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Abstract

Inkjet printed lines on a homogeneous solid substrate are
studied under the condition that ink evaporation is not negligi-
ble and the contact angle exhibits hysteresis with non-zero re-
ceding contact angle (NRCA). A new family of line instability
is discovered, featured by formation of agglomerations within a
line. The agglomeration is explained by a flow that consistently
drives a bead on the substrate towards fresh deposited drops due
to concentration-induced surface tension gradient. Morphologies
of lines printed with multiple layers are also investigated for the
purpose of conductive trace fabrication. A non-uniform morphol-
0gy is observed across a multi-layer line when the line is printed
unidirectionally at a low jetting frequency. This non-uniformity
is explained by considering interaction between deposited drops
and bulk layer. Optimized multiple-pass printing is developed to
produce a uniform line morphology while offering excellent print-
ing efficiency and electrical conductivity.

Introduction

In the recent decade inkjet printing has been shown to have
great potential to be used to fabricate fine conductive traces for
electronic devices. Compared to conventional electronic fabri-
cation techniques, such as photolithography and screen printing,
inkjet printing has several advantages, including dramatically re-
duced manufacturing cost, excellent flexibility and efficient use of
materials [1-3]. To print a smooth, narrow and highly conductive
line on a dry homogeneous solid surface, however, is not a trivial
task, which requires fundamental understanding of how printing
parameters, like dot spacing and jetting frequency, influence the
morphology of a printed line.

Much work has been dedicated to elucidating the conditions
that lead to different types of printed line morphologies. Early
theoretical work by S. Davis [4] showed that a liquid bead on
a solid surface was stable only if the contact line was arrested
and the contact angle was smaller than % Duineveld [5] studied
the stability specifically for inkjet printed lines, where he discov-
ered that a printed line always broke up into individual drops on a
substrate with non-zero receding contact angle (NRCA) but could
either be stable or have bulging instability with zero receding con-
tact angle (ZRCA) depending on the relative transported flow rate
through the ridge to the applied flow rate. It’s worth noting that the
experiments conducted by Duineveld used an aqueous solution,
which had a relatively low vapor pressure and his proposed theo-
retical model assumed that ink evaporation was negligible during
the course of printing. Stringer and Derby [6, 7] extended the
Duineveld’s work by showing that the width of a stable line was
always bounded by two limits. Soltman [8] studied the effect of
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substrate temperature on the printed line morphology with empha-
sis on how to suppress coffee ring effect. All the experiments in
the work of Stringer, Derby and Soltman were conducted under
ZRCA conditions. Therefore previous line morphology studies
mainly focus on the scenarios where ink evaporation is negligible
or the receding contact angle is zero. The effect of ink evaporation
on the line morphology, especially with NRCA condition, has not
been well studied to our best of knowledge.

In this paper we present an experiment-based study of
printed line morphologies using a volatile organometallic com-
pound solution. We will study single-layer printed lines, where
the impact of ink evaporation and contact line depinning will be
elucidated. Unlike the previous line morphology studies [5-8],
here we will extend our discussion to the morphologies of lines
printed with multiple layers. We are particularly interested in how
the uniformity of multi-layer lines changes with different printing
methods. Finally an optimized printing routine will be developed
to achieve uniform morphologies with excellent performances in
both printing efficiency and electrical conductivity.

Experiments

The ink used in this study is palladium hexadecanethiolate
dissolved in toluene synthesized in-house with molar concentra-
tion of 32mM [9]. The substrates are Si02/Si wafers (Nova Elec-
tronic Materials, Inc.), pre-cleaned in a sonication bath (Brand-
son 2510) with 5 min acetone followed by 5 min isopropanol and
then blown dry by compressed air. The ink properties are mea-
sured [10] and summarized in Table 1.

Table 1: Fluid Properties of the Ink Used in This Study

Ink properties Values
Density, p (kg/m>) 853.99
Surface tension, ¢ (mN/m) @ 25°C 24312
Viscosity, i (mPa-s) 0.602 - 0.603
Advancing contact angle on SiO2/Si, 6, (o) 13.7£1.9
Receding contact angle on SiO02/Si, 6, (o) 9.6+1.7
Equilibrium contact angle on SiO2/Si, 6, (o) 13.3

The inkjet printing system includes a linear positioning stage
(Anorad-WKY-C-150) with an encoder resolution of 0.5um and
Hewlett Packard Thermal Inkjet Picojet System (HP TIPS).

The volume of a single droplet is about 45 pL, corresponding
to in-flight droplet diameter D; = 44 um. The drop diameter Dy
on the Si02/Si substrate is about 125 um. The velocity of the
droplet V; as it impacts onto the substrate is measured to be 5.03
m/s. All the experiments are conducted at the room temperature.
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Results and Discussions
Single-layer Printed Line Morphologies

Single-layer printed line morphologies are studied by vary-
ing dot spacing from 20 um to 100 um and changing time be-
tween depositions of adjacent drops from 2 ms to 350 ms.

Fig.1 shows the line morphologies with different time be-
tween adjacent drops when dot spacing is kept fixed at 70 um.
All the lines shown in Fig.1 are printed from left to right with
respect to the substrate.

Based on distinct characteristics, the morphologies of single-
layer printed lines are classified into three categories as the time
between adjacent drops increases: (i) one or several agglomera-
tions in the middle of the line with short time between adjacent
drops (<~50 ms), as shown in Fig.1(a) and Fig.1(b); (ii) one ag-
glomeration at the end of the printed line with perceptible ring
formations across the line when the time between adjacent drops
is medium (~50 ms to ~250 ms), as shown in Fig.1(c)-(f); (iii) no
perceptible agglomeration with long time between adjacent drops
(>~250 ms) in Fig.1(g). Our experiments have shown that this
classification of printed line morphologies based on time between
adjacent drops is appropriate not only for dot spacing = 70 um
but for other dot spacing as well.

Figure 1.  Single-layer lines printed from left to right with dot spacing 70
um, time between adjacent drops (a) 2 ms; (b) 10 ms; (c) 70 ms; (d) 100 ms;
(e) 150 ms; (f) 200 ms; (g) 290 ms. The calibration bar represents 100 pm.

It’s worth pointing out that the location of the agglomeration
within a line printed with medium time between adjacent drops
only depends on the print direction. This is confirmed by the ob-
servation of an agglomeration at the left end of a line when the
line is printed from right to left. Apparently ink tends to migrate
to the end where the last drop is deposited when the time between
adjacent drops is medium.

Explanation of Printed Line Morphologies with Medium
Time between Adjacent Drops

When the second droplet impacts onto the first drop on the
substrate, the first drop has already lost a considerable amount of
volume due to the evaporation of the volatile solvent. To vali-
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date this argument, a simple and conservative estimation of the
evaporation loss during the medium time between adjacent drops
is performed. Simulation has shown that more than 99% of a
drop is lost due to evaporation during the initial time period of
250 ms [10]. Even the smallest medium time between adjacent
drops (~50 ms) is equivalently about 20% of this amount of time.
Moreover, the evaporation rate of a drop on the surface decreases
towards the end of evaporation process [11], which implies that
the actual evaporation loss during the initial time period of 50 ms
is greater than 20% of the volume of a single drop. Therefore the
molar concentration (defined as the moles of the solute divided by
the volume of the solution) of the first drop considerably increases
when the second drop arrives.

Change in the molar concentration causes change in the sur-
face tension. The relationship can be determined using Gibbs Ad-
sorption Equation [12]:

dy= —Zl"idu,- )]

where 7 is the surface tension of a liquid, I'; and y; are respec-
tively the surface excess and the chemical potential of the com-
ponent i. The chemical potential of the component i is linearly
dependent on the natural logarithm of its concentration.

The surface tension of the ink (24.312 mN /m) is measured to
be smaller than that of pure toluene (27.73 mN /m [13]), of which
the molar concentration is zero. This indicates that the surface
excess of the solute must be positive. In other words, the surface
tension of the ink decreases as the molar concentration increases.

Therefore when the second drop begins to merge with the
first drop, the second drop has higher surface tension than the first
drop. A flow induced by this surface tension gradient pulls the
first drop towards the second drop. After the first two drops merge
and equilibrate, the merged drop continues to evaporate before it
makes contact with the third upcoming drop. Since the merged
drop has higher molar concentration thus smaller surface tension
than the third drop, the third drop pulls the merged drop to its
side. The subsequently deposited drops follow this process and
keep dragging the liquid bead on the substrate. Once the print-
ing is finished, the bead evaporates completely, leaving a dense
agglomeration at the end of the printed line. This explanation
of concentration-induced surface tension gradient as a cause of
a flow within a printed line was also used by Duineveld in his
paper [5] to validate his model assumption of negligible ink evap-
oration during the course of printing.

Another essential fact that contributes to the ink migration
is that the medium time between adjacent drops is actually long
enough so that the liquid bead on the substrate has depinned from
its contact line due to non-zero receding contact angle prior to
merging with the next arriving droplet. One of the evidences that
a bead has already depinned from its contact line is the circular
ring formation along the contact line (i.e.“coffee ring effect” [14])
and there are noticeable ring formations in the lines printed with
medium time between adjacent drops (Fig.1(c)-(f)). A bead with a
retreating contact line has low pinning forces on the solid surface
thus facilitating the hydrodynamic pulling by a flow.

Based on the explanation above, the bead volume after every
deposition can be modelled. To facilitate the formulation of the
bead volume, some assumptions and simplifications are made:
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e Time for a drop to reach its equilibrium state (i.e. form a
spherical cap) is negligible, which is estimated to be less
than 0.8 ms [15]. This amount of time is three orders of
magnitude smaller than drop evaporation time (>~250 ms).
Therefore evaporation during this period is negligible.

e Time for a bead on the substrate to merge with arriving
droplet upon contact is negligible, which can be estimated
by 0.5(pD? /)% = 27.4 us [16]. Therefore evaporation
during this period is negligible.

e Ink is an ideal solution. Hence liquid volumes are additive.

e Droplets arrive the substrate with constant volume.

Define the bead volume just after the ™" deposition V,.

n—1
Va=nVo— Y AVig,Vi=Vy (n=2,3,4..) )

i=1

where Vj is the droplet volume prior to impact or merging, which
has been assumed to be a constant. AV; ;. is the volumetric loss
of the liquid bead due to evaporation from the i h deposition to the
(i+ 1) deposition.

Rewrite Eq.2 in the form of the first order forward difference
equation, we have

AVy =V —Vu=Vo— AVn,nJrl (n € N*) 3)

AV, py1 by definition captures the amount of evaporation
loss starting from a bead of a spherical cap with volume V;, for
an extended period of time between adjacent drops 7 thus is a
function of V,, and 7.

AV, =Vo—f(Vp,7) (neNY) “4)

Therefore the second order forward difference of the bead
volume Aan can be expressed as

APV = DV = AV = [(Va, T) = [(Vay1,7)  (nE€NY) (5)

Previous studies [11, 17] have shown that drop evaporation
rate increases with drop base radius. The cube of the drop base
radius is proportional to the bead volume. Hence the evaporation
rate increases with the bead volume V,. Within a printed line
the time between adjacent drops 7 is fixed. So the amount of
evaporation loss f(V;,, T) during the period of T increases with V;,.
Therefore when AV, > 0, we have A2V, < 0 (Eq.5). Physically
this means that as the number of depositions increases, the bead
volume after every deposition increases at a decreasing rate.

When the bead volume increases to such that the evaporation
loss during the time between adjacent drops is equal to the arriv-
ing droplet volume, it reaches equilibrium. Mathematically it can
be expressed as

Vo= f(Ve. ) (6)

where V, is equilibrium bead volume.

If the bead volume overshoots the equilibrium (i.e. V, >
Ve)s f(Vn,T) > f(Ve,T). With Eq.4 and Eq.6, we have AV, <
0. Similarly if V;, < V,, AV, > 0. This indicates V, is a stable
equilibrium.
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Obviously the evaporation loss f(V;,7) increases with the
time between adjacent drops T when V,, is held constant. There-
fore in order to maintain the equality of Eq.6, the equilibrium bead
volume V, must decrease as T increases.

The bead leaves a circular ring at the edge after its contact
line recedes. The diameter of the ring formed after the n’” depo-
sition D,, can be related to the bead volume V;, by

Vi — m(1—cos(6,))*(2+cos(6,))
" 24(sin(6,))3

D; =KD} )

where 0, is the equilibrium contact angle and K is a constant.
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Figure 2. Predicted changes of the ring sizes in a line with small or large
medium time between adjacent drops. D, is the equilibrium ring size and D,
is the drop diameter.
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Figure 3. Measured ring sizes in lines printed with different time between
adjacent drops through analyzing optical images in Fig.1(c)-(g). The ring
sizes are normalized with respect to the drop diameter.

With cubic relationship between D,, and V;, as shown in Eq.7,
it can be proved that the dynamics of the ring size D, changing
with the number of depositions follows the same trend as that of
the bead volume V,, [15]. Therefore the change of the ring size
with the number of depositions is predicted as in Fig.2, where D,
is the equilibrium ring size equal to (V,/K)'/? and Dy is the drop
diameter equal to (Vo /K)'/3.

The measured ring sizes across printed lines (Fig.3) reason-
ably agree with the predicted trend (Fig.2). The normalized ring
sizes always start from about 1(< £5%) for all the printed lines.
This supports the prediction in Fig.2 that the ring size of the first
deposition is always equal to the drop diameter.
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Explanation of Printed Line Morphologies with Long
Time between Adjacent Drops

When a line is printed with long time between adjacent
drops, every drop has evaporated completely prior to the arrival of
the next droplet. Therefore the volumetric loss due to evaporation
during the time between adjacent drops is always equal to a single
droplet volume (i.e. AV, ,+1 = Vp). With Eq.3, we have V;, = V.
Therefore the ring size across a printed line D, = (V,,/K)'/3 = Dy
is a constant equal to the drop diameter. This reasonably agrees
with the measured ring sizes in a line printed with 290 ms between
adjacent drops (Fig.3).

Explanation of Printed Line Morphologies with Short
Time between Adjacent Drops

When a line is printed with short time between adjacent
drops, the first drop merges with the second drop while its contact
line is still pinned (i.e. the contact angle is still larger than the
receding contact angle). The evaporation loss during the time be-
tween adjacent drops is small because of the short time between
adjacent drops. As a result, the surface tension gradient due to
changes in molar concentration is weak. Therefore the ink mi-
gration with short time between adjacent drops is not as strong as
that with medium time between adjacent drops.

The agglomerations in the middle of the line (Fig.1(a),(b))
are believed to result from complex competing dynamics between
a flow due to surface tension gradient and time-varying pinning
conditions of the contact line of the bead. However, the exact
fluid dynamics that leads to the formation of those agglomerations
is still unclear at present and requires further investigation.

Multi-layer Printed Line Morphologies
Multi-layer Line Morphologies with Short or Medium
Time between Adjacent Drops

Figure 4.  15-layer lines printed unidirectionally from left to right with dot
spacing 40 um, time between adjacent drops (a) 10 ms; (b) 110 ms; (c) 130
ms; (d) 150 ms; (e) 170 ms; (f) 190 ms. The calibration bar represents 100
um.

When each layer is printed with short time between adjacent
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drops (Fig.4(a)), the line appears to be highly irregular with sev-
eral perceptible agglomerations in the middle.

When each layer is printed with medium time between ad-
jacent drops (Fig.4(b)-(f)), at the end of the line there is a dense
agglomeration, the length of which grows with time between ad-
jacent drops.

The agglomerations in those lines can be considered as the
accumulation of agglomerations that take place at every layer.

Multi-layer Line Morphologies with Long Time between
Adjacent Drops

The beginning of a multi-layer line appears to be darker than
its end when the line is printed unidirectionally with long time
between adjacent drops (Fig.5(a)). This non-uniformity becomes
more profound as the number of layers increases.

O R T

Figure 5. (a) Multi-layer lines printed unidirectionally from left to right with
dot spacing 40 um, 290 ms between adjacent drops. The numbers of layers
from the top line to the bottom line are 3, 5, 7, 10, 13 and 15. (b) Two 10-layer
lines with dot spacing 40 um. The first line is printed bidirectionally with 290
ms between adjacent drops. The second line is printed with 5 passes. The
calibration bar represents 100 um.

The morphologies of those lines in Fig.5(a) can be explained
by considering interaction between deposited drops and bulk
layer. When a drop is deposited onto the bulk layer that has
been previously laid down, unlike the case of printing a single-
layer line where there is no mass exchange between drops and
the substrate, it dissolves the bulk layer. After the drop com-
pletely evaporates, a crater-like hole is typically formed in the
bulk layer [18, 19]. Since each layer is printed with long time be-
tween adjacent drops, a drop finishes evaporation process prior to
the arrival of the next adjacent drop. When the next drop lands on
the bulk layer, part of the drop falls and slips into the hole created
by the previous drop due to gravity. The landed drop then dis-
solves the bulk layer underneath making the hole even wider and
deeper. The whole process is illustrated in Fig.6(a).
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Figure 6. A crater hole is formed in the bulk layer after a drop evaporates.
(a) When a line is printed unidirectionally with long time between adjacent
drops, deposited drops consistently slip into the hole due to gravity; (b) when
a line is printed in multiple passes, the drops in one pass typically land on
two holes created by the drops in the previous pass.

After a full layer is deposited, the printed line has more ma-
terial at the beginning than its end because of the ink migration
through the slip motion of deposited drops into the hole. Further-
more, the beginning of the layer profile is the shallowest. This
inclined profile facilitates the slip motion of the drops deposited
in the subsequent layers with the same print direction. Therefore
the extent to which the line exhibits non-uniformity grows as the
number of unidirectionally printed layers increases (Fig.5(a)).

Multi-layer Line Morphologies with Bidirectional Print-
ing or Multiple-pass Printing

The multi-layer lines printed bidirectionally or with multiple
passes (Fig.5(b)) exhibit better uniformity than the unidirection-
ally printed line with the same number of layers (the fourth line
from the top in Fig.5(a)).

When a line is printed bidirectionally with long time be-
tween adjacent drops, ink migration that results from deposition
of odd layers is counterbalanced by that resulting from deposition
of even layers. In this way the line uniformity is improved.

When the second line in Fig.5(b) is printed with multiple
passes, which is also known as multilevel matrix [20], the time
between any two consecutive passes is larger than drop evapora-
tion time. Therefore when drops in one pass arrive at the bulk
layer, separate crater holes have been already formed by the drops
in the previous pass. The drops typically land on two crater holes
thus the drop slip motion to a specific direction is weaker than
that in the case of unidirectional printing with long time between
adjacent drops (Fig.6(b)). Essentially multiple-pass printing im-
proves the uniformity of multi-layer lines by attenuating the ink
migration due to the slip motion of deposited drops.
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Fabrication of Conductive Traces

Multi-layer lines printed with short or medium time between
adjacent drops (Fig.4) result in open connection after the sintering
process. Printing layer-by-layer with long time between adjacent
drops either unidirectionally or bidirectionally makes the sintered
lines electrically connected. However, it is severely detrimental
to the manufacturing throughput due to the low printing efficiency
(< 4 Hz). To overcome this dilemma in conductivity performance
and manufacturing efficiency, an optimized multiple-pass printing
routine is developed:

Determine drop diameter Dy after evaporation.

Determine highest reliable jetting frequency fiqx-
Determine drop evaporation time 7,.

Specify the dot spacing within a printed line d.

Drop pitch in each pass d,, is selected to be the minimum
multiple of the dot spacing ds without having any drops
printed at this drop pitch overlapped. A necessary condition
is d,, = ndg > Do (n € N*¥).

e The number of passes n, is determined by d,, /dj.

e Print at the highest jetting frequency f,qx in each pass and
ensure the time between any two consecutive passes is larger
than the drop evaporation time #,. While waiting for the
drops in one pass to evaporate, one can print other patterns.

T

Figure 7. A 15-layer line with dot spacing 40 um using optimized 5-pass
printing at a jetting frequency of 800 Hz. Experiments have shown that the
highest reliable jetting frequency for the ink and the print head used in this
study is about 800 Hz. The calibration bar represents 100 um.

The printed lines are sintered on a hot plate at 250°C for 1
h before further electrical characterization. The line resistances
are measured using 2-probe method. Table 2 summarizes sheet
resistance and required printing time for a 15-layer line with dot
spacing 40 um using different printing methods.

Table 2: Comparison of Different Printing Methods

Printing Methods Sheet(sl;c;slzlls)tance Print Time (s)
Unidirectional printing
with 290 ms between 14.881 + 0.741 326.3
adjacent drops
Bidirectional printing
with 290 ms between 14.268 + 0.439 326.3
adjacent drops
Optimized 5-pass
printing @ 800 Hz 13.885 +0.411 1.3

The optimized 5-pass printing yields the lowest sheet resis-
tance because the amount of ink migration by multiple-pass print-
ing is minimal, which in turn results in the most uniform material
distribution across a printed line. Moreover, in terms of printing
efficiency, the optimized multiple-pass printing is two orders of
magnitude better than the other two printing methods.
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From the perspective of a general printing routine for fine
conductive trace fabrication, there are several benefits to use op-
timized multiple-pass printing. First, printing is always operated
at the highest reliable jetting frequency. Second, dot spacing and
jetting frequency can be designed independently as opposed to the
conventional one-pass printing where a correct combination of dot
spacing and jetting frequency is required in order to achieve the
line stability [5,7,8]. Third, minimum line width is ensured. Since
the optimized multiple-pass printing ensures that every drop is de-
posited when its adjacent drops are dry, the line width is always
about the drop diameter, which is the smallest length scale that
can be produced by inkjet printing.

Conclusion

This paper presents an experiment-based study of printed
line morphologies using volatile ink in the presence of contact
angle hysteresis and non-zero receding contact angle. If a line is
printed with short time between adjacent drops so that the con-
tact line of the bead is still pinned as it merges with the arriving
droplet, one or several agglomerations are formed in the middle
of the line. If a line is printed with medium time between adja-
cent drops so that the bead is depinned from its contact line upon
merging, only one agglomeration is formed and is always located
at the end of the line. This is because the evaporation during the
time between adjacent drops causes the molar concentration of
the bead considerable higher than that of newly deposited drops,
which results in a relatively lower surface tension of the bead be-
cause of positive surface excess of the solute. A flow induced by
this surface tension gradient consistently drives the bead towards
fresh deposited drops. If a line is printed with time between adja-
cent drops being longer than drop evaporation time, no agglomer-
ation is observed. Multi-layer lines printed unidirectionally with
short or medium time between adjacent drops have agglomera-
tions, which is explained by the accumulation of agglomerations
that take place at every layer. A multi-layer line printed unidi-
rectionally with long time between adjacent drops exhibits non-
uniformity with the beginning of the line appearing to be darker
than its end. This is because deposited drops dissolve bulk layer,
leaving a crater-like hole in the bulk and the drops consistently
slip into the hole due to gravity. The uniformity of the line is
improved by printing bidirectionally with long time between ad-
jacent drops or using multiple-pass printing. Optimized multiple-
pass printing is developed so that the printing is always operated
at the highest reliable jetting frequency in each pass, yielding ex-
cellent print efficiency and electrical conductivity.
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