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a b s t r a c t

Conventional silver paste for crystalline silicon solar cells exhibits low cell efficiency when deposited by
non-contact electrohydrodynamic jet printing because of either high volumetric shrinkage or low
packing density when there is no printing pressure applied to the silver paste. Therefore, we develop
bimodally dispersed silver paste for electrohydrodynamic jet printing to resolve both volumetric
shrinkage and packing density of the conventional silver paste, and its electrical and rheological traits
are investigated. The bimodally dispersed silver paste exhibits lower unit-line resistance, which is
inversely proportional to the weight ratio of small-to-large silver particles due to the increased packing
density, and higher contact resistivity above a certain weight ratio for small-to-large silver particles. This
behaviour results from the obstructed melt flow of glass frit by the early coarsened and densified small
silver particles at an elevated temperature. The increased weight ratio of the small particles also raises
the viscosity of the bimodally dispersed silver paste above the point where electrohydrodynamic jet
printing is possible. By employing a binary solvent mixture and metallorganic silver as a viscosity
reducing agent, the bimodally dispersed silver paste is tuned for electrohydrodynamic jet printing, and
the front-side metallization of a polycrystalline silicon solar cell with the emitter sheet resistance of
60Ω/sq is constructed. With the abnormally high aspect ratio of silver electrodes at 0.86, a cell efficiency
of 16.72% is achieved, which is higher than that of screen-printed cells with the similar emitter sheet
resistance by þ0.22–0.52%p.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

The global market of crystalline silicon solar cells has demanded
higher cell efficiency at a lower manufacturing cost because of
the intensive pressure related to the severe manufacturing capacity
surplus of crystalline silicon solar cells worldwide [1]. To reduce
manufacturing cost, the thickness of crystalline silicon solar cell
wafers has been reduced from 370 μm to 180 μm since 1997; the
thickness is predicted to be less than 150 μm in the near future [2].
To employ thinner crystalline silicon solar cell wafers, various non-
contact printing techniques such as aerosol jet printing [3,4],
piezoelectric drop-on-demand (DOD) ink-jet printing [5–7], and
dispensing printing [8–10] have been explored to replace the
current screen-printing technique.

Aerosol jet printing utilizes a jet stream focused by a sheath
gas from the concentric outer nozzle, and silver electrodes could

be formed as fine as 14 μm in width [3]. However, the typical
thickness of silver electrodes after the firing process does not
exceed 2 μm [4], and a sophisticated additional process, i.e., light
induced plating, is required to thicken the silver electrodes [11].
One typical problem at occurs as a result of the light induced
plating process is that the electroplated silver electrodes are not
only thickened but also widened. In particular, the increase in the
width is approximately two times the increase in the thickness of
the silver electrodes.

Direct front-side metallization of the silver electrodes was
demonstrated using piezoelectric DOD ink-jet printing. However,
the use of silver nanoparticles, which are capped with a polymeric
dispersant, induces high volumetric shrinkage during the firing
process because of the high volume ratio of the dispersant to the
silver nanoparticles. Consequently, poor contact formation between
the silver electrodes and the emitter layer of the crystalline silicon
solar cell leads to a low cell efficiency of 12.1% [7].

Dispensing printing has been the most successful non-contact
printing technique because it does not require a sophisticated
additional process to thicken the silver electrodes. Moreover, the
achieved cell efficiency of a polycrystalline silicon solar cell was as
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high as 16.77% [8], which is not only comparable to that of a
screen-printed cell but also the highest among directly metallized
polycrystalline silicon solar cells produced using non-contact
printing techniques. However, the issue of nozzle clogging in
dispensing printing would be is a persistent problem because
the construction of fine silver electrodes is strongly dependent on
the nozzle diameter.

Electrohydrodynamic (EHD) jet printing has recently attracted
attention as an alternative to the aforementioned non-contact
printing techniques. It has a very unique ability to produce ultra-
fine patterns with either an ultra-fine nozzle [12,13] or a large
diameter nozzle [14]. Moreover, EHD jet printing can directly print
fine conductive lines with an abnormally high aspect ratio [15].
Various sizes of silver particles can be employed unlike piezo-
electric DOD ink-jet printing or dispensing printing because EHD jet
printing can construct fine conductive lines with a large diameter
nozzle. It can also employ moderately viscous silver paste, which is
not possible with piezoelectric DOD ink-jet printing.

