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Abstract 

There has been much interest in the printing of silver inks onto flexible substrates, for which 

intermediate dielectric layers are often required to achieve suitable wettability. This work seeks 

to realize continuous silver traces overprinted onto UV-curable dielectrics through surface 

modification techniques (thermal and UV-ozone post treatments), when the UV light source used 

for the curing is non-optimal. Two UV curable dielectric materials were deposited and the effects 

of curing time and curing atmosphere on the inkjet printability of a commercially available silver 

ink were investigated. Good wettability of the silver ink was obtained following ozone treatment 

of the dielectric layers, where the treatment required was found to be a function of the dielectric 

formulation and the curing atmosphere. Water droplet contact angle measurements were used to 

analyse the resulting changes in the surface conditions of the dielectric layers. The results 

provided an indication, but were not sufficient for predicting whether silver traces with 

measurable resistance could be subsequently obtained. Instead, measurable silver trace 

resistances were found to be influenced by the occurrence of cracks in the trace and possibly the 

degree of cross-linking present in the dielectric. Following these results, the authors demonstrate 

that electrically conductive traces can be achieved on ambient cured samples, which yields a 

more flexible solution compared to inert cured samples. 
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1. Introduction 

The merging of wireless technology with consumer electronics has made wearable electronics 

increasingly pervasive in everyday life, with applications spanning from the health and 

physiological monitoring of the wearer (e.g. patients, athletes) to military operations. Compared 

to traditional or mounted electronic devices, the key advantages include reduced weight, 

improved mobility and user comfort. From an electrical perspective, wearable electronics with 

low resistance interconnects are crucial for good performance [1], as this translates to low losses 

at higher frequencies, such as the millimetre-wave (60-GHz) wireless body area network 

(WBAN). 

 

From the literature, conductive traces have typically been realised on fabrics using either 

conductive threads [2, 3] or screen-printing [4, 5].  However, conductive threads are not suitable 

for high frequency applications because the plating thickness of conductive fabrics was found to 

be restricted to several hundred nanometers [2] in order to maintain textile properties. As such 

the implication of using conductive fabrics lies in the significant losses arising at higher 

frequencies due to the skin effect phenomenon. On the other hand, the main drawback of screen 

printing lies in the minimum dimension realisable. In contrast, inkjet printing, typically of a 

silver nanoparticle loaded ink, is an attractive alternative as it offers the viability of printing fine 

lines. In addition, it is possible to achieve thicker traces to alleviate the skin depth effect in high 

frequency applications by overprinting several layers of silver.  

 

As fabrics are porous materials, a challenge exists in depositing silver nanoparticles to form 

conductive traces via inkjet printing. Typically an intermediate layer is required (i.e. surface 

modification of the fabric) to fill in the pores before the silver ink can be deposited to form 

conductive patterns [6, 7]. However this introduces an added complexity in that the surface 

energies of the intermediate layer and silver ink have to match in order to prevent de-wetting 

from occurring[7, 8]. From the literature, others have accomplished this by customising either [9] 

or both [6] of the ink formulations of the intermediate layer and silver ink, such that electrically 

conductive traces can be formed.  
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The present work focuses on obtaining measurable resistances for silver inks overprinted onto 

UV-curable dielectric layers, with the goal of printing onto fabrics. In this case, the focus is not 

on tuning the ink formulations or properties, but on understanding the processing parameters to 

eliminate de-wetting when the surface energies of the UV-curable dielectric and silver ink are not 

matched. One of the objectives of this paper is therefore to provide guidelines for realising 

electrically conducting traces on fabrics using commercial ink formulations, especially where the 

curing equipment available may be non-optimal. Consequently the authors then seek to eliminate 

de-wetting and achieve measurable resistance for silver traces overprinted onto the UV-curable 

dielectric layer. At this stage, optimization of the electrical resistivity of the printed traces has not 

been investigated, as literature abounds in this area [10, 11]. 

 

To simplify the study and analysis of the parameters affecting de-wetting, glass was used as the 

substrate in this work. Firstly as glass is non-porous, the influence of substrate porosity on the 

UV-curable dielectric layer can be ignored, particularly since the curing light source is non-

optimal. Another challenge in applying dielectric layers on textiles lie in the substrate surface 

roughness. Previous results from applying an insulator coat (SU-8) on a fabric yielded an uneven 

coating, where the parameters used for conventional silicon wafer processing were not found to 

suffice [7].  

2. Materials 

2.1 Substrate 

The substrates used for coating with UV-curable inks were twin frosted glass slides of 

dimensions 76 mm x 26 mm with thicknesses in the range of 0.9-1.0 mm (Fisherbrand P/N 1156-

2203, Fisher Scientific). The glass slides were cleaned with acetone and wiped using cleanroom 

wipes prior to usage. 

