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Abstract

Integration of electronic circuit components onto flexible materials such as plastic foils, paper and
textiles is a key challenge for the development of future smart applications. Therefore, conductive
metal features need to be deposited on temperature sensitive substrates in a fast and
straightforward way. The feasibility of these emerging (nano-) electronic technologies depends on the
availability of well-designed deposition techniques and on novel functional metal inks. As ultrasonic
spray coating (USSC) is one of the most promising techniques to meet the above requirements,
innovative metal organic decomposition (MOD) inks are designed to deposit silver features on plastic
foils. Various amine ligands were screened and their influence on the ink stability and the
characteristics of the resulting metal deposition was evaluated to determine the optimal formulation.
Eventually, silver layers with excellent performance in terms of conductivity (15 % bulk silver
conductivity), stability, morphology and adhesion could be obtained, while operating in a very low
temperature window of 70-120 °C. Moreover, the optimal deposition conditions were determined via
an in-depth analysis of the ultrasonically sprayed silver layers. Applying these tailored MOD inks, the
ultrasonic spray coating (USSC) technique enables smooth, semi-transparent silver layers with a
tunable thickness on large areas without time-consuming additional sintering steps after deposition.
Therefore, this novel combination of nanoparticle-free Ag-inks and the USSC process holds promise
for high throughput deposition of highly conductive silver features on heat sensitive substrates and
even 3D objects.

Introduction

In view of the recent innovation trend towards the ‘internet of things’ (10T), the facile integration of
electronic circuits onto cheap, light-weight and flexible materials (plastics, textiles, paper,...) will be
of great importance. In this framework, research on the scalable, straightforward and low-
temperature deposition of metallic nanostructures such as thin silver layers is key. Having the highest
electric conductivity of all metals and an intrinsic resistance against oxidation, silver can play a
considerable role in future applications including wearables [1], sensors [2] (smart skins, packaging,



textiles...), flexible photovoltaics [3], RFID tags [4], and other applications. Moreover, as role to role
(R2R) manufacturing is targeted for high volume deposition and cost effectiveness, suitable printing
techniques are being explored intensively.[5-9] Printing allows to deposit the material only, and
exactly, where it is required for the application, without ink dissipation as in spin coating followed by
lithography. This, of course, necessitates the availability and development of performant silver inks.

The majority of the reported printable silver inks consist of micro- and nanoparticles, which are
dispersed in an optimized solvent blend to acquire a smooth and uniform deposition [10] by
balancing the evaporation-induced radial flow (resulting in the coffee-stain effect) and Marangoni
flow recirculation. [6] Moreover, parameters such as Ohnesorge/Fromm number (preventing satellite
formation [11,12]) and the wetting on the investigated substrate need to be taken into account when
optimizing an ink for inkjet printing. Besides the aforementioned components, particle-based inks
contain organic- or polymer-based stabilizers [13], dispersing agents and surfactants. After ink
deposition, these constituents need to be removed because of their unfavorable influence on the
resulting conductivity of the layer. Moreover, the layers require sintering to enhance the formation
of conductive pathways between the particles. In order to obtain electrically conductive silver
features, a wide variety of curing techniques can be applied. The most straightforward method is
thermal sintering. However, elevated temperatures (150 — 400 °C) which are not compatible with
flexible substrates (such as Polyethylene Terephthalate: PET) are necessary to attain a satisfying
conductivity.[14-18] This is mainly due to the high decomposition temperature of the stabilizing
agents while the actual sintering of silver (nano-) particles would occur at relatively low temperature
(Gibbs-Thompson effect).[19-21] Laser and infrared sintering techniques are designed to specifically
heat the deposited layer without deteriorating the underlying substrate.[22-24] The main drawback
of lasers for large area applications is the limited spot size.[7] In addition, combined curing methods
can be applied (e.g. combining thermal and UV curing)[25] or more capital-intensive or complex
methods were demonstrated such as flash sintering [26,27]. Alternatively, self-sintering mechanisms
based on the desorption of stabilizers [28] or charge neutralization on the particle surface are clever
tricks to overcome the need for a high-temperature sintering step.[20,29] In this way, conductive
silver features can be obtained from particle-based inks at temperatures well below 150 °C, or even
at room temperature [28].