Despite all of these distinctive features of EHD jet printing, the
cell efficiency of a polycrystalline silicon solar cell metallized with
EHD jet printing remained as low as 13.7% when commercially
available silver paste for screen-printing was used after dilution [15].
In contrast, the cell efficiency of a polycrystalline silicon solar cell
metallized with screen-printing was 16.2% with the same silver
paste. This discrepancy implies that the simple dilution of silver
screen-printing paste is not effective for EHD jet printing in solar cell
applications.

Therefore, this study primarily focuses on the development of
silver paste for EHD jet printing in the front-side metallization of a
crystalline silicon solar cell. With respect to the smooth flow of
silver paste through the nozzle, the use of small silver particles is
certainly beneficial, but it could also affect the sound contact
formation between the silver electrodes and the emitter layer of a
crystalline silicon solar cell. To evade the detrimental effects of
small silver particles on the contact formation, we consider a
bimodal dispersion of small and large silver particles, and the
influence of the bimodal dispersion of silver particles on the
electrical characteristics such as unit-line resistance and contact
resistivity will be investigated. In addition, an effective means for
controlling the viscosity of the bimodally dispersed silver paste for
EHD jet printing without significantly altering the solid content of
the paste will be introduced. Finally, the cell efficiency of a
polycrystalline silicon solar cell metallized with EHD jet printing
will be presented and compared with that of screen-printed cells.

2. Experimental

The in-house-developed bimodally dispersed silver paste for
EHD jet printing was composed of (1) small (HP-0702, D50¼
0.13–0.35 μm, Heesung Metal Ltd., Republic of Korea) and large
silver particles (HP-0710, D50¼0.9–1.4 μm, Heesung Metal Ltd.,
Republic of Korea), as shown in Fig. 1(a) and (b); (Fig. 2) glass frit
(V2172, D50E4.52 μm, Ceradyne Inc., USA), as shown in Fig. 1(c);
(Fig. 3) a dispersant (Zephrym PD 2246 SF, Croda International Plc.,
UK); (4) an organic binder (ethyl cellulose, CAS No. 9004-57-3,
Order No. 200646 for low molecular weight or order No. 200654 for
high molecular weight, Sigma-Aldrich Corp., USA); (5) a carrier
vehicle made with butyl carbitol acetate (BCA) (2-(2-butoxyethoxy)
ethyl acetate, CAS No. 124-17-4, Samchun Pure Chemical Co., Ltd.,
Republic of Korea), xylene (o-xylene, CAS No. 95-47-6, SK Chemicals
Co., Ltd., Republic of Korea) and/or α-terpineol (CAS No. 98-55-5,
Kanto Chemical Co., Inc., Japan); and (6) metallorganic silver
(CXSV060, Gelest Inc., USA) as an additive to adjust the viscosity
of the bimodally dispersed silver paste.

For the formulation of the bimodally dispersed silver paste, the
organic binder, dispersant, and metallorganic silver were dissolved
in the carrier vehicle, and the mixture was stirred overnight on
a hot plate stirrer (DH.WMH03506, DAIHAN Scientific Co., Ltd.,
Republic of Korea) at the temperature and stirring speed of 70 1C
and 700 rpm, respectively. Then, silver particles and as-received
glass frit were pre-dispersed into the prepared carrier vehicle
using a planetary centrifugal mixer (ARE-310, Thinky Corp., Japan).
After removing the air bubbles in a vacuum desiccator (VDC-41U,
Jeio Tech Co., Ltd., Republic of Korea) for 1 h, the bimodally
dispersed silver paste was processed with a three-roll mill (EXAKT

Fig. 1. Microscopic images of the used silver particles and glass frit: (a) small silver
particles (HP-0702), (b) large silver particles (HP-0710), and (c) glass frit (V2172).

Fig. 2. The exemplary thermal profile used for the high-temperature firing process.
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50, EXAKT Advanced Technologies GmbH, Germany) for 3 min and
was returned to the vacuum desiccator for 1 h. For stabilizing the
bimodally dispersed silver paste, the paste was placed on a roll
mixer (10 roll mixer, Hwashin Technology Co., Republic of Korea)
at the speed of 40 rpm for three days. The total solid content of
silver particles and glass frit in the bimodally dispersed silver
paste was controlled to the 84–85 wt% range.