2.2 UV-Curable Dielectric Inks 

Two UV-Curable inks were selected for evaluation with the silver ink. EMD 6415 is a 

commercial product (SunTronic Solsys Jettable Insulator EMD 6415, Sun Chemical) which is 

formulated to yield a hard and non-porous surface after curing, such that it would be compatible 
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with the overprinting of silver. The ink has a viscosity of 11-13 mPas at 50 °C and a surface 

tension of 35-37 mN m-1[12]. The specified cure dosage for EMD 6415 (un-doped mercury 

source) is from 100-300 mJ cm-2. The second ink (SunTronic Solsys Jettable Insulator EMD 

6200, Sun Chemical) is a research sample formulated for use with flexible substrates, with an ink 

viscosity of 7-9 mPas at 45 °C and a surface tension of 23-27 mN m-1 [13]. At a temperature of 

25 °C, the ink viscosity is 10-30 mPas with a relative density of 1.02-1.1 [14]. The corresponding 

cure dosage required for EMD 6200 is 200-400 mJ cm-2. Both inks are formulated to react by 

radical polymerization and are colorless after coating. 

2.3 Silver Ink 

The ink used for the inkjet printing of metal traces is a composition of 20 wt % silver 

(U8726/M20177, Sun Chemical), with a surface tension of 27-31 mN m-1. According to the 

datasheet, the ink contains no resin binders. The ink was selected based on its compatibility with 

the inkjet printer and EMD 6415. M20177 is formulated with a surfactant package to improve the 

spreading on the substrate surface. Nevertheless it is noted that M20177 has a similar surface 

tension to EMD 6200, which implies that the wettability of the silver ink onto EMD 6200 may 

not be as good compared to EMD 6415.  

3. Experimental Methods 

This section details the process of applying the UV-curable inks onto the glass slide substrates. It 

also describes the equipment and parameters used in the curing, surface modification and inkjet 

printing processes. Silver inks were printed onto two types of substrate configurations: plain 

glass slides and glass slides coated with UV-cured dielectric layers. The former were used to 

serve as reference samples to evaluate the printed traces on the latter. 

3.1 Ink Drawdown Process 

To coat glass slides with the UV-curable dielectric, a drawdown process was used. The 

drawdown process for coating the UV-curable dielectric onto the slides is shown in Figure 1. A 

glass slide was first placed on top of a metal plate and prevented from sliding by adhesive tape 

placed at one end. The UV-curable dielectric ink was then deposited onto the glass slide using a 

disposable pipette. Another glass slide was then used as an applicator to spread the ink across the 
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glass substrate towards the tape, at an angle of 45°.  Thicknesses of 20-30 µm (EMD 6200) and 

10 µm (EMD 6415) were measured for the post-cured samples. 

 

In this work, the samples prepared were compared to those supplied by the ink manufacturer 

(reference samples), which were drawn down using a K-bar to yield 24 µm thickness. The 

reference samples were exposed using a H-bulb mercury lamp [15]. 

 

3.2 UV Curing of the Dielectric Materials Under Inert and Ambient Environments 

The recommended equipment for curing the UV dielectrics is an undoped mercury (Hg) lamp 

[12, 13]. In this work, the exposure unit used (Pluvex1410 UV Exposure Unit, Mega Electronics) 

[16] comprised of UVA bulbs operating in the range 315-400 nm with peak wavelength at 352 

nm (Blacklight F15W/350 BL, Sylvania) [17]. The wavelength was noted to be within the 

recommended spectral distribution, although it does not cover the full spectrum from 200-600 

nm [15]. 

 

The power intensity was measured with a UV light meter (UV-340A, Lutron Electronic 

Enterprise Co. Ltd) which measures the instantaneous power intensity values in the range of 290-

390 nm. Prior to measurements, the exposure unit was turned on for two rounds of 300 seconds, 

where 300 seconds is the recommended duration for obtaining constant exposure values [16]. 

Each round started 3-5 seconds after the last round. Following this, various exposure times 

ranging from 50-400 seconds were set, in steps of 50 seconds. Readings using the UV light meter 

were taken 4 times for each exposure time, to allow for the power intensity values to stabilise. 

The average power intensity value from the last reading (stabilised value) was then used to 

calculate the energy dosage. From the results obtained, the average energy dosage of the UV 

equipment was found to be 1.35 ± 0.15 mW cm-2. This power intensity value is observed to be 

two orders of magnitude lower compared to a value of 150 mW cm-2 used by the ink 

manufacturer [15], resulting in a prolonged exposure time. 