In addition, an alternative class of inks was introduced, based on solutions of metal complexes, which
keeps on receiving more scientific attention in the last years. These innovative particle-free inks are
often referred to as Metal Organic Decomposition (MOD) inks.[30,31] The solutions contain metal
ions (mostly Ag’), which are coordinated with electron donating ligands. Frequently used
coordination agents are amine containing ligands, although silver complexes with sulfur and oxygen
containing electron donating groups are also reported.[32,33] Moreover, a reducing agent is present,
which will convert the Ag® ions to metallic silver during or after the printing process at room
temperature to slightly elevated temperatures (< 150 °C). Thus, the thermal sintering temperature
window to obtain silver layers with a comparable resistivity to evaporated silver depositions is
generally lower for MOD inks compared to silver dispersion inks. Walker and Lewis [34] synthesized
an ink based on a modified Tollens process. This ink enabled reaching bulk silver conductivity (6.25
10° S/cm) values after inkjet printing and curing at 90 °C for 15 minutes. Multiple other articles also
report on the possibility to obtain highly conductive silver layers (10 % - 100 % of bulk silver
conductivity) on flexible substrates at very low temperatures (RT-150 °C), combining different silver
reagents and coordinating/reducing agents.[35-42] Besides the possibility to apply simple thermal or



infrared sintering on common plastic substrates, which is interesting for industrial production
because of limited investment costs, MOD inks offer additional benefits: clogging in the printer
nozzle can be prevented as no particle coagulation can occur.

As large area applications and R2R high-throughput processing will gain importance, transferring lab-
scale printing protocols to industrial environments is necessary. Ultrasonic spray coating (USSC) is a
very versatile deposition technique, able to process entire devices comprising of various materials
such as OPVs [43-45] and OLEDS.[46] Although each printing technique has its own advantages,
disadvantages and consequently its specific applications, the USSC method was selected in this study
as it allows a very high deposition speed [47] and the layer thickness can be easily adjusted by
changing the number of passes, the flow rate or the ink concentration. Moreover, patterning and
coating on virtually any substrate is possible [48], including 3D structures.[49] Finally, USSC has the
additional benefit of being capable to effectively deposit inks with multifarious rheological properties
[50]. Due to these inherent benefits of the USSC technique, the deposition of silver nanoparticle inks
was already reported in various studies. Girotto et al. [51] obtained resistivity values of 40-100 uQ
cm (25 — 60 times bulk silver conductivity) after annealing the deposited silver prints at 150 °C for
only few seconds. At lower temperatures, higher annealing times were required or a higher resistivity
was observed. Ankireddy et al. [52] obtained superior resistivity values (10-87 % of silver bulk
conductivity), at the cost of higher sintering temperatures (130 — 250 °C) and times (up to 210
minutes). To improve the silver layer properties and process parameter trade-off, a low-temperature
(< 120 °C) USSC deposition of an optimized, particle-free MOD ink is reported for the first time.
During the deposition process, the MOD precursor is ultrasonically nebulized, atomized and directly
guided via a nitrogen gas shroud onto a pre-heated substrate.

As USSC is a completely different deposition technique compared to inkjet printing, the ink
compositions concentrations and solvents were carefully redesigned. Simply transferring inkjet ink
synthesis protocols from literature results in very rough, thick and opaque coatings according to our
experiments. To resolve this issue, the ink properties need to be changed, including the Ag
complexes and the ink’s load. First, a screening of various amine based ligands was performed which
coordinate the silver acetate starting salt (amino-alcohols [53], heterocyclic amines [54],[55],...). In
addition, the loading of the silver spray coat inks was adjusted compared to conventional inkjet MOD
inks and simple low-boiling alcohol-based solvent systems were used. In this way, transparent, low-
viscous silver solutions which can be easily atomized ultrasonically in the spray coater setup, were
obtained. In all cases, a large excess of ligand was added to prevent Ag,0 precipitation and to assure
that all silver ions are coordinated. Hence, the ligands are able to protect the Ag® ions from direct
reduction in solution (before printing) in the presence of formic acid which is used as a reducing
agent. On the other hand, slightly elevated temperatures suffice to start the reduction process, and
can be used to initiate conversion to metallic Ag when desired.

