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Abstract

For the past several decades inkjet technology has been shown to
be a useful tool for fabricating anything from three dimensional
objects to electrical devices and biological sensors. Froma man-
ufacturing perspective, it is important to functionalize asubstrate
with material in as timely a manner as possible while maintain-
ing optimal functionality and satisfying hardware limitations. Of
particular interest in previous work has been the effect of drop co-
alescence on print quality. This work examines how coalescence
affects the uniformity of printed pairs of drops and printedlines as
well as the functional performance of printed lines of a Pd based
ink on Silicon and oxidized Silicon substrates. The resultsindi-
cate that the ink migration resulting from Marangoni flows can be
minimized by avoiding coalescence of adjacently depositeddrops,
thus increasing film uniformity and improving functional perfor-
mance.

Introduction

For more than a decade inkjet technology has been proven to be
a useful fabrication tool for functionally print electronics [1–7],
sensors [1, 7, 8], three dimensional objects [8, 9], and biological
materials [1, 7, 10]. Coalescence of adjacently located drops on
a non-porous substrate is one key physical phenomenon of the
deposition process that has received attention from several re-
searchers [11–18] due to its direct effect on functional perfor-
mance.

Coalescence and Functional Inkjet Print Quality

Most studies in the literature on functional inkjet printing have
adopted methods of coalescing adjacently printed drops [1–5,7,9–
12,19]. Two widely used approaches for inkjet printing coalesced
films are the works of Stringer and Derby [11] and the works of
Soltman et al. [12].

Stringer and Derby [11] used a conservation of volume model pro-
posed by Duineveld [20] to obtain a minimum drop spacing that
guarantees stability of printed coalesced lines (i.e. thatthe coa-
lesced bead will maintain a contact angle between its advanced
and receding contact angles) for an arbitrary ink-substrate combi-
nation, assuming that the contact line remains pinned and evapo-
ration is negligible. The test bed they used consisted of twoinks
(a silver nanoparticle ink and an in-house organometallic salt dis-
solved in xylene) and three substrates (glass, polymide, and sil-
icone). Their results agreed well with their predictions for the
silver nanoparticle ink. However, they found discrepancies with

the organometallic salt dissolved in xylene, which was attributed
to the high vapor pressure of xylene and the fact that the Duin-
eveld model assumed negligible evaporation between the deposi-
tion times of the consecutively printed drops.

Soltman et al. [12] extended coalesced partially wetting films to
printed rectangles. In their work they proposed a print routine
that held a fixed drop spacing within a printed row and proposed
a variable drop spacing between printed rows. The drop spacing
between rows was calculated based on an evaporation model pro-
posed by Hu and Larson [21]. Applying their approach to an ink-
substrate system of poly-4-vinylphenol, a low vapor pressure ink
used in printed dielectrics, on glass resulted in improved rectan-
gular edge definition. However, the coalesced films exhibited the
coffee ring effect (the accumulation of functional particles on the
drop boundary caused by capillary flow during evaporation [22])
at the scale of the entire film, thus requiring additional tuning of
the ink by solvent mixing [23] or particle shaping [24] in order to
guarantee uniform films.

A less popular method of functional inkjet printing is to avoid
the occurrence of coalescence altogether. This approach was fol-
lowed by Boley et al. [6, 13] for two types of ink (an in-house Pd
thiolate dissolved in toluene (Pd ink) and an in-house suspension
of single-walled carbon nanotubes synthesized with singlestrand
deoxyribonucleic acid (ssDNA-SWCNT ink)) onto oxidized sili-
con wafers with printed electronics as the application. This two-
pass approach consisted of printing every other pixel within each
line on the first pass, avoiding touching of liquid drops. Allow-
ing time for the solvent to evaporate from the drops printed on
the first pass, the print-head returned to the beginning of the line
for the second pass and deposited ink onto the remaining pixels.
Figure 1 shows the building of a multi-layered line. Printing the
additional layers benefits the functional performance by making
the cross section of the line more uniform and by increasing the
amount of functional material per unit length, thereby decreasing
the sheet resistance. As can be seen from Figure 1, the additional
layers do not significantly change the line width.

Figure 1. Sequence of SEM images depicting the construction of a multi-

layer line segment printed using a two pass print mode. (Left) One layer.

(Middle) Three layers. (Right) Five layers.

The lines printed by this method were quite uniform. Additional
images of the printed lines were captured after burning off the



organic matter to observe any effects of the thermolysis step on
the continuity of the lines. As evident from Figure 2, the unifor-
mity and continuity of the printed lines remained unchangedafter
thermolysis.