 

During UV exposure in air, oxygen can diffuse into the ink and affect the cure reaction in a 

process known as oxygen inhibition [18, 19]. This phenomenon is exacerbated with extended 

exposure times and prevents a full cure of the dielectric layers (EMD 6200 and EMD 6415). In 
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the absence of curing equipment with a light intensity strong enough to minimize oxygen 

inhibition, using  an inert environment [20] during curing can help to alleviate oxygen inhibition. 

In this work the effect of curing the samples under different exposure atmospheres (inert versus 

ambient) was investigated. Specifically silver traces overprinted onto the different UV cured 

samples were compared in terms of their wettability, with the goal of obtaining electrically 

conductive traces. 

 

For the inert curing, the glass slide samples were encapsulated in a polyethylene bag (100 mm x 

140 mm) filled with Argon gas. To minimize the oxygen present in the bag, argon gas was 

injected and expelled from the polyethylene bag three times before the final filling and sealing of 

the bag, Polyethylene was used in this work as it is largely transparent to UV light due to its 

simple chemical bonds [21]. To verify this, the power intensity values were measured again with 

the UV light meter inside a polyethylene bag. The measured values were observed to be 

comparable to those obtained without the polyethylene bag. 

 

The UV dosages used for curing the dielectric samples ranged from 150-600 mJ cm-2, in intervals 

of 150 mJ cm-2. The upper limit of 600 mJ cm-2 is in accordance with the recommendations of 

the ink manufacturer for good printability [22].  

 

Another approach to alleviate the effects of oxygen inhibition is to use a secondary thermal cure, 

with the purpose of improving the cross-linking generated after the initial UV cure in an ambient 

atmosphere. From the literature [23, 24], authors have also used heat to promote thermal induced 

cross-linking of polymers. For instance Lee et al.[23] used microwave heating as an alternative to 

UV irradiation to generate thermally induced crosslinking in an acrylate. Samples which were 

subjected to a secondary thermal cure were placed in an oven for durations of 10 minutes at 

150°C. 
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3.3 UV-Ozone Treatment 

UV-ozone treatment (UV/O3) was used to modify the surface energy [25-28] of the dielectric 

layers after UV curing. Based on previous work [7], poor wettability was obtained for silver 

overprinted on the EMD 6200 dielectric layer. As such, the purpose of using UV-ozone treatment 

is to improve the wettability of the silver ink overprinted onto the dielectric layer. Much literature 

abounds in the use of UV-ozone treatment to obtain more hydrophilic surfaces [29-31], with the 

extent of hydrophilicity dependent on the UV-ozone exposure time [25-28]. 

 

The equipment used was a UV ozone photogenerator (PR-100 UV ozone photoreactor, UVP 

Inc.), which is a low pressure mercury source operating in the shortwave UV region. The output 

spectrum of the source displays two peaks in the UV-C band at 254 nm and 185 nm [32]. The 

UV power intensity is reported to be 15 mW cm-2   at a wavelength 254 nm and 1.5 mW cm-2 at 

185 nm (at 1” distance from the source) [33]. To maximize the UV intensity reaching the 

samples, the samples were placed close to the UV source using a metal support such that the 

distance between the source and the samples was reduced to around 1 cm. 

 

The UV ozone exposure times were set from 20-80 seconds, as the system was not new and it 

was expected that the level of intensity would be lower. Assuming a 50 % power rate, the 

equipment would yield maximum nominal exposures of 150 mJ cm-2 to 600 mJ cm-2 (at 254 nm). 

Longer exposure times involving 3 minute intervals [25] were also considered in the study, in 

order to investigate a trend in the results obtained. 

3.4 Silver ink printing onto plain glass and UV-cured dielectric 

A commercial drop-on-demand mode inkjet printer (DMP 2831, Fujifilm Dimatix Inc.) was used 

for the silver ink deposition. The cartridge comprised of 16 nozzles capable of delivering 10 pl 

drops per nozzle. In the printing of the silver ink onto the samples, a single jetting nozzle with a 

5 kHz waveform was used to print straight lines in the direction of travel of the platen. The inks 

were jetted out at temperatures of 28 ºC, with the dot spacing in the direction of travel 

maintained at 20 µm. 25 mm long traces with widths of 100 µm, 500 µm and 1 mm were 

deposited by making multiple passes of the single nozzle to print parallel lines with a centre to 

centre spacing of 20 µm. Prior to printing, these traces were created using a pattern definition 
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program available in the inkjet printer software [34]. The samples were heated at 60 ºC (platen 

temperature) during printing. Following that, the printed tracks were thermally sintered at 150 ºC 

for 60 minutes. 