For electrical characterization of the bimodally dispersed silver
paste, specimens with equidistant linear silver electrodes were
prepared with 2-mm line spacing using screen-printing on tex-
tured monocrystalline silicon wafers with the topmost layer
consisting of SiNx (50Ω/sq emitter sheet resistance, KPE Co.,
Ltd., Republic of Korea). The as-printed specimens were dried on
a hot plate stirrer at 110 1C for 10 min, followed by a second drying
on a hot plate (DHSL.HP2020300, DHSL Korea Co., Ltd., Republic of
Korea) at 150 1C for 10 min. The dried specimens were subjected to
a high-temperature firing process using a rapid thermal processor
(AccuThermo AW 610, Allwin21 Corp., USA). The typical thermal
profile used in this study is shown in Fig. 2, where only the peak
firing temperature was changed. For characterizing the contact
resistivity, the three-point probe method was employed using a
probe station (MST 4000 A, MS Tech Co., Ltd., Republic of Korea)
and a source meter (Model 2401, Keithley Instruments Inc., USA)
[16–18]. The same experimental set-up was employed to measure
the unit-line resistance of silver electrodes with four-point probes.

An optical microscope (JSZ-7XT, Samwon Scientific Ind. Co., Ltd.,
Republic of Korea) was used to measure the line width of the silver
electrodes. The microscopic images were taken using a field-
emission scanning electron microscope (FE-SEM) (JSM-6700 F, Jeol
Ltd., Japan or SUPRA-55VP, Carl Zeiss NTS GmbH, Germany).
A rheometer (RheoScope 1, Thermo Fisher Scientific Inc., Germany)
was used to measure the viscosity of the bimodally dispersed silver
paste with a cone-plate sensor, C60/11 Ti PO, at 23 1C. To avoid the
uncertainties of the measured viscosity values due to the strong
hysteretic behaviours of the developed silver paste, the viscosity
measurements were done at the shear strain rate of 100 s�1 in 10 s
after the rotation of a cone-plate sensor, when the deviation of the
measured viscosity values became less than 5%.

For the EHD-jetting tests and the fabrication of a polycrystalline
silicon solar cell, a standard version of the eNano printer (Enjet Co.,

Republic of Korea) was used, as shown in Fig. 3. The used eNano
printer consisted of a 100-μm diameter ceramic nozzle, a high
voltage supply unit, a micro-syringe pump, a CCD camera, an x–y–z
axis motion unit, and a substrate unit on which an aluminium
platen was laid as a counter electrode. High voltage is applied across
the nozzle and the counter electrode, while a liquid is pumped
through the nozzle. The electric charge on the liquid meniscus
develops an electric stress. If this electric stress exceeds surface
tension and viscous force of the liquid meniscus, then the liquid
meniscus is elongated along the electric field direction, and forms
a conical shape, known as a Taylor cone, from which a stable
continuous jet of liquid can be emitted [19]. Consequently, the most
critical parameter to control in silver paste is viscosity rather than
surface tension since the viscous force of a thick paste is generally
much larger than its surface tension.

3. Results and discussion

3.1. Bimodal dispersion of silver particles

As an empirical rule of thumb, the particle size should be appro-
ximately one-hundredth of the nozzle diameter to evade nozzle
clogging [20]. Though EHD jet printing potentially has fewer nozzle
clogging problems than piezoelectric DOD ink-jet printing due to its
unique capability for printing fine conductive lines with a relatively
large diameter nozzle, the use of small silver particles might be
deemed equally beneficial in terms of smooth nozzle flow. However,
the use of extremely small silver particles, i.e., silver nanoparticles,
was found to have a detrimental effect on the contact formation
between the silver electrodes and the emitter layer of the crystalline
silicon solar cell [7]. If the thickness of the dispersant layer is 2.5 nm,
the volume ratio of the dispersant to an 18.1-nm-diameter silver
nanoparticle reaches as high as 107.87 vol%. This remarkably high
dispersant-to-silver nanoparticle volume ratio eventually caused
strong mechanical stress during firing due to the significant volu-
metric shrinkage and resulted in poor contact formation [7]. In
contrast, the volume ratio of the dispersant to the used small or
large silver particles in this study lay in the range of 1.08 vol% and
11.99 vol%, and no delamination issues were observed at the contact

Fig. 3. Standard version of the eNano printer for EHD jet printing.
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interface between the silver electrodes and the emitter layer of the
crystalline silicon solar cell. The evasion of poor contact formation
occurred because the volumetric shrinkage due to the volume ratio
of the dispersant to the used small or large silver particles is
practically much smaller than the volume fraction of the voids in
the case of monodispersed silver particles, 36 vol% [21].

