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ABSTRACT: The development of a simple and reliable method for
nanoparticles-based ink in an aqueous solution is still a challenge for its
inkjet printing application. Herein, we demonstrate the inkjet printing of
fractal-aggregated silver (Ag) electrode lines on substrates. Spherical,
monodisperse Ag nanoparticles have been synthesized using silver
nitrate as a precursor, ethylene glycol as a reducing agent, and polyvinyl
pyrrollidone as a capping agent. As-synthesized pure Ag nanoparticles
were well dispersed in water-ethylene glycol mixture, which was directly
used as an ink for inkjet printing. Using this ink, the Ag electrodes of
fractal-connected lines were printed on Si/SiO,, glass, and polymer
substrates. The fractal-connected Ag lines were attributed to the
diffusion-limited aggregation of Ag nanoparticles and the effect of

annealing on conductivity was also examined.
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1. INTRODUCTION

Inkjet printing is an efficient alternative to conventional
photolithography for producing various electronic devices and
has advantages such as low cost, high-speed patterning, and
applicability to various substrates.' "> However, most inkjet-
printing applications require sophisticated synthetic procedures
for preparing monodisperse nanoparticles (NPs) without
particle—particle aggregation in the dispersion medium. More-
over, the NP-based ink formulation is usually restricted to NP
dispersed in volatile solvents such as isopropyl alcohol (IPA),
ethanol, and terpineol or in typical organic solvents such as
dodecane, tolune, and butylbenzene.lé_ 3 It was observed that
volatile nature of the solvents generally leads to a unwanted
coffee-ring effect, which can degrade the quality of printed
features. Therefore, the development of a simple and reliable
method for nanoparticle-based ink in an aqueous solution is
still a challenge for inkjet printing application. For the
formulation of water-based ink, metal salt-based ink-formula-
tion can be a choice. But recently, metal—organic silver salt for
the formulation of an aqueous ink was reported for printing Ag
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conductive lines on the glass and PET substrates. It was
observed that as compared to NPs-based ink, the salt-based ink
composed of various organic residues which should be removed
at an elevated temperature for better electrical behavior.** For
materials point of view, Wang et al. developed a general strategy
for the synthesis of Ag NPs that required a higher reaction
temperature (>80 °C) and longer reaction time (10 h).** Chen
et al*® reported a novel two-phase procedure for the
preparation of monodisperse silver NPs, but it was only
suitable for the preparation of NPs stabilized by alkylamine. We
observed that the amphiphlic nonionic polymer, polyvinyl
pyrrolidone (PVP) has widely been used as surfactant to
prevent particles from agglomerating during synthesis of
various nanomaterials.””*® Inspired by this information, we
have investivated Ag NPs in the presence of PVP as a
dispersant suited for inkjet printing.
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Figure 1. Typical images of (a) FESEM, (b) TEM, (c) HR-TEM, and (d) IFFT; (e) EDS spectrum and (f) XRD pattern of the Ag NPs synthesized
by polyol method at 80 °C. The insets in ¢ and d show FFT spectra and diffraction pattern, respectively.

In this paper, we reported the facile preparation of PVP-
stabilized silver NPs at 80 °C for 30 min without any complex
instrumental setup. As-synthesized pure Ag NPs were well
dispersed in water-ethylene glycol solvent mixture which was
directly used as an ink. Using the as-formulated Ag NPs ink we
have successfully demonstrated jetting and writing of various
overprinted Ag line patterns on substrates. Interestingly, we
have observed that after printing the Ag lines on the substrate,
fractal-aggregated connections were formed by the diffusion-
limited aggregation (DLA) of Ag NPs. To confirm the PVP-
capping over the surface of as-formulated Ag NPs ink, we also
investigated an elemental mapping of single fractal aggregated
morphology. As-printed Ag lines were further analyzed in terms
of its resistivity with varying annealing temperature from room
temperature to 300 °C.

2. EXPERIMENTAL DETAILS

Chemicals. Silver(I) nitrate (AgNO;) (purity 99.9%, Samchun
Pure Chemical Co., Ltd., Korea), polyvinyl pyrollidone (PVP, Sigma-
Aldrich), ethylene glycol (EG) (=99%, Sigma-Aldrich) and lig.
Ammonia (28—30%, Samchun Pure Chemical Co. Ltd., Korea)
were used as received without further purification.

Synthesis of Ag NPs and Ink Formulation. The synthesis
process of Ag NPs involves heating a polyol (ie, EG) with a salt
precursor (silver nitrate) and a polymeric capping agent (PVP) to
generate metal colloids. Silver NPs were synthesized in a refluxing pot
via solution process. In a typical synthesis process, 0.5 g PVP was
dissolved in 50 mL EG solution and transferred to the refluxing pot
and heated until 80 °C with continuous stirring. When the resultant
solution reached at 80 °C, 50 mL of 0.1 M AgNO; was added into the
heated solvent by dropwise addition of ammonia until solution pH 10.
After this step, the resulted mixture was kept for 30 min to complete
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the reduction process. The reduction reaction for the formation of
silver NPs is written as

2CH,0H-CH,OH — 2CH,CHO + 2H,0 (1)

2CH,CHO + 2AgOH — 2Ag + CH,COCOCH, + 2H,0

@)
To check the effect of reaction temperature on the shape and size of
as-synthesized Ag NPs, we have carried out different sets of
experiments with varying reaction temperatures from 70 to 100 °C.
In all the prepared samples, precursor concentration and reaction time
were kept constant at 0.1 M and 30 min, respectively. For Ag NP
characterization, brown-yellowish color colloidal solution of silver were
centrifuged at 4000 rpm for 5 min and then washed with deionized
water. For the formulation of water-based Ag ink, the weight
percentage of Ag NPs:water:EG was 10:55:35. The formulated Ag
ink was then filtered by 0.2 ym polypropylene (PP) whatman paper
before jetting. The viscosity of as-formulated ink was 547 cP,
measured at the spindle speed of 200 rpm and shear rate of 264 s~ at
room temperature. The surface tension of as-prepared ink sample was
measured as 40.799 mN/m. The Ag pattern lines were directly printed
on Si/SiO, substrates using drop-on-demand piezoelectric inkjet
nozzle (manufactured by Dimatix) with diameter of 16 ym and drop
volume was 10 pL. Uniform and continuous ejection of droplets was
achieved by adjusting various wave-forms while applying the firing
voltage of 40 V at a 40 kHz printer velocity. The jetting velocity of
ejected droplets was ~3.3 m/s. The cartridge print height was ~0.3
mm.

Characterization. The structural investigation was carried out by
field emission scanning electron microscopy (FESEM, Hitachi $4700)
equipped with energy-dispersive X-ray (EDS) spectroscopy, trans-
mission electron microscopy (TEM) equipped with digital charge-
coupled device (JEOL-JEM-2010 equipped with CCD camera). For
the TEM analysis the as-synthesized Ag nanoparticles diluted with
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ethanol was dropped on copper grid with a perforated carbon film and
dried in vacuum. The crystal phase and crystallinity were analyzed by
X-ray diffractometer (XRD, Rigaku) with Cu—Ka radiation (4 =
1.54178 A) in the range of 30—60° at 40 kV. The UV—vis absorption
analysis was done by UV—vis spectrophotometer. Thermogravimetric
analysis (TGA) of PVP-capped Ag NPs were performed by TGA QS0
thermal analyzer at the temperature range of 23—600 °C with a
heating rate of 20 °C/min. The quality and composition of PVP-
capped Ag nanoparticles sample was further characterized by the
Fourier transform infrared (FTIR) spectroscopy in the wavelength
range of 4000—400 cm™".

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Silver NPs.
Figure la—f shows the structural characterization of Ag NPs
synthesized by polyol method at 80 °C. The as-synthesized
spherical and monodisperse Ag NPs show uniformly grown in
high density with average particle size in the range of 12 + 2
nm (a). The as-observed particle size is further confirmed by its
corresponding TEM image (b, c). The products are further
characterized by the inverse fast Fourier transform (IFFT)
image of a single Ag NP and its corresponding diffraction
pattern (d). The as-synthesized silver NPs are highly crystalline
and have interplanar spacing of 0.2 nm corresponding to (100)
planes of fcc silver crystal.”>*® The perfect lattice with 6-fold
symmetry rather than 4-fold symmetry is attributed to the
double diffraction effects caused by the electron beam
consecutively passed through the superimposed twin segments,
which was also observed by Hofmeister et al.*' The double
diffraction effect can lead to anomalous images containing
atomic column-like contrasts that exhibit nearly 6-fold
symmetry as clearly reflected by the corresponding diffracto-
grams (see insets in ¢ and d). No impurities are observed in the
EDS spectrum (e) and all the diffraction peaks in XRD pattern
(f) are indexed to face-centered cubic silver (JCPDS NO. 04—
0783)*** and the strong and sharp peaks indicate that silver
NPs are highly crystalline.

To examine the effect of reaction temperature on the
morphological properties of as-synthesized Ag NPs, temper-
ature-dependent experiments were performed. The obtained
results in terms of FESEM and TEM images and particle size
distribution showed that the particle size of Ag increases with
reaction temperature (see the Supporting Information, Figure
1S). The temperature-dependent size variation of Ag NPs was
further observed in UV—vis spectra (Figure 2). As the
nanoparticle size increases surface plasmon peak is red-shifted

— T=70"C
— T=80'C
— T=90"C
—— T=100"C
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Figure 2. UV—vis spectra of Ag NPs synthesized by polyol method at
different reaction temperature.
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(marked by arrow).** Interestingly, at 70 °C the UV—vis
spectrum clearly showed two populations of Ag NPs in the
resulted products by two clear peaks at ~400 nm and ~520 nm.
However, silver NPs synthesized at 80—100 °C shows strong
UV—vis absorption peaks at 403—420 nm, which is attributed
to the surface plasmon resonance of silver NPs and confirms
the high degree of their monodispersity.’>™>" It was also
observed that as-synthesized Ag NPs were well dispersed due to
amphiphlic nature of PVP adsorbed on surface of NPs. To
confirm the effect of PVP adsorbed on the surface of Ag NPs,
we performed thermal gravimetric analysis. The TGA/DTA
spectra showed a weight loss of ~4% commenced at around
150 °C, which is due to the decomposition of adsorbed PVP
(Figure 3a). The FT-IR spectra of pure PVP and PVP-capped
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Figure 3. (a) TGA/DTA spectra and (b) FT-IR spectra for PVP-
capped Ag NPs synthesized by polyol method at 80 °C.

silver NPs samples are shown in Figure 3b. For the pure PVP
sample, the characteristics band at 734 cm™ is due to plane
bending vibration of long chain —(CH—CH,),—. The band at
1071 cm™" is due to C—N symmetric stretching vibrations,
whereas the band at 1666 cm™' corresponds to stretching
vibration of —C=O0. Three bands between 1400 and 1500
cm™" are due to absorption peaks of —N—C—. The bands at
2882 and 2952 cm™' are attributed to the symmetric and
asymmetric stretching vibrations of —CH,—, respectively. The
broad absorption bands between 3200 and 3600 cm™' is
attributed due to the stretching vibration of adsorbed water. In
the case of PVP-capped silver NPs, all the characteristics bands
match to PVP. But, symmetric stretching vibration for C—N
shifts from 1071 to 1087 cm™" and —C=0 stretching vibration
also shifts from 1666 to 1645 cm™'. As-shifted peak bands
clearly indicate that either N or O atoms of PVP molecules
interact with silver nanoparticles by chemical absorption.*®
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Figure 4. (a) FESEM image of single dot, (b) high-magnification FESEM image of dot area, and (c,d) FESEM images showing Ag NP-based single
fractal aggregated morphology printed on Si/SiO, substrate with drop-spacing of 30 pm.

3.2. Ag NP Ink Formulation and Its Inkjet Printing
Behavior. As-synthesized Ag NPs (the best result obtained at
80 °C) were further formulated as a water-based ink. The size
distribution of Ag NPs in ink sample was monitored by
dynamic light scattering (DLS) technique after filtration with
200 nm PP whatman paper (see the Supporting Information,
Figure 2S). The average NPs size in the nanoink was ~12 nm.
The jetting behavior of as-formulated ink was examined by
printing on Si/SiO, substrates. Figure 4 a-d hows FESEM
images of single dot formed by vertically dropped Ag ink from
the nozzle, which formed dots lines on the substrate.
Interestingly, we have observed that as-printed dots show
fractal aggregation of Ag NPs (a). All the area of single dot
covers fully with as-aggregated fractal morphology without
showing any coffee-ring effect (b). When we examined single
fractal morphology with high-magnification FESEM images (c,
d), all the aggregated small size Ag NPs were clearly seen. It is
interesting to observe that the Ag NPs prepared in water/EG
shows no aggregation of nanoparticles. When these Ag NPs
were printed on the Si/SiO, substrate from the solution, they
diffused and stuck to the surface of aggregate randomly, and
formed typically fractal patterns. Following the standard theory
of colloids, the stability of colloid is governed by the balance
between van der Waals attraction and Coulombic repulsion of
charged particles.’® Enhancing the van der Waals attraction
force or weakening the Coulombic repulsion force induces a
rapid coagulation of colloids. The as-formulated ink has
different evaporation rates between the solvents, i.e. water
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(boiling temperature, T, = 100 °C) and EG (T}, = 197 °C).
When the PVP-capped Ag colloids in the form of ink were
printed onto the Si/SiO, substrate, the evaporation of solvent
resulted in the break of the force balance and thus the
aggregation took place. It also can not be ruled out that capped
PVP provides stearic repulsion effects in ink solution that
disappear during evaporation. Such a fractal aggregation
formation can also be explained by the theory proposed by
Witten and Sander in 1981,* i.e., diffusion limited aggregation
(DLA). DLA is a process whereby particles undergoing a
diffusion due to the Brownian motion form aggregates of such
particles and is applicable to aggregation in any system where
diffusion is the primary means of transport in the system.
Moreover, it is possible that because of the high evaporation
rate of ethylene glycol, it may hold fractal aggregated
morphology at room-temperature via diffusion limited
aggregation (DLA). As-formulated Ag ink was further used to
print lines on Si/SiO, substrates with drop-spacing of 30 ym.

Figure 5 shows FESEM images of inkjet-printed Ag lines as a
function of number of overprinting. All the printed lines clearly
shows fractal-aggregated connection morphology with increas-
ing the density of Ag NPs as the number of printing increased
from 1 to S overprinting. As it is confirmed by TGA/DTA and
FT-IR analyses (see Figure 3), the silver NPs were capped with
PVP molecules. To confirm this more precisely, we investigated
single fractal morphology in terms of its elemental mapping.
Figure 6 shows the SEM image (a) and elementals mappings
(b—f) of the fractal, revealing that all the fractal morphologies

dx.doi.org/10.1021/am300689d | ACS Appl. Mater. Interfaces 2012, 4, 3300—3307
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Figure 5. FESEM images of (a) 1 layer printing, (b) 2 overprinting, (c) 3 overprinting, (d) 4 overprinting, and (e, f) S overprinting that exhibit Ag
NP-based fractal aggregated morphology printed on Si/SiO, substrate with drop-spacing 30 pm.

consist of silver NPs as the Ag element is detected as pink color
shading (b). Moreover, excluding Ag detection other elements
such as nitrogen (c), carbon (d), silicon (e), and oxygen (f)
were also detected at the same area of fractal morphology,
confirming PVP-capping over the surface of Ag NPs.

To check the applicability of as-formulated Ag ink on various
substrates, we measured contact angle by dropping the Ag ink
on four different substrates, ie. Si/SiO,, glass, polyethylete-
traphathalate (PET), and polyimide (PI) substrates. Figure 7
shows the contact angle measurements of single droplets on the
substrates. It is confirmed that as-formulated water/EG-based
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Ag inks show more wettability on Si/SiO, and glass substrates
than on PET and PI substrates. Thus, as-printed dots and lines
on Si/SiO, and glass exhibited uniform printing without
showing any bulging or coffee-ring effect, but nonuniform lines
patterns on PET and PI substrates due to the high contact
angle were observed (see the Supporting Information, Figure
3S).

3.3. Effect of Annealing on the Printed-Pattern
Morphology. To check the inkjet-printed line pattern
morphology as a function of annealing temperature, 3-over
printed Ag lines were annealed at 100—300 °C. Figure 8 shows

dx.doi.org/10.1021/am300689d | ACS Appl. Mater. Interfaces 2012, 4, 3300—3307
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Figure 6. Elemental mapping of Ag NP-based fractal aggregated
morphology: (a) SEM image, (b) Ag, (c) N, (d) C, (e) Si, and (f) O.

the microstructural evolution of the lines during the heat
treatment at 25 °C (a), 100 °C (b), 150 °C (c) and 200 °C (d)
for 30 min, and the resistivity variation of the Ag lines (e). The
resistance (R) was measured by using a 2-point method.
Generally, to ensure a conductive film the Ag nanoparticles
should have a three-dimensionally interconnected conduction
pathway via interparticle neck growth.'® In this regard, it is

believed from the SEM images and resistivity variation that the
interparticle necking starts at 100 °C, but the DLA begins to
diminish. The films annealed at above 100 °C show a dramatic
change in the particle shape from discrete-and-spherical
particles to continuous-and-sintered particles. In addition,
heat-treatment at higher temperatures densifies the films
associated with grain growth. Further densification at temper-
atures higher than 200 °C does not increase much in the
conductivity, which is consistent with the percolation theory.*!
The electrical resistivity (p) of an inkjet-printed line was then
calculated using p = RA/I, where R, I, and A are the resistance,
the length, and the cross-sectional area of the line, respectively.
The conductivity was substantially improved with heat
treatment and saturated at above 200 °C, showing the
resistivity of ~1 X 107> Qcm.

4. CONCLUSIONS

In conclusion, nanocrystalline Ag NPs (12 + 2 nm) have been
synthesized via polyol method in presence of PVP as a
dispersing agent and ethylene glycol as a reducing agent.
Temperature-dependent reaction was performed which con-
firmed that reaction temperature affected the morphology and
size of Ag NPs. The Ag NPs synthesized at 80 °C for 30 min
showed almost uniform shape and size, and were well dispersed
in water-ethylene glycol mixture which was directly used as an
ink for inkjet printing. The as-synthesized Ag NPs at 80 °C
were further formulated as a water-based ink to be used for
inkjet printing application. Using the as-formulated Ag NPs
inks, we have successfully printed Ag-conducting lines on the
Si/SiO, substrates. Interestingly, we have observed that Ag-NPs
printed on Si/SiO, substrates resulted in the formation of
fractal-aggregated connection of silver lines, which was formed
probably due to the diffusion-limited aggregation (DLA).
Moreover, the resistivity of as-printed Ag line was observed as a
function of annealing temperature and showed ~1 X 107> Q

(2)
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On Si/SiO, substrate

1 (b)

Contact angle= 29.82°

| On Glass substrate |

S ©
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.
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Figure 7. Contact angles of single droplets on (a) Si/SiO,, (b) glass, (c) PET, and (d) PI substrates.
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Figure 8. FESEM images for structural variation of the Ag nanoparticle films as a function of annealing temperature: (a) as-printed and annealed at
(b) 100, (C) 150, and (d) 200 °C. (e) Resistivity variation of the Ag conductive lines composed of as a function of annealing temperature.
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