 

Some samples were overprinted with two layers of silver ink, to ascertain the effect on the 

resistance values. The second silver layer was printed after a 15 minute interval following the 

printing of the first layer on the heated platen. After the second silver layer was printed, the 

samples were thermally sintered at 150 ºC for 60 minutes. 

3.5 Sample Characterization 

A number of techniques were used to characterize the samples at different stages of the process 

in order to evaluate the surface properties and printability. 

3.5.1 Contact Angle Measurements 

In order to realise conductive traces, it is crucial that good wettability first be obtained for the 

silver ink deposited onto the UV-cured dielectric layer. To evaluate wettability, contact angle 

measurements were performed on the dielectric layer following which the respective surface 

energies were calculated. The contact angles were obtained for coated glass slides cured under 

different conditions, with/without UV-ozone treatment. 

 

An assumption behind obtaining reliable contact angle values is that there exists minimal 

absorption of the liquid into the test surface [35]. In this work, the UV-cured polymers 

considered have varying degrees of cross-linking under inert and ambient environments. To 

minimize the interaction between the reference liquid and the UV-cured polymer, the choice of a 

suitable reference liquid becomes an important consideration in the contact angle measurements. 

 

In addition to contact angle measurements, attempts were made to characterize the sample 

surfaces with the calculated surface energy values using the Owen-Wendt-Rabel-Kaelble method 

[36]. This method requires the contact angle measurements of the samples using two reference 

liquids, where triply distilled water and diiodomethane were used. In using diiodomethane for 

contact angle measurements, imprints and smudging were observed on the surfaces of EMD 

6200 samples after wiping away the diiodomethane droplets, which suggested that the dielectric 
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layer may have been partially dissolved by diiodomethane. Apart from the incompatibility of the 

liquid with the polymer, the solubility observed could also have been due to the incomplete 

curing of the UV ink when cured under an ambient environment, particularly since EMD 6200 is 

noted to have a reduced cross-linking formulation. As the accuracy of the contact angle 

measurements depend on the purity of the reference liquids, what was observed may indicate a 

degradation of the purity of diiodomethane, which could have affected the contact angle results. 

 

To eliminate the uncertainty arising from the interaction of a solvent with the polymer, only one  

reference liquid, triply distilled high purity water (Chromasolv for HPLC, Sigma-Aldrich), which 

was not found to react with the polymer was used for the contact angle measurements. From the 

literature, the contact angles of water have been used to determine the wettability of polymers 

and corona treated surfaces [37]. 

 

The contact angle measurements of water were obtained using a Fibro DAT 1100 contact angle 

tester (Fibro System AB, Sweden), where a minimum of three static contact angle  measurements 

were obtained for each surface modified substrate. The contact angle measurements (using the 

sessile drop method) were recorded for a period of 10s following the droplet deposition. The 

measured values were observed to approximate the contact angles after 1s droplet deposition. 

The droplet volumes used in the measurements were 2.0 ± 0.5 µl. These values were repeated 

using the sessile drop method with a Dataphysics OCA20 system, where a variation of ± 4° was 

observed compared to the values obtained with the Fibro DAT 1100. 

3.5.2 Focused Ion Beam- Scanning Electron Microscope (FIB-SEM) 

To study the thin film and bulk material regions of the samples, a dual beam (FIB-SEM) 

microscope system (Nova 600 Nanolab Dual Beam, FEI) was used to do in-situ cross-sectioning 

of the printed silver trace on the glass slide. This method is preferable to manual cross-sectioning 

as with that approach the cleaved edge may be non-uniform and small pieces of glass may be 

deposited across the silver traces, contaminating the sample. Prior to making the cross-sections, 

dummy layers of palladium (~1µm) were deposited onto the trace surfaces to serve as protective 

layers. 
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3.5.3 Optical Microscope  

A high power optical microscope (SMZ1500, Nikon) was also used to image the printed traces 

on the samples. The images were captured using x0.75 to x3 objective lenses. 

4.  Results and Discussion  

4.1    Silver ink printing on glass and UV cured dielectric layers  

The spreading of the silver ink on different substrates was investigated and Figure 2 shows 

examples of traces obtained after sintering that display different degrees of wettability. Initially, 

traces were printed on plain glass (Figure 2(A)) and these displayed good wettability, without any 

de-wetting. For traces defined with 1 mm widths in the inkjet printer, dimensions of 1.7-1.9 mm 

were obtained for the printed traces on plain glass, indicating significant spreading.  