A series of various amine ligands was investigated in the process of designing a high-performing MOD
ink for USSC deposition. Differences in ligand polarity and ligands with additional hydroxide groups,
making them possibly polydentate, were investigated. In addition, the effect of a varying number of
substituents on the amine group (primary, binary, ternary amines) influencing the Lewis base
strength was explored. The higher basicity of ternary amines and it’s enhanced electron-donating
coordination may influence the ink stability and decomposition temperature. The used ligands
include ammonia (NHs), hexylamine (hex), 2-amino-2-methyl-1-propanol (AMP), ethanolamine (EA),



morpholine (morph) and pyridine (pyr). Based on the studied properties (stability, decomposition) of
all these silver complex containing inks and their resulting silver layers, convergence to an applicable,
high-performance USSC ink was reached. Eventually, thin silver layers (110 nm) with a resistivity of
10.910® O'm (approx. 15% bulk conductivity) could be obtained at temperatures as low as 120 °C
without time-consuming post-annealing or curing steps. This set of high-performing properties,
combined with a straightforward ink synthesis, fast and scalable deposition and 3D compatibility
demonstrates the applicability of the novel MOD ink and USSC combination for various research
domains.

Experimental

MOD ink synthesis

0.085 g of silver acetate (98 %, for synthesis, Merck, abbreviation: Ag(ac)) was dispersed in 20 ml
ethanol (absolute, VWR) under stirring. The amine ligands were added dropwise in a 1:5 molar ratio
(or 1:10 ratio) to the silver acetate and stirred until complete dissolution occurs, and a clear colorless
solution is obtained. The employed amine ligands include hexylamine (99 %, Acros Organics),
ethanolamine (>99.5 %, Sigma-Aldrich), 2-amino-2-methyl-1-propanol (> 99.0 %, Fluka), ammonia (25
% solution in water, pro analysis, Merck), morpholine (>99 %, for synthesis, Merck) and pyridine (99
%, extra pure, Acros Organics). Subsequently, formic acid (98 %, pro analysis, Sigma-Aldrich) was
added to the mixture in a 1:1 molar ratio with silver acetate. This addition yields a miniscule amount
of precipitation, which re-dissolves upon continuous stirring. The solution was transferred into a 50
ml volumetric flask and ethanol was added to obtain a 0.01 M silver solution.

Ultrasonic Spray Coating

The MOD inks described above were loaded in a syringe and deposited using an ultrasonic spray
coater (Exacta Coat, Sono-Tek cooperation) with an accumist nozzle (Sono-Tek cooperation). The
nitrogen carrier gas pressure to create an MOD ink aerosol was set to 1.5 psi, and the atomization
power was 2 W. The spray nozzle was positioned at a distance of 6.9 cm from the hotplate surface,
which was set at a deposition temperature between 70 °C and 120 °C, and moved with 50 mm s™.
The ink was dispensed at 0.25 ml min™ and the nozzle trajectory was repeated 20 times with a
waiting time of 5 s between two passes. The above mentioned parameters apply for all investigated
layers unless explicitly mentioned otherwise . The PET substrate (Melinex 125) surfaces were treated
with a corona discharge (Electro-Technic Products, Model BD-20) before coating. No post treatment
of the silver layers was required after the USSC process was completed.

Characterization

Fourier Transform Infrared (FTIR) analysis was carried out using a Bruker Vertex 70 spectrometer. For
analysis of the silver precipitation, the degraded MOD precursors were filtrated whereupon the
filtrate was washed with n-hexane. The precipitate was subsequently diluted with KBr (FTIR grade,
>99 %, Sigma-Aldrich), grinded and pressed into a pellet (3 tons, 1-minute waiting time). For the
temperature dependent FTIR study of the Ag(hex), and Ag(AMP), decomposition, the 5 ml
corresponding MOD ink was transferred to a petri dish and put on a hotplate at the indicated
temperature for 1 hour. Likewise, the precipitate was incorporated in a KBr pellet. Measurements
were performed using a scan range of 4000-400 cm™ with a spectral resolution of 4 cm™ (32 scans).



Cyclic voltammetry was performed in a standard 3-electrode set-up with an Autolab PGstat128N
potentiostat. 0.01 M solutions of the active silver species were prepared in 0.1 M KNO; solutions (10
% water/90 % ethanol) as supporting electrolyte. Measurements were conducted using a Pt wire
working and Pt grid counter electrode, together with an Ag/AgCl reference electrode with e scan
speed of 50 mV/s. Contact angle measurements were conducted with highly concentrated silver
complex solutions (approx. 1.5 M) on a dataphysics system with OCA20 software is sessile drop
modus. The droplet volume was set to 1 ul and the dispensing speed on ‘slow’. X-ray Diffraction was
performed with a Bruker D8 Discover apparatus using Cu-K, radiation.

The decomposition of the silver inks was probed via TGA-DSC measurements (Q600, SDT, TA
instruments, dry air 100 ml min™, heating rate: 5 °C min™) on dried MOD ink (RT — 60 °C). After
deposition, the silver layers were prepared according to the 1SO 2409 procedure for adhesion
evaluation.[56] Cross cut patterning (spacing 2 mm) of the silver deposition on the PET substrate was
followed by applying a standardized tape and inspection of the surface upon its removal. The
obtained silver layers were characterized by atomic force microscopy (AFM) (Bruker, multi-mode 8
microscope, JVLR piezo large area scanner: 10 — 150 um ) in both tapping mode (Bruker Sb doped Si
Tap525A tip, spring constant 200 N/m) and peakforce qualitative nanoscale mechanical mode (PF-
QNM,). A non-calibrated Bruker silicon tip (k = 0.4 N/m) on a nitride lever was used (qualitative
results between different areas are only compared within the same image). The sheet resistance was
recorded by a homebuilt four-point probe Vanderpauw setup (Keithley 2400 source-, 2000 multi- and
7001 switch meter). Optical microscope images were collected with an Axiovert 40 MAT (Zeiss).

The morphology of the layers was further explored by means of scanning electron microscopy (SEM,
FEI Quanta 200F FEG-SEM), equipped with an Energy Dispersive X-ray spectroscopy (EDX, EDAX
TEAM EDS equipped with Octane Plus detector) detector to verify the local elemental composition.
SEM and EDX measurements were carried out with an acceleration voltage of 10 kV unless
mentioned otherwise. The thickness of the layers could be verified by imaging the cross section
prepared via microtome cutting (Leica ultra cryomicrotome), whereupon the samples were visualized
by cross sectional-transmission electron microscopy (X-TEM, FEI Tecnai Spirit, 120 kV acceleration
voltage).

Results and discussion

MOD ink properties

Needless to say, the stability of the MOD precursors is of utmost importance for its possible future
application as commercial silver ink. A fortiori during the USSC process, as clogging of the nozzle due
to a limited ink stability would be a major bottleneck. In this respect, the stability of the freshly
prepared silver MOD inks with the aforementioned ligands was evaluated in various storage
conditions. The silver inks (with [Ag:ligand] = [1:10] ratio) were stored in ambient (daylight at 25 °C),
dark (at 25 °C) and refrigerator (dark, 5 °C) conditions as silver acetate is reported to be highly
photosensitive.[57-59] Stability values were measured in days starting from the complete synthesis
of the silver ink until the occurrence of optically visible precipitation. Figure 1 indicates that both
Ag(morph), and Ag(pyr)«inks are very unstable and degrade almost immediately after formulation in
all storage conditions. It is also remarkable that the most unstable inks contain ligands which don’t
have a primary amine functionality (morpholine and pyridine). Therefore, the silver morpholine and



silver pyridine inks could be eliminated from further in-depth investigation as their stability is too low
for possible applications. All other silver inks remain stable for a longer period, especially if stored at
5 °C. Hence, the use primary amines for Ag MOD ink synthesis can be recommended. The presence of
light however, has a less pronounced effect. For now, we can conclude that mainly the storage
temperature is an important parameter to increase the ink shelf life. Moreover, the inks remain
stable for several months without the addition of formic acid, which can be added just before the
printing process to prolong the shelf life. The shelf life in an cooled environment is comparable with
reported stabilities for nanoparticle inks.[42,52]
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Figure 1: The ink lifetime is clearly higher in dark and 5 °C storage conditions for al inks containing ligands with primary
amines. Moreover, there is no clear correlation between the stability and the cathodic reduction potential (E.) versus the
standard hydrogen electrode (SHE).

Moreover, the nature of this precipitation was investigated for all inks by means of infrared
spectroscopy (Figure S1). All spectra show the absence of vibrationally active species besides of the
background signals. Indeed, no signs of Ag,0 (signal at 535 cm™) or Ag,CO; (peaks at 1410 cm™,
1020 cm™, 880 cm™ and 690 cm™) could be observed.[60] Furthermore, the absence of peaks
corresponding to the used amine ligands is demonstrated. Therefore, the solubility of the formed
silver complex (depending on the ligand used) in the employed solvent (ethanol) is not the limiting
factor for the precursor stability. As it can be concluded that the precipitate is metallic silver,
additionally demonstrated by XRD (Figure S2), the reduction of the silver ion complex to the metallic
species was identified as the stability-limiting phenomenon. To assess this stability against reduction
in a more quantitative way, cyclic voltammetry experiments (Figure S3) were conducted on all silver
inks to assess the reduction potential of the silver-amine [Ag(lig),] complexes. Figure 1 includes the
varying cathodic reduction potentials, suggesting that the silver ions are in fact surrounded by the
different ligands. The observed decrease of the cathodic reduction potential for all Ag" complexes
compared to uncoordinated silver acetate (Figure S4) illustrates the coordination with the electron
donating amine ligands. However, no obvious correlation between the cathodic reduction potential
and the stability can be extracted. Otherwise it would be expected that the Ag(NHs),” complex should



have the longest lifetime because its relatively low potential to reduce. This observation suggests
that the activation energy of the reduction process plays an important role in the lifetime. Another
indication for this kinetic effect is the huge difference in stability values for RT and 5 °C storage
conditions.

Layer adhesion

The quality and applicability of the different stable silver MOD inks (containing NHs;, AMP, EA and
hexylamine ligands) were estimated by testing the adhesion of the resulting silver layers on PET
(Figure 2 right). Figure 2 (left) shows a microscope image of an ultrasonically spray coated silver
hexylamine ink layer deposited at 100 °C after the adhesion test. In general, all the layers fit the
classification of 1 on the appearance-based adhesion scale (from 0 to 5), which means all the layers
exhibit a very limited detachment from the surface (all pictures are shown in supporting information
Figure S5). However, to evaluate the adhesion between subsequently deposited silver layers (intra-
layer adhesion), careful inspection of the tape after removal from the surface is required to
guarantee that no silver is removed. In other words, both the cross cut image and the tape need to
be checked before layer peel off can be ruled out. Upon tape examination, no residuals of the silver
layers could be observed, except for the Ag(NH;), based MOD ink. A picture of the tape is included in

figure 2 (left inset) to illustrate the unfavorable intra-layer adhesion.

Figure 2: Cross cut pattern showing an adhesion of 1 according to the ISO 2409 classification (left), Inspection of the tape
shows a poor intra layer adhesion for the Ag(NH;),” based inks (inset left). The silver layers generally are very reflective and
uniform (right) however differences exist depending on the used silver complex inside the 100 % ethanol based MOD ink.

The silver layers obtained from the various MOD inks slightly differ in appearance, more specifically
in reflectance and uniformity. Since smooth and homogeneous silver depositions are targeted, a
guantitative approach to determine the layer morphology was performed. Figure 3 presents the RMS
roughness values of silver layers deposited at 100 °C from a 100% ethanol solution for different silver
complexes. Results indicate that the Ag(hex), and Ag(AMP), based inks hold the most promise to
achieve smooth silver depositions. This observation is remarkable as these ligands have the highest
carbon content of the screened ligands. The smoother depositions suggest an enhanced interaction
of the alkyl groups of the ligand with the PET substrate. This hypothesis is supported by contact angle
measurements of the various silver complex ink on PET substrates (Figure S6). A highly concentrated
solution of the complexes was used to verify the interactions with the substrate as the alcohol



solvent is expected to be largely evaporated in the atomization process during USSC. The Ag(hex), ink
exhibits the lowest contact angle on the PET substrates, followed by Ag(AMP),.

Mean RMS roughness (nm)

Ag complex ink

Figure 3: Mean RMS roughness of silver layers deposited at 100 °C. These values recorded via AFM measurements (at least 4
images per sample) show a trend towards increased smoothness for silver complexes containing amine ligands with a larger
carbon chain.

To demonstrate the necessity of redesigning the MOD inks for USSC, the Ag(NH;),-based MOD ink
described by Walker and Lewis[34] was reproduced and spray coated (power 2.6 W, 0.25 ml min™, 5
passes). Although the ink performs very well in an inkjet setup according to their experiments and
can be spray coated without practical issues, the deposited layers exhibit unfavorable properties. On
corona-cleaned PET surfaces subjected to 120 °C, silver layers with a RMS roughness of 7765 nm +
1084 nm were obtained. This high value is most probably caused by unfavorable wetting, high
concentration and sub-optimal nebulization process. Pictures and profilometry data are presented in
Figure S7, and comparison with the picture in Figure 2 clearly illustrates the tremendous improve
that has been made by changing the ligands, solvent and concentration of the MOD ink, to be
compatible with the USSC process.

The Ag(hex), and Ag(AMP), containing inks were selected for a more elaborate study and
optimization as they exhibit an acceptable stability, very good adhesion to PET substrates and the
lowest roughness values of all the tested samples. Optimization of the deposition temperature, in-
depth morphological characterization and analysis of the resistivity was performed.

The temperature window in which the PET substrates were heated during silver deposition was
confined between 70 and 120 °C. The lower temperature limit of 70 °C is necessary to activate the
decomposition of the MOD ink, removing the organic content. The top limit of 120 °C was set to
prevent thermal deformation of the substrate. Figure 4 shows the sheet resistance of the deposited
silver layers from Ag(hex), and Ag(AMP), respectively. A general decreasing trend in sheet resistance
towards higher deposition temperatures can be observed for both inks. The reducing sheet
resistance trend is more evident for the AMP based ink compared to the hexylamine ink. This can be
explained by the higher boiling point of AMP compared to hexylamine, which are both present in



excess. Indeed, TGA-DSC results clearly indicate that the Ag(hex), inks reach their residual mass (pure
silver) before Ag(AMP), inks do (Figure S8). Hence, the principal mass loss for both MOD inks is
associated with an endothermal phenomenon, pointing to ligand evaporation besides the acetate
and formate decomposition. At 80 °C, a significant fraction of the AMP ligand will remain present in
the silver layer after USSC which diminishes the conductivity, whereas the majority of the hexylamine
is already evaporated in comparable experimental conditions. The fact that no weight loss is
observed after 150 °C for both inks is supplementary evidence for the interaction between the silver
complexes and the formate as pure silver acetate decomposes at higher temperatures.[61,62]
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Figure 4: Higher deposition temperatures decrease the sheet resistance of the resulting silver layers because of a more
efficient removal of the organic amine ligands. The error bars depict the standard deviations on the plotted average values
for at least 4 individual measurements on different substrates. Spray coat parameters: flow rate = 0.25 ml/min, path speed
50 mm/s, 20 passes, 5 s waiting time between passes.

To fortify the claim that the decrease of the sheet resistance is mainly due to the removal of organic
components inside the MOD ink, infrared spectra (FTIR) were recorded at several temperatures
inside the employed experimental window (80 °C — 120 °C, Figure 5). Moreover, microscope images
(recorded in reflective mode) at the corresponding temperatures are shown. For the AMP based ink,
it can be noted easily that a lot of residuals originating from the AMP ligand are still present inside
the deposition at lower temperatures (< 100 °C), whereas the spectra at 120 °C explicitly show no
large contributions from vibrationally active species. A detailed analysis of the spectra and the
associated signals is presented in Table S1. At 60 °C, the peaks corresponding to the carboxylate
groups (for both formate and acetate) and the AMP O-H and N-H stretch vibrations above 3000 cm™
are similar in intensity whereas this intensity ratio (carboxylate/AMP N-H and O-H stretch) decreases
upon heating to 70-80 °C. This evolution suggests that carboxylate decomposition is initiated at low
temperatures. Moreover, the strong difference between the 100 °C and 120 °C spectrum clarifies the
distinct decreasing trend in sheet resistance (Figure 4) as AMP and carboxylate residuals are
removed. Moreover, the organic residuals can be partly reduced to graphite-like structures as a peak
at 1628 cm™ is present. In the microscope images, the contribution of dark regions inside the
deposited layers considerably shrinks in the entire observed temperature range. Therefore, it can be



postulated that these dark regions are in fact carbon-rich residuals originating from the amine
ligands. For the hexylamine based ink, the principal evolution in the infrared spectra takes place at
lower temperatures (60 — 70 °C, See figure S9), which also explains the less evident decrease in sheet
resistance in the investigated temperature interval (80 — 120 °C). The fact that the layers acquired
from Ag(hex), inks are more performant in the low range of the defined temperature window
(around 80 °C), can even be checked visually by considering their respective optical microscope
images: the occurrence of dark (less reflective) regions in the image is remarkably lower (but
decreases further upon heating, Figure S9)
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Figure 5: Evolution of FTIR spectra for the Ag(AMP), ink at different deposition temperatures (left). The removal of organics
towards higher temperatures can be observed and is further illustrated by the optical microscope images (right).A detailed
analysis and assignment of the infrared signals (based on [63,64]), can be found in the supporting information (Table S1)

To verify whether the dark areas in the microscope images correspond to undecomposed organic
content of the layers, a SEM/EDX study was performed. For this purpose, a silver layer with a clear
segregation between the two different area types was selected for analysis, like the Ag(AMP) ink
layer treated at 80 °C shown above. The distinction between both zones with an assumed difference
in composition is also manifest in electron microscopy images (Figure 6). The EDX probed areas are
indicated on the SEM image with squares (a) and (b) and their respective EDX spectra confirm our
hypothesis: the dark area (b) is characterized by an elevated carbon content whereas the EDX of the
(a) region shows the dominant presence of silver. The exact position of the EDX measurement can be
verified via Figure S10 in the supporting information as the electron beam leaves marks on the
surface. Moreover, a detailed image of the silver deposition morphology is included (Figure S11),
showing a complete coverage of the surface with small grains. Eventually, the reduced presence of
the (b) zones at increased temperatures (100 — 120 °C) is consistent with the observations in FTIR and
sheet resistance values mentioned earlier. A similar analysis was performed on a silver layer
deposited at 120 °C from a Ag(hex), ink. Although the incidence of dark carbon-rich regions is

significantly lower, the segregation between silver and carbon dominated regions could be confirmed
(Figure S12).
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Figure 6: SEM image of a silver layer deposited at 80 °C from a Ag(AMP), based ink (left). The EDX spectra corresponding to
the highlighted areas (a) and (b) illustrate the difference in local composition (right). Part of the C K and O K peaks can be
due to the underlying PET substrate. The EDX spectrum was collected with an acceleration voltage of 5 kV to decrease the
contribution of the underlying PET as layers were estimated to have a thickness around 0.1 micron (see further).

Besides EDX, the elemental inhomogeneity could also be illustrated via peak force quantitative
nanoscale mechanical characterization (PF-QNM™). As the AFM tip makes direct contact with the
probed surface, the adhesion between the tip and the local features of the silver layer can be
measured, based on the interpretation of force-distance curves. Different materials exhibit diverse
adhesion values, allowing us to distinguish between the carbon-rich and carbon-deficient regions.
Figure S13 illustrates that the carbon-rich (B) regions are identified unambiguously as higher
adhesion values can be extracted, compared to regions which clearly show a morphology related to
silver grains (A). Combining both EDX and PF-QNM measurements also shows that the carbon rich
zones extend from the bulk (determined via EDX with an acceleration voltage of 5 kV, so penetration
of the entire silver layer is plausible) to the surface. Moreover, the organic residue regions can be
recognized in the profiles, as they exhibit gradual height-increasing features, resulting in an overall
increase of surface roughness values. The transitions between the organic residuals and the silver
grain dominated regions are suffering from huge height fluctuations (as illustrated extensively in
supporting information Figure S14 for both Ag(hex), and Ag(AMP), ink layers). Therefore, the heat-
induced removal of organic leftovers is considered to be beneficial for both the conductivity as well
as the roughness of the resulting silver layers. The effect of the increasing temperature on the
roughness of the Ag(hex), and Ag(AMP), ink layers is shown in Figure 7. The evolution in surface
roughness and the variation in roughness on different measurements spots is more pronounced for
the Ag(AMP), inks because of its higher residual organic content at 80 °C (so more organic removal in
the 80 — 120 °C interval). We can conclude that the optimal deposition temperature for both inks is
120 °C (on the condition that substrate cannot withstand higher temperatures).
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Figure 7: The surface roughness as a function of deposition temperature shows that the removal of organic residues has a
beneficial effect on the morphology. Silver layers obtained from 100 % ethanol based inks on PET are shown. RMS average
values for at least 4 measurements of different sample spots are plotted.

Even at 120 °C, a RMS roughness of 15-20 nm remains. Both SEM and AFM images indicate the local
occurrence of a more granulated silver structure (Figure 8). Silver layers resulting from all tested
MOD inks reveal these imperfections in the entire investigated temperature range. The formation of
these agglomerates is ascribed to the mono-solvent composition of the inks, with a relatively low
boiling point (ethanol). Evaporation takes place very quickly during the deposition process, which can
lead to an uneven silver deposition. Addition of solvents with higher boiling points can possibly

remediate this effect. However, a solvent optimization study is beyond the scope of this article.

8.()1m©

Figure 8: SEM (left) and AFM (right) image of a silver layer deposited at 120 °C from an Ag(hex), based ink. The areas
showing an increased roughness due to irregular silver deposition are marked.




The use of the USSC technique allowed for depositing silver layers with various thicknesses as a
function of the amount of passes and the dispensing flow. If the amount of nozzle passes or the
dispense flow was decreased, semi-transparent layers could be obtained. Figure 9 illustrates the
transmittance of visible light for different spray coat parameters. It can be clearly observed that the
thickness and thus the transparency of the layer affects the sheet resistance: for very thin silver
layers (5 passes), the silver deposition is discontinuous consisting of silver islands and no conductivity
could be measured. The semi-transparent properties are illustrated further (Figure 9 inset) for the
silver layers deposited via 15 passes with a dispensing flow of 0.25 ml/min. The tunability of the layer
thickness allows for future studies to optimize the conductivity-transparency trade-off, also involving
solvent blend optimization.
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----- 10 passes - 0.25 ml/min

Transmittance (%)

R = 1.56 + 0.39 Q/sq

T T
600 700 800

Wavelength (nm)

T
500

Figure 9: UV-VIS transmittance for silver layers deposited from the Ag(hex), ink at 120 °C in pure ethanol. The sheet
resistance decreases upon transmittance increase. Note that the USSC parameters differ from the default values mentioned
in the experimental part. This was done to vary the thickness of the silver layers. The image (inset) demonstrates the
transparency of the 15 passes layer with a 0.25 ml/min flowrate (11.19 Q/ sq sheet resistance).

X-TEM measurements were performed analyzing the silver deposition from Ag(hex), inks on PET to
extract the thickness of the layers. Figure 10 shows that the thickness of the silver layer, deposited at
120 °C according to the spray coat parameters described in the experimental section, can be
estimated to be 110 + 20 nm. Combining the sheet resistance of 0.99 + 0.17 Q/sq, and thickness, the
resistivity of the layers was calculated to be approximately (10.9 + 2.7)10® Q'm, which is 6.85 times
the bulk resistivity of silver (1.59:10® Q'm). These values are competitive to state of the art literature
on silver MOD inks [32,41], reporting 7.44 -10® Q-m and 7.3-10® Q-m respectively. X-TEM images of
silver layers deposited at 70 °C from a Ag(hex), MOD ink illustrate once more the roughness increase



due to the incomplete ink decomposition, which makes it tedious to extract a reliable value for the
layer thickness and thus the resistivity (Figure S15). The limited silver-silver adhesion for Ag(NHs),"
inks could also be exemplified as the silver depositions peel off during X-TEM sample preparation via

microtome cutting (Figure S15).

Figure 10: X-TEM images of Ag(hex), inks depositions (120 °C) on PET substrates prepared via cryomicrotome cutting.
Conclusion

Silver MOD inks for USSC applications were successfully designed, inspired by various inkjet MOD
inks reported in literature. In order to prolong the ink stability, the use of primary amine ligands and
storage in cooled environments is recommended. Highly-conductive silver layers could be obtained
from all low-temperature reducing silver complexes in a temperature window from 70 °C to 120 °C.
The layer morphology (roughness) and sheet resistance were used as evaluation criteria to select the
most promising MOD inks: Ag(hex), complex based inks yielded layers with a resistivity of 10.9'10®
Q'm (15 % of bulk silver conductivity). In summary, the fact that such smooth (15.2 nm RMS), thin
(110 nm) and highly-conductive layers can be obtained in a time-efficient way with the unique USSC -
MOD ink combination may be considered as a huge step forward in the printable electronics
research. Moreover, the ultrasonic spray coating of the Ag(hex), ink allows us to deposit semi-
transparent layers with a tunable thickness and excellent adhesion on PET substrates, without post
annealing steps. Further improvements may be expected from an optimization of the solvent blend
and spray coat parameters, aspiring transparent, highly conductive features. Moreover, the new
developed inks hold promise for industrial application in fast R2R processing and open possibilities to
coat 3D and/or flexible heat-sensitive surfaces.
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