50 mm 
50 mm 

Figure 2. Post-thermolysis SEM image of five five-layer printed line seg-

ments of a 300mM solution of Pd hexadecanethiolate in toluene.

In order to characterize functional performance, additional experi-
ments were conducted to print five-layer four probe patternsof Pd
ink at different concentrations with different chain lengths. From
the known geometry of the pattern, the resistivity was foundto be
(4.6±0.8)×10−6Ωm for traces derived from the hexadecanethi-
olate precursor and(2.5±0.4)×10−6Ωm for those from the bu-
tanethiolate, a result competitive with e-beam fabricatedpatterns
involving Pd [6].

In the same studies, the authors extended their work to include
inkjet printed networks of SWCNTs. In the authors demonstra-
tion experiments, a network of SWCNTs was formed by print-
ing two layers of an aqueous solution of SWCNTs wrapped with
single-stranded DNA (SSDNA) using the same two pass print
mode for the printed Pd patterns. The technique developed to
disperse SWCNTs with SSDNA in aqueous medium has been re-
ported elsewhere [25]. After printing a two-layer line trace of
the SWCNTs/SSDNA, Pd alkanethiolate electrodes were printed
to form electrical contact pads to both ends of the SWCNT net-
work. I(V) measurements revealed the conducting nature of the
randomly interconnected SWCNTsSSDNA to behave linearly [6].
With the known dimensions of the pattern, the correspondingre-
sistivity of the composite was 1.14×10−3Ωm [6].

Coalescence Between Two Drops on a Non-
porous Substrate: Models and Observations

A building block to understanding the effects of coalescence on
inkjet printed films is understanding coalescence between two
drops on a non-porous substrate. Multiple recent investigations
have been conducted within the past decade to better understand
this phenomenon [16–18].

Li et al. [16] conducted an experimental study on the evolution
of the spread length (i.e. the length of the two coalesced drops
along their original centers) of a falling drop coalesced with a
stationary sessile drop. They examined two coalescing water
droplets and two coalescing ethylene glycol drops on polished
steel. In both cases, they kept the volume of the two drops equal
and varied their center-to-center spacing. They then used their
observations to establish correlation equations to determine de-
position conditions for forming continuous or discontinuous co-
alesced lines. Casterjón-Pita et al. [17] conducted experiments
and numerical simulations to investigate a falling drop coalesc-
ing with a stationary sessile drop. Their study considered two
coalescing glycerol/water drops seeded with TiO2 particles on a
polymethyl methacrylate (Perspex, Lucite) substrate. Thedrop

volume was held constant in all experiments while the drop spac-
ing was varied. They used a lattice Boltzmann method including
a model for contact angle hysteresis in order to describe thein-
ternal flows and the evolution of the spread length during theco-
alescence event. Their experimental results were obtainedusing
a high speed camera, particle image velocimetry, and image pro-
cessing algorithms. Comparisons showed qualitative agreement
but quantitative discrepancies. Most recently, Yang et al.[18]
conducted an experimental investigation of the coalescence be-
tween two consecutively printed drops of a colloidal mixture of
carboxylate-modified polystyrene fluorescent beads in deionized
(DI) water on cleaned glass substrates. Varying the center-to-
center spacing and the deposition time difference between the two
drops, they studied the morphology of the composite drop. The
deposition time difference was varied from 0.2s (well afterthe
first drop had equilibrated on the surface) until 0.9s (about60%
of the time for the first drop to evaporate). Using a fluorescent mi-
croscope, they obtained a measurement of particle density in the
dried composite drop. Their results showed that the contactline of
the first drop remained pinned throughout the entire evaporation
and coalescence processes, the relaxation time of the water-air in-
terface of the merged drop was smaller than that of a single drop
on a dry surface, and the circularity of the composite drop de-
creases with increased drop spacing for all jetting delays.More-
over, due to capillary forces and inertia, they observed that the
suspended particles in the second drop flow toward the first drop
resulting in more particles deposited on the first drop side,a phe-
nomenon referred to as drawback. Throughout their experiments,
the initial volumes of the two coalescing drops were equal and the
drop spacings either were or were assumed to be as prescribed.

Contributions of the Current Study

Although great progress has been made in the recent coalescence
studies on a non-porous substrates, there are still a few issues to
be addressed in the context of functional printing. The literature
on coalescence between two consecutively deposited drops is lim-
ited on the variety of ink/substrate systems, with none of the inks
containing functional material and all of the ink/substrate systems
being partially wetting. Different ink/substrate systemscan gen-
erate very different results depending on the wettability and the
contact angle hysteresis of the ink/substrate system. Furthermore,
the path from coalescence to functional performance was notex-
plored.

The contributions of this study are as follows.

1. The printing platform is a functional ink containing Palla-
dium hexadecanethiolate, a material proven useful for facile
fabrication of metallic interconnects, surface-enhancedRa-
man scattering substrates, and Hydrogen gas sensing [6,26–
28].

2. The ink used in this study has a relatively high vapor pres-
sure at room temperature and the ink/substrate used exhibits
small contact angle hysteresis [29].

3. Experiments are conducted in order to track ink migration
after the coalescence process for two consecutively printed
adjacent drops with their deposition time difference varying
throughout the entire lifetime of the first drop.



4. Building upon the two-drop experiments, lines with vary-
ing drop spacing and deposition time difference are printed
and their optical uniformity and functional performance are
compared.

Experimental Details
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Figure 3. Schematic and optical image (inset) of inkjet functionalization

system used. Dotted lines indicate signal/information flow.

Inkjet System

The inkjet system used for conducting experiments for this study
is shown in Figure 3. The motion system consists of an XY stage
(Anorad-XKY-C-150-AAA0), which uses DC servo driven per-
manent magnet epoxy core linear motors for independent motion
in both axes. The motion is controlled by a SPiiPlus Series Stand
Alone controller, with linear encoder feedback of 0.5µm. The
print-head standoff distance was held constant at approximately
250µm from the substrates in all experiments. The standoff dis-
tance between the print-head and the substrates was controlled
using a manual z-axis adjustment stage (Edmund R-56-335). The
drop ejection system used is provided by HPR©, utilizes thermal
inkjet technology, and offers print-heads with 10,12, or 16 noz-
zles. The nozzle orifices range from 8.0µm to 80.0µm. The print-
head used for all experiments consists of 12 nozzles with a nomi-
nal orifice diameter of 67µm. The system also includes a SonyR©

XC-ST50 charged coupled device (CCD) camera for viewing dur-
ing deposition and a laser sample registration system for mapping
out edges of a substrate [30].

Materials

The ink platform used in these experiments is an 32mM solution
of Pd hexadecanethiolate (Pd(SC16H35)2) dissolved in toluene.
The ink was prepared by mixing an equimolar ratio of Pd ac-
etate and hexadecyl alkanethiol. Following the reaction, the so-
lution became viscous, and the yellow color deepened to orange-
yellow [31] indicating that Pd(SC16H35)2 had formed. The
Pd(SC16H35)2 was then dissolved in toluene to make specified
concentration (32mM).

The substrates employed in this study were pure silicon (Si)
wafers and oxidized silicon (SiO2/Si) wafers. The polished, coin-
rolled Si wafers were received from Nova Electronic Materials,
Inc. (Item ID STK9281). Prior to printing, both the SiO2/Si and

Si wafers were cleaned in a sonication bath (Brandson 2510) for
5 min in acetone followed by 5 min in isopropanol. The wafers
were blown dry subsequently by compressed air.

Instruments for Measurement and Processing

Bright field images were captured using an Olympus optical mi-
croscope system (Olympus bx51 microscope, dp70 CCD cam-
era, th4-100 lamp, 10X zoom, and 1/550 sec exposure) for deter-
mining ink migration between two consecutively printed drops.
For the printed line experiments, an Olympus BX-60 optical mi-
croscope system was used to obtain bright field images. Ther-
molysis of the printed lines was carried out using a hot plate
at 250◦C. Electrical characterization of the thermolyzed lines
was performed utilizing a semiconductor characterizationsystem
(SCS) (Keithley 4200 SCS) and four-probe station with lighttight
enclosure (LTE) (Micromanipulator 7000 LTE). Current vs. volt-
age (IV) plots were generated by applying a voltage sweep be-
tween two contacts on either side of the printed line. The voltage
was swept from -5.0 to 5.0 V with step size of 0.1 V and the re-
sistance between the two contact points was taken as the average
value of voltage/current at each respective data point. Theam-
bient temperature during the printing experiments was observed
using a K type thermocouple and was held constant at 23.0◦±2%.