Note that the diluted version of the conventional silver paste for
EHD jet printing could not achieve cell efficiency comparable to that
of screen-printed cells, even though the composition of the silver
paste was not affected by the dilution process [15]. This low cell
efficiency with EHD jet printing occurs due to the absence of
printing pressure that fails to produce as-printed silver electrodes
with high packing density, which can be readily achieved with the
printing pressure applied by a squeegee in screen-printing. Because
the voids between the silver particles have no affirmative contribu-
tion to the electrical characteristics, we want to fill the voids
between the silver particles with smaller silver particles. When
the size and weight ratios of the small-to-large silver particles are
set around 1 to 7, and 15 to 85, respectively, the minimum volume

fraction of voids is as low as 15 vol%, which is considerably lower
(21 vol%p) than the case of monodispersed silver particles [21].
Therefore, the bimodal dispersion of silver particles could be
hypothesized to have an affirmative effect on the electrical char-
acteristics of the silver electrodes, such as the unit-line resistance
and contact resistivity.

To verify this hypothesis, small silver particles were mixed with
large silver particles at different weight ratios from 5 wt% to 25 wt%,
while the solid content of glass frit was maintained at 3 wt% with
respect to the silver particles. Though the microscopic cross-
sectional images of the fired silver electrodes in Fig. 4show no
notable difference between samples with different weight ratios of
small-to-large silver particles, the decrease in the unit-line resis-
tance is evident, as shown in Fig. 5(a).

In contrast to the assertion by Hilali et al. that the use of
smaller silver particles leads to higher contact resistivity [22], the
contact resistivity of the bimodally dispersed silver paste exhibits
a minimum contact resistivity at the small-to-large silver particle
weight ratio of 15 wt%. The decrease of the contact resistivity up to

Fig. 4. Microscopic cross-sectional images of the fired silver electrodes at different weight ratios of small-to-large silver particles: (a) 5 wt%, (b) 10 wt%, (c) 15 wt%,
(d) 20 wt%, and (e) 25 wt%.
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the small-to-large silver particle weight ratio of 15 wt% might be
explained by two factors. First, the capillary force-driven melt flow
of the glass frit could be facilitated by the inclusion of small silver
particles [23] with the assumption that glass frit easily wets silver
particles. Consequently, the glass frit melt readily migrates to the
contact interface between the silver electrodes and the emitter
layer of the crystalline silicon solar cell and contributes to low
contact resistivity. However, the capillary force-driven melt flow of
the glass frit cannot explain why contact resistivity increases at the
small-to-large silver particle weight ratio above 15 wt%. Therefore,
we postulate a new hypothesis that the melt flow of the glass frit is
actually governed by the squeezing force of the silver particles
through their coarsening and densification.

As bridges form between silver particles at an elevated tem-
perature, the melt of glass frit must be squeezed by the densifica-
tion and coarsening of silver particles, as shown in Fig. 6(b). Because
the inclusion of small silver particles facilitates the densification
and coarsening of silver particles, the melt of glass frit can migrate
to the contact interface and contribute to the low contact resistivity.
However, if the weight ratio of small silver particles exceeds 15, the
coarsening and densification of small silver particles causes the
passage between silver particles to narrow, subsequently impeding
the melt flow of glass frit. As a result, some of the glass frit could be
trapped, as shown in Fig. 6(c). Because a smaller amount of glass frit
reaches the SiNx layer (Fig. 4(e)), a sound contact formation cannot
be made, resulting in an increase of the contact resistivity for
weight ratios of small-to-large silver particles above 15 wt%.

Because both the unit-line resistance and contact resistivity
simultaneously contribute to the series resistance, a trade-off on
the weight ratio of small-to-large silver particles must be made,

and the weight ratio of small-to-large silver particles was decided
to be 20 wt%. After determining the weight ratio, the solid content
of glass frit was optimized by measuring the contact resistivity at
two different peak firing temperatures: 780 1C and 800 1C. The
used glass frit in the bimodally dispersed silver paste exhibited the
minimum contact resistivity at 11 wt% with respect to the bimodal
dispersed silver particles when fired at 780 1C, as shown in Fig. 7.
Hereinafter, the solid content of glass frit in the bimodally
dispersed silver paste was maintained at 11 wt% with respect to
the bimodally dispersed silver particles.

3.2. Optimal viscosity range of the bimodally dispersed silver paste
for EHD jet printing

To determine the optimal viscosity range of the bimodally
dispersed silver paste for EHD jet printing, a series of dummy inks
containing ethyl cellulose (CAS No. 9004-57-3, Order No. 200654,
Sigma-Aldrich Corp., USA) at different concentrations in BCA were
formulated, and the viscosities are plotted in Fig. 8, where the
shear strain rate and temperature were set to 100 s�1 and 23 1C,
respectively.

If the ink viscosity was too low (around 590 cP or below), it was
found through EHD-jetting tests that dripping occurred at low
frequency, and hence no continuous lines were printed, as shown
in Fig. 9(a). At slightly higher ink viscosity (from 880 cP to
1800 cP), unstable jet spinning appeared. In contrast, at very high
ink viscosity (around 6000 cP and above), ink was forced out by
the syringe pump in a process similar to dispensing printing
without the formation of a Taylor cone at the nozzle tip. However,
when the ink viscosity fell in the 2200–4200 cP range, a stable
Taylor cone was formed at the nozzle tip, and continuous lines
were printed, as shown in Fig. 9(b).

However, the viscosity of the bimodally dispersed silver paste
abruptly increased with the solid content increase of small silver
particles at around 10 wt%, as shown in Fig. 10(a). Although the
viscosity of the bimodally dispersed suspension is known to
decrease under certain conditions such as specific diameter and
volume ratios of small and large particles [24], the solid content
increase of small silver particles in the developed bimodally
dispersed silver paste generally tends to increase the viscosity.
This velocity increase occurs because the high specific surface area
of small silver particles leads to an interaction between the
particles and organic species in the bimodally dispersed silver
paste. To formulate the bimodally dispersed silver paste with a
sufficiently high solid content that is also within the EHD-jettable
viscosity range, three conventional measures were taken. First, the
concentration of the organic binder is decreased to the point
where no cracks appear in the dried silver electrodes. Another
technique is to use a low-molecular-weight organic binder in place
of a high-molecular-weight organic binder because the ink visc-
osity tends to be proportional to the organic binder molecular
weight. Finally, a binary solvent mixture is employed as a carrier
vehicle to increase the solubility of the organic binder. To easily
identify the influence of the binary solvent mixture on the
viscosity, a set of high-molecular-weight ethyl cellulose (CAS No.
9004-57-3, Order No. 200654, Sigma-Aldrich Corp., USA) mixtures
with different BCA-to-xylene weight ratios were considered. As
shown in Fig. 10(b), the high-molecular-weight ethyl cellulose
solution with a BCA-to-xylene weight ratio of 4:1 exhibited the
lowest viscosity.

In addition to the aforementioned conventional measures, metal-
lorganic silver, which can be dissolved in the binary solvent mixture,
was employed as a novel measure to control the viscosity of the
bimodally dispersed silver paste. Interestingly, the addition of metal-
lorganic silver decreased the viscosity of the bimodally dispersed
silver paste, as shown in Fig. 10(c). The used metallorganic silver,

Fig. 5. Influence of the weight ratio of the small (HP-0702) to large silver particles
(HP-0710) on (a) unit-line resistance and (b) contact resistivity.
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which has a similar molecular structure to the carboxylic-acid-based
dispersant, is postulated to adsorb on the silver particle surface if
there is no polymeric dispersant present, hence reducing the visc-
osity of the bimodally dispersed silver paste. Moreover, the use of
metallorganic silver in the bimodally dispersed silver paste contri-
butes to not only the decrease of the electrical resistivity because it
eventually turns into a metallic state after thermal decomposition
[25–27] but also the reduction of contact resistivity due to the noble-
metal-assisted etching capability [28].

3.3. Fabrication of a polycrystalline silicon solar cell using EHD jet
printing

Finally, the bimodally dispersed silver paste was tuned to have a
viscosity of approximately 4200 cP at the shear strain rate of

100 s�1 by adding 5 wt% of metallorganic silver. The bimodally
dispersed silver paste was printed using an EHD jet printer on
polycrystalline silicon solar cell wafers with an emitter sheet
resistance of 60Ω/sq (Hanwha Chemical R&D Centre, Republic of
Korea), which was common in 2010 and the average cell efficiency
was approximately 16.5% [29]. However, the bimodally dispersed
silver paste with the mixture of BCA and xylene presented two
major problems: (1) it dried too quickly at the nozzle tip, and (2) it
spread excessively on the textured surface of a polycrystalline
silicon solar cell wafer. Therefore, the mixture of BCA and xylene
at the weight ratio of 4 to 1 was replaced with a mixture of BCA and
α-terpineol at the weight ratio of 1 to 1 because α-terpineol not
only has a high boiling point but can also dissolve metallorganic
silver. As shown in Fig. 11, the bimodally dispersed silver paste with
the mixture of BCA and α-terpineol exhibited much less spreading

Fig. 6. The melt flow mechanism of glass frit: (a) dried silver paste, (b) melt flow of glass frit due to the densification and coarsening of silver particles, and (c) fired silver
electrode with trapped glass frit.

Fig. 7. Contact resistivity versus the solid content of glass frit in the bimodally
dispersed silver paste (HP0702:HP0710¼1:4).

Fig. 8. EHD-jetting characteristics along with ink viscosity.
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and spattering around the EHD jet printed line compared to that
with the mixture of BCA and xylene. To further restrain the
spreading of the bimodally dispersed silver paste, the heating
platen temperature was set 60 1C to evaporate the carrier vehicle
as quickly as possible.

The EHD jet printing was conducted 30 times at the printing
speeds of 5 cm/s and 10 cm/s. The typical standoff distance
between the nozzle tip and a polycrystalline silicon solar cell
wafer was set at approximately 0.5 mm. The applied voltage
and flow rate fell in the range of 1.3–1.4 kV and 0.3–0.4 μl/min,
respectively. The resulting line height and width of the EHD jet
printed silver electrodes were approximately 51.50 μm and 60 μm,
respectively, as shown in Fig. 12(b). As shown in Table 1 where
reference cell efficiencies with the similar emitter sheet resistance
in 2010 are listed, the resulting cell efficiency of the EHD jet
printed polycrystalline silicon solar cell with the finger spacing of
2 mm reached up to 16.72%, which is higher than that of screen-
printed cells by þ0.22–0.52%p [7,8,15] but slightly lower than that
of a dispensing printed cell by �0.05%p [8] which might be below
measurement uncertainties on polycrystalline silicon solar cells.
Compared to the cell efficiency of an EHD jet printed polycrystal-
line silicon solar cell with diluted commercially available silver
paste for screen-printing, the bimodally dispersed silver paste,
optimized for EHD-jet printing, greatly improved the cell effi-
ciency by þ3.02%p [15].

However, the EHD jet printed polycrystalline silicon solar cell
exhibits a bit low fill factor, when the measured unit-line resistance
and contact resistivity in Fig. 5(a) and Fig. 7 are considered. Because

the developed silver paste had much lower viscosity and yield stress
than those of silver paste for screen printing, the average line width
of screen-printed silver electrodes was around 350 μm, which was
much wider than that of EHD jet printed silver electrodes. As a
result, the unit-line resistance of EHD jet printed silver electrodes
must be higher. Moreover, the contact resistivity on polycrystalline
silicon solar cell wafers with the emitter sheet resistance of 60Ω/sq
must be higher than that on monocrystalline silicon solar cell wafers
with the emitter sheet resistance of 50Ω/sq. In addition, the
inhomogeneous distribution of glass frit might lead to the non-
uniform etching of the SiNx layer since the D50 and D90 values of
the used glass frit were 4.52 μm and 10.11 μm, respectively, and they

Fig. 9. EHD-jetting behaviours with (a) low viscosity ink, and (b) optimal
viscosity ink.

