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Controlling the final shape resulting from evaporation of pinned droplets containing polymer, is important in the fabri-
cation of P-OLED displays by inkjet printing. Typically, a coffee - ring shape arises, due to the pinning and associated
outward capillary flow. For operational reasons, this is undesirable — a flat topography is required. The aim of this
work is to understand the important groups governing the shape, to provide a practical guide to ink selection. The
theory presented is based on a thin-film lubrication model. The governing equations are solved numerically and continu-
ously track the lateral progression of a liquid/gel front. A large capillary number or large ratio of initial to maximal
polymer volume fraction can suppress the coffee-ring. White light interferometry is used to confirm these findings experi-

mentally. © 2015 American Institute of Chemical Engineers AIChE J, 61: 1759-1767, 2015
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Introduction

There are a vast number of systems for which evaporation
of a droplet, containing a nonvolatile component is relevant.
The distribution of pesticide on leaves is important when
attempting to kill weeds.! There are several biological applica-
tions, for example DNA microarrays,”™ blood residue analysis
for disease diagnostics6 and crime scene reconstruction.” In
addition, drying is crucial to technologies using inkjet printing
such as the fabrication of micro/nano electronics®'* and
polymer-organic light-emitting diode displays (P-OLEDs)."?

P-OLEDs are a technology in which light is emitted as a
function of the electrical operation. Unlike existing display
technologies, such as Liquid Crystal Displays (LCDs), they
do not require a backlight with filters and they can be fabri-
cated using a flexible and extremely thin substrate, rather
than an inflexible layer of glass. For these reasons, they have
the potential for much larger viewing angles and for use in
the next generation of flexible electronics applications, such
as curved television displays.

For P-OLED displays, a uniform final profile of the dried
deposit is required, for operational reasons (see Figure 1).
An undulating shape can occur, however, due to the coffee-
ring effect.'*"”

The coffee-ring effect occurs when the contact line
between a droplet and substrate is “pinned,” so that it does
not advance nor recede. The cause of pinning can be due to
either surface roughness, adsorption of the nonvolatile com-
ponent or deposition of large particles in the vicinity of the
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contact line. An outward capillary flow arises and replen-
ishes the liquid material evaporated near the contact line.
This outward flow transports the nonvolatile material to the
edge of the droplet, where it is deposited as a ring. Under-
standing and controlling this process is a problem which
needs to be addressed and is the motivation for this article.

There have been several previous attempts to eliminate
the coffee-ring effect. One can either try to prevent the drop-
let pinning or suppress the capillary flow. Adding a surfac-
tant' can introduce a Marangoni flow which counteracts the
outward capillary flow. Altering the leS’19 can influence
the DLVO interactions and introduce an attraction between
the nonvolatile component and the substrate, which domi-
nates the capillary flow. Recently, it has been shown that
through careful selection of an electric field, the coffee-ring
can be suppressed.20 Electrowetting2] can be used to prevent
pinning. Changing particle shape,w’zz’23 such as using ellip-
soids rather than spheres, can also prevent coffee-ring forma-
tion. However, these approaches are not ideal for P-OLED
applications.

The transport in, and residual patterns left by, droplets has
been an area of significant research interest. There are a
plethora of phenomena that can influence the dynamic
behavior of the drying process. To predict the final profile, a
numerical solution is invariably required. Instead of provid-
ing a comprehensive review of the literature, as in,>*% we
will outline a few papers which have similarity to our theory
and explain how our work differs.

There is significant debate about the exact nature of the
evaporative flux distribution across a droplet. For the final
shape, knowing the droplets’ internal flow profile is impor-
tant and this depends on the evaporative flux distribution.®
A spatially uniform or edge enhanced evaporation profile
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Figure 1. Sketch of typical pixel geometry. P-OLED dis-
plays contain many pixels.

During the manufacturing process an ink is jetted into
each pixel. Following evaporation of the volatile compo-
nent in the ink, the shape of the polymer residue can
take different profiles, depending on the ink properties.
It is desired to achieve a flat, rather than undulating,
profile.

leads to an outward flow. If the evaporation is somehow
enhanced at the center of the droplet, there is an inward
flow. For large droplets with significant ventilation, one
expects a uniform evaporation profile. For small droplets
with stagnant surroundings, one expects larger evaporation
toward the droplet edge. Many authors argue that when the
atmosphere is stagnant and the liquid side mass transfer
resistance is negligible, evaporation is controlled by diffu-
sion of vapour away from the droplet surface.”” Others con-
sider an appreciable liquid side mass transfer resistance.”®
The general situation is not straight forward and it has been
shown experimentally that for ambient conditions, the evapo-
rative profile differs significantly from vapour diffusion
models.”” The purpose of our work is to provide a practical
guide to controlling film shape. To that end, we are inter-
ested in the underlying trends relating the parameters of the
system to the final shape. For this reason, the exact nature of
the evaporative flux distribution will not greatly concern us
but a couple of situations will be considered and we will
show that it does not alter the trends in final film profile.

The work presented in this article has similarity to other
thin-film lubrication models. Unlike the present research,
the model of Ref. [20] considers both Marangoni flow and
the presence of an electric field, in a cartesian coordinate
system. The papers of Refs. [30] and [31] consider specific
situations where a gel forms at a critical volume fraction of
nonvolatile material and the gel then completely suppresses
both flow and evaporation. We extend the situation to the
case in which evaporation, though hindered, remains signif-
icant. Furthermore, rather than treating the position of the
liquid/gel front as fixed on a lattice, we use a volume track-
ing argument to explicitly find its position at each time-step
and hence track its propagation, continuously. Our results
are presented over a broad range of polymer volume frac-
tions, including very small polymer contents, at which we
report some interesting phenomena. We also perform white
light interferometry experiments, to verify the numerical
findings.

The aim of this article is to uncover the governing groups
that control the final film shape for inkjetted droplets of sol-
vent containing light-emitting polymer, so that the coffee-
ring effect can be minimized.

Mathematical Model
Assumptions and simplifications

We consider a droplet containing a single, volatile liquid
(viscosity po, surface tension 7y,), and a single, nonvolatile
component (e.g. polymer) with initial volume fraction ¢,
(see Figure 2). It is assumed that the contact line remains
pinned throughout the lifetime of the evaporation, either
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due to surface inhomogeneities on the substrate or to some
adsorption of the nonvolatile material, at the edge. A cylin-
drical coordinate system is used and the droplet is assumed
to be axisymmetric, such that angular velocity and gradients
can be ignored (va=07a% =0)

Typical droplet sizes are ~125 pum in radius, R. There-
fore, it is reasonable to ignore gravitational effects on the
droplet interface compared to surface tension effects because
the Bond number (Bo) is small.

.8.R?
Bo= Po-8-1" 1073 1)
Y0

where po is the liquid density (1084 kg m™3),** g is the
acceleration due to gravity (9.8 N kg~!) and y, is the sur-
face tension at the air-liquid interface (3.7X1072 N m™!).
The parameter values are for methyl benzoate at standard
temperature and pressure.”

The droplet evaporates at a velocity E,, which is suffi-
ciently small to ensure that creeping flow holds (Re < 1).

_ pO'EO .R -
Ho

Re 1077 )

where [ is the viscosity of the liquid (1.8X107% N s m~2).*?

The initial evaporation velocity, Eo, (2.0X107° m® m™2 s71)
was determined by measuring the mass loss from a Petri dish
containing methyl benzoate, at standard temperature and pres-
sure. The units are converted to a volumetric basis using the
liquid density.*

It is assumed that the substrate is flat and sufficiently wet-
ting, such that the liquid film is thin enough to use the lubri-

cation approximation. This assumes the vertical length scale,
H, is much smaller than the horizontal one, R, (%f < 1).
For a thin film, one can ignore sedimentation and assume
that vertical diffusion is significant to ensure that there are
no depth-wise gradients in composition.

The local evaporation velocity of the volatile liquid is E.
A host of different evaporation models can be considered.
We use both uniform and nonuniform evaporation. The for-
mer assumes that the evaporation velocity is the same at all
locations and the latter draws on an analogy with electro-
statics?® to set a flux that increases towards the edge of the
droplet. A normalization constant, &, is used to ensure the
same overall rate of mass loss from the entire droplet.

Uniform model : E(r)=E 3)
Non-uniform model : E(r)=kEy R**(R—r)""  (4)

The polymer is assumed to have an initially homogeneous
distribution, with volume fraction ¢,. As evaporation pro-
ceeds, the volume fraction of the polymer will increase. This

..

Figure 2. Sketch of a droplet.

The vertical length scale H and horizontal length scale
R. In a cylindrical coordinate frame (r, i, 0). The height
averaged horizontal velocity is V.
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Table 1. Scaling Terms Used

Property Scaling Term
Air-liquid interface height, H

Vertical height, z H
Horizontal position, r R

Vertical velocity, v, E,
Horizontal velocity, v, R. Eo/H
Viscosity, p o

Surface tension, y Yo

Density, p 0

Pressure, p Lo- R? Eg/H®
Time, ¢ HIE,

cannot happen indefinitely, therefore, a maximal value ¢,
is imposed, due to packing or gelling, dependent on the
exact system under investigation. It is well known that the
viscosity of a medium will change for different volume
fractions of the dispersed material. The expression we
use to account for this (following Ref. [34]), is shown in

Eq. 5.
¢ }_"
U=y {1_ ®)
¢max
The constant, n, accounts for the rate of increase in
viscosity.

The surface tension of the liquid will be influenced by the
presence of polymer and we account for this with the func-
tion s(¢) in Eq. 6.

7=70-5() (6)

In this work, however, the effect on surface tension is
minimal and we typically take s(¢) to be unity.

Shortly after evaporation commences, a close-packed region
(p=pmax) of polymer develops towards the edge of the drop-
let. This occurs due to the removal of liquid by evaporation
and the outward capillary flow. Previous work’>*" has
assumed that evaporation is completely suppressed in this
location. Here, we extend the model to account for the gen-
eral case where evaporation is hindered by a fixed fraction, f;:

In the close-packed region: Ey, (r)=(1—f,)E(r), where 0 < f; <1
(N

In some contexts, horizontal diffusion of the polymer can
play an important role in determining the final shape. This
will depend on the diffusion coefficient of the polymer in
the liquid medium. We take this into account by introducing
the Péclet number (P¢), which is the ratio of convective to
diffusive transport rates.

~2%10'—4 x 10° (8)

D is the diffusivity of polymer in the liquid medium
(1.2X107'2 m? s, for 100 nm rigid spheres in methyl
benzoate) and H is the initial vertical extent of the droplet
(typically ~ 7 pum). The experiments, to be outlined in the
experimental details section, were conducted at 50—125 °C.
To estimate Pé, we use a rule of thumb that E, approxi-
mately doubles for every 10 °C rise in temperature.

For practical situations, the Péclet number is typically
large, therefore, our base case will be Pé — oo (i.e. negligi-
ble diffusion) but we will also consider some cases of finite
Pé, to predict the effect of weak diffusion.
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Derivation methodology and governing equations

Previous works®**! have derived the governing equations
for the evolution of droplet height and volume fraction of
nonvolatile component. Here, we outline the derivation
methodology and state the equations.

To consider transport within the droplet, it is necessary to
determine the horizontal velocity. To do this, one starts from
continuity and the Navier-Stokes equations. These equations
are scaled, such that the nondimensional properties are indi-
cated with an overbar, e.g., h=Hh (see Table 1).

The conservation equations are simplified using the
assumptions of lubrication theory, finding that the vertical
pressure gradient is negligible and that the horizontal pres-
sure gradient is related to the second derivative of horizontal
velocity with respect to the vertical direction. This expres-
sion is integrated twice, subject to no-slip at the substrate
and zero-shear at the air-liquid interface, to obtain an expres-
sion for the horizontal velocity as a function of the horizon-
tal pressure gradient and vertical position.

The surface pressure is set using the Young-Laplace equa-
tion (p=—yk), where «x is the droplet’s mean curvature. This
is differentiated to get an expression for the horizontal pres-
sure gradient as a function of the droplet height and its’
derivatives. By substituting this into the expression for the
velocity and integrating, the (dimensionless) vertically aver-
aged horizontal velocity is found to be

: 38—’?)} ©)
Ca.g(¢p) or Foor
R*Ey

R Fo

where Ca=2 ";f is the capillary number and g(¢)
accounts for the viscosity correction.

A mass balance produces the governing partial differential
equations for droplet height and volume fraction of nonvola-
tile component, as

2

- h g, 0*h
Vr= .= [v(q{))(m +

=K
Ho

Oh . 1 0 - -
0 _¢E(r) - 99 PE' 0T 00
o h o o f.ﬁ'af[” 'af} "

where E(7) is the dimensionless form of the evaporation
velocity profile.

It should be noted that the dynamics within the droplet are
mostly controlled by the magnitude of the capillary number
Ca, which is a measure of the relative importance of viscous
to surface tension forces. This dimensionless group directly
influences the magnitude of the horizontal velocity.

Boundary conditions and implementation

Extension to a General Treatment. At the center of the
droplet, the boundary conditions are symmetry and zero

Table 2. The Ink Properties

Polymer Polymer

Concentration Molecular &
Ink (kg m™?) Weight (kg mol ™) bo Ponax.
A 50 x 10° 1.0 X 107 50X 1073 63 x 1072
B 1.0 x 10 1.0 X 107 1.0 X 1072 1.3 x 107!
C 1.5 X 10 1.0 X 107 15X 1072 1.9x 10!
D 2.0 X 10! 1.0 X 10° 20X 1072 25 % 107!
E 5.0 X 10° 2.0 X 10% 50X 1073 6.7 X 1072
F 5.0 X 10° 5.0 X 10* 50X 1072 82 % 1072
G 5.0 X 10° 7.2 X 107 50X 1072 1.0 x 107!
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flux. At the edge of the droplet the height is zero and the
horizontal velocity is zero, such that the droplet remains
pinned. A short time after evaporation commences a close-
packed region (¢p=d,,,,) forms. The viscosity at this point
is very large and the material behaves like a solid. The par-
tial differential equations are now solved for the liquid
domain (i.e. from the center, up to the liquid/gel front),
with the height and volume fraction invariant in time
between the liquid/gel front and the droplet edge. Boundary
conditions at the liquid/gel front are required. The first is
that the height at the liquid/gel front remains unchanged.
The second sets the horizontal velocity. One way to do this
is to assume that the nonvolatile component completely
suppresses evaporation.’*>" If this were the case the hori-
zontal velocity at the liquid/gel front would be zero and
residual liquid would remain in the gelled region. For the
more general case, with arbitrary evaporation from the
gelled region, one obtains

1

(1ffh)J FE(F).dr

V|_. = - 12
|)7” ff./’lf ( )

No dr/dt term is included because the velocity is based
on a volumetric average. Generally, the integral in Eq. 12
can be evaluated numerically at each time-step. Alterna-
tively, there is a simple analytical solution for the case of
uniform evaporation. The problem also collapses to the sim-
ple, previously considered, suppressed evaporation case
when f,=1.

At critical polymer contents (typically ~ ¢q/Pmax < 0.3),
that depend on f;, and the chosen evaporation model, E(r), a
gelled region is predicted to form at the center of the drop-
let, in addition to the edge. This is because the outward cap-
illary flow acts for a longer time before the onset of
gelation. This can cause the height profile to adopt negative
curvature, with the smallest height in the liquid domain
being at the center. The increase in polymer volume fraction
then becomes largest at the center. When the gelation also
occurs at the center, the solution domain gradually shrinks
from both directions, since the central liquid/gel front pro-
ceeds outward. The inner boundary conditions are that
height is unchanged at the central liquid/gel front and that
velocity is set using a similar expression to Eq. 12, with
flow being in the opposite direction and different integration
limits.

Numerical Implementation. To prevent the necessity of
solving a system of nonlinear equations at each time step, as
per a fully implicit scheme, and to avoid stability issues that
arise with explicit schemes, we use a mixed scheme.

Provided that the time-step is sufficiently small, spatial
derivatives of height should change faster than the height
itself. The discretised equation is solved in MatLab using
Newton’s method to provide an update for the height. Simi-
larly, the volume fraction of the nonvolatile component is
solved using Newton’s method.

Groups that we will consider

In this article, we will examine the effects that capillary
number and initial and maximal volume fractions have on
the final shape. We will mention the evaporation suppression
factor, Péclet number and evaporative flux distribution.
These are of less interest because they cannot be altered sig-
nificantly in our experiments, nor in practice.
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Experimental Details

We consider flat substrates, consisting of a 150 nm layer
of indium tin oxide on top of 7 mm of glass. The substrates
were initially washed with acetone, followed by isopropanol,
to remove greese, dust, and fingerprints. A Litrex 80 L inkjet
printer was used to jet droplets of methyl benzoate, contain-
ing a known quantity of a typical, light emitting polymer
(the nonvolatile component) used in organic light-emitting
diode technologies. The jetting velocity, drop volume, and
directionality are known, as are the associated errors. An
array of 12 X 18 composite droplets was printed on each
substrate. Immediately following jetting, the substrates were
placed on a hot plate, to control the total evaporation rate.
After complete drying, a Zygo white light interferometer was
used to measure the film profiles. The measurements were
post-processed to dimensionless form to enable direct com-
parison with each other and the numerical findings.

In an attempt to vary the magnitude of the capillary number,
we used a variety of hot plate temperatures, in the range 50—
125 °C and droplet volumes, 7.5X1074—=3.6 X107 m?. The
temperature sets the evaporation rate, £y, and the droplet vol-
ume alters H and R.

The initial volume fraction of the polymer (¢,) was varied
by changing the mass of polymer in the ink. The maximal
volume fraction of the polymer (¢,,,,) was altered by chang-
ing the polymer molecular weight. Table 2 shows a list of
the inks used.

The ink viscosity, as a function of polymer volume frac-
tion and molecular weight is shown in Figure 3. This was
measured using a TA Instruments, AR1000, cone and plate
rheometer, with a 60 mm, 1° stainless steel cone. The vis-
cosity was obtained from extrapolation of the measured data
to a shear rate of 0 s~'. We fit the data in Figure 3, to
Eq. 5, to determine an approximate ¢,,,, for each polymer
molecular weight.

The experimental measurements of /# as a function of r
should be cast into dimensionless form, to enable compari-
son with the numerical results. For pinned droplets, the final
base width is 2R. Assuming a spherical cap initial shape, we
can estimate the initial droplet height, H from:

2V

H~"l
nR2

(13)

Where V is the initial droplet volume. The calculated
values of H and R are then used to scale the experimental
measurements. For the polymer system considered, gela-
tion occurs at ¢,,,. Residual liquid in the polymer gel
gradually evaporates, causing the swollen gel to shrink,
until a dry film is achieved. The final experimental pro-
files have ¢=¢y,, for the dry films. The numerical results
use the gelation volume fraction ¢=¢,,, and do not
account for polymer shrinkage. To enable comparison,
the experimental height is plotted as qifﬁ/d)max against 7.
To determine the final polymer volume fraction (¢) in
each experiment, we match the initial and final polymer
quantities. This is done by equating the printed droplet
volume and the initial polymer volume fraction, with the
product of ¢, and the volume integral of the final experi-
mental profile. The camera and algorithms on the Litrex
printer provide a measure of the volume of each ink drop
ejected and the program controls the number of drops
printed, and combined, into each droplet in the 12 by 18
array.
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Figure 3. Viscosity as a function of polymer volume fraction and molecular weight.
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Results and Discussion
Capillary number

The final film shape is shown in Figure 4, for a range of
simulations varying the capillary number. When the capillary
number is large, there is minimal internal flow in the droplet,
because viscous effects dominate surface tension. Conse-
quently, no coffee-ring shape is observed. When the capil-
lary number is small, a surface tension driven flow
redistributes material, to ensure that an equilibrium shape is
maintained. This flow transports the nonvolatile component
toward the edge of the droplet and causes a coffee-ring
shape. For intermediate values of the capillary number, we
see a less pronounced coffee-ring.

The position of the liquid/gel front throughout the drying
process is shown in Figure 5. Initially, the liquid/gel front
propagates quickly in the large Ca case because there is no
material arriving at the edge to dilute the higher polymer
volume fraction. With smaller Ca, it initially takes a longer
time for the liquid/gel front to propagate because the sur-
face tension driven flow transports fluid with smaller poly-

0.40 h—._
F Ca =102
~
035 L -=== Ca=10"1
'~ === Ca =10°
0.30 1 '\- —_—=— g =103

0.25

0.20

0.15

g0 Increasing Ca

005 - N

0.00 . : . . T
00 02 04 06 (o k-] 10

Figure 4. Numerical results: Final shape dependence
on capillary number.

The results are shown for ¢y=0.4.¢,.,.,fn=1,Pé—x E
(r)=Ey,g(¢) using Eq. 5 and s(¢)=1.
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mer volume fraction to the edge. At later times, the liquid/
gel front accelerates sharply for small Ca because the
height of the droplet is smaller, causing a larger increase in
volume fraction of polymer when the liquid evaporates. For
fan=1, as in Figure 5, the final drying time increases with
increasing Ca; this is because the liquid/gel front propaga-
tion is faster and there is no evaporation from the gelled
region.

Experimentally, the droplet volume and hot plate tempera-
tures were varied. However, we estimate that for all experi-
ments Ca ~ 107> —1072. The behavior is, therefore, always
dominated by surface tension rather than viscous forces. For
this reason, we should observe a coffee-ring in each of the
experiments. This agrees with observations — no change in
final shape occurred when droplet volume or hot plate tem-
perature were changed.

Polymer volume fraction - numerical results

From the numerical solutions, the final shape was found
not to change when the group ¢,/dm.x Was kept constant.
For this reason, we argue that the important group determin-
ing the residue shape is ¢/ rather than any individual
contribution.

i . Ca =103
0.9 A ’

0.8 4

0.7
0.6
05 A
0.4 -
03 A

0.2 . z

01 - Increasing Ca \

00 T T i 1 E
0 02 04 06

Figure 5. Numerical results: The liquid/gel front pro-
gression with dimensionless time and its’
dependence on capillary number.

The results are shown for ¢,=0.4.¢,..,fn=1,Pé—x E
(r)=Ey,g(¢) using Eq. 5 and s(¢)=1.
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Figure 6. Numerical results: Final shape dependence on polymer volume fraction ratio (“large” values).
The results are shown for Ca=1073, f, =1, Pé—x E(r)=Ey,g(¢) using Eq. 5 and s(¢)=1.

We define the ring peak to be the maxima in the final /()
profile and the central height to be the final height, 7 at the
location 7=0. When ¢y/¢n. is large, we observe a less
extreme coffee-ring shape. The ring peak is less confined to
the periphery of the droplet and a significant proportion of
the material is deposited centrally within the droplet. The
peak ring to center height ratio is relatively small. This is
shown in Figure 6.

The position of the liquid/gel front throughout the drying
process is shown in Figure 7. With a large ¢/ ¢pma. the lig-
uid/gel front formation and propagation are fast. With
smaller ¢/ P« it takes more time for the liquid/gel front to
propagate. The peak ring height is reduced at smaller
D0/ Pmax> due to less polymer material and a corresponding,
larger evaporation time. In addition, the capillary flow acts
for a longer period of time before the droplet height is fixed
by the formation of the liquid/gel front. The resulting final
shape has a larger extent of coffee-ring formation, when nor-
malizing peak ring height by the final central height. At later
times, the liquid/gel front accelerates sharply (see Figure 7)
because the height of the droplet is small, causing a larger
increase in volume fraction of polymer when the liquid
evaporates. The droplet can also gel in the center, when
D0/ Pmax < 0.3. This results in a liquid/gel front moving out-
ward from the center, in addition to the original liquid/gel

Tr
10 g P Po
09 :- __ =l Pmax
_____ - 04
LER N .~ Ty T---03
7 . Po . [ o
o Increasing —— v | —eemad
P Pmax X
. 90
[ Lo
05 ' B |
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0 o]
L
03 I \ I
(g
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[ |
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1 s
00 : - . e T
0o 01 02 03 04 0s 06

Figure 7. Numerical results: The liquid/gel front pro-
gression with dimensionless time and its’
dependence on polymer volume fraction
ratio.

The results are shown for Ca=10"%,f,=1,Pé—x, E(r)
=E),g(¢) using Eq. 5 and s(¢)=1. The position of the

original liquid/gel front when the droplet gels at the
center, is indicated by the symbol X.
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front moving inwards from the edge. The liquid domain
shrinks from both extremities.

As the initial polymer volume fraction ratio is decreased,
the extent of coffee-ring formation is increased. The ring
peak is more confined to the periphery and little material is
deposited centrally within the droplet. This is shown in Fig-
ure 8. The ring height normalized by the final center height
increases with decreasing ¢/ P> as shown in Figure 9.

If one wished to reduce the coffee-ring effect by changing
the ink formulation, maximizing the polymer volume frac-
tion ratio would be wise. Increasing this ratio decreases the
ring to center height ratio. There are, however, diminishing
returns on increasing the polymer volume fraction ratio. As
the ratio is increased further, the improvement to film shape
becomes more subtle.

Polymer volume fraction — experimental results

Altering Ink Concentration. Inks A-D were used to vary
the initial polymer concentration. The experimental results
are shown in Figure 10 and correspond to plots in the region
of ¢¢/Pmax = 0.1—0.3, for the numerical solutions of Figure
6. Appropriate numerical results are superimposed for com-
parison. Note that the numerical results used are for a spa-
tially uniform evaporative flux distribution and negligible
polymer diffusion. Both experiments and theory show that
using inks of larger polymer content results in a reduction to
the coffee-ring effect when comparing peak ring to final cen-
tral height ratio. It was also observed that for the experi-
ments with the highest initial polymer loading, a raised
region in the /(7) profile occurred at the center. This was
significantly more pronounced than expected from the
numerical solution. An interesting phenomenon discovered
in the numerical solutions section, is gelation in the center,
in addition to the edge, for ¢/Pun. < 0.3. This could
account for a slightly larger central height than one might
otherwise expect, however, it cannot explain the extent to
which it occurs in practice.

Altering Polymer Molecular Weight. Inks A, E, F, and G
were used to examine the effect of varying the value of
dmax- The experimental results for the final profile are shown
in Figure 11 and correspond to plots in the region of
@0/ Pmax = 0.1, for the numerical solutions of Figure 6. A
polymer with larger molecular weight, has a smaller ¢,
(see Figure 3 and Eq. 5). It was found that using such inks
reduced the coffee-ring effect. The peak ring to final central
height ratio was reduced. This data supports the theory that
the important group governing the final shape is ¢y/Pmax
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Figure 8. Numerical results: Final shape dependence on polymer volume fraction ratio (“small” values).
The results are shown for Ca=1073, f, =1, Pé—x E(r)=Ey,g(¢) using Eq. 5 and s(¢)=1.

_’_"‘_i"s_ and that it should be maximized to reduce the coffee-ring
Reentre behavior.

12 4

10 - Péclet number — numerical results

8 - When the Péclet number is reduced, diffusion of the poly-

mer becomes progressively more important. This counteracts
the transport of the polymer by the capillary flow and, there-
44 fore, coffee-ring formation is reduced. In the limit Pé — 0
the coffee-ring effect is completely eliminated, as can be
seen in Figure 12. For most practical inks, we estimate the
Péclet number is large and does not vary to an extent that
polymer diffusion is important.

6

3

Po
(o] T T T T T
00 01 02 03 0.4 0.5 Pmax
Figure 9. Numerical results: A measure for the extent of

coffee-ring formation - the peak ring height  Eyaporation suppression factor — numerical results
normalized by the final central height, as a
function of polymer volume fraction ratio.

The results are shown for Ca=10"3,f,=1,Pé—x E(r)=
Ey,g(¢) using Eq. 5 and s(¢)=1.

Up to this point, all numerical trends have been shown for
the case that fi, = 1. We know that no liquid remains after
the droplet has dried. Therefore, there is some evaporation
from the gelled region and f, < 1. As shown in Figure 13,

Experimental wl”—
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-+ 10x 107"
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Figure 10. Experimental reéults: Inks A-D, varying the initial conéentration of polymer.

All vertical error bars are =10% of height. Numerical predictions are superimposed for comparison with the experiments.
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Figure 11. Experimental results: Inks A, E, F, and G - varying the polymer molecular weight.

All vertical error bars are =10% of height.
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Figure 12. Numerical results: Final shape as a function
of the Péclet number.

The results are shown for Ca =103 ¢, =0.4.¢,,.., fn=
1, E(r)=E,,g(¢) using Eq. 5 and s(¢)=1.

evaporation from the gelled region increases the strength of
the outward capillary flow and a larger coffee-ring is
observed. The peak ring height is increased, with less mate-
rial deposited centrally. The polymer volume fraction ratio at
which gelation occurs in the center, in addition to the edge,
is larger as f; is reduced. For example, one might expect the
/n=0 plot in Figure 13 to have zero material deposited at the
center, due to the increased strength of the outward capillary
flow. However, gelation at the center can fix the height
before it decreases to that extent. This occurs even at large

$0/ Pmax- for small f;,.

Is the evaporative flux distribution important?

Final film profiles for the two different evaporation pro-
files are shown in Figure 14. With the nonuniform evapora-
tive flux, the capillary flow is strengthened. This results in a
larger coffee-ring, with a larger peak ring height and
less material deposited centrally. The trends with Ca, f;,
and ¢,/ Pmax are unchanged, however. Increasing the mag-
nitude of Ca, the evaporation suppression factor f, or the
polymer volume fraction ratio ¢/ ¢, Will lead to a reduc-
tion in the coffee-ring effect. This is true for both uniform
and spatially varying evaporation profiles.

=

more evaporation from
the gelled region

Figure 13. Numerical results: Final shape as a function
of the evaporation suppression factor, f;,.
The results are shown for Ca=10_3,¢0=0.4.¢mx,
Pé—x E(r)=E,,g(¢) using Eq. 5 and s(¢)=1.
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Figure 14. Numerical results: Final shape as a function
of the evaporation flux distribution.

The results are shown for Ca=10"% ¢, =0.4.¢,,.,, fu=1,
Pé—x, g(¢) using Eq. 5 and s(¢)=1.

Conclusion

This article presents an analysis of the important groups
that control the final shape of a volatile, pinned droplet, con-
taining polymer. For all physically realizable situations, the
magnitude of the capillary number is small and surface ten-
sion dominates viscous effects. Since Ca < 1, the magnitude
of the viscosity, surface tension, and volatility of the liquid
have little influence. The outward capillary flow, therefore,
transports polymer to the edge, where it is deposited in a
ring shape.

The aim of this article was to suggest means by which
this ring shape could be eliminated or at least reduced. It
has previously been shown that the coffee-ring formation
can be suppressed by introducing surfactant driven Maran-
goni flow,’ altering DLVO interactions,'®"? using electro-
wetting,>' changing particle shape'®?*** or through
careful selection of an electric field.?° However, none of
these are ideal for P-OLED applications. In this work, we
have found that the ratio of initial to maximum polymer
volume fraction can be increased to decrease the ring peak
to center height ratio. At large polymer volume fraction
ratios, the ring height is less confined to the periphery and
more material is deposited centrally. There are diminish-
ing returns on increasing the polymer volume fraction
ratio.

At critical polymer contents (typically ~ ¢/ < 0.3),
dependent on the extent of evaporation suppression in the
gelled region and the evaporation profile used, gelation is
predicted to occur in the center of the droplet, in addition to
the edge. For this scenario, the result would be a slightly
larger central height than one might otherwise expect. This
mechanism, however, cannot explain the extent to which a
raised, central region appears in the experimental profiles.

The coffee-ring behavior is more extreme when evapora-
tion is not suppressed in the gelled region at the edge of the
droplet.

The exact nature of the evaporative flux distribution
around the droplet may be important, although, to understand
the groups controlling the behavior, it is not. The same
trends exist with capillary number, evaporation suppression
factor, and polymer volume fraction ratio.

In the future, this work can be extended to include solutal
Marangoni effects; binary liquid systems, where the two lig-
uid components have different volatilities and surface ten-
sions; humidity cycling, as in Ref. [35], to periodically
switch between evaporation and condensation and to analyze
situations where the substrate is not flat.
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