 

Figure 2(B) shows the traces overprinted on the EMD 6415 UV cured dielectric layer (UV cured 

in air for 230 seconds, 300 mJ cm-2) and without any subsequent surface modifications. Beading 

of the silver ink is observed due to poor wettability. Some improvement in the wettability of the 

traces was obtained (Figure 2(C)) after the EMD 6415 sample was subjected to a secondary 

thermal cure (10 minutes, 150°C) after UV curing to increase the cross-linking in the UV 

dielectric layer. However, the insufficient wettability of the silver ink onto the dielectric layers 

necessitated the use of UV-ozone treatment, following which good wettability was obtained, as 

shown in Figure 2(D), where clear linear traces can be seen. It was found that for the UV curing 

conditions used here (ambient atmosphere) that a minimum ozone exposure time of 80 seconds 

was required for all the UV cure dosages in order to generate clear linear traces.  

 

The dielectric layers which were UV-cured under an ambient atmosphere were noted to remain 

tacky after the curing process and indicated that oxygen inhibition of the curing process may 

have taken place. In contrast, the manufacturer’s reference samples that were cured with a more 

intense UV source were found not to be tacky. To investigate the effect of curing atmosphere 

EMD 6415 samples were UV-cured in the range of 150-600 mJ cm-2 under an inert atmosphere 

and overprinted with the silver ink. Partial wettability similar to the image in Figure 2(C) was 

observed. Under these conditions, the traces were not found to be tacky, but good printability was 
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not obtained. However, in contrast to the air cured samples that required 80 s ozone exposure to 

achieve printability, good wettability of the silver ink on the inert atmosphere cured surfaces was 

observed after only 20 seconds of ozone treatment (Figure 2(E)). The difference is attributed to 

the variation in the degree of cross-linking obtained when UV curing the EMD 6415 samples 

under an ambient atmosphere. This was the case for all the UV cure dosages used, indicating that 

these are within the range for good printability. For EMD 6415 samples cured under both inert 

and ambient atmospheres, where silver ink traces were obtained, printed trace widths of 1.5-1.6 

mm were observed for a designed trace width of 1 mm. This again indicates spreading of the 

silver ink, similar to that observed with the plain glass substrate.   

 

EMD 6200 samples were also prepared and tested for printability of the silver ink. Similar to the 

EMD 6415 material, it was found that samples cured in an ambient atmosphere were not wettable 

(Figure 2(F)). UV-ozone treatment was again used on these materials and the effect of curing in 

an inert atmosphere was also investigated. For samples cured under an inert environment, the 

UV-ozone treatment time required to obtain good wettability was 3 minutes. This was doubled to 

6 minutes when curing the sample under an ambient atmosphere (Figure 2(G)). Smaller printed 

trace widths of 0.96-0.98 mm were obtained for a 1 mm width defined in the printer. The results 

indicate that ozone treatment is a key factor in eliminating de-wetting, with the required ozone 

treatment influenced by the degree of cross-linking present in the UV-curable dielectric layers. In 

turn the degree of cross-linking is influenced by factors such as the UV cure atmosphere (i.e. 

inert or ambient) as well as the ink formulations [38, 39]. 

4.1.1 Cracking in silver traces on EMD 6200 

For the EMD 6200 samples cured in an inert atmosphere and subjected to ozone treatment, 

cracks could be observed for a single layer of silver ink overprinted and thermally sintered as 

shown in Figure 3(A). This phenomenon is exacerbated with two layers of silver overprint under 

the same UV exposure and ozone treatment conditions (Figure 3(B)), where pronounced hairline 

cracks were observed. In contrast, no cracks were observed for EMD 6415 samples which were 

exposed under an inert atmosphere and ozone treated. There were also no cracks observed for 

traces printed onto plain glass slides (Figure 2(A)), or for EMD 6200 samples cured under an 

ambient atmosphere. 
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For the single layer of silver overprint, the cracks were observed to occur at the edges of the 500 

µm and 1 mm trace. This is attributed to the coffee stain effect where there is an outward fluid 

flow to compensate for the evaporative effect of a pinned contact line. Consequently the 

thickness at the trace edge is higher than the trace centre. From the literature, crack formations 

have been reported to occur for thicker films [40] and films which are above a certain critical 

thickness [41, 42]. When the silver overprint was increased to 2 layers, a wider crack area was 

observed for the smaller traces (100 µm and 500 µm), while the cracks for the 1 mm trace 

remained at the edges (Figure 3(B)). Compared to Figure 3(A), the crack area is also more 

obvious visually. This is since an increased layer of overprint also increases the line thickness, 

which would exacerbate the non-uniform solvent evaporation and gradient of solvent 

concentration [10]. The crack morphology in Figures 3(A) and 3(B) obtained by varying the 

layers of silver overprint was also observed to be different. While the trace in Figure 3(A) 

comprised of curved cracks, Figure 3(B) shows a straight array of cracks for 2 layers of silver 

overprint. From the literature, films with increased thickness have been found to yield an increase 

in the orderliness of the crack patterns [43, 44]. The resulting crack morphology is mainly 

attributed to changes in the humidity and temperature distribution of the evaporating (solvent) 

system [45]. 

