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Highly conductive silver was fabricated at room temperature using in-situ
reactive silver precursor inks by microreactor-assisted printing without any
post-processing. Reactive silver nanoinks, synthesized in-situ from the
microreactor, were directly delivered onto glass and polymeric substrates
without any surface treatment to form a highly dense and uniform silver
feature. The distribution of the reactive silver nanoinks can be controlled
simply by adjusting the flow rate of the continuous flow system. Silver
lines were fabricated using the in-situ reactive precursors delivered via a
micro-channel applicator. The electrical conductivity of the silver film and
feature were measured to be around 3.3 x 10’ (S/m), corresponding to
about half of the conductivity of bulk silver. The functionality of the silver
This study
demonstrates the possibility to fabricate patterned silver features at room

line was confirmed through the operation of LEDs.

temperature from in-situ nanoinks without the aid of any post-processing.

Silver possesses excellent electrical conductivity, surface
plasmon resonance (SPR), and high reflectivity, leading to a
variety of applications in microelectronic circuitry, gas sensors,
low emissivity coatings, and more recently as transparent
conductive electrodes for displays.l'6 Since the properties of
closely associated with synthetic

approaches, many different synthetic methods have been

silver features are
developed to yield high quality silver features. Direct printing
in an atmospheric environment offers a potentially low-cost
manufacturing silver

features for electronics and energy devices. Significant efforts

and materials-efficient method for

and progress have been made in developing printable silver
Nanoparticle  suspensions and  organo-metallic
compounds are the two primary precursors. Many research

inks.

groups have reported highly conductive silver features using

a'Dregon Process Innovation Center/ Microproduct Breakthrough Institute and
School of Chemical, Biological & Environmental Engineering, Oregon State
University, Corvallis, OR 97331, United States

tElectronic Supplementary Information (ESI) available: Experimental procedures to
produce the silver film and silver line, Speciation diagram of silver precursors,
Table to exhibit comparison of electrical conductivity of reported silver film with
one discussed in this study.
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silver nanoparticle inks after annealing at approximately 200-
350 °C. Lewis and co-workers reported omnidirectional
printing of remarkable silver features using colloidal silver
nanocrystal inks where organic stabilizers were needed to
create a stable silver nanoparticle suspension.7 A post-
sintering process is required after the printing to remove
organic stabilizers that usually decompose at temperatures
higher than 200 °c.®® Enormous efforts have been made to
further reduce the sintering temperature by developing novel
silver precursor inks. Kao et al. reported a clever use of two ink
channels to implement the silver mirror reaction.’ The
electrical conductivity of the resulting silver lines was 6% of
bulk silver at room temperature. Perelaer et al. used
microwave flash sintering to shorten the sintering duration of
printed silver nanocrystals and achieved highly conductive
silver films after microwave sintering for 150 seconds.™®
Reinhold et al. showed the use of argon plasma sintering to
fabricate the silver film on a plastic substrate at a substrate
temperature of 120 °C. H Layani et al. developed self-sintering
silver nanoparticles after a short exposure to HCl vapors to
achieve the high electrical conductivity path at room
temperature.12 Olkkonen et al. established the sintering of
inkjet printed silver tracks with boiling salt water."® Dearden et
al. showed that silver with good conductivity could be
obtained at a relatively low temperature of 150°C using
organo-silver ink.* Most recently, Walker et al. developed
reactive particle-free silver inks by modifying the Tollens'
|'eagent.15 Silver features with high conductivity were obtained
after 100 °C heat treatment. These innovative approaches are
capable of producing highly conductive silver features at
relatively low temperatures. However, there are still areas for
improvement. The synthesis of well- dispersed silver
nanoparticle and organic metallic inks suitable for printing and
low temperature sintering with sufficient stability usually
requires the stringent selection of reactants for successful
synthesis, sufficient stability to ensure ink shelf-life, and
tedious synthesis procedures that would increase cost. 1817 |n
addition, the sintering processes require additional power
sources and facilities.
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In this communication, we report, for the first time, the
fabrication of highly conductive silver features at room
temperature using in-situ reactive precursor inks generated by
a novel microreactor-assisted printing technique without any
post processing steps. The invention of this methodology aims
at achieving one of more efficient and economical way in
manufacturing highly electrical conductive silver featurs.
Compared printing techniques that gnerally
necessiate organic stablizers, our process allows for printed

