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Abstract—The coating film uniformity of a Newtonian fluid on a spinning disc is analyzed theoretically.
The effect of evaporation during the spin coating is also investigated. In this study the perturbation
technique has been applied to solve the nonlinear governing equation with or without evaporation, and it
can be applied for any initial film thickness contour. The perturbation solution is explicit in film thickness.
A dynamic uniformity factor is defined to describe the degree of uniformity with time evolution. In this
study a criterion for the effect of evaporation on achieving film uniformity is proposed. It is shown
theoretically for the case of small evaporation that the coating film thickness is getting more uniform across

the whole disc with increasing spinning time.

INTRODUCTION

For the thin film formation on a spinning disc, two
methods, depending on the different ways of trans-
porting fluid onto the disc, could be employed. One
way of forming a thin solidified film, as seen in Fig. 1,
is that a fixed volume of process fluid is first placed on
a stationary disc, forming a puddle on it because of
surface tension, and then the disc is spun to a low
rotating speed for several seconds and a high rotating
speed for tens of seconds sequentially. The other way,
called dynamic dispense, is to spread the coating fluid
onto a disc spinning at a low speed, forming a liquid
film to wet the whole disc, and then rapidly accelerate
the disc to a preset speed. In each case the volume of
fluid on the spinning disc decreases with increasing
spinning time because of radial flows by centrifugal
forces, and finally a thin film forms on the surface.
This method is employed in microelectronic fabrica-
tions and other industries involving coating a thin
film on a substrate, and is generally named spin coat-
ing. There are many ways to design delivery system to
make various initial film profile in spin coating, and
the aim of each method is to produce an uniform thin
film on substrates. In lithography, a thin film called
photoresist must be first applied on a wafer by spin-
coating technology. Exposure to appropriate radi-
ation for a positive photoresist will result in dissocia-
tion of the bonding in polymers. Following the expo-
sure, the wafer is washed with a solvent that preferen-
tially removes the region of higher solubility and then
is spun to dry. Finally etching the portions unprotec-
ted by the resist leaves a duplicate pattern of photo-
mask on the wafer (Thompson and Bowden, 1983). In
a multilevel metallization process, a polyimide solu-
tion or any other organic or inorganic viscous solu-
tion is spread by spinning on the underlying topo-
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graphy formed from the last processing step, and then
is dried as an interlevel dielectric to generate more
planar surface so that the sequential thin metal layer
will not crack to disconnect the devices (Sze, 1988). In
the method of spin-on doping, such as for arsenic or
antimony, the doped oxide dissolved in some organic
solvent is distributed uniformly on a wafer by a spin-
ning process. In the manufacture of magnetic hard
disk devices for data storage, lubricants must be spun
on hard disks to avoid damage.

The thinning of liquid fitms results from two mech-
anisms. One is the radial convective flow outward due
to centrifugal force, the other is evaporation of the
solvent. Emslie et al. (1958) first analyzed the film
forming of a nonevaporating Newtonian fluid on
a flat spinning disc. They tested three profiles numer-
ically and found that the film can be finally smoothed
out after a sufficient time. Acrivos et al. (1960) con-
sidered the same problem, but introduced a power-
law fluid and found a power-law fluid may never
reach a layer of uniform thickness. Jenekhe and
Schuldt (1984, 1985) made an extensive investigation
on the film forming of several kinds of nonevaporat-
ing fluids, such as a power-law fluid, a Carreau fluid
and a Bingham fluid, on a spinning disc. Several
authors investigated the effect of inertia on
nonevaporating film flow on a rotating disc by ex-
panding the dynamic film in square of Reynolds num-
ber (Higgins, 1986) or by computing numerically by
employing finite difference method (Rehg and
Higgins, 1988). They assumed uniform film thinning,
so radial dependence on film thickness is factored
out. For film flow of small Reynolds number, the
assumptions used by Emslie et al. (1958) are proved to
be valid. But for a thick film flow, the effect of inertia
becomes important. For a more accurate description
of spin-coating process, the evaporation of solution
must be taken into account. Lawrence (1988, 1989)
investigated the uniform thinning of evaporating
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Fig. 1. A schematic diagram for film formation on a spinning disc.

liquid film based on the assumption of a rapid evapor-
ation rate and thus a constant concentration at film
surface, or a constant small evaporation rate deter-
mined by the mass transfer in the adjacent atmo-
sphere and obtained a self-similar solution in each
case. In practice evaporation proceeds during the
film-forming process, and it makes the mathematical
modeling more complicated, because the fluid proper-
ties, such as the viscosity and solvent fraction of the
fluid, may change drastically with time. For the case
of time-varying physical properties in spin coating,
several researchers have studied numerically by focus-
ing on the case of uniform initial film thickness across
the flat spinning disc as well as uniform mass transfer
rate toward gas phase, and thus final film thickness is
not dependent on radial position (Washo, 1977,
Meyerhofer, 1978; Flack et al., 1984; Sukanek, 1984;
Bornside et al., 1989). When the initial film varies with
radial position, or the evaporation rate toward gas
phase is not uniform, the film thickness is a function of
radial location, and striation (Elliott and Hockey,
1979) on the substrate can be formed.

In this study, we have developed an analytical ap-
proximate formulation by perturbation technique for
film uniformity, with or without evaporation. The
perturbation solution is explicit in film thickness, so it
can be used more conveniently to compute the film
thickness. The perturbation solutions are proved to
be accurate enough in comparison with the exact
numerical solutions obtained by the finite difference
method by testing two nonuniform initial film pro-
files. A criterion for the effect of solvent evaporation
on achieving the film uniformity across the disc is also
proposed in this study.

THEORETICAL ANALYSIS

We consider an isothermal (if evaporation occurs,
we assume that the temperature variation is not large

enough to affect the rheological properties and velo-
city profile), incompressible and homogeneous New-
tonian fluid that wets completely the whole spinning
disc. The system is assumed to have cylindrical sym-
metry. The governing equation can be derived by
employing the assumption of low Reynolds number
resulting from thin film thickness and simplifying the
complete equation of motion in cylindrical coordin-
ates, thus giving

%,
e

(1

where p is the density of this process fluid, v, is the
azimuthal velocity, w is the angular velocity of the
spinning disc, z is the axial distance from the surface of
the spinning disc, r is the radial distance from the
center of the spinning disc, u is the viscosity of the
fluid and v, is the radial velocity. The boundary
conditions for this problem are

z=0, v, =0, Vg = ro
d d d @
v, o Vg
= h’ —_— — X —’ b —1
z K dz dr dz 0

where ¢ is the surface tension. The first boundary
condition for film flow is the no-slip condition at the
disc-film surface, and the second describes the tangen-
tial shear stress must be equal to the gradient of
surface tension at the topographic film-air interface.
Solving the governing equation, eq. (1), with the
boundary condition, eq. (2), the radial velocity distri-
bution can be obtained. Then the volumetric flow rate
q per circumference can be shown to be

3)
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In addition we need the equation of Young and
Laplace to describe the relationship between pressure
and surface tension (Adamson, 1982). The kinematic
boundary condition at free surface can be obtained
from making mass balance at z = h, and is given by
(Bornside et al., 1987)

oh 6h m on\?
E—U,—U,'a—r—; 1+<5;> (4)

where m is the mass flux from process liquid to gas-
eous phase due to the evaporation of liquid. Because
the disc is nonporous, and no liquid can penetrate, the
axial velocity is zero at the disc surface. The local
continuity equation can be averaged by integrating
over the film thickness [0, #]. Combined with the
kinematic boundary condition at free surface and the
boundary condition at disc-solution surface, the axial
average film thickness is given by (Bornside, et al.,
1987)

oh 1d(rq) m

6t+r 6r+p_0 )

where h = h(r, t) represents film thickness which is
a function of position and time. In a photoresist
solution, nonvolatile polymers are dissolved in
volatile solvents. So m is only attributed to solvent
evaporation and depends on the fraction of solvent in
the film. It can be approximated by a pure rotating
disc behaviour, which is proportional to the square
root of spinning speed in the laminar flow region
(Levich, 1962). For a low Schmidt number gas flow on
a rotating disc, a correction factor is obtained (Yen
and Wang, 1992). In practical situations m decreases
with spinning time, because the fraction of solvent
decreases with time and finally vanishes, but here m is
assumed to be a constant. The gradients of the surface
tension and pressure in radial direction due to small
radial variation in film thickness are assumed to be
negligible. The following dimensionless variables are
introduced to make eq. (5) dimensionless:

h r t u
=— R=—; T=—; to =

he ro to ° " hipw?
(6)

where hy, ro, and ¢, are all characteristic scaling fac-
tors. r, is the radius of the disc, and h the reference
initial film thickness on the disc. Here t, is a time
parameter. With the substitution of eq. (6), eq. (5) can
be made dimensionless to become

oH oH 2

R R 2y Mmoo 7
ar P gR Tt @

H

where M represents physically the ratio of mass flux
resulting from evaporation to the strength of radial
convective outflow, and is expressed as

_ mto _ mu
" pho  pPo’hy

If a high volatile solvent is employed M will be rela-
tively large. For a laminar flow the mass transfer rate

®

m is proportional to the square root of the spinning
speed w, so M would be inversely proportional to the
one and a half power of the spinning speed. Hence
M decreases as the spinning speed increases.

For the case of film formation without evaporation,
M is zero, and thus eq. (7) is reduced to be a homo-
geneous nonlinear differential equation which can be
solved analytically by the Lagrange method (Aris and
Amundson, 1973). Its general solution is expressed as

1 2
~—— — =T =f*(HR*? 9
sgz — 3T =/ *(HR) ©)
where f* is an arbitrary function that is exactly deter-
mined by the initial condition. In combination with
the initial condition of uniform film thickness on the
disc, one obtains

1 1/2
H=|—
(1+§T>

If the initial film thickness varies with radial posi-
tion, implicit exact analytical solution can be derived
by expanding the initial profile in a power series. But
for any arbitrary radially distributed function, the
exact solution becomes very complicated and thus
tedious in application. Here we employ the perturba-
tion method to develop the general approximate solu-
tion for the case of initial nonuniform film. For small
radial variations in the initial film profile, the initial
condition can be expressed as

H(R,0) = H*(R) =1 + &g(R)

(10)

(11

where ¢ is a small parameter, which can be defined by
the initial degree of radial deviation of the liquid film.
g(R) is an arbitrary function that can describe the
initial film profile. So the general solution can be
expressed by using ¢ as a perturbation quantity in
series expansion, and is given as

H=Hy+ EH, + EHy + - (12)

Substitute eq. (12) into the governing equation to
generate the differential equations for H,, H; and H,
by taking the coefficient of & to be zero. The zero-
order solution, H,, is unchanged and is given by
eq. (10). The partial differential equation for the first-
order and the second-order terms, H; and H, are,
respectively, taken to be

5H1 aHl a110
— +RH}—+2 H,— +2H3H, =0
o T RHoGR + 2RHoH = o+ 2HoH,
oH, ,0H; 0H,
— —2 4+ RQH,H, + H)— 3
5T+RH0 5R+ (2HoH, + 1)6R (13)
O0H,

+ 2RH(,H%ﬁ + 2H3H, + 2H3H, = 0.

The approximate solution by employing the perturba-
tion technique in two-term expansion is thus obtained

to be
3 1/2 3 3/2
H_<3+4T) +§X<3+4T>

3 3/4 5

(14)
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So when the arbitrary function g(R) is known, the
approximate perturbation solutions in two-term
expansion can be easily obtained from the above
equation, eq. (14), for any profile. The perturbation
solutions of second and higher powers of ¢ can also be
obtained if the characteristic equation of each corres-
ponding partial differential equation is intergrable
analytically. For example, the complete solution in
three-term expansion with this linear initial condition,
g(R) = — R, is solved to be

H_ 3 1/2 3 9/4R
=\avar) ~\3rar
2p2 3 * 3 —
+3€R<3+4T) [(3+4T> 1]+ (13)

If the initial surface contour varies periodically with
radial position, as described by a sinusoidal function
g(R) = —sin(2rkR) the complete solution in three-
term expansion is

H=H0+5H1+€2H2+"‘

(16)

where

30\ 3
= in| 2nk
H (3 + 4T> Sm[ " (3 +
12 3 3/a
H, 7nk51n[2nk(3+4T> :I
3 3/4
X cos[an(3 n 4T) R]
3 13/4 3 3/2
x[<3+4r) —<3+4T> }
3 ., 3 3/4 3 5712
- k| —— R
*aon [2” (3 n 4T) 3+ 4T
3 3/2
B <3 + 4T) J

When spin-coating technology is applied in micro-
lithography, the process liquid is composed of non-
volatile polymers dissolved in volatile organic sol-
vents. During the process of spin coating the viscosity
of the polymer solution increases drastically due to
the evaporation of solvents, which complicates the
complete mathematical modeling on spin coating. In
addition to the overall material balance, the mass
balance for each constituent in the solution, the over-
all energy balance in the liquid film, and the temper-
ature- and concentration-dependent viscosity must be
incorporated into the mathematical model. But in this
theoretical analysis we investigate the case that the
system parameter, such as the viscosity, is supposed to
be constant. In other words the corresponding in-
creasing viscosity of the coating film is neglected. This
assumption is only suitable for the case of small Biot
number, i.e. small ratio of internal resistance to the
external resistance. In this case, for example the early

3/4
R
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stage in coating the diluted low vapor pressure solu-
tion, the evaporation rate is sufficiently small and thus
the viscosity is assumed uniform within the film. More
accurate models with uniform film on the rotating
disk that include the variation of viscosity can be
obtained (Sukanek, 1985, Bornside et al., 1989). The
characteristic equation of the first-order nonlinear

partial differential equation, eq. (7), is
dT  dR dH
T RE I an

where ¢ = M'3. Following the same procedure as
taken in the last case, the form of general solution to
eq. (7) for film formation with evaporation can be

expressed as
a3
2¢ —aH

1
aT+—ln[ 3 tan
a

(@H + ¢ 1
6¢e?

H? —aeH + ¢ +\/§sl

1/3
_ f*[R2/3<H3 + 383> / } (18)

where a = (2/3)"/3. The second and third terms on the
left-hand side of the above equation are the indefinite
integral of (3H> + £%)™!. The function f* depends on
the initial conditions. When the initial film thickness
distributes uniformly, eq. (18) would be reduced to

L (a+#)? R R a/3
662 | a® — ac + &2 V3¢ 2t—a
1 In (aH + ¢)?
6e2 | a®?H? — aeH + &2

1 1 a\/§

2 —aH’

al =

(19)

This solution form can be easily reduced to eq. (10),
the solution without evaporation, when ¢ approaches
zero. There are two limiting cases for the effect of
evaporation:

(i) If the evaporation parameter ¢ is small (i.e.
3e3/2H3 < 1), the term (3H® + %)~ ' ineq. (17) can be
expressed in power series, and then integrated to ob-
tain the approximate solution subject to nonuniform
initial film thickness

1 { 3¢ + 9 ¢* 2 -

2H? 5H?  16H® 3
3 1/3
:f*[R2/3<H3 + §£3> :' (20)

which can be reduced to eq. (10) for ¢ = 0.

(i) If the evaporation parameter ¢ is large (ie.
(2H?/3e® < 1), then by using the same procedures, the
approximate solution is

gl _1H 4 T
& 6 634

=f*[R2/3<H3 + ;&)l/s]. @
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It is found from the above formula that the film
uniformity cannot be improved with spinning time.

From these two cases, a criterion for achieving the
film uniformity can be proposed as

M=g< %Hxanin,initial (22)

where H, i, iniiar 18 the minimum dimensionless thick-
ness at initial time. If the evaporation parameter
M (= &%) is less than $H2,, inia1, the film uniformity
will be improved.

For the effect of small evaporation the perturbation
solution to eq. (7) can be expressed in power series of
the evaporation parameter &°.

H=H0+83H1 +86H2+"' (23)

The partial differential equation in this case is shown
to be as follows for the zero-order, first-order and
second-order solution, respectively:

8H, ,0H, 2

—p T RHE—=2 + HO—O

oH oH 0H,

! 4 RH3—! + 2RH,Ho=—=+2H2H, +1=0

oT JR JR

oH, oH, oH,

=2 H? + 2HH,) —2 + 2H H,— 4

6T+R[( 1+ 0 2)6R+ offizp (24)
6H,

For the case of a uniform initial film the approximate
solution in three-term expansion on spin coating with
evaporation is

3 1/2 3 5/2
= <3 n 4T> 10(3 + T)[<3 n 4T> - 1]

+s"(3+4T)"’2{£( ! —1>

200\3 + 41 3

9
—[(3 +4T)? —3%2
+ 53 +47) ]

V3
+§®[3 —(3+4T)“]}

(25
When the initial film thickness has a small radial
variation, the initial thickness can also be described
by eq. (11). In this case, ¢ is introduced to be the
second perturbation quantity, and therefore H, and
H, is assumed, respectively, to have expansion in the
form

Ho=Hgo + {Hos + -
Hy=H;o+  Hy + -

Substituting eq. (26) into eq. (24) and equating the
coefficient of each power of £ to be zero, we can obtain
the partial differential equation of Hyo, Hoy, Hoa, H1o,
H,, and H,,, respectively. In combination with the
initial condition, the complete solution to the linearly
distributed function of initial profile, g(R) = — R, is

(26)
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thus obtained
H=Hgo+ EHoy + E*Hop + -+ + £ (Hyo
+EH + )+ (Hyp+ )+ -
3 1/2
Hoo =<T4T>
3 \94
Hyy = <m7:> R
Hoz = 3R2(3 +34T>3[(3 +34T> - ]}
1 3\
Hio= 150+ 4T)[<3 " 4T> - 1] 27)

9 30\ 27 30\
Hy, =-Rl—=] —=Rl—=
1Ty <3+4T> 20 (3+4T>
9 30\
- R
10 <3+4T>

Hyo=0(+ 4T)'3/2{£< L 1)

200\3 + 4T 3
9
Z[(3 +4T)* — 332
+50[( +4T) ]
*/3 [(3 +4T)* —3*7 ).
800

As the initial function is g(R) = — sin(2nkR), the
solution subject to this initial condition could be
solved by the same procedure as that in the case
dependent on radial position:

H=Hgo+ {Hoy + E* Hoy + -
+¢Hy + -

3 12
Hoo = (m)
3/2 3/4
- (ﬁ_) sin [2nk<3 +34T) Ri|
30N\
3+ 4T) R:|
3\
X CO8 [2nk< 4T) R]
3 13/4 3 )\
X[(ﬁ) - <3 + 4T> j|
3/4
% [znk(s +3 4T) R]
3 )\
|w) =) )
Hio=Lg+ m[( ) - 1}
10 3+4T

+ &3 (Hqo

V+e(Hypo+ ---) + oo

HOI =

12
Hy, = -7—1zk sin |:27rk<

(28)
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3 3/4
H,, = nkR cos|:27ck<3 n 4T> R]

1 3 21/4 1 3 11/4
X[‘ﬁ(ﬁ) +§<3‘+Tr)
1/ 3 \**] . 30\
+g<3—;TT> ]+sm[2nk<3+4T> R:I

1/ 3 2 1/ 3 \2
x["%(ﬁ) +§(ﬁ4—r)
1/ 3 \¥
o) |

Hypo=0+ 4T)'3/2{£< ! 1) o

200\3+47 3/ 50

x[(3 +4T)¥2 — 332] %

x[(3 + 4T)* — 34]}.

RESULTS AND DISCUSSION

As in the case for film formation of nonevaporating
coating fluid on a spinning disc the general solution is
represented by eq. (9), which indicates that the dy-
namic thickness distribution depends on the initial
film contour. Therefore as long as the initial radial
distribution is known, the dynamic film thickness can
be found as a function of the radial position. The
nonuniformity of the film thickness on a substrate is
not allowed in microlithography because it will affect
the success of sequential processing steps. For uni-
form initial film contour, the dynamic film thickness,
as expressed in eq. (10), is obtained to be always
uniform at any time. This is the best condition of
employing the spin-coating technology in micro-
lithography. By making eq. (10) to be dimensional, the
dynamic film thickness is given by

h= b
TN Spwtuhit+ 1

This solution is the same as that derived by Emslie et
al. (1958), who considered conceptually that the film
thickness was not a function of radial position, and
thus an ordinary differential equation should be
solved. If the disc spins very fast, eq. (29) can be
reduced to

\[

3
Zw\/m
It is indicated from eq. (30) that the film thickness
decreases with square root of time and is inversely
proportional to the spinning speed of the disc, and
also independent of the initial film thickness. The
initial film thickness was found experimentally to
have no effect on the final thickness by several investi-
gators (Lai, 1979; Daughton and Givens, 1982).

(29)

h= (30)
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When evaporation is negligible, the general two-
term expansion of solution, eq. (14), indicates that the
film contour is dependent on the initial function of
film profile, provided by the delivery system or de-
veloped in the spin-up process, multiplying by-a time
factor of (3/(3 + 4T))¥2 This time factor and the
initial profile function

(7))

decrease with increasing time and finally approaches
zero at long spinning times. Therefore the film be-
comes more uniform when time is increased and thus
finally smooths out when time is long enough to make
the second term vanish. The comparisons of the exact
numerical and approximate perturbation solutions in
three-term expansion for tested linear and sinusoidal
film profiles are shown in Figs 2 and 3, respectively. It
can be seen from the figures that the exact solution
and approximate solution for each case always co-
incide together. So the approximate solutions by the
perturbation method is accurate enough to represent
the dynamic film profile in the spin-off process.

In the case of evaporation and uniform initial film
distribution, the exact solution is formulated by eq.
(19), which is complicated and virtually implicit on
film thickness and thus inconvenient to use. The per-
turbation solution in three-term expansion, eq. (25),
is now formulated by using the evaporation para-
meter ¢* as a perturbation quantity. Figure 4 shows
film thickness calculated from the exact numerical
solution and the three-term approximate solution vs
the perturbation quantity by employing dimension-
less time as a parameter. As can be seen from Fig. 4,
the film thickness calculated from the perturbation
solution and exact solution is almost the same. So the
perturbation solution can be used to predict the film
thickness at any time in the case of small evaporation.
At slightly high evaporation, this perturbation solu-
tion gradually has a small deviation from the exact
solution and the difference slightly deteriorates with
increasing evaporation parameter &3. For nonuniform
initial profiles, we can use two perturbation quantities
to characterize the effect of evaporation and the radial
variation of initial thickness on the film thickness and
uniformity. Here we still use a linear and a sinusoidal
function to illustrate the deviation of the second-term
approximate solution from the exact solution, as seen
in Figs 5 and 6. From these figures, the approximate
solutions to eq. (7) subject, respectively, to linear func-
tion, eq. (27), and sinusoidal function, eq. (28), are
almost the same as the exact solutions which are
obtained by the numerical method. As can be seen
from Figs 2 and 3 or Figs 5 and 6, it can be found that
the film thickness will be independent of the initial
film contour as the spinning time is long enough and
finally smooths out with respect to the initial
nonuniformity of the film if the evaporation is small.
The approximate three-term expansion indicates that
only the first- and second-order terms are related to
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the radial distribution, so the film will be more uni-
form as the evaporation parameter &> gets smaller.
The degree of film uniformity with respect to the
average dynamic film thickness can be defined as

Hmax — Hmin

DU% =100% — ——————
° ° I/Z(Hmax + Hmin)

x100% (31)

where H,,, and H.;, represent the dynamic max-
imum and minimum values of film thickness, respec-
tively. The effect of evaporation in spin coating on the
film uniformity can be investigated by plotting the
degree of uniformity vs time for various evaporation
parameters M( = ¢). This is shown in Figs 7 and 8 for
a linear and a sinusoidal initial film profile, respec-
tively. As can be seen from the figures, the degree of
uniformity is better for spin coating without evapor-
ation and gets worse with larger uniform evaporation
with nonuniform initial profile. The thinning rate of
the spin-coating film increases with increasing evap-
oration. Thus it needs less time to reach a fixed film
thickness with evaporation, but the film uniformity is
sacrificed. For the case of small evaporation, as al-
ready shown in the theoretical analysis, the radial
film-thickness variation will finally vanish at sufficient
spinning time, and a uniform film on the disc is ob-
tained. It must be noted that the degree of uniformity
is defined to be related with the dynamic film thick-
ness. Thus if a difference between maximum thickness
and minimum thickness [i.e. the numerator of the

) exact solution; (- — —) approximate solution.

second term in eq. (31)] is the same, the smaller
average thickness [i.e. the denominator of the second
term in eq. (31)] make the degree of uniformity worse.
This is for the cases of large evaporation. The average
film thickness decreases rapidly due to the effect of
uniform evaporation on the film thinning and thus the
denominator of the degree of film uniformity becomes
smaller with the time evolution. However, the uniform
evaporation does not have a significant effect on the
change of radial film thickness and thus the numer-
ator is nearly the same as the case of small evapor-
ation. Therefore the quotient in the second term will
have a minimum and the dynamic degree of uniform-
ity goes through a maximum at some given time.
A critical evaporation parameter M can be estim-
ated theoretically from eq. (22), which is M, = 0.341
with  Hoininiiam = 0.8  and M. =0486 with
H in, initiat = 0.9. Figures 7 and 8 represent, respec-
tively, the results of the dynamic degree of film uni-
formity from the numerical computation of the linear
and sinusoidal film profiles at various evaporation
parameter M. As can be seen from Figs 7 and 8, the
film uniformity can be improved in the spinning pro-
cess if M is less than the critical value. Thus, for
obtaining a more uniform film on a spinning disc, we
can get a criterion from eq. (8), which indicates the
evaporation effect should be suppressed by formula-
ting the solution recipe with low vapor pressure sol-
vents, or increasing the spinning speed, and employ-
ing a thicker initial film.
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Fig. 7. Degree of film uniformity vs dimensionless time at different values of the evaporation parameter;
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Theoretical analysis of film uniformity in spinning processes

CONCLUSION

The dynamic film uniformity of a Newtonian fluid
in spin coating with or without evaporation in
axisymmetric free surface flow on a spinning disc was
elucidated analytically. Perturbation technique is
used to solve the governing equation and to obtain
the analytical explicit solution for each case. The
approximate solution in three-term expansion by per-
turbation method is proved to be accurate enough to
represent the film profile. It was found that the evap-
orating or nonevaporating film is always uniform
across the flat spinning disk if the initial film distrib-
utes uniformly in thickness. A nonuniform initial film
can be finally smoothed out after a sufficient spinning
time, if its evaporation rate is smaller in comparison
with the criterion we proposed in the model. Thus, for
obtaining a more uniform film on a spinning disc,
evaporation effect should be suppressed by formula-
ting the solution recipe with low vapor pressure sol-
vents, or increasing the spinning speed, and employ-
ing a thicker initial film.

NOTATION

film thickness, m

reference initial film thickness, m
dimensionless film thickness

mass flux due to evaporation, kg/m?/s
dimensionless mass flux due to evaporation
volumetric flow rate per unit circumference,
m?/s

radius of the spinning disc, m
dimensionless radial coordinate

time, s

dimensionless time

radial velocity, m/s

g azimuthal velocity, m/s

D EImS

NS

<
~

Greek letters

one third power of dimensionless mass flux
solution viscosity, kg/m/s

a small quantity used in perturbation technique
solution density, kg/m?

shear stress, N/m?

angular velocity, rad/s

AR
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