears to depend on spin time for times less than 100 s at these 
conditions. 

value. The discrepancies in the slope and characteristic 
time are caused by the fact that the value chosen for the 
mass transfer coefficient is an estimate and is most likely 
too large. 

The experimental results of Daughton and Givens, 
where the power-law dependence was found. to be -0.8, 
were made for spin times of 20 s. This is most likely too 
small to be in the region where the final thickness is inde- 
pendent of spin time. All previous models that predicted a 
power of - 4 implicitly assumed that this condition was 

6 

10 100 loo0 
Spin Time (seconds) 

FIG. 12. Model prediction for the dependence of final film thickness on 
spin time. The physical parameters were based on the experimental values 
determined for PI2525 and the rotational speed was set to 4000 rpm so 
that the conditions correspond as closely as possible to Fig. 11. 
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PIG. 13. Model prediction of final film thickness as a function of rota- 
tional speed. The 30 s spin time curves represent the situation where 
spinning is assumed to continue until the mass transfer has dominated 
and fluid convection is negligible. The 200 s spin time curve represents the 
case where spinning was discontinued prior to this dominance. 

met. Based on conditions typical for polyimide spin coating 
and a 30 s total spin time, the model developed here pre- 
dicts a slope of -0.7 for the power-law dependence of the 
dry film on rotational speed. Figure 13 shows the effect of 
spin time on the experimental exponent of this power-law 
dependence. The data for the 200 s spin on 2 in. wafers is 
an average of three separate disks where the standard de- 
viation in film thickness ranged from 1% to 2.5% of the 
average. The remainder of the data is an average of two or 
three samples with similar reproducibility. Notice that for 
30 s spin times using PI2525, the data do not yield the 
predicted - $ power dependence. However, when the spin 
time is long enough that fluid flow is negligible compare to 
solvent evaporation for the film thinning process (spin 
times greater than 100 s), the dependence of film thickness 
on rotational speed will follow the - f prediction. This 
result was found to be true for both polyimide precursor 
solutions and on 4 in. as well as 2 in. wafers. Therefore, it 
is essential that the total spinning time of any experimental 
data is long enough that the final film thickness is indepen- 
dent of spin time before any comparisons to theory are 
made. 

over a small range of weight fractions, although this is by 
no means expected to be true over the entire range. 

5. Applicability of the uniform film thickness 
assumption 

Finally, the applicability of the uniform film assump- 
tion used for this and previous models was examined. Non- 
uniform initial film thicknesses have been shown theoreti- 
cally to reduce naturally to uniform film thicknesses8*‘7V46 
for zero and low solvent evaporation rates. However, 
Reisfeld, Bankolf, and Davis47 predicted an oscillatory de- 
viation of film thickness on the free surface for values of 
Peclet number between 1 and 100 and for larger values of 
the mass transfer rate. This later result has been confirmed 
experimentally by Spangler, Torkelson, and RoyaL4’ who 
found oscillatory thickness values for spin-coated films. 
However, they professed that these oscillations were 
damped out when the solvent had a small vapor pressure2 
when the solvent was considered a good solvent, and when 
the initial concentration of polymer was above its entan- 
glement point. Each of these situations describes the poly- 
imide precursor-NMP system. Therefore we expect any 
oscillations to be minimal and of large wavelength. 

In addition to the rotational speed dependence, the Table II summarizes the data on 2 and 4 in. wafers. 
effect of changing the initial solvent weight fraction was For the 2 in. wafers, only two measurement locations were 
investigated. Note that as wti is changed, both H, and tested: One was near the center while the other was near 
Sh, change due to the changing physical parameters. Fig- the edge. On the 4 in. wafers, four samples were taken 
ure 14 illustrates the effect of changing the initial solvent spread radially over the wafer. The relative error was cal- 
weight fraction from 0.745 to 0.85. No values outside this culated for the film thickness measurements on each wafer 
range were chosen as solutions more concentrated in poly- and was defined to be the average percentage deviation 
mer than the stock solution value of 0.745, as discussed in from the mean value. We use this definition rather than 
Sec. II are extremely difficult to produce. Further, those using the standard deviation because the number of sam- 
solutions more dilute than 0.85 were so inviscid that they ples is so small. In each case, the relative error is less than 
would not leave a discernible film. The model seems to 3%. For the 4 in. wafers, there is a definite trend of the lilm 
correlate the experimental data well. The data seem linear thickness values decreasing with radial position; however, 

0 
1 

0.74 0.16 0.78 0.80 0.82 0.84 0.8t 
Initial Solvent Weight Fraction 

5 

PIG. 14. Dependence of final film thickness on initial weight fraction for 
Du Pont PI2525 polyimide. Experimental films were spun at 4000 rpm for 
500 s and then dried under vacuum. Data points are averages of three 
samples for the 15% and 20% solutions and two samples for the rest. The 
physical parameters and spinning conditions for the model were chosen to 
mimic the experimental conditions. 
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TABLE II. Relative errors of film thickness measurements. ACKNOWLEDGMENTS 

Wafer size Spin speed 
(in.) (rpm) 

2 3000 
2 2ooo 
2 4000 
2 7000 
4 3000 
4 4000 
4 5OQO 
4 7000 

(Relative error) X 100% 

1.03% 
1.65% 
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the slopes are small with an average difference of 0.25 ,um 
between the center and the edge of the wafer. Therefore, 
the assumption of uniform film thickness is reasonably ac- 
curate and any small deviations should not significantly 
affect the conclusions of this model. 

VIII. CONCLUSIONS 

A thorough investigation of the mass and momentum 
equations pertaining to the spin-coating process has been 
performed. By assuming an uniform film thickness, a one- 
dimensional model was developed to study the importance 
of the coupling between fiuid flow and mass transfer. A 
scaling analysis proved the inertial and surface tension 
forces to be negligible and yielded two characteristic pa- 
rameters that completely described the spin-coating pro- 
cess. These quantities, which contain the physical param- 
eters, initial solvent content, and spinning conditions, are a 
characteristic film thickness H, and a Sherwood number 
Sh, defined as follows: 

Sh =kHcPWw,)w,-ti~l 
c Do 

The model predictions were superimposed onto one uni- 
versal curve with predictive capabilities. 

Also, the confusion in the literature over the exponent 
of the power-law dependence of the final film thickness on 
the rotational speed was explained. The model predicted an 
exponent of - f which agreed with most experimental in- 
vestigations. This prediction required that spinning contin- 
ued long enough that fluid flow has become negligible and 
solvent evaporation is the dominant mechanism for film 
thinning. However, when the total spin time was so short 
that this dominance has not yet occurred, the exponent 
deviated from - 4. Finally, the split mechanism model, 
which assumed that the spin-coating process could be di- 
vided into two stages, one where fluid flow is occurring 
exclusively and the other where only mass transfer occurs, 
was compared to the complete model. The calculations 
showed that significant quantitative errors developed when 
using the split approximation. 
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