to other

silver features using in-situ reactive silver precursor inks
without using organic stablizers. In addition, since silver
precursor inks are free of organic stabilizers, neither post-
annealing process nor other post-surface treatment are
required to achieve an excellent conductive path. A Tollens'
process offers some advantages in preparing silver films,
including simplicity, low cost, and low temperature
requirements.lg‘ 19 Particularly the Tollens’ process allows for
the silver film formation in the absence of organic stabilizers.
However, the typical Tollens' reaction is based on the batch
process, resulting inherent problems such as
homogeneous particle formation and difficulty in reaction
in non-uniform film

in some

selectivity that consequently results
formation. We have used a microreactor-assisted process to
control a modified Tollen’s reaction to generate in-situ silver
precursor inks to resolve some of these issues. In a continuous
flow microreactor, reaction kinetics can be controlled by
simply adjusting process parameters. For example, by properly
tuning the flow rate of solution, which in turn controls the
residence time, we were able to obtain various reactive
precursors such as reactive molecular species, individual
nanocrystals, or nanocrystals assemblies.”” 2! These reactive
precursors were then delivered immediately onto a surface to
2 2 The modified
Tollens' reagent was prepared by dissolving silver nitrate
(AgNO3) into deionized water containing ammonium hydroxide
(NH,OH). A speciation diagram was constructed to find the pH
range where high purity Tollens' reagent (Ag(NHs),") s
generated (Fig. S1). The pH range from 9 to 12 was found to be
appropriate for the Ag(NHs),” formation according to the
speciation diagram, and the experimental pH value was
measured to be right around 11. Formaldehyde (HCHO) was
used as a reductant. The detailed experimental procedures are
in the supporting information. Reactive silver
precursor inks were generated in-situ as the Tollens' reagent,
the Ag(NH;)," solution, was mixed with the formaldehyde
solution via a micromixer. The silver mirror reaction takes
place following: HCHO+2[Ag(NH5)’]"+20H —
HCOONH,+2Ag+3NH3+H,0.%*

We carried out the analysis using UV-Vis absorption
measurements to investigate the kinetics of silver precursor
ink formation in real time. The UV-Vis absorption spectra at
different mean residence times, controlled by the flow rate,
are given in Fig. 1. The flow rate of 0.4 mL min?,0.65 mL min?,
and 0.73 mL min* correspond to a residence time of 118
seconds, 74 seconds, and 65 seconds respectively. It can be
seen clearly from the spectra that an absorption peak between
400 and 450 nm is growing at longer residence time. This

enable surface reaction and/or assembly.

described
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absorption is associated with the surface plasmon of silver
nanocrystals. This result is consistent with the silver mirror
reaction starting from the generation of silver atoms, followed
by the formation of small nuclei and subsequently silver
nanocrystals. Based on the result of real time absorption
spectrum in Fig. 1, a flow rate of 0.4 mL min was adopted to
fabricate silver films and features. At a flow rate of 0.4 mL min”
1, the absorption peak with a high intensity was observed,
indicating increased concentration of silver nanocrystals. It
was found that the conductive silver features cannot be
formed at higher flow rates (e.g. 1.5 mL min'l). At such a high
flow rate, the residence time is not long enough to form
primary silver nanocrystals, building blocks for the film
formation. Instead silver atoms or clusters are considered to
be major products at this flow rate, which only yielded a
discontinuous film (Fig. S2). And at a flow rate below 0.4 mL
min™ (e.g. 0.1 mL min'l), silver nanocrystals would experience
the aggregation, causing the non-uniform film formation. In
order to acquire the silver film with highly electrical
conductivity, the film uniformy is an important factor. These
results demonstrate that finding an optimal flow rate (i.e.
residence time) is very important in achieving uniform and
conductive silver films and features. It is believed that at a flow
rate of 0.4 mL min'l, the colloidal silver nanocrystals along with
atomic silver and silver clusters were synthesized for the silver
feature deposition.
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Fig. 1. Real time analysis of optical properties of silver inks at various flow rates.