Results and Discussion

Proxy for Determining Ink Migration

An experiment was conducted to validate the use of an index of
contrast to serve as a proxy for the amount of deposited func-
tional material. Nine arrays of 40 drops were printed onto anSi
wafer, each array corresponding to a different number of layers (1-
9). The printed arrays were then imaged via optical microscope.
These resulting color images were then converted to grayscale im-
ages via MATLAB. Image segmentation was then conducted by
applying MATLAB’s image processing toolbox to the grayscale
images to extract all printed drops. Next, the mass proxy (MP)
was calculated using an index of contrast for each drop written as

MP= ∑
i, j∈S

H
(

Ri j −RS
)(

RS−Ri j
)

, (1)

whereH(z) is the Heaviside step function that is 0 for allz≤ 0
and 1 otherwise,Ri j is the grayscale value of the pixel in theith
row and j th column of the image (Ri j = 255 corresponds to white
while Ri j = 0 corresponds to black),S is the set of all image pix-
els within a given drop, andRS is the minimum grayscale value of
the substrate. The results, displayed in Figure 4, show thatEqua-
tion (1) exhibits an exponential behavior and reaches saturation
between 4 and 5 layers. On the other hand, Equation (1) has a
linear regime between 0 and≈ 2 layers, even more so as the num-
ber of layers approaches 1. Therefore, since Equation (1) isonly
being used in this study for layers between 0 and≈ 1, the region
exhibiting a linear behavior, this method for sensing solute mass
deposition for single drops and double drops is valid.
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Figure 4. Plot demonstrating the validity of using MP as a proxy for de-

posited solute mass. Exponential fit (dotted line curve) calculated using least

squares. Linear fit is through 0-2 layers. Each inset is a representative im-

age vertically aligned with its corresponding number of layers. Scale bars

are 50µm in length. Errorbars represent 95% confidence intervals.

Two-Drop Experiments

Figures 5 and 6 show the highlights of the experimental process
for the two-drop experiments. Multiple pairs of drops (≥ 85 pairs)
were printed onto a Si wafer with a fixed nominal spacing (80µm)
in the print-head scan direction (X-direction) and the deposition
time difference was varied from 25ms to 400ms. Optical micro-
graphs were then taken for the use of image analysis to calculate
the ink migration from the first deposited drop (the drop located
on the left side of each pair in Figure 6) to the second deposited
drop (the drop located on the right side of each dyad in Figure6).
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Figure 5. Schematic of print pattern two-drop experiments.
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Figure 6. Adjacently printed pairs of drops with a nominal spacing of 80µm

and a deposition time difference of a) 75ms b) 175ms c) 275ms and d) 325ms.

Top Row: raw images. Bottom Row: corresponding negative grayscale im-

ages illustrate process employed to quantify amount of ink migration with

circular borders (dotted (red) line) superimposed onto each drop. Scale bars

are 100µm in length.
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Figure 7. Adjacently printed pairs of drops (some exhibiting drawback) with

an 80µm nominal spacing and 25ms deposition time difference. Scale bar is

100µm in length.

Image analysis was conducted via MATLAB’s image processing
toolbox in order to find the amount of solute migration from the
first drop to the second drop. The optical micrographs were first
converted to grayscale images using MATLAB’s image analysis
toolbox. Next, circular borders for each drop within each dyad
were found using MATLAB’simfindcirclesfunction. The percent
of solute migration (psm) from the first drop to the second drop
was then computed for each pair by

psm=
MP2−MP1

2MP
, (2)

whereMP1 andMP2 are the mass proxies computed using Equa-
tion (1) for the first and second drops, respectively, andMP is the
average mass proxy for a single drop. The results of this process
are shown in Figure 8. The data gathered for 25ms is not shown
because the image analysis method could not distinguish more
than one drop for each dyad. However, it can be qualitativelyob-
served from the printed dyads in Figure 7 that some of the drops
displayed a negativepsm(i.e. solute tended to migrate from the
second drop into the first drop), which is in agreement with what
has been observed in the literature when the contact line of the
first drop is pinned [11,12,18,20].

The temporal trend is that solute migration from the first drop into
the second drop initially increases until reaching a maximum at
100ms, after which it decreases exponentially until reaching 0%
around 325ms. This trend can be explained by means of surface
energy in addition the contact line pinning forces acting onthe
first drop. At deposition time differences less than or equalto
25ms the ink appears to flow from the second drop into the first
drop. This is as expected since, everything else equal, the first
drop has a higher surface energy due to its higher surface area.
This result is also in agreement with the work of Weon and Je
for spherical bubbles and drops [32]. However, as the first drop
evaporates, the solute concentration at the contact line increases
due to capillary flow, which results in an increased a Marangoni
flow in the direction of the second drop. This result is similar to
the observations of Karpitschka and Riegler [33]. The momentum
continues to increase in the direction of the second drop until the
contact line pinning force on the first drop becomes a minimum,
corresponding to the when the value of the contact angle of the
first drop reaches that of its receding contact angle, most likely
occurring around 100ms in accordance with Figure 8. As the drop
detaches from the coffee ring, the surface tension at the contact
line quickly stabilizes, resulting in the observed fast decrease in
ink migration from the first drop into the second drop. From there
it slowly decreases to until there is no more liquid left in the first
drop, leaving no chance of drop coalescence and therefore, no
mechanism for solute transport.
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Printed Line Experiments