 

Contrary to the observations of Lee et al. of the absence of cracks for narrower lines (100 µm 

widths) [10], the cracks in this study were seen to occur for both narrow and wide traces on the 

EMD 6200 samples cured under an inert atmosphere. While Lee et al. reported cracks for silver 

printed directly onto polyimide (PI) and glass, the traces in this work were printed on an 

intermediate dielectric layer. As such, this suggests stresses arising from the dielectric layer 

and/or printed silver layer cause the occurrence of cracks. In this case the contact line of the 

silver trace is pinned to the dielectric layer underneath [46]. As such any non-uniform shrinkage 

arising from the dielectric layer (EMD 6200) expansion/contraction during and after sintering 

would likely initiate stress. As EMD 6200 is formulated for flexible substrates, the dimensional 

shift that occurs is also expected to be larger compared to EMD 6415, for which no cracks were 

observed for samples cured under an inert atmosphere. The stress initiated could have resulted in 

the cracks observed in the silver traces, where the traces are unable to shrink in-plane due to its 

adherence to the dielectric layer [46, 47]. 
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In addition, the cracks could stem from residual thermal stresses arising from the coefficient of 

thermal expansion (CTE) mismatch between the silver ink and the underlying UV insulator 

during thermal sintering and upon cooling after sintering. The silver traces on the EMD 6200 

would experience compressive residual thermal stresses due to the higher CTE of the insulator 

(60-80 µm °C-1) [22] compared to the silver trace (αAg = 19.6 µm °C-1) [10, 40]. Furthermore an 

inhomogeneous stress distribution could have resulted during the solidification of the silver trace, 

where compression is generated in the bottom-most region (due to the CTE mismatch), while the 

top-most region could have remained in tension. Consequently the overall stress distribution of 

the trace-dielectric configuration would be more tensile.  

 

Another factor contributing to the crack phenomenon could be due to the rate of solvent release if 

the remaining solvent present in the silver ink is released too quickly during sintering. Thus if the 

rate of evaporation is fast compared to the rate of transport of liquid to the surface [48], pressure 

and moisture gradients would arise, which results in non-homogeneous shrinkage [48]. This in 

turn generates tensile stresses, and cracks are initiated when the stresses exceed the tensile 

strength of the material [10].  

 

For EMD 6200 samples which were exposed to prolonged UV-ozone treatments for 20 minutes 

or longer, cracks were still evident on the silver ink printed trace after thermal sintering (Figure 

4). This phenomenon was observed for EMD 6200 samples exposed under inert and ambient 

atmospheres, but was significantly pronounced for those exposed under ambient atmospheres 

(Figure 4(A)). This could be attributed to a modification of the sample surface roughness due to 

the prolonged UV-ozone treatment time [31]. Jofre-Reche et al. reported changes to the surface 

topography of a polymer material with an increase in the UV ozone treatment time. These 

changes were attributed to the ozone and atomic oxygen ablation and etching of the material 

surface [31]. The EMD 6200 samples exposed under ambient atmosphere are expected to yield 

reduced cross-linking due to oxygen inhibition [38]. Compared to samples exposed under an 

inert atmosphere, this would result in an increased degree of softening of the polymer. 

Consequently the more pronounced cracking observed for the ambient exposed sample could be 

attributed to an increased ozone and oxygen ablation of the material [31]. Due to the colourless 



 

15 

coating of EMD 6200, it was not possible to observe optically the surface topography of these 

samples. 

 

In other research, the crack phenomenon observed has been shown to be controlled through the 

use of thinner films [49] and by tuning the insulator formulation [48, 49], which is out of the 

scope of this paper. The occurrence of cracks was found to affect the measurable resistance of the  

printed silver traces [10], as discussed further in Section 4.3. 

4.2 Contact Angle and Printability  

Figure 5 shows the contact angles for water on the UV cured dielectric layers and also indicates if 

printability of the silver ink was good. The contact angle results suggest that the values required 

for good wettability vary with the material and curing condition. For samples cured under an 

inert atmosphere (with a low intensity power source) and subjected to UV ozone treatment, 

slightly lower values of 74° (EMD 6415) were obtained that gave good silver ink wetting. 

Samples cured under an ambient atmosphere and subjected to UV ozone treatment yielded values 

≤ 62° (EMD 6415) and  ≤ 60° (EMD 6200) for good printability. In contrast, the highest contact 

angles of 77-83° were obtained for samples exposed to a high intensity power source 

(manufacturer samples), which generated highly cross-linked polymer networks where no de-

wetting occurred during the overprinting of the silver ink.  