Fig. 10. Viscosity dependence on (a) the weight ratio of small-to-large silver
particles in the bimodally dispersed silver paste, (b) the weight ratio of xylene-
to-BCA in the binary solvent mixture, and (c) the 2.5 wt% addition of metallorganic
silver with respect to the silver particles and glass frit.
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might be too big for fine silver electrodes. The increased unit-line
resistance and contact resistivity consequently increased series
resistance and hence might reduce the fill factor of the EHD jet
printed polycrystalline silicon solar cell.

3.4. Issues for the advancement of EHD jet printed crystalline silicon
solar cells

Despite the successful experimental results of EHD jet printed
polycrystalline silicon solar cells with the bimodal dispersed silver
paste, there are a couple of challenging issues for its further advan-
cement. The most imminent issue is the strong necessity to reduce the
number of EHD-jet printings for high height-to-width aspect ratio
silver electrodes. Although it might not be possible to achieve such
high height-to-width aspect ratio silver electrodes by single pass
printing, the number of EHD-jet printings should be greatly reduced
from 30 times in this study to a couple of times from the industrial
production viewpoint. This issue inevitably implies that the deposition
rate of EHD-jet printing should be higher by a factor of ten and above.
For achieving this goal, the as-printed silver electrode must hold its
shape rather than spread on a crystalline silicon solar cell wafer. Three
possible solutions might be conceivable; (1) EHD-jet printing of silver
paste containing a volatile carrier vehicle might be helpful. However,
the use of a highly volatile carrier vehicle might lead to a nozzle
clogging problem; (2) the increase of yield stress of silver paste with a
rheological modifier might help to hold the shape of an as-printed
silver electrode. However, suppressing the viscosity increase of silver
pate due to the use of a rheological modifier might be challenging;
(3) the use of phase changeable or UV curable silver paste might be a
more realistic solution. Hotmelt paste, which liquefies on a hot screen
but quickly solidifies on a crystalline silicon solar cell wafer, was
already demonstrated by using screen printing [30]. Moreover, UV
curable silver paste has been used in printed electronics applications.
This approach also has its own challenge as like the aforementioned
conceivable solutions. In the case of hotmelt paste, as-printed silver
electrodes should not collapse nor spread by melting in the course of

firing. In the case of UV curable silver paste, the development of a UV
curable material with a minimal residue after firing is required.

4. Conclusions

In this study, the electrical and rheological characteristics of the
bimodally dispersed silver particles in silver paste were systematically
investigated for EHD jet printing. With an increase in the weight ratio
of small-to-large silver particles, the unit-line resistance consistently
decreased. In contrast, the contact resistivity became minimal at the
small-to-large silver particle weight ratio of 15 wt% but increased for
higher weight ratios. This contact resistivity increase above 15 wt%
was a result of the obstructed melt flow of glass frit because of the
narrow passages between necked silver particles. Moreover, the
addition of small silver particles increases the viscosity of the
bimodally dispersed silver paste due to the enlarged specific surface
area of the small silver particles. To tune the viscosity of the bimodally
dispersed silver paste within the EHD-jettable viscosity range, a low-
molecular-weight organic binder was dissolved in a binary solvent
mixture. In addition, metallorganic silver was effective for reducing the
viscosity of the bimodally dispersed silver paste because of the
molecular structural similarity of the used metallorganic silver to the
carboxylic-acid-based dispersant. With the developed bimodally dis-
persed silver paste for EHD jet printing, silver electrodes with the
height-to-width aspect ratio of 0.86 could be printed, and the cell
efficiency of the resulting polycrystalline silicon solar cell reached
16.72%, which was an improvement over EHD jet printing with diluted
commercially available silver paste by þ3.02%p. The unique traits of
EHD jet printing, i.e., the construction of fine but high height-to-width

Fig. 11. Comparison of EHD jet printed lines using the bimodally dispersed silver
paste with the mixture of (a) BCA and xylene and (b) BCA and α-terpineol.

Fig. 12. (a) EHD jet printed polycrystalline silicon solar cell, and (b) the cross-
sectional SEM image of a silver electrode.
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aspect ratio silver electrodes with a relatively large diameter nozzle,
will significantly improve the front-side metallization in crystalline
silicon solar cell applications.
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34.19 610 77.8 16.2 [15]
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