Further experiments were conducted for printed single-layer lines
with varied drop spacing and varied delay between deposition of
adjacently located drops. Qualitatively it appears that maximum
ink migration occurs at a delay of 50ms. After depinning the
composite drop will have a net velocity in the direction of the
second drop. Therefore, the composite drop is expected to gain
velocity in the print-head scan direction with each subsequently
printed drop, until becoming balanced by viscous forces andiner-
tia, which increase with increased speed and contact area.

Further observing, the lines printed with small delays (at 5ms)
seem to be somewhat uniform with the exceptions of aggregates
of solute riddled throughout the center of the line and thinner areas
located toward the ends of the line. The random aggregates rid-
dled throughout the middle section of these lines may come from
the small delays being similar to the prolonged [14, 15] timere-
quired for the composite drop to settle after the coalescence event.
The thinner areas located toward the ends of the lines printed with
a delay of 5ms are indicative of the contact line slipping at the
ends of the lines, which is expected. During the printing process
the contact angle at the site of the first drop decreases to itsreced-
ing contact angle while the film on the process side approaches
the advancing contact angle. This gives a result of the contact
line slipping on the side where the first drop was deposited. Once
printing has ceased, the traveling wave occurring within the co-
alesced film moves away from the process direction causing the
contact angle on the process side to decrease and eventuallyslip.
Furthermore, the large slope at the end points implies that this is
where mass flux is the largest. In addition, the ends are farthest
from neighboring liquid molecules, making it difficult for escap-
ing vapor molecules to return back to the liquid reservoir (the co-
alesced liquid line). Furthermore, this makes it difficult for the
liquid from the bulk of the line to flow to the ends fast enough to
keep the contact line pinned. In all cases, uniformity of theprinted
line increases as the delay increases, which is in agreementwith
the two-drop experiment.

a) 

Print-head Scan 

Direction 
b) c) Increasing 

Delay 

Figure 9. Printed line morphologies with a) a drop pitch of40µm and a

delay of 5ms, 50ms, 100ms, 200ms, and 290ms; b) a drop pitch of 70µm and

a delay of 5ms, 70ms, 100ms, 200ms, and 290ms; c) a drop pitch of 100µm

and a delay of 5ms, 50ms, 100ms, 200ms, and 290ms. Scale bars are 200µm

in length.

Additional experiments were conducted see how coalescence
translates from ink migration to functional performance. Several
lines of the functional ink were printed, each containing ten layers
with a nominal drop spacing of 40µm. For each line, the deposi-
tion time difference between adjacently printed drops was set to
a different value. The sheet resistance for each line was obtained
by using the measured resistances in conjunction with the probe
spacing and line width gathered from optical micrographs. The
probe spacing was deduced from the indentations left behinddur-
ing the electrical measurements. For comparison, the resulting
sheet resistances are plotted on the same graph as the ink migra-
tion experiments in Figure 8. As evident from Figure 8, the result-
ing functional performance follows a trend identical to that of the
ink migration with a subtle shift right. This shift is as expected,
since the drop spacing is smaller for the printed lines, thusrequir-
ing more time to elapse to reduce the occurrence of ink migration.
Lines were printed with smaller deposition time differences than
shown. However, no measurable current could be passed through
them due to ink migration.

Conclusions

Avoiding coalescence between adjacently printed drops canelim-
inate ink migration between drops, relax minimum print speeds
and drop ejection frequencies, avoid additional printing time as-
sociated with reduced line-to-line spacing, reduce the coffee ring
effect from the scale of the entire film to that of individual drops.
This study has investigated the occurrence of coalescence be-
tween adjacently printed drops of a functional ink containing a
high vapor pressure solvent onto non-porous Si and SiO2 sub-
strates. Qualitative descriptions of the momenta acting onthe first
printed drop are used to explain the effects. The main contributing
factors to the ink migration are thought to be differences insur-
face energy between the two drops as well as the depinning of the
contact line. Image analysis-based measurements were proposed
and experimentally validated in order to describe solute mass mi-
gration between two adjacently printed drops.
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