Fig. 2 shows the TEM characterizations of silver
nanocrystals, building blocks for the silver feature formation,
synthesized at room temperature. The TEM image shows well-
dispersed, spherical silver nanocrystals with a size mostly
ranged from 2 to 10 nm in diameter. A nanocrystal size
distribution is also analyzed in Fig. 2d. The SAED pattern
indicates the high crystallinity of silver nanocrystals, showing
clearly distinct ring patterns. The dominant diffraction patterns
are indexed, which agrees well with typical silver nanocrystals.

A typical silver nanocrystal with approximately 10 nm in

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 5



Page 3 of 5

Journal of Materials Chemistry C

diameter was examined at high magnification. Lattice fringes
are clearly observed, confirming the high crystallinity of silver
nanocrystals.

Eraquency

12 3 45 8 7 8B % WM

Diameter {nm)

Fig. 2. Characterizations of silver nanocrystals: (a) TEM image of silver nanocrsytals, (b)
SAED pattern of silver nanocrystals, (c) a typical silver nanocrystal, and (d) nanocrystal
size distribution.

Fig. 3 displays the characterization results of the silver film
obtained after a 15 minute deposition using silver nanoinks
generated in-situ from the microreactor at a flow rate of 0.4
mL min™. The deposition procedures are described in the
supporting information (Fig. S3). The silver film is composed of
a number of spherical nanocrystals (Fig. 3a). The grain size of
the nanocrystal varies from several tens of nanometers to
several hundreds of nanometers in diameter. These
nanocrystals connected with one another in a densely packed
film without forming any voids, providing excellent electrically
conductive paths. The cross sectional SEM image of the silver
film is shown in Fig. 3b. The thickness of the silver film is
uniform, and the average thickness was measured to be
around 134 +* 9 nm. It is believed that primary silver
nanocrystals served as building blocks for the framework
formation of the film by closely connecting one another while
silver clusters along with silver atoms filled the voids between
the primary silver nanocrystals, which eventually produced the
dense single layer film. We were able to estimate the
concentratration range of primary silver nanocrystals
synthesized in microreactor by correlating the volume of the
silver solution dispersed for the film formation with the
volume of the formed film. Assume that the total silver
solutions were only consumed to form the film. The silver
solution volume of 6 mL was consumed to fabricate the silver
film with total volume of 5.4 x 10 m>. With an assumption of
perfect sphere of primary nanocrystals, the
concentration range of the nanocrystals can be estimated to
be around betweem 2.73 x 1012/mLand 2.15 x 101°/mL. The
upper limit and lower limit of the estimated concentratios
corresponds to the size of the nanocrystals with 2 nm and 10
nm respectively. The highly dense silver nanocrystalline film
was further confirmed by the AFM analysis shown in Fig. 3c.

silver

This journal is © The Royal Society of Chemistry 20xx

The average roughness was measured to be around 13.9 nm.
The XRD pattern of the silver film indicates the high
crystallinity of the film, exhibiting sharp peaks with high
intensity. The diffraction peaks are attributed to the face-
centered cubic (fcc) crystalline structure of Ag (JCPDS No.89-
3722). The XRD pattern is in accordance with the SAED pattern
observed in Fig. 2b. We also successfully demonstrated the
deposition of silver films on polymeric substrates at room
temperature. Fig. 3e shows an optical image of a highly
reflective silver film on a flexible polyimide substrate.

Intensity (a.u)

(220) (311}

Fig. 3. Characterizations of the silver film: (a), (b) Plain view and cross sectional area
SEM images, (c) AFM image, (d) XRD pattern of the as-deposited silver film.,(e) Optical
image of the silver film deposited on a flexible polyimide substrate.

To fabricate patterned silver features via the microreactor-
assisted printing, we used a microchannel applicator. The
microchannel, a critical part of the microchannel applicator,
was fabricated via a hot embossing technique. The micro hot
embossing technique, known to be an effective replication
approach to fabricate micro- and nanoscale features with high
accuracy, has been widely used for various applications in
industry.zs' % \We fabricated a microchannel applicator
featured with a microscale single line. We also prepared a flow
cell that is assembled with the microchannel to provide an
inlet and outlet for silver inks during the silver deposition.
Detail on the silver line deposition using the microchannel
applicator is described in the supporting information (Fig. S4).
Through the microchannel applicator, silver inks synthesized in
the microreactor were guided to flow over the substrate to
form a silver line feature. (Fig. 4). This method can be used to
create smaller, more complex features with more advanced
application methodologies.
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Fig. 4. Schematic diagram of manufacturing silver line.

Fig. 5a~c exhibits the results of the silver line deposition on
a glass substrate. The silver line is 2 cm in length and
approximately 300 pum in width. The SEM image of the silver
feature shows a well-defined silver line that consists of
continuous, densely packed silver nanograins. The electrical
conductivity of the both the as-deposited silver film and line
feature were measured to be 3.3x10’ S/m at room
temperature. The conductivity is around half of the value of
bulk silver. The electrical conductivity of our silver feature
shows one of the highest values among silver features
prepared at room temperature. Table S1 in the supporting
information lists a number of state-of-the-art results of printed
silver features. It is worth noting that our silver feature was
fabricated at room temperature without any post-sintering
steps. Kao et al. reported an impressive result of a printed
silver feature with a 6% conductivity of bulk silver at room
temperature using reactive two channel ink jet system.7 Layani
and Magdassi reported a clever approach to fabricate silver
grids by guided self-assembly of silver nanoparticles following
by chemical sintering using HCL at room temperature. An
impressive conductivity value of 1x10’ S/m was obtained.'®
The electrical conductivity of the silver feature fabricated by
the microreactor-assisted printing was demonstrated using
LEDs (Fig. 5d).

4| J. Name., 2015, 00, 1-3
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Fig. 5. Characterizations of silver line: (a) optical image of the silver line on glass
substrate, (b) and (c) low and high-resolution SEM images of silver line, and (d) optical
image of LED.

In conclusion, uniform and highly conductive silver films
and features were fabricated at room temperature using
reactive silver nanoinks generated from a continuous flow
microreactor. Reactive silver solution generated in-situ from
the microreactor were directly delivered onto the substrates
to form the silver films. Builidng blocks for the film formation,
including dispersed silver nanocrystals and silver clusters, were
selectively obtained by using a flow rate of 0.4 mL min™. The
silver nanocrystals formed the framework of the film and the
silver clusters filled the voids formed between silver
nanocrystals, which resulted in continuous and unifrom films.
Patterned silver features were fabricated using a novel
microreactor-assisted printing technique by delivering the
reactive silver nanoinks to a surface via a flexible microchannel
applicator. A 300 um wide silver line was demonstrated. The
resulting silver film and line show electrical conductivity values
about half of the bulk silver value. This study demonstrates the
capability of a novel microreactor-assisted printing technique
to fabricate highly conductive silver features at room
temperature without the aid of a post-sintering process for the
first time. This was achieved by using in-situ reactive silver
nanoinks generated from stable, long-shelf life, low-cost,
commercially available precursors.
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