 

It can be observed that samples subjected to UV-ozone treatment yielded lower contact angles 

compared to those without. For EMD 6415 samples, the contact angles following UV ozone 

treatment (S8 and S9) are not significantly lower (3-7°) compared to those without treatment (S7) 

due to the short ozone treatment times (20-80 s). However, the decrease in contact angle is more 

significant with longer treatment times [31], as observed for EMD 6200 samples S5 (10° 

reduction) and S6 (30° reduction) compared to S3.  

 
An interesting phenomenon is observed for the samples exposed in an ambient atmosphere 

followed by a secondary thermal cure for durations of 10-20 minutes (S4, S5). For the EMD 

6415 samples, the contact angle decreased after 10 minutes of thermal cure (Figure 2(C)), yet 

increased with a prolonged duration of 20 minutes. The results suggest that a shorter period of 
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thermal cure would aid in the polymer cross-linking and in lowering the surface energy of the 

polymer. However, curing periods beyond 10 minutes suggest a hydrophobic recovery of the 

water contact angles with further thermal stimulation [50]. In contrast, a secondary thermal cure 

does not appear to improve the wettability for EMD 6200 samples. From Figure 5, 10 minutes of 

thermal curing resulted in a higher contact angle (by 13°) instead, when comparing S4 with S3. 

As EMD 6200 is formulated for flexible substrates, the ink would yield reduced cross-linking 

after curing compared to EMD 6415 [22]. The results imply a possible lack of thermally cross-

linkable polymers in the ink. However, the results also suggest the possibility of using a 

secondary thermal cure to adjust the hydrophobicity of the layers to control the printing of silver 

inks to achieve finer line widths. 

 

Overall, the contact angle provides a useful indication of printability through the ozone treatment 

duration required. In terms of comparison with literature, little information is available for 

contact angles obtained on partially cured polymers. For contact angle measurements made on 

UV cured films [51, 52], no information was provided on the final cure stage of those films, 

following which the authors assume that they are fully cured.  

4.3 Printability and Measurable Resistance  

Following the UV-ozone treatment of the insulators, single layers of silver ink were overprinted 

across the samples to form 0.5 and 1 mm (designed) trace widths which were 25 mm long. Three 

sets of such traces were printed onto the samples. After thermal sintering at 200 °C for 2 hours 

the trace resistances were measured using a 2 point probe digital multi-meter. In this case the 

higher sintering temperature and time were used (compared to the printability trials) to improve 

the resistance values obtainable. The results are shown in Figure 6, where the average resistance 

value per unit length (i.e. normalized resistance) was plotted for 3 different samples. For each 

sample, the average resistance value was obtained from at least two measurements. Specifically 

these resistance values were divided by the corresponding trace length over which the resistance 

was measured (in cm) to normalize them. The results are presented without correcting for the 

trace widths or thicknesses. This is since the deposited ink volume is assumed to be constant 

[53], which implies that the cross-sectional areas of the traces would be the same (i.e. not 

affected by the trace spread) in the extraction of the resistance values. 
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From the measurement results, it was observed that only samples prepared on dielectric layers 

exposed under an inert atmosphere and subjected to UV-ozone treatment gave conductive silver 

traces and yielded measurable resistances. This was the case for both EMD 6200 and EMD 6415 

samples.  From Figure 6, the normalized resistance for traces printed on plain glass consistently 

yield smaller values with smaller variation compared to the other samples.  For 1 mm wide 

traces, the traces printed on plain glass yield normalized resistance values of 1.7-2.3 Ω-cm-1. This 

is at least 8 times lower compared to traces printed on EMD 6415 and EMD 6200 samples. In 

contrast, EMD 6415 and EMD 6200 samples yield a wide variation for the normalized resistance 

values. A range of 13.5-28.6 Ω-cm-1 was obtained for EMD 6415 samples. For EMD 6200 

samples prepared under the same conditions, this variation is slightly higher at 19.0-61.4 Ω-cm-1. 

Since the trace resistance is based on how good an electrical path is formed, the results could be 

possibly attributed to two factors. The first is the formation of cracks in the samples exposed in 

an inert atmosphere, which has been discussed in Section 4.1.1.  Consequently a variation in the 

crack density in each trace would result in a variation of the measured resistances as the electrical 

contacts between nanoparticles are obstructed by the crack openings [10].  

 

A second factor causing the variation of the resistance values could be the degree of cross-linking 

present in the dielectric layers, which results in an inconsistency of the silver nanoparticle 

aggregation and hence the electrical path formed. This was further investigated using FIB-SEM. 

Figure 7(A) shows a FIB cross-section taken through the sintered trace to a part of the glass 

substrate underneath. From Figure 7(A), the silver nanoparticles deposited on plain glass were 

observed to be densely agglomerated without any clear boundary between the particles. In 

comparison, the silver nanoparticles observed in Figure 7(B) which shows a section through the 

sintered trace and part of EMD 6200 are less densely aggregated and appear to be suspended. 

Furthermore, the silver layer appears to be thicker on the EMD 6200 compared to on glass, which 

could be partly attributed to the increased spreading observed on glass. 

 

Further FIB-SEM cross-sections made for an EMD 6200 sample at the centre and edge of the 

silver trace indicate that the thickness is not uniform. Figure 8(A) shows the top view of the 

sintered trace while Figure 8(B) and Figure 8(C) show the cross-sections taken of the trace into 

the EMD 6200 dielectric underneath. These cross-sections were taken at different locations 
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(centre and edge) of the same trace in Figure 8(A), and dummy layers of palladium were 

deposited prior to making the cross-sections in Figures 8(B) and 8(C). From Figure 8(B), the 

thickness of the trace is 0.9-1.6 µm. This thickness is reduced to ≤ 1µm near the trace edge 

region as shown in Figure 8(C). In particular the trace thickness in the middle of the cross-section 

(Figure 8(C)) appears to be significantly smaller compared to the trace edges. The thickness 

variation could be due to the cross-section being taken near the junction of two dots located at 

the edge of the trace (Figure 8(A)), since further observation of the trace in Figure 8(A) reveals a 

dot-like appearance. 

 

The dot-like appearance observed comprised of the deposited ink droplets which have not 

merged together, with the phenomenon being more obvious at the trace edge in Figure 8(A), 

where isolated droplets are observed. These isolated droplets could have been suspended in the 

dielectric layer and thus prevented from agglomerating. As the polymer is not fully cross-linked, 

the lessened polymer cross-linkages in EMD 6200 could have enabled a diffusion of the silver 

nanoparticles through the dielectric layer as the solvents in the silver ink penetrate the film, 

thereby providing a pathway underneath the dielectric layer. This is consistent to the cross-

section observed in Figure 7(B) of the sintered trace, where the silver nanoparticles appear to be 

suspended within the EMD 6200 dielectric layer.  

 

Overall, the results imply that the degree of cross-linking present in the UV-cured dielectric 

could be another factor affecting measurable resistance, since a continuous path is required for 

current to flow. As such, while traces could be printed without de-wetting onto samples exposed 

under an ambient atmosphere with UV-ozone treatment, no resistance values were measurable 

for those samples. In particular, the larger 1 mm trace widths were observed to yield a change in 

the colour shade at the trace edges (Figure 9). Goehring et al.[54] reported on such a 

phenomenon in the drying of colloidal dispersions. In particular, they observed a series of fronts 

when a colloidal suspension dries directionally, with distinct regions separating the liquid 

dispersion and the solid film [54]. 

 

While exposing the jettable insulators (EMD 6415, EMD 6200) under an inert atmosphere would 

be a more ideal condition for maximizing the polymer cross-linkages [38], the thermal sintering 
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of the silver traces resulted in the occurrence of cracks as discussed earlier in Section 4.1.1. A 

few approaches exist to alleviate the crack phenomenon observed. One possibility is to adopt a 

localised curing of the silver traces [55-57] such as laser sintering or the use of a xenon flash 

lamp. This has been adopted for the thermal sintering of silver traces on temperature sensitive 

substrates and is thus a possibility for fabric substrates. However it may also be possible to apply 

this technique for the overprinted silver traces without residual thermal stresses arising from the 

CTE mismatch of the silver ink and the insulator. Yet the adoption of such a technique would 

require a silver ink with properties suitable for use with laser sintering. In addition, the use of a 

suitable laser source along with the optimisation of the laser sintering parameters for the ink is of 

critical importance [58]. Otherwise a non-ideal scalloped trace profile may result [56]. 

 

Another approach to alleviate cracks in the silver traces after thermal sintering involves a two 

stage drying process. Specifically the sample would be heated at a lower temperature (70 °C to 

85 °C) to partially remove the solvents, following which it would be subjected to a higher 

temperature for a shorter time for the sintering of the nanoparticles. Nevertheless, if the 

temperature is too high or the thermal curing duration too long, cracks can still occur if the 

solvent present in the silver ink is released too quickly during sintering. 

4.4 Electrically Conductive Traces on Ambient-Cured Dielectric Layers 

In view of the drawbacks of the above approaches, the authