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Abstract

Sintering of Ag Nanoparticle (NP) — based inkjet printed tracks is a crucial process for the next-generation digitally
printed electronics. In particular, while the digital printing, as additive technology, is now well settled for what concerns
either DC or signal applications both on rigid and on flexible substrates, this technology has not been demonstrated yet
in the RF or microwave field, and a few works appear considering vacuum-evaporated films, screen-printed pastes or
inkjet printed inks. We studied the effects of both ink composition and thermal profile on the resulting electrical
properties, performing real-time resistance acquisition (DC) and post-annealing microwave measurements. We tested
ink compositions featuring both different NP size distributions and different phase compositions, including a pure
solvent/salt/metal one and a solvent/salt/metal/polymer one, resulting in a peculiar mass distribution and heat diffusion.
The composition strongly affects the onset of electrical percolation and the final resistivity; on the contrary, the heating
rate can either have an effect on electrical properties or not depending on the composition. The microwave
characterization of microstrip lines printed on alumina substrates, performed up to 26.5 GHz, yield attenuations that

are comparable with the best results obtained so far with the same technology.
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1.

Introduction

Inkjet printing technology has raised a great interest for information technology electronic applications, due to its
high throughput and low costs. The possibility of realizing quite high resolution conductive lines on flexible
substrates, with a simple additive process, is extremely attractive but poses some problems that still have to be
solved. In particular, it may be questioned whether such materials have adequate high-frequency performances for
analog RF or microwave applications (as an example, for the manufacturing of low-cost RFID tags or printed
planar antennas) with respect to conventional materials like Cu or Au films. In the present paper we address the

issue of the high-frequency behavior of Ag nanoparticle (NP) films.

As well known, after inkjet printing of an Ag NP-based ink, a thermal treatment to promote NP adhesion and
coalescence and obtain electrical percolation must be performed. It can be done either with hot plate or oven [1]
driven by conduction/convection mechanisms, or with a laser [2] or a microwave oven [3] driven by radiation
absorption mechanisms. Mixed approaches have been developed. Generally, thermal sintering requires quite high
temperatures starting from 220 to 250 °C [4,5]. New processes based on flash sintering [6], plasma [7], electrical
[8], chemical induced sintering [9] or metallorganic ink decomposition [10] have been also proposed, producing
results which are not yet satisfactory from the point of view of the final resistivity. Among the best results in
ultimate electrical performance, 53% of the silver bulk conductivity was obtained by applying a compressive stress
of 5 MPa and a temperature of 250 °C [11], while the authors obtained a 32.65% value by using a solid state laser
[12].

For what concerns the application of non-conventional materials printed and characterized in the microwave range,
in literature it is possible to find examples of coplanar waveguides obtained in Ag and Cu deposited by high-
vacuum equipments [13]; microstrip lines realized using Ag microsized flakes dispersed in epoxy resin [14, 15];
thick films realized using high viscosity pastes of Ag and Ag alloys [16]; passive RFID antennas realized by means
of inkjet printing and characterized below 2 GHz [17]; metamaterials for the THz regime realized by means of
inkjet printing [18]. So far, inkjet printing of nanosized Ag particles on dielectric substrates for RF applications up
to 20 GHz has been sparsely reported, see [19].

Experimental

The raw materials exploited are two kinds of commercial conductive inks, based on a colloidal dispersion of silver
NPs in an aqueous medium mixed, respectively, in a glycol/ethanol matrix [12] (InkA-C10/20/30/40, Politronica®
Inkjet Printing) and in a UV-curable acrylic polymer (InkA-C100, Politronica® Inkjet Printing). The solid loading
of these inks ranges from 16 wt. % (InkA-C100) to 22 wt. % (InkA-C10/20/30/40). Both compositions are
specifically formulated for piezoelectric inkjet printing to produce low resistivity and high resolution conductive
traces on different kind of substrates. In particular, some of them feature a monomodal distribution of NP diameters,

some others a bimodal one (see further Table 1). Inkjet-printed Ag lines were realized using a piezoelectric Jetlab®
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4 printer from MicroFab Technologies Inc. equipped with a 60-um nozzle diameter MJ-AT-01 dispenser. The print
head was heated at 60 °C and the substrate at 70 °C on a hotplate during the deposition process, to improve the
quality of the deposit [3]; the ink was printed as provided (unfiltered). The waveform used to expel a single droplet
was a 35 V pulse lasting 18 s, followed by a -13 V pulse lasting 36 us as echo dwell, with the rise/fall/final rise
time 25/5/2 ps respectively. The step size was set to 100 um and 6 layers were printed on top of each other. Sample
morphology was studied by high resolution Field Effect Secondary Electron Microscopy (FESEM). The test fixture
used to acquire resistance measurements during the hot-plate annealing was made by an aluminum frame,
comprised of inspection windows, kapton insulation and K-type thermocouple temperature sensor, that allows the
simultaneous characterization of either two samples, using the two point technique, or one sample, using the four

point technique.

3. Results and discussion
Structural and electrical DC characterization

Gaining control on the ink NP diameter distribution makes it possible, as the main advantage, to indirectly control
the sintering characteristics, since a better spatial distribution of particles (like the one obtained by filling a volume
with spheres with a bimodal distribution, when compared to a monomodal one), results in an easier sinterization and
realization of a full percolating electrical path. The main advantage of changing the ink composition and adding a
copolymer, in our case, is connected to gain a control on the heat diffusion through the mass during sintering, resulting
in a control over the solvent evaporation.

We point out the main difference when compared to “traditional” inks, whose composition includes solvents, some
salt residuals from the incomplete NP formation and metal NPs (C10 to C40) from one side, a copolymer-based
composition from the other side. This difference may be seen in Figure 1, where sample sections, obtained after a
fragile fracture on a silicon substrate, show what happens during thermal annealing. Panel a) presents a sample of C10
after the annealing procedure, clearly showing that a sponge-like percolating agglomerate of Ag NPs has formed above
silicon, while high-boiling temperature solvents are still visible wrapping micrometric agglomerates of Ag NPs on top
of the stack. Since the hot-plate annealing is performed leaving free the upper surface of the samples, it is believed that
the preferential evaporation path for solvents goes from the film bulk to the upper surface. Nevertheless micro-bubbles
are formed during the sinterization and their presence may be witnessed by darker areas on top of the sintered surface
(possibly due to crystalline inhomogeneities that scatter / absorb more light) in correspondence of broken bubbles.
Bubbles do not break the formation of sintered lines and interfere only before percolation occurrence. Furthermore,
bubbles do not form during the sintering of sample C100. Panel b) presents a C100 sample before annealing; its
polymeric network traps some solvent droplets and forms a rigid structure through which the solvent evaporation is
more controlled, allowing higher heat flows without producing inhomogeneities due to solvent boiling and bubble

breaking. Panel c¢) presents the same sample after annealing, showing the peculiar structure of the percolating network
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of Ag NPs and NP agglomerates. Panel d), finally, presents a section of a C10 microstrip printed on polycrystalline

alumina substrate, in false color.

Figure 1. FESEM showing sample sections. a) C10 post annealing on silicon (light grey at bottom), on top of the electrically percolating sponge there are solvent
residuals wrapping micrometric aggregates of NPs. b) C100 pre annealing on silicon, showing some solvent droplets trapped in the polymeric network. ¢) C100
post annealing on silicon (grey at bottom), showing the electrically percolating network of Ag NPs embedded in a copolymer matrix. d) C10 (red) post annealing

on alumina (light blue).

In order to determine the effective electrical volume of the sample we performed a secondary electron tomography
based on the FESEM images of section shown in Figure 1c [20]. This numerical process, based on a calibration
experiment, gives the real depth of either a silver NP or an agglomerate of NPs, within a copolymer matrix. Results are
shown in Figure 2: after an automated recognition of the NPs caught in a frame [21], each agglomerate is evaluated in
terms of mean secondary electron counts, giving to the maximum counts a depth of zero (the NP lies on the fracture
plane of the specimen) and to the minimum (still distinguishable from the background corresponding to polymeric
matrix without NPs) a depth of 250 nm, producing the depth map in the inset. The value of 250 nm was determined in
previous experiments as the maximum distance for an Ag aggregate from a similar copolymer surface to be imaged by
our FESEM system. By texture mapping the real FESEM image on the depth data we obtained a representation that
helps to compute the volume associated to the NPs and their agglomerates. We could estimate as upper limit that the
real Ag volume content in the nanocomposite is 27.56 %, value which is very close to the theoretical percolation
threshold as computed in a 2-Dimensional lattice with hexagonal lattice of spherical dispersoids, known to be 31.16
%. The difference between these two values may be easily explained in terms of non-spherical shape of our NP

aggregates.

Figure 2. Texture mapped depth distribution of Ag NPs and their aggregates, according to our tomographical reconstruction from FESEM images. All data are

in nm. In the inset, absolute depth map, computed from a portion of the image of Figure 1c.

In Figure 3, we show a comparison between the optical absorption spectra of the different inks. By performing
multipeak Gaussian fits we obtained the characteristic wavelengths reported in Table 1, together with the corresponding
NP size and distributions as obtained through numerical analysis of FESEM images [22], as shown in Figure 4. Starting
from a FESEM image of diluted ink on silicon substrate and operating a numerical algorithm, it was possible to extract
the true population distribution. In particular, the bimodal distribution of sample C40 depicted in Figure 4 is represented
in semilogarithmic scale, since it is composed by a very small number of big NPs and a very high number of small

NPs. The complete control over NP diameter distribution is reflected by a complete control over the absorption spectra.

Figure 3. UV-VIS absorption spectra of different Ag NP inks featuring controlled size distributions; multiple Gaussian peak fits associated to the experimental data

are shown in continuous lines.

Figure 4. a) FESEM image of C40 diluted in water (20:80), over silicon substrate. b) diameter distribution (in nm) as extracted from a numerical algorithm, whose

synthetic grain pattern is represented in the inset; on the vertical scale the absolute number of NPs counted in the frame.
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Ink name NP diameter | NP  diameter | Main peak | Secondary Tertiary peak | Surface
main  mode | mode 2 x#s | xzw [nm]? peak X*w | x+w [nm]? resistance
x£s [nm]* [nm]? [nm]? [mQ/0]

C10 (46) 105 N.A. 409.7 £ 48.9 N.A. N.A. 30.0

C10 (47) 15+5 100 + 50 400.1+31.0 |3659+435 |N.A. 30.0

C10 (52) 62 15+5 420.5 £ 65.7 N.A. N.A. 30.0

C20 (48) 25+ 15 N.A. 4392+77.4 555.3+193.2 | 365.9+43.5 194

C30 (49) 62 40+ 10 469.7 £ 115.0 | N.A. N.A. 30.0

C40 (41) 12+2 100 = 50 441.0+£285.1 | N.A. N.A. 22.4

C40 (51) 12+2 100 = 10 470.0+£177.6 | N.A. N.A. 22.4

C100 (7) 12+2 90 + 10 N.A. N.A. N.A. 30.4

Table 1. Collection of relevant data for inks according to UV-Vis measurements, FESEM analysis and electrical measurements after annealing.
*As determined from numerical analysis of FESEM images, shown the median value + standard deviation.

2As determined from multi-Gaussian fit to UV-Vis spectra, shown peak position + peak width.

Real-time measurements during thermal sintering
The differences in ink NP size / shape distributions result in a different DC and microwave electrical behavior during

and after sintering, as highlighted by the real-time experiments. We could observe a tiny difference between non-
disperse and disperse size distributions, consistent with a better spatial close-packing of bimodal distributions, resulting
in a percolation threshold reached before monomodal distributions. In order to easily determine the occurrence of
electrical percolation, we used as the independent variable the product of temperature and time. Figure 5 shows the
outcomes of the real-time experiments, where percolation is obtained after solvent evaporation for all the three samples.
Sample C100 features a peculiar slow approach to full sinterization, possibly due to slow solvent evaporation across
the polymer network. After reaching the maximum temperature of 330 °C the sample experiences heat flow inversion,
since it is let cool down by natural convection; this means that in T*t coordinates noisy polydromic patterns appear,
due to the trade-off between time monotonic increase and temperature local (global) maximum. The graph presented

in Figure 5 is obtained according to the following transformation:

Tt if T<T,,
T*t= _ (1)
Tyt i T2T,,

where the polydromic portion of the function is rectified and converted into a monotonic one. Sintering achievement
is evidenced by a green line. After this region, the graph records the cooling branch, reaching resistance minimum. In

the inset it is possible to see in detail the improved behavior of sample C100 whose electrical percolation is reached
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~4-10° Ks before the other samples. It is even possible to observe the electrical effects of bubble formation during
solvent ebullition / evaporation, resulting in a slight resistance increase before percolation occurrence. In particular we
could observe bubble formation only when annealing sample C40, in correspondence of the resistive plateau around

10° Q (Figure 5, inset, red dots / line, only 1 experimental point every 10 is shown).

Figure 5. Real-time resistance experiment output, plotted in bilogarithmic scale as a function of the annealing hardness (temperature times duration), for different
ink compositions and NP size distributions. Only 1 experimental point every 10 is shown for clarity. This particular choice of the independent variable allows to
easily determine in which conditions we can induce sintering. The electrical percolation threshold is indicated by a steepest resistance drop. In the inset: magnified

portion corresponding to electrical percolation threshold.

Most interestingly, we analyzed the same ink under different heating rates. It resulted that the copolymer-based
composition is unaffected, at least in the studied range, by the heating rate. Figure 6 presents experimental data together
with a numerical fit, in a 3-Dimensional space where the coordinated axes X, Y and Z are time, temperature and
log(resistance), respectively. The fit was obtained using Surface Fit Tool of Matlab ® 2010b, choosing a biharmonic
function for its smoothness and regular behavior. Data corresponding to the fit allow to realize a complete phase map,
useful to project and design new annealing profiles. In particular it is easy to see that for each trajectory on the t — T

plane it is always possible to reach the orange part of the surface (low resistance), no matter which path one can choose.

Figure 6. Electrical percolation phase plot for InkA-C100 ink. Black circles: experimental data corresponding to 4 different annealing rates (4, 2, 1 and 0.5 h from

the foreground to the background); color surface: biharmonic fit to experimental data. Vertical data (resistance) is presented in log scale.

RF and microwave performances

RF and microwave hybrid circuits typically make use of metallization patterns (needed to implement transmission line
components and interconnects) that require complex lithographic processes. Direct printing of high conductivity inks
on dielectric substrates, as described in the present work, would be an interesting low-cost alternative, in particular for
fast circuit prototyping, also when compared to other techniques based on mechanical or laser milling ERRORE.
L'ORIGINE RIFERIMENTO NON E STATA TROVATA.. Moreover, since the process is pollution free, it does not require
specialized personnel, and disposal of waste with high environment impact. The suitability of the present printed
technology for the realization of RF and microwave metallization patterns has been tested through high-frequency
characterization of inkjet printed planar transmission lines. To this purpose, several test structures implementing simple
microstrip (Figure 7-a) and coplanar lines (Figure 7-b), realized on alumina substrates, have been fabricated and
characterized up to 26.5 GHz, in terms of propagation constant, i.e. effective refractive index and attenuation, as a

function of frequency.

Figure 7. Microstrip (a) and coplanar stripline (b) layouts.

Following the approach proposed in [24] by some of the authors, these parameters can be accurately extracted starting

from the scattering parameter measurements carried out on a pair of test devices with same cross section but different



Ag NP-copolymer nano composite

length. As described in detail in [24], the complex propagation constant of the line can be directly obtained computing
the eigenvalues of the matrix represented in eq. 2:

TLl TI__Zl )

whereTL1 and TL2 are the transmission matrices of the pair of test lines; those can be derived from the two measured

scattering matrices with simple linear algebraic transformations. The present method, that can be applied to whatsoever
waveguide structure, has high numerically robustness also in consideration of the great accuracy provided by modern
Vector Network Analyzers (VNAS) ERRORE. L'ORIGINE RIFERIMENTO NON E STATA TROVATA,, [26] adopted to measure
scattering parameters vs. frequency. The approach only requires the acquired VNA raw data; hence VNA calibration
is not needed. This feature is extremely important, since it allows to extract the propagation constant of waveguiding
structures for which, as is the present case, calibration kits and standards are not available. The insertion of coaxial
connectors at the ends of the lines under characterization (LUTs) would simplify the connection to the VNA. However,
that would require to house the substrate on a metallic carrier, and to deal with the contact between connector tips and
printed metallic strips where traditional soldering techniques cannot be applied. For these reasons, coplanar lines were
directly contacted with high frequency coplanar probes, while microstrip structures were tested adopting the dedicated
test-fixture Anritsu 3680K. This setup can be modified to host microstrips with different lengths, and the action of
springs, exerting a mechanical force between line endings and coaxial connector tips, ensures that they have a contact

with good electrical characteristics up to microwave frequencies.
RF measurements and comparison with theory

The measurements have been carried out with a fully automated set-up based on a Agilent VNA, able to provide two
port small signal characterization up to 67 GHz, even if the maximum frequency in the present case has been limited
to 26.5 GHz. An in-house software controls all the measurements, data acquisition and processing (e.g. VNA raw data
calibration when required). To decrease the statistical uncertainty of the measurements, multiple acquisitions (512) and
averaging, at each frequency, has been implemented. As outlined before, a pair of lines with same geometry but
different lengths can be used for our purposes. However, to validate the procedure, several lines, with identical cross
section, but different lengths have been printed so that more pairs could be defined, and independently used for the
extraction. Moreover, lines with different widths (320 um, 630 um, and 950 um corresponding to a characteristic
impedance higher than 50 Q, close to 50 Q2 and lower than 50 Q, respectively), printed with three different inks (InkA-
C10, InkA-C20, InkA-C40), have been fabricated on alumina substrates.

The extracted attenuation and effective refractive index present a rather non smooth behavior versus frequency mainly
due to the somewhat poor repeatability of the external contact with the metallic printed strips, that instead is a strong

requirement of the proposed extraction algorithm. This behavior, already visible in microstrip measurements, is more
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evident for coplanar lines, since the adopted on-wafer probes are designed for contacting extremely regular and smooth
metal surface; in this case the poor quality of the contact (also due to the small probe footprint) limits the proposed

extraction up to 5 GHz, the result being too noisy above that frequency.

In order to compare the measured propagation characteristics with a theoretical model, and to indirectly estimate the
metal and substrate loss parameters, the lines have been simulated exploiting the microstrip and coplanar stripline
models available in the RF and microwave CAD tool Agilent ADS. The metallization conductivity has been initially
set at the DC value extracted from the measured 4-point DC resistance of the lines. Then, numerical optimizations were
carried out to fit the experimental data, allowing for some uncertainty in the line metallization geometry (length, width
and thickness) and of the possible RF deterioration of the metal conductivity. The model also allows for metallization

roughness.

Figure 8 reports, for frequencies between 1 and 26.5 GHz, the attenuation and effective refractive index extracted from
measurements, and derived from CAD models for microstrips printed with InkA-C10, featuring different widths:
W;=630 um (characteristic impedance close to 50 Q) and W>=320 um (impedance around 66 Q). The agreement

between experimental data and simulation is rather good for all the frequency range.

Concerning coplanar striplines, as previously pointed out, the extraction of the attenuation and effective refractive
index resulted accurate only up to 5 GHz. Figure 9 shows the extracted and modeled attenuation and the effective
refractive index as function of frequency up to 5 GHz. As for microstrips, the agreement between experimental and

modeled results is reasonably good.

While the available theoretical models provide a good fit for the line propagation parameters and can therefore the

basis for circuit design, some further remarks are required concerning line losses.

In fact, although the modeled RF conductivity is in reasonable agreement with the extracted DC value (see Table 2,
columns 3 and 4), significant differences have been observed between the theoretical and optimized value of the
alumina substrate loss tangent. While the almost linear trend of the attenuation vs. frequency (as opposed to the square
root behavior typical of skin-effect metal losses) suggests the presence of large dielectric losses, the substrate loss
tangent required to fit this behavior turns out to be about one order of magnitude larger than the ideal one. Further
investigations, that shall be discussed elsewhere, seem to show that deviations from the classical metal attenuation vs
frequency behavior, may be ascribed to additional dielectric losses taking place in the printed strips, that cannot be
assimilated to silver bulk, but has to be more accurately considered as a composite track of silver NP agglomerates

together with the residuals of the evaporation of the ink liquid carrier adopted for printing (see Figure 1).

Measured CAD optimized
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Line width | Thickness o Charact. Thickness o tand Roughness
[um] [um] [S/m] Impedance [um] [S/m] [nm]
[Q]
630 2-3 2.85-10° ~50 4.57 2.92:10° 0.0133 230
320 5-6 1.7-10° ~ 66 7.41 1.5-108 0.0159 630

Table 2. Comparison of the averaged DC measured conductivity and corresponding fitted values for the manufactured microstrip lines with width W;=630 pm
(characteristic impedance close to 50 Q) and W,=320 um (impedance around 66 Q).The fitted tand and roughness are also shown.

In conclusion, concerning the process suitability to RF and microwave hybrid implementation, the line geometrical
resolution, repeatability, and accuracy, combined with the exhibited frequency dispersion and losses, are satisfactory
enough to make this technology compatible up to a few gigahertz to all RF applications not requiring high-Q
components. The measured attenuations of microstrip lines are comparable or better than the attenuations reported in
[19] for inkjet printed coplanar lines on glass substrates (1.62 dB/cm at 10 GHz and 2.65 dB/cm at 20 GHz,

respectively).

Figure 8. Extracted attenuation and effective refractive index (black)of a microstrip line with width W;=630 um (characteristic impedance close to 50 Q2), and of a
microstrip line with width W,=320 um (impedance around 66 ) (blue). The solid lines refer to the corresponding quantities as calculated from the model
simulations.

Figure 9. Extracted attenuation (blue squares) and effective refractive index (blue crosses) of a coplanar line with width W=200 pum, Wjaun¢=10 mm and spacing
between the lines S=200 um (characteristic impedance higher than 50 Q). The solid lines refer to the corresponding quantities as calculated from the model
simulations.

4. Conclusions

In conclusion we explored the effects of NP diameter distribution and composition of Ag NP-based inks for the
realization of inkjet printed microwave circuits. By means of a real-time experiment we found a surprising behavior of
a specific composition, an ink added by a copolymer, able to produce an extremely conductive line even by increasing
the heating rate four folds. The FESEM analysis showed a peculiar nanocomposite structure with a percolating network
of NP agglomerates, having an extremely low true density of noble metal into the polymeric network. The microwave
characterization performed up to 26.5 GHz showed that microstrip and coplanar waveguides inkjet printed with Ag

NP-based formulations are compatible with applications up to 20 GHz.
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