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ABSTRACT
Striation defects in spin-coated thin films are a result of unfavorable capillary forces that
develop due to the physical processes commonly involved in the spin-coating technique. Solvent
evaporation during spinning causes slight compositional changes in the coating during drying,
and these changes lead to instability in the surface tension and this causes lateral motions of the
drying fluid up to the point where it gels and freezes-in the thickness variations. In an earlier
publication we looked at the case where evaporation happens fast enough that the compositional
depletion is mostly a surface effect. In terms of the mass transport rate competition within the
coating solution then that work covered the thick-film limit of this instability problem. However,
in many cases the coatings are thin enough or diffusion of solvent within the coating is fast
enough to require a different solvent mixing strategy, which is developed here. A simple
perturbation analysis of surface roughness is developed and evaporation is allowed in the thin
film limit. The perturbation analysis allows for a simple rubric to be laid out for co-solvent
additions that can reduce the Marangoni effect during the later stages of coating deposition and
drying when the thin-film limit applies.
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Introduction
Striation defects in spin coating are interesting and technologically important thickness
variations in the final coating that typically have relatively long wavelength (10’s to 100+
microns) and are lined up as radial patterns on the substrate/wafer [1-19]. These structures have
been shown to be associated with solvent evaporation and are a result of surface tension changes
that happen when solvent is leaving the free surface of the coating [1, 3, 9]. These local surface
tension changes can become unbalanced in neighboring locations causing the lateral fluid motion
that creates these structures. This type of surface tension imbalance is a subset of processes
generally known as “the Marangoni effect” [20], which has been studied extensively and applies
to many important materials fabrication processes. The Marangoni effect may be driven by either
thermal or composition gradients as both of these can create the local surface tension differences
that are necessary for the lateral migrations that are observed. However, the specific case of
striation formation has been definitively tied to composition-driven Marangoni forces [10].
The modern work on striations builds from the earliest observation of convective
instability in fluids heated from below, structures now commonly known as “Bénard cells” [21].
These were explained as being driven by buoyancy effects due to thermal expansion of the fluid
[22, 23]. Later work found that there were also many conditions of cellular convection which
were driven by surface tension [24] and other work has been done to further understand the
stability criteria for these processes [25]. The importance of surface tension in convection
instability has led to continuing studies where surfactants have been added to the models or more
general composition variations are modeled within the fluid including composition-dependent
fluid density effects [26, 27]. Thus, there are many configurations where buoyancy and surface
tension effect combine or compete to create complicated roughness patterns in fluid layers.

As noted above, thickness variations in coatings made by spin-coating have been
frequently observed and mostly are characterized by generally sinusoidal patterns. However, in
extreme cases it has been found that thickness variations can reach a point of destabilization
where pinhole formation and dewetting occurs [28-30]. But, the early development of roughness
in these cases can also be explained as smaller sine-wave-like bumps.
The addition of surfactants is an important compositional strategy for reducing striations
and other coating defects [31-33]. And, this idea has been extended to the practical addition of
co-solvents that can change the surface tension dynamically during the spin coating and drying
process[9], though only the thick film limiting case has been developed to this point (as
discussed further below).
The understanding of the coating flows and striation instabilities has also been harnessed
by various workers who have used the striations as waveguides [34] or as regions where
suspended particles get grouped or patterned during deposition [35], or even to guide patterns of
dewetted pinholes [36].
The many cases of striations in spin coating fall into the class of vigorously studied
problems identifiable as “long-wavelength” instabilities [37-42] in that the fluid thickness is
much smaller than the typical characteristic lateral wavelengths observed in the coatings. This
distinction is very important because the Marangoni forces seldom have time to develop into full
circulation patterns, but rather cause slight lateral fluid motions that end up being frozen in place
when solvent evaporation progresses and the coating becomes too viscous to flow any further.
The present paper looks at the thin film limiting case of the long-wavelength instability
by developing a perturbation analysis and examining conditions where evaporation will cause
roughening as drying progresses. With this understanding of how perturbations will behave, a

co-solvent selection strategy is then provided that can help formulate a coating solution to reduce
the coating’s susceptibility to striation formation when in the thin film limit. As a starting point
for this analysis, the thick film case is discussed so that the key differences between thick and
thin film cases can be distinguished.

Background: The Thick Film Limit
In earlier work we examined the thick film limit of the evaporation-driven instability and
developed a solvent selection strategy that combined features of solvent volatility and solvent
surface tension values in a deliberate way [9]. Figure 1 gives the conceptual situation where a
coating solution is drying on a rigid substrate in the thick film limit. Solvent evaporation happens
from the top surface and is fast enough to outpace solvent diffusion within the coating solution.
This results in solvent depletion from the surface that may reach a point where a skin forms
(though this is not necessarily required). Physical evidence for skin formation during spin
coating has been found before [43-46] and is probably quite common for coating solutions that
start with higher polymer or solids content.
Through random fluctuations in local composition and evaporation then adjacent nearby
regions can develop slightly different surface tension values. These surface tension differences
lead to lateral migration of fluid toward regions with higher surface tension. As these motions
happen then the flow field also stretches the thinner areas so that their skin becomes thinner and
compresses the thicker areas so that their skin gets relatively thicker with time. This amplifies the
evaporation-driven composition difference at the surface and causes further growth of the
perturbation. Aspects of this Marangoni instability have been modeled in various limiting cases
as noted above.

Our earlier work on this topic then provided a solvent-mixing strategy that would allow
for staged co-solvent removal that would leave skin compositions with the opposite surface
tension imbalance, with the intended effect that slight composition differences would lead to
tractions aimed at smoothing the surface rather than allowing roughening [9]. In later work, we
demonstrated this solvent mixing strategy with an Al-Ti-based sol-gel composition [11], and
measured surface tension values for related solutions associated with these instabilities [47].
However, all of this work was aimed at reducing striations for the thick film limit only, and in
some cases where we have tried to apply that strategy, we have found that various coating
solutions did not behave as predicted in that model. Thus, in the next section we look at the thin
film limit to understand what differences in drying behavior might be applicable to thinner
layers, and ultimately what kind of solvent mixing strategy might be required when trying to
reduce striation defects in this opposite case.

The Thin Film Limit
Figure 2 illustrates the new limiting case (opposite of the previous case). Again there is
evaporation of the solvent into the ambient, but the rate of this evaporation is slow relative to the
rate of diffusion of solvent in the coating solution. Also, we assume that the lateral spacing is so
large that each location is essentially independent of its neighbor. So, contrary to the prior case,
the coating solution remains locally relatively homogeneous, but still susceptible to an instability
in a different way: If a slight thickness variation occurs as a result of natural random fluctuations
then the two neighboring locations can have physically different amounts of solvent present
simply because of that geometric height difference. Then, because solvent evaporation is a
relatively uniform process then the thinner regions change composition faster. This can become

unstable if the slightly thicker areas develop higher surface tension values because of their local
composition. This can lead to lateral Marangoni-effect-driven fluid migration. In this case it can
once again be unstable because as the high spots contract their relative height compared to their
neighbors is amplified leading to a greater difference in their drying rates. This limiting case is
analyzed rigorously in the following two sections. First, the basic long-wavelength Marangoni
instability analysis is developed based on a sinusoidal perturbation of an arbitrary wavelength in
either height and/or surface tension. Then, the progression of such sinusoidal perturbations
subject to the evaporation process shown in Figure 2 is developed and applied. These equations
then provide a quantitative basis for suggesting co-solvent additions in this new thin-film
limiting case.

Perturbation Analysis of Thin Film Stability with Marangoni Forces
We can see from Figures 1 and 2 that the coating is mostly flat but has a slight sinusoidal
perturbation in height and/or surface tension. And, as noted in the introduction, the wavelength
of striations that are typically observed are typically between one and two orders of magnitude
larger than the average coating thickness. So, we can follow a simple long wavelength
perturbation analysis similar to many that have been presented in the past for various different
thermal and compositional boundary conditions as noted above. We treat a constant viscosity
fluid subject to laminar flow governed by the Navier-Stokes equations [48].
As a starting point we model an arbitrary, small amplitude, sinusoidal thickness variation,
where Ho is the average fluid depth and A is the amplitude of the physical height perturbation:
𝐻(𝑥) = 𝐻𝑜 + 𝐴 sin(𝑘𝑥)

(1)

where k is the perturbation wavenumber and x is the lateral position variable. Similarly, the
surface tension can have a slight perturbation, B, around its nominal average value (Σo) as:
∑(𝑥) = 𝛴𝑜 + 𝐵 sin(𝑘𝑥)

(2)

Where, again, k is the wavenumber as before. Of course the surface tension perturbation can
theoretically have a different spacing than the physical height corrugation, but we recognize that
the physical situation under analysis is one where the high spots and the low spots automatically
develop these surface tension perturbation values as a result of the competition between solvent
evaporation and solvent diffusion within the coating. Also, we pick A to be a positive number so
our first high spot in the x-direction will be at x=π/2k. By association with the previous
instability analyses, it is understood that our worst case situation is when the high surface tension
value is also at the physical high spot. So in that sense we expect the instability to only be
possible for some cases when the evaporation conditions lead to B>0 in equation (2).
Now we consider the surface tension forces applied to this layer caused by two basic
effects: surface curvature (always tending toward leveling) and the Marangoni effect (where
higher surface tension regions pull in against neighboring lower-surface tension regions). All of
this is subject to the primary Navier-Stokes equations. Neglecting gravitational effects then we
have this equation for the local pressure in the fluid as a function of position [48]:
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By keeping Σ(x) inside the brackets then we account for the lateral surface tension variations
simultaneously with the curvature effects. And, this traction variation in the x-direction causes
viscous flow laterally depending on the viscosity. The lateral flow velocity will depend on height

above the substrate and the viscous forces will exactly offset the pressure developed by the
surface curvature:
𝜕𝑃
𝜕𝑥

=𝜂

𝜕2 𝑣𝑥

(4)

𝜕𝑧 2

The vertical velocity field is subject to the no-slip condition at the substrate surface and when
integrated from substrate to surface is responsible for lateral material migration that is the core of
the Marangoni effect. Lateral motion of matter then leads to growth or shrinkage of any
perturbation that exists – and will depend on both H(x) and Σ(x). Performing this integration we
find this expression for the change in H with time:
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Using the sinusoidal functions for H and Σ presented as equations (1) and (2) above it is possible
to expand equation (5) in full generality. But, given that we are interested in the amplification of
our coating perturbation with time then we focus attention on the height change (∂H/∂t)
evaluated at the peak of the sinusoidal perturbation (x=π/2k). For that location we associate
height growth (or shrinkage) with the change in amplitude A of the H(x) function with time.
And, for that location then both the first and third partial derivatives with respect to x of both H
and Σ evaluate to zero at that location, and all the sine terms evaluate as either positive or
negative one. After substituting the various differentials and collecting terms we get this
compressed expression for ∂H/∂t evaluated at x=π/2k:
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(6)

And, while there might be slight differences at the trough, we use this to represent the growth
rate of the thickness perturbation which is also the rate of growth of A.

Using equation (6) it is possible to determine the wavenumber of the perturbations which
will be amplified (i.e. ∂A/∂t>0) and which perturbations which will be damped (∂A/∂t<0) as a
result of the competing curvature and Marangoni processes. The limit of stability – or the
boundary between stable and unstable – will be found by setting equation (6) to zero and solving.
This results in the following expression:
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We can see that if k2 is greater than this value then the 4-th power term in equation (6) will
dominate and the coating will get flatter with time. On the other hand for smaller values of k2
then amplification will occur. This stability criterion puts the leveling effects of surface curvature
(driven by larger A) in direct opposition to the roughening tendency of the Marangoni effect
(driven by larger B).
If a wide range of perturbation frequencies are present in the system then we might
expect the periodicity of the striation spacing would be most closely connected with the
thickening rate that is maximal. This can be determined by differentiating equation (6) by k2 and
solving for zero. We find the periodicity of maximum amplification will be:
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This is interesting because spin coating experiments are known to show relatively homogeneous
wavelength for the thickness variation pattern even comparing the center of the wafer with areas
near the periphery [6].
This perturbation analysis makes no assumptions about evaporation rate or drying as it
might influence the H and Σ parameters, so these features need to be addressed and combined
with this stability analysis.

Evaporation Model Applied to Thin Film Coating Drying
Spin coating is a process where outward fluid flow is combined with solvent evaporation
that together usually results in quite uniform coatings on a global level. Meyerhofer gave the first
mathematical treatment [49], which built upon the basic fluid flow-only analysis made earlier by
Emslie, Bonner, and Peck [50]. Meyerhofer added solvent evaporation to arrive at a basic
equation for fluid thickness evolution as:
𝜕𝐻
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Where H is the instantaneous fluid height, ρ is the fluid density, ω is the rotation rate, η is the
fluid’s viscosity, and e is the evaporation rate of the solvent. It is notable that because of the H3
dependence, the flow behavior dominates at early time and the evaporation behavior dominates
later in the process. The evaporation rate is usually limited by solvent vapor diffusion through a
laminar air boundary layer induced by the rotation of the substrate, resulting in an evaporation
rate that should be uniform across the entire wafer [51-53]. And, for moderate rotation speeds the
evaporation rate will vary as the square root of ω. This model of combined flow and (uniform)
evaporation has been verified by several groups using interferometric thinning measurements
[43, 54-57] including the determination of evaporation coefficients for several volatile solvents
in typical spinning configurations.
Interestingly, laser diffraction measurements showed that striations formed at about the
same time that evaporation was starting to become important in the thinning equation [8]. Since
that coincided with the time when equation (9) is effectively starting to be dominated by the
second term, then it is reasonable to examine the Marangoni thinning based only on evaporation
effects alone. This is especially true for situations that will be covered by the thin film limit: they
are more dilute, aiming for thinner final coating thickness, and less likely to form a skin. Further,

it is known that striations are ridges that run radially outward from the center of the wafer [4-6,
13], whereas the sinusoidal variation direction is in the direction of rotation: so the fluid flow
field is perpendicular to the Marangoni amplification process. Thus, in both regards it is
reasonable to consider only evaporation effects in the ensuing analysis.
Although Meyerhofer and others considered evaporation to be uniform across the wafer,
they didn’t consider any local compositional variation within the coating itself from which the
evaporation is taking place. Here we apply the physical insight that evaporation happens by
diffusion of vapor through a boundary layer to non-solvent-containing free airflow beyond. But,
we also acknowledge that the coating can have lateral composition variation (the source of the
surface tension modulation) and that this will also influence the local evaporation rate.
Referring back to the surface tension modulation (equation (2) above) we know that this
must be a result of composition variation. For practical linear analysis of the drying and surface
tension behavior we estimate that the surface tension can be approximated according to:
𝛴 = 𝛴𝑝𝑢𝑟𝑒 + 𝑚𝐶𝑝

(10)

where Cp is the fractional polymer concentration of the solution, Σpure is the surface tension of the
pure solvent, and m is the slope of the surface tension with polymer concentration (which could
be negative or positive, depending on the system). With the lateral variation in surface tension
then we must have this variation in Cp(x):
𝐶𝑝 (𝑥) = 𝐶𝑝𝑜 + 𝐶 sin(𝑘𝑥)

(11)

where, again, the composition modulation is keyed-in to the same periodicity as the height and
surface tension modulations. If we consider a simple coating solution with a quantity of solvent
(S) and of polymer (P) that together combine to the local thickness, H(x) = P+S, then:
𝑃

𝐶𝑝 (𝑥) = 𝑃+𝑆

(12)

Therefore, as only the solvent is evaporating, it leaves behind a thinner layer with gradually
larger concentration of polymer as time progresses. As commented above, we apply an ideal
solution model for the solvent/polymer mixture, giving that the evaporation will be tied to the
local composition:
𝐸(𝑥) = 𝑒𝑜 (1 − 𝐶𝑝 (𝑥))

(13)

where eo is the evaporation rate expected from pure solvent under the same spinning conditions.
And, since only the solvent is evaporating then E(x) is exactly –∂S/∂t.
Really, we are interested in evaluating the rate of change of Cp(x) with time and
separating out the part that is simply an average drying effect from the part that manifests itself
as a possible increase in composition modulation and therefore driving Marangoni tractions.
Working from equation (11) we find:
𝜕𝐶𝑝 (𝑥)
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The first term is the change in average composition with time and the second is the modulation
growth or homogenization. Changes in these terms result from the change in absolute quantity of
solvent, S, with time. Thus, differentiating equation (12) we get:
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Then, as we are working with small amplitude perturbations and testing the susceptibility to
amplification, we can approximate equation (15) as:
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Comparing equations (14) and (16) we find that the average composition will be changing as:
𝜕𝐶𝑝𝑜
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And that the magnitude of the composition modulation, C (as defined above in equation 11), will
be changing as:
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We can see immediately that the A/Ho factor is always negative and tending to cause a reduction
in C with time. If C is zero or already negative then it continues to become more negative for all
experimental conditions – this is the main embodiment of the present thin film limiting case. On
the other hand if C is positive then there will be some situations where C will continue to grow
and some where it will become smaller, depending on the sign of the combined term in brackets.
Since we have defined C as the sinusoidal modulation in composition and have it inphase with the roughness modulation, a positive value of C will identify a condition where the
thicker areas are already a bit dryer than the thinner areas. This could occur as a result of
roughness that developed earlier in the coating process (notably the thick-film limit associated
with earlier times during spin coating when the fluid thickness was larger).

Solvent Selection in the Thin Film Limit
Ultimately, we are hoping to encourage processing conditions that result in flat final
coatings. This would mathematically correspond to coatings with A=0 at t=∞. As with the thick
film limit discussed in earlier work [9], we hope that careful solvent selection may help
counteract the drying/roughening effect evidenced by equation (18). Recognizing that our ideal
case will be a coating with no height fluctuation at the point when the coating is fully dry, we
examine how specific solvent choices might influence the roughness growth/shrinkage. To
merge the instability analysis with the drying analysis we notice that equation (2) for the surface
tension used B as the amplitude of the modulation around the average value. But later, when

looking at how the composition and surface tension change as drying progresses, we have
equation (10) for the composition dependence of surface tension and equation (11) for the local
composition modulation. These equations will be matched only when B=mC. Knowing that the
Marangoni instability will only develop when B is positive (see equation (7)), we examine
conditions where the mC product will be positive. Of course, separately m and C can be either
positive or negative numbers depending on the characteristics of the solvent/polymer mixture
and on the rate of drying.
When the thin film limit instability limit is operating as explained in Figure 2 above then
the peaks are drying slower than the troughs (this corresponds to a composition modulation in
equation (11) with C<0). If the solvent/polymer surface tension behavior in equation (10) has
m<0 this would leave the coating susceptible to Marangoni tractions and roughness
amplification. To counteract this amplification we would like the region that is drying more
slowly (the peaks) to tend toward lower surface tension relative to the average value. Since C<0
describes the composition modulation, and since we want the natural drying process to build a
surface tension modulation that fights against the modulation then we would benefit from using a
solvent which will give m>0. This means that solvents with intrinsically lower surface tension
than the polymer they are dissolving would be favored to help counteract the thin-film-limit
drying instability.
In a more complete view, the final coating thickness will depend on both the fluid
thickness modulation and the composition modulation; in fact it is possible (though unlikely) for
the height modulation to be exactly countered by a composition modulation of the fluid locally
and still achieve a final coating that is flat. In mathematical terms we recognize that the total
polymer/solids thickness after drying will be:
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Because both A and C represent small perturbations around the average values then this can be
approximated as
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where the prefactor product CpoHo is the expected final coating thickness if no Marangoni flow
occurs. Given that A was defined as a positive number then this will require that the composition
modulation have C<0 and a flat coating will result only if a specific value is maintained.
However, the only practical way to achieve a flat coating is to seek conditions where lateral
surface-tension-driven flows will not occur to begin with.
In this regard, if we have a polymer/solvent mixture that leaves behind striations when
spin coating then it is useful to consider co-solvent additions that might counteract the coupled
surface tension and drying situation that must have been operational. The first question to
address is whether the coating would fit in the thick-film or thin-film limits. This can be
determined by comparing the expected kinetics in the vapor phase (the evaporation rate) with the
solvent diffusion rate in the solution, scaled by its depth. The dimensionless number that covers
this comparison is the Sherwood number [58]:
𝑆ℎ =

𝑒𝐻
𝐷

(21)

where e and H are as defined before and D is the solvent diffusion rate. If Sh<<1 then diffusion
is fast relative to the evaporation process and we anticipate the thin-film limit will apply. The
evaporation rate in spin coating has been measured for a number of volatile solvents and depends
on spin speed and solvent vapor pressure [43, 57]. For light solvents and spin speeds in the 10003000 range then these evaporation rates can range from ~0.1 to >10 microns per second. The

diffusion rate is tied to the viscosity through the Einstein relation, here modified according to Li
and Chang [59]:
𝑘𝑇

𝐷 = 2𝜋𝜂 �

𝑁𝑎𝑣 1/3
𝑉

�

(22)

where, Nav is Avogadro’s number and V is the molar volume. For light solvents then these
diffusion rates will be around 103 µm2/s [60]. So, for solutions that are relatively dilute in
polymer/solids content then we should fall safely within the thin film limit. For more
concentrated solutions where the viscosity is larger, it is quite possible that the thick film
solution will apply. The polymer-solvent interdiffusion problem and its coupling near the surface
is a complicated process and can lead to skin formation as noted above, which would slow the
diffusion rate substantially in that region and put it back into the thick-film situation. Thus, since
the viscosity-composition relationship is often highly nonlinear, each system may yield distinctly
different behaviors. A full analysis of this coupling is left for future work.
Then, the co-solvent selection issue for the thin-film limit is one of gauging the surface
tension as well as the volatility and seeking to prevent the Marangoni instability during drying. If
the starting coating formulation results in striations and has a relatively high-surface tension
solvent then a co-solvent with full miscibility should be found such that the less volatile of the
two solvents would have the higher surface tension. Then during the early part of coating drying
the more volatile solvent would be extracted faster causing the remaining solution to have higher
surface tension, and this effect would be more pronounced in the trough regions leading to
Marangoni forces that would aid in smoothing the coating during the continued drying.
As an interesting corollary, if a researcher is interested in enhancing roughness rather
than reducing it, then in general terms they should endeavor to select solvents in a manner
contrary to the suggestions made here and in the predecessor paper [9], depending on which

regime may be applicable. Further, in many cases roughness with specific periodicity will be
desired. These researchers should refer back to equation 7 above where the periodicity stability
point is established. Still, once the stability point is defined, there will be a whole range of
wavelengths that will be amplified, all with different rates, so the final texture may be difficult to
control.

Conclusions
The present work has examined the Marangoni instability during drying for dilute
solutions that will satisfy the thin film limit. A perturbation analysis shows that the gradual effect
of slight thickness differences can lead to faster drying of trough regions and that these can
develop surface tension imbalances that cause amplification of these perturbations. Practical
drying rate parameters for real spin-coating situations are applied and the coupling between
drying and local surface tension forces has been discussed. With these considerations it has been
suggested that co-solvent formulations may help ameliorate this problem by providing at least a
significant part of the drying with a surface tension value that increases with time and where
drying rate imbalances can help reduce thickness differences.
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Figure 1: Schematic diagram of solvent evaporation during coating formation in the thick film
limit (lateral and vertical dimensions not to scale). Solvent depletion at the surface can reach an
instability point where slight surface tension imbalances lead to the Marangoni effect that
amplifies with time.

Figure 2: Schematic diagram of solvent evaporation during coating formation in the thin film
limit (lateral and vertical dimensions not to scale). Solvent evaporation is slower and solvent
diffusion within the coating solution keeps composition more homogeneous. In this case, slight
thickness differences impose different drying rates, but again differences in composition and
surface tension can lead to the Marangoni effect.
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