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Abstract. The effect of two factors having the most important influence on spin coating process of sol-gel films:
the spin speed and the temperature (of the substrate and the applied solution) during film deposition is discussed.
It is shown, that film thickness and thickness uniformity are determined by centrifugal driving force dynamics,
viscous polymer rheology, solvent evaporation dynamics, and film porous microstructure.
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1 Introduction

Thin films and coatings were the carliest and remain
so far one of the most important applications of sol-
gel technology [1, 2]. Recent years are marked by
growing interest in sol-gel processed films in new
areas, in particular in microelectronics. This is mainly
due to intensively developing applications of silicate
or siloxane sol-gel films in the VLSI multilevel inter-
connection process, preparation of ferroelectric films
for nonvolatile memory and so on (see e.g., [3-5]).
The distinguishing features needed in applications for
the microelectronics industry are very high require-
ments on films quality (including electric and mechanic
properties, uniformity, low particles and microadmix-
tures contamination, high reproducibility and so on).
Therefore the wide practical application of the sol-gel
techniques in such areas as microelectronics calls for
detailed information on physical and chemical aspects
of the sol-gel film formation process.

Spin coating is the main technique for film deposi-
tion from liquid precursors used in the microelectronics
industry. A large variety of high-performance systems,
providing coatings of photoresists, polyimides and
spin-on-glasses (SOG) are available from manufac-
turers. Other deposition techniques are practically not
used in semiconductor production. Thus dipping is fre-
quently nsed in sol-gel film preparation, it has a num-
ber of limitations: double side coating, nonuniformity
on wafer edge, rather high contamination level (solu-
tion is polluted by the particles from the wafer and
the container walls which are then recoated from the

solution surface into the growing film; the solution
applied cannot be filtered just before use) and some
others. New advanced meniscus coating technique is
practically free from most of these limitations, but it is
more appropriate for the present for right-angled sam-
ples of arather large size [6]. Other techniques such as
spray pyrolysys also do not provide necessary unifor-
mity and low contamination level. It seems consider-
ably promising applying the new technique of LSCVD
(liquid source chemical vapor deposition) recently de-
veloped by Symetrix Corporation [7] and that consists
of spraying of sol-gel precursors in vacuum under high
precision control. But the future of this technique de-
pends on progress in construction and application in
industry of rather complex and expensive equipment.
Therefore the practical application of sol-gel thin film
route at least for microelectronic applications is con-
nected with the spin coating process.

The most part of investigations in the field of sol-
gel thin films deals with the effect of composition and
polymolecular structure of initial sol as well as an-
nealing conditions on the film properties, whereas de-
position conditions may strongly influence the thick-
ness, porous microstructure, and other properties of
the formed layers. Brinker et al. [1, 8], Strawbrige and
James [9] and some others have performed detailed in-
vestigation on physical and chemical aspects of film
application by dipping. Unfortunately, spin coating of
sol-gel films is less-well investigated.

Bornside et al. [10] distinguish the following basic
steps of the spin coating process: deposition, spin-up,
spin-off and evaporation. During the first two stages
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an excess of the liquid is dispensed onto a wafer and
spreads out due to spinning-indused forces with usually
a low initial rate (hundreds of revolutions per minute
(rpm)). At the spin-off stage spin speed increases (up
to thousands of rpm) and the liquid flows radially un-
der centrifugal force. Film thinning by centrifugally
driven convective outflow decreases with time as con-
vective outflow is proportional to film cubic thickness
for a newtonian liquid [11] and becomes comparable
to the rate of film thinning by solvent evaporation.
The viscosity is drastically increased and the centrifu-
gally driven convective outflow is ceased. At the last
stage, film thinning occurs only due to solvent evapo-
ration.

The mathematical description of the spin coating
process is a relatively complex matter. The examina-
tion of the spin coating process includes the centrifu-
gal driving force dynamics, viscous polymer rheology,
and solvent evaporation dynamics. The change in dif-
fusivity, viscosity and rheology during film formation
complicates the issue. Since the end of the 1950s, a
series of mathematical models considered spin coat-
ing on a flat substrate (see e.g., [10~21]) and recently
those dealing a substrate with a topographic features
(see e.g., [22-24]) have been published. These models
give insight into the influence of physical properties
of the applied liquid (such as concentration, viscosity
etc.) and deposition conditions (mainly the spin speed)
on the film thickness and the film uniformity. The nu-
merical solution of a system of differential equations
by computer are used to predict the film thickness.

A simplified model of the spin-coating process pre-
dicting dry film thickness as a function of a number
of physical parameters was proposed by Meyerhofer
[13] and advanced by Bornside et al. [20]. The model
assumes that the spin-off and evaporation stages are se-
quential and uncoupled (no evaporation at the spin-off
stage, only centrifugally driven convective outflow oc-
cur). The resulting expression for the solid film thick-
ness h; is [20-21}:

39 pM, 77
hy = (1 — —k , 1
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where xo is the initial concentration of solvent, 77 and
p1 are the viscosity and the density of the liquid; p*,
M are the vapor pressure and the molecular weight of
the pure solvent; R, is the ideal gas constant; T is the
temperature; k is the mass transfer coefficient:

k = ¢D(w/v)!/?, V)

where ¢ is the constant that depends on the Schmidt
number (estimated by Bornside et al. [21] &k =
1.74 cm/s at w = 2000 rpm); D is the binary diffu-
sivity of the solvent in air; v is the kinematic viscosity
of the overlying gas.

From Eq. (1) h; & w~'/2. Experimental studies of
spin coating of photoresists, polyimides, etc., show the
spin speed dependence h; < w™*, where A varies from
0.45 to 1.4 (for some polyimides), but more frequently
reported values are near A = 0.5. Theoretical model-
ing shows that deviation from the exponent A = 0.5
may be connected with the evaporation characteristics
of the material [19] or with the non-newtonian rheol-
ogy of the fluid (e.g., viscosity versus shear rate depen-
dence) (see e.g., [14, 18, 19]).

Emslie, Bonner, and Peck [11] in their pioneering
work showed that the spin coating with nonevapo-
rating, newtonian liquid leads to a uniform film by
any initial nonuniform distribution. But the inclusion
of non-newtonian rheology shows that under certain
conditions nonuniform films may be formed (the film
thickness is the most prominent at the film center and
decreases towards the wafer edge) [12, 15, 19]. Re-
cently Bornside et al. [21] have demonstrated the im-
portant role of air flow dynamics during the spin coat-
ing. The turbulent flow at the periphery of the spinning
disk may produce an increase of mass transfer coeffi-
cient leading to increase of film thickness at the wafer
edge.

Experimental studies of the spin coating process
have been performed mainly for photoresists and poly-
imides. Physical and chemical processes of spin coat-
ing of sol-gel films have special features. The effect of
two factors having a dramatic impact on spin coating
process of sol-gel films: the spin speed and the tem-
perature (of the substrate and the solution) during film
deposition is discussed in this work.

2 Spin Coating Process of Sol-Gel Films

The sol-gel process has some peculiarities which have
to take into account on examination of spin coating.
The transition of initial liquid sol to solid-like gel
occurs as a result of proceedings of polycondensation
reaction with progressive branching of metal-oxide net-
work. The microstructure of a porous gel obtained after
spin coating transforms further at drying and anneal-
ing, during which the resulted microstructure of the
film depends not only on initial gel structure but also
on drying conditions. Thus for real film thickness of
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Fig. 1. The dependence of the refractive index (a) and the shrinkage

(b) of sol-gel silicate films as a function of the heat treatment: 1—the
data of this study (see Section 4); 2-[26]; 3-[27].

sol-gel film % f the film porosity must take into account
in Eq. (1):

hy=hs/ Vs, 3

where V; is the volume fraction solids.

Brinker et al. [1, 25] propose to use the refractive
index to estimation of pore volumes of the films as it
follows from the Lorentz-Lorenz relationship:

(5 =1/ (nf +2) = Vs(r5 - 1)/ (15 +2), @

where n; is the film refractive index, Vs is the volume
fraction of solids, and ng is the refractive index of the
solid skeleton.

For small variations in the refractive index the vol-
ume fraction of solids may be expressed as:

6nx (ns - nf)

el m o m

&)
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In the case of silica films (n; = 1.458):
Vs =1-—1.883(1.458 —ny). 6)

To test this suggestion let us consider the typical data
on evolution of the refractive index and the shrinkage
during the heat treatment of sol-gel silicate films (see
Fig. 1 [26, 27]). Although in some cases the refrac-
tive index shows slight increase with the heat treatment
temperature, the variations in the refractive index are
insignificant in contrast to the film shrinkage. Thus it
can be obtained from Eq. (6) that the 10% shrinkage of
porous film must cause 0.053 increase in the refractive
index. The reason of this inconsistency is a high hy-
droxyl content that has grater impact on the refractive
index of sol-gel silicate films than their porosity.

By this means the refractive index of sol-gel silicate
films cannot be strictly considered as characteristic of
the film porosity and direct techniques of porosity mea-
surement are needed (e.g., Brinker et al. have proposed
N, adsorption-desorption technique with the use of sur-
face acoustic waves [25]). Unfortunately, the measure-
ments of the film’s porosity have not been done in this
work because of sophistication of such techniques.

3 Spin Speed Dependence and Radial Uniformity
3.1 Experimental Procedures

Silica precursor solutions were prepared by mixing
tetraethoxysilane with absolute n-butanol, deionized
water and HCl. The equivalent oxide concentration
was 6% and [alkoxide] : [H,O] : [HCI] = 1: 7: 0.04.
After stirring the solution was kept for 24 h at 60°C. Be-
fore the deposition procedure the solution was filtered
through a 0.2 pum filter.

Silicon wafers with 100.2 mm diam were used as
substrates. Wafers was cleaned before use by:

(i) Hy;SO4:H,0 (3:2) solution at 140°C during 10
min;
(ii) rinsing in deionized water;
(iii) H,O, : NH4OH :H,0O (1:1:5) mixture at 65°C
for 10 min;
(iv) rinsing in deionized water.

The spin coating was performed at room tempera-
ture using a photoresist spinner (Lada-125, Voronezh,
Russia). The coating solution doses (1 ml) were dis-
pensed onto the center of the stationary wafer (no spe-
cial programmed path over the wafer was used) which
was then spun at a speed of 500 rpm for 4 s, and after
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Table 1.

Spin Thickness, Refractive

speed, A index Nonuniformity,
RPM Center Edge  Center  Edge %

500 3147 3000 1.396 1.430 4.67
1000 1968 1892 1.444 1.445 3.86
2000 1311 1262 1.430 1.434 3.74
3000 1079 1048 1.437 1.432 2.87
4000 878 859 1.426 1.430 2.16

this, the spin speed was increased up to 4000 rpm for
40 s. After film depositions the wafers were dried at
T, = 200°C for 30 min in N;.

The film thicknesses and refractive indexes were
measured in 10 points at intervals of 5 mm from the
wafer center by multiangle ellipsometry at the 6328 A
wavelength and the incident irradiation angles from
45 to 70° [28]. The real and imaginary parts of the
refractive index of the uncoated silicon substrate was
determined to be 3.85 and —0.02, respectively.

3.2 Spin Speed Dependence

The film thickness 4 ; and the refractive index n y mea-
sured at the center and the edge of the substrate (af-
ter drying at 7, = 200°C), as well as the percentage
nonuniformity (from the center to the edge) of silicate
sol-gel films prepared with the different spin speeds are
presented in Table 1.

The film thickness & and the refractive index ny
measured at the center and the edge of the substrate
(after drying at T, = 200°C), as well as the percentage
nonuniformity (from the center to the edge) of silicate
sol-gel films prepared with the different spin speeds.

Approximation of the data for film thickness gives
hy = 1294889 - » % in the center, and h; =
115034 - 0~% in the edge. The slopes of these
dependences (A = —0.59--.-—0.60) somewhat dif-
fer from the limited available published data for the
same types of films. Thus, Wu [29] reported A ~ 0.5
for the spin-on arsenic glasses. Some data for spin-on
glasses (SOGs) obtained from Allied Chemical Cor-
poration were collected by Sukanek [19]. He reported
A = 0.45 —0.58 for various SOGs with unknown com-
positions (silicates and siloxanes). The best fit line for
this data have the slope A = 0.476.

Unfortunately, both our experiment and the pub-
lished results have no data concerning film porosity
which has to be taken into account in accordance with
Eq. (3). The refractive index of silicate films is changed

very slightly with the spin speed (see Table 1) and as it
was discussed in Section 2 it does not determine film
porosity adequately because of hydroxyl content. Al-
though we do not know the contribution of the film
porosity in A some other reasons for increase of A from
the value A = 0.5 predicted by the Meyerhofer’s ap-
proximation (Eq. (1)) are worth consideration.

The first lies in the solvent evaporation behaviour.
As shown by Sukanek [19] the change of exponent
in spin speed dependence of the mass transfer coeffi-
cient k causes the corresponding change of A. If the
evaporation rate is independent of the spin speed the
hy o w™?3 if k o @!/? (mass transfer from a rotat-
ing disk) (Eq. (2)) then hy x w™Y/2 (Eq. (1)); finally,
in the case of no evaporation 1y « w~!. The change
in evaporation dynamics during spin coating is mainly
connected with the formation of a region at the free
surface with extremely low solvent concentration and
low binary diffusivity (skin layer) [17]. If this layer is
formed at the early stages of the spin coating process
it will hinder the free solvent evaporation producing a
change from A = 0.5 towards A = 1. Formation of
such a skin layer is highly plausible during spin coat-
ing of sol-gel films, because in contrast to photoresists,
the polycondensation processes proceed very rapidly
with the production of a dense glass-like layer. The
obtained experimental dependence with A = 0.6 in the
framework of this interpretation suggests the presence
of such skin layer.

But there exists an other physical mechanism lead-
ing to the same results—non-newtonian rheology of the
deposited sol. In this case after reaching the estimated
shear rate the liquid viscosity is beginning to decrease
(shear-thinning behavior). The critical shear rate, at
which the non-newtonian behavior appears, is rather
high for diluted polymer solution, and fairly low with
concentrated ones. In the sol-gel systems the increase
of concentration leads to aggregate growth causing an
increase of viscosity, but these aggregates are broken
with the shear rate increase and therefore the viscosity
falls [1]. The viscosity decrease leads to the increase of
convective centrifugally driven outflow and, therefore,
to a higher exponent in the dependence h; o how™ .
Thus, Shimoji [18] predicted on the basis of the power-
law model A > 2/3. It is of value that non-newtonian
rheology always leads to radial thickness nonunifor-
mity. Such nonuniformity truly occurs in the films
involved and will be discussed below. Sukanek [19]
pointed out that the non-newtonian nature of the fluid
has no influence on the spin speed dependence of the
thickness in the central, uniform region. But there is no



significant difference in the value of A in the center and
in the edge of the wafer. So it may be concluded that
there are no sufficient experimental data at this time
providing unambiguous indication in favour of one of
the discussed models and therefore more detailed in-
vestigation is needed.

3.3 Radial Nonuniformity

Film thickness and refractive index profiles for the sil-
icate sol-gel films (after drying at 200°C) obtained at
2000 and 4000 rpm are shown in Fig. 2(a) and (b).
The film thickness decreases and the refractive index
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Fig. 2. The film thickness and the refractive index profiles for sil-
icate sol-gel films (after drying at 200°C) prepared at 2000 (a) and
4000 (b) rpm. Possible reasons for variation in thickness with radial
position (c): i) hydrodynamic instabilities in the gas flow which lead
to nonuniform evaporation from the film during drying and to in-
crease in film thickness towards the wafer edge (D.E. Bornside et al
[21]); ii) a non-newtonian nature of the fluid results in thinner film
towards the wafer edge (P.C. Sukanek [19]).
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slightly grows up from the center to the edge indicat-
ing on some increase of film density on the edge of the
wafer. As in the previous case it is not clear whether
the decrease in the film thickness is fully due to film
shrinkage (which causes the increase of film density)
or not. Anyway to discuss possible reasons of radiai
nonuniformity let us consider the effects of the air flow
dynamics and the non-newtonian liquid rheology.

Discussing the air flow dynamics, Bornside et al.
[21] have distinguished three flow regimes which may
be present above a spinning disk: for radii less than
some critical value the flow is axisymmetric, laminar,
and steady state and the mass transfer coefficient is
independent of the radial position; this regime is fol-
fowed by a transition one, that with three-dimensional
spiral vortices, which transforms in its turn into a tur-
bulent flow with a radially dependent mass transfer co-
efficient. Film thickness must be invariant in this case
upto some value of R bounding the region of laminar
and steady state air flow. For radial position higher R
the mass transfer coefficient will increase, causing the
increase of the film thickness on the edges of the wafer
(see Eq. (1)). That is why, the discussed mechanism is
not responsible for the obtained experimental depen-
dencies.

In contrast to it, the non-newtonian rheology of de-
posited liquid leads to the opposite radial film thick-
ness profile [19]. In this case, as in the one discussed
above, the film remains uniform up to some radial po-
sition R corresponding to the critical value of shear
rate up to which the liquid viscosity is independent
on the shear rate. For higher than R distances from
the center reveals the non-newtonian behavior of lig-
uid consisting in the decrease of viscosity with shear
rate. It leads to enhanced convective outflow and film
thinning towards the wafer edge. Experimental depen-
dences (Fig. 2(a, b)) as a whole are consistent with
these assumptions—there is some uniform area after
which the film thinning begins. But, in accordance
with Sukanek [19], the region of nonuniformity moves
toward the center of the wafer with the increase of
the spin speed (R o 1 /w?). Moreover, Sukanek has
shown [19] that the magnitude of the nonuniformity
will increase with the spin speed (the Deborah num-
ber characterizing non-newtonian effects De o w??)
which is in contrast with the experimental data pre-
sented in Table 1. The reason of this event to our
mind, is that the truncated power law model used by
Sukanek [19] does not take into account the depen-
dence of viscosity on concentration. For low spin speed
the transfer from spin-off to evaporation stage takes
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place in a relatively long time interval and the flow
of highly aggregated molecules having non-newtonian
behavior even at low shear rates occurs during some
period of time. Moreover, a densification of the gel-
like film at the edge of the substrate (after liquid out-
flow is ceased) may occur as a result of shear stress
caused by centrifugal force. Both of these mecha-
nisms (non-newtonian behaviour of liquid and shear
stress densification of the gel-like film}) lead to a thin-
ning and a densification of the film at the edge of the
substrate.

As a whole, the performed analysis of spin speed de-
pendence of the sol-gel films may be considered as no
more than a preliminary one. More wide and detailed
investigation is needed, including the examination of
sols with various polymer networks and solvents, study
of initial sol theology, careful consideration of gas
phase convection, and also the production of a con-
tour map for the whole wafer as it was demonstrated
by Bornside etal. [21]. Itis obvicus that the uniformity
of film thickness and microstructure is very important
particularly for microelectronic applications, as it can
lead to the change in elements sizes during lithography
process.

4 Effect of Substrate Temperature and
Temperature of Applied Solution on
Sol-Gel Film Properties

4.1 Experimental Procedures

The special spin coater providing a possibility to
change the substrate and solution temperatures has

]

T, =0-80°C

SONNNANY
N
N

dispenser

been created to carry out the experiment (see Fig. 3).
The wafer holder was heated by an electric heater.
Substrate temperature Ts was controlled by contact
thermocouples before application and comprised Ts =
20--140°C. The dispenser with coating liquid was
placed into a special thermostat maintaining the lig-
uid temperature 77, from room temperature to 80°C.
For application at 7;, = 0°C the dispenser was placed
into a container with ice. The dosage of applied solu-
tion was 1 ml and was adjusted by the time of switching
the gas pressure upon the dispenser in connection with
the change of liquid viscosity with temperature.

The equivalent oxide concentration was 4 wt.% in
these experiments. The other solution preparation con-
ditions and wafer cleaning ones were consistent with
those described in Section 3.1.

Film thicknesses and refractive indices were mea-
sured at the wafer center of as prepared films and after
their heat treatment at 200, 400 and 700°C for 30 min
in the air.

4.2 Film Thickness

The dependence of the film thickness Ay of silicate
sol-gel films upon annealing temperature T, at vari-
ous temperatures of applied solution T, and substrate
temperature 7 is shown in Fig, 4. The increase in
the substrate temperature as well as the solution tem-
perature is observed to lead to the increase of the film
thickness. The tendency is retained after film densifi-
cation during the following treatment.

A number of principal temperaturedependent factors
influencing the film thickness may be stand out ana-
lyzing Eq. (1): the density and viscosity of solution py
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Fig. 4. The film thickness ky of silicate sol-gel films as a function
of annealing temperature T,,. The substrate temperature during spin
coating T, and the temperature of applied liquid 7; are taken as
parameters.

and n?, and evaporation rate which may be expressed
in terms of the mass transfer coefficient k and the sol-
vent vapour pressure p*. The solution viscosity and
the solvent vapour pressure have the most important
exponential temperature dependences.

The change in viscosity with temperature in the
first approximation may be expressed by Andrade
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equation [30]:
m = Ay exp(B/T), )

where A is the constant dependent on the properties of
liquid and weakly on temperature, B is the constant de-
pendent on activation energy of molecules. Decrease
of viscosity with temperature leads to the increase of
the liquid flow flung off by centrifugal force and, con-
sequently, to the decrease in the thickness of the film
formed. Incontrast toit, the increase of vapour pressure
with temperature leads to the increase of the film thick-
ness. The temperature dependence of vapour pressure
can be approximated by the following equation [30]:

p*=Apexp(=C/T), ®

where A, is the constant dependent on solvent proper-
ties and weakly on the temperature, C is the constant
nearly equal to the latent heat of evaporation.

Thus in accordance with Egs. (1), (7), (8) the depen-
dence of the Ink ;s on the inverse temperature may be
approximated by the line with the slope

1(=C+B)
3 T

For numerical estimation use the data for n-butanol.
Approximating the experimental data on viscosity and
vapour pressure for n-butanol in the range from 0
to 120°C [30] by Egs. (7) and (8) we obtain B =
2299 K and C = 6549 K. Thus for n-butanol In 4 ¢
—1417/T.

The dependence of Ink; versus inverse substrate
temperature and the temperature of applied liquid as
a parameter is shown in the Fig. 5. To avoid an influ-
ence of film porosity we have used the thicknesses of
the films after the heat treatment at T, = 700°C, con-
sidering that this heat treatment is sufficient for film
densification and V; ~ 1 in Eq. (3). There exist three
points on the plot in which Tg = T;(20, 50, 80°C).
The line approximating these points has the siope
Inhy oc —1344/T. In general, in terms of the made
assumptions this value is close to the theoretical esti-
mations for n-butanol. In the range of 75 = 20-80°C
and T;, = 0-50°C the temperature of the deposited
liquid do not sufficiently effect the film thickness, but
at higher Ty the influence of T; upon the thickness
increases: the decrease in 1, leads to significant re-
duction of the film thickness (see Fig. 5). The latter
may be caused by the heat exchange between the ap-
plied liquid and the substrate: for T; < Ts the applied
solution cools the substrate leading to the decrease of

lnhf X (9)
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the effective temperature of deposition process and,
therefore, to the decrease of film thickness. Similarly,
the deviation from linear dependence at 7;, = 80°C
and Ts = 20-50°C is associated with the increase
of effective temperature of the process (upto approx-
imately 60°C, see Fig. 5) due to the heat exchange
between the liquid with higher temperature and the
substrate.

4.3 Refractive Index and Shrinkage

The refractive index n ; and the film shrinkage (of as
prepared films and after bake at 200°C) of silicate sol-
gel films as a function of annealing temperature T, at
the different substrate temperatures T and the temper-
atures of applied liquid T}, are presented in the Figs. 6
and 7. Some of these data are collected in the Fig. 8
represented the dependencies of the refractive index
(after the heat treatment at 7, = 200°C) as well as
the film shrinkage (after the heat treatment at 200°C of
as prepared films, and after further annealing of these
films at 400°C) versus the substrate temperature during
spin coating Ty (with Tz as a parameter).

The refractive index is fairly slowly changed with an-
nealing temperature in spite of significant film shrink-
age, particularly at the first drying stage (Figs. 6 and 7).
The change in the substrate temperature as well as
the liquid temperature have also low impact on the
refractive index except of high values of Ts where it
is somewhat increased that may be connected with a
more dense film structure (Fig. 8a).
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Fig. 6. Therefractive index n s of silicate sol-gel films as a function
of annealing temperature 7,,. The substrate temperature during spin
coating 7y and the temperature of applied liquid 7}, are taken as
parameters.

The shrinkage of as prepared films after bake at
200°C varies weakly with T, but there is a tendency for
a decrease at high values of T as the first drying stage
occurs immediately during film application (Fig. 8b).
It leads to densification of as prepared films and corre-
spondent decrease of their further shrinkage. The rise
in the temperature of applied liquid 7}, causes, con-
trastingly, more pronounced increase of film shrinkage.
The reason is that the solution temperature has its main
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influence at the spin-off stage of spin coating process,
but less at the following ones due to heat exchange
with the substrate as it was discussed previously. For
example, if Ty, > T an increase of the effective process
temperature at the first stage of spin coating leads to
formation of thicker film with a weakly branched net-
work, and therefore with a higher value of shrinkage
during further heat treatment.

The shrinkage during further heat treatment at 400°C
(Fig. 8(c)) remains practically constant for all substrate
temperatures despite the significant rise in film thick-
ness (the increase of the film thickness of sol-gel films,
e.g., if concentration increases, leads typically to less
dense films with higher shrinkage (e.g., [31]). Thus, in
contrast to other methods of film thickness increase, the
increase in T does not cause the rise in film porosity.
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The possible reason of this may be a temperature gra-
dient perpendicularly to the film surface acting dur-
ing spin coating process. The drying process in this
case occurs from bottom to top of the film. This pre-
vents the developing of the surface skin layer dur-
ing spin coating process (which may hinders solvent
evaporation and may provokes aggregation of poly-
mer species) and result in compact package of polymer
species.

5 Conclusions

Spin coating process appears to be the most im-
portant practical technique for thin film formation
from liquid precursors in microelectronics and some

others industries. The examination of the spin coat-
ing process of sol-gel films includes the centrifugal
driving force dynamics, viscous polymer rheology, sol-
vent evaporation dynamics, and transformation of film
porous microstructure.

The obtained experimental dependence of thickness
of sol-gel silicate films on spin speed hy o w™
has the slope A = 0.6, that differs from the Meyer-
hofer’s approximation (A = 0.5). This deviation may
be caused by different reasons, such as the change in
the film porosity, the solvent evaporation behaviour,
and the non-newtonian rheology of deposited solu-
tion. Unfortunately, the refractive index of silicate
films does not adequately determine film porosity be-
cause of high hydroxyl content in the films, and it
is fairly hard to determine its real contribution in A.
The other reasons of deviation of A from theoretical
value may be connected both with the solvent evap-
oration behaviour, namely, with formation of the so-
called skin layer with low solvent concentration at
the free surface and low binary diffusivity that hin-
ders the free solvent evaporation, and also with the
non-newtonian rheology of deposited solution. The
latter leads to observed radial nonuniformity of the
films (the film thickness decreases from the center to
the edge of the wafer). Closer examination of mech-
anisms of sol-gel films formation requires more wide
and combined investigations. It is of not only a scien-
tific importance, but also of a vital practical one par-
ticularly for microelectronic applications of such films
(the thickness and microstructure uniformity of sol-gel
films are critical issues in lithography and etching pro-
cesses).

A rise in the substrate temperature as well as in the
deposited liquid temperature leads to formation of
thicker films. The temperature dependence of films
thickness is mainly determined by the change in sol-
vent vapour pressure with consideration for the change
in liquid viscosity. To a first approximation the depen-
dence of In 4 ¢ on the inverse temperature is linear with
the slope

1
lnhf X 5‘(*—C+B)/T,

where C and B are the powers in temperature depen-
dencies of solvent vapour pressure and liquid viscosity,
correspondingly. Deviations from linear dependence at
distinct temperatures of the substrate and the applied
liquid are associated with the change in effective tem-
perature of the coating process due to heat exchange
between the liquid and the substrate.



In contrast to other methods of film thickness in-

crease (e.g., by concentration) the increase in the
substrate temperature does not cause the rise in film
porosity (film shrinkage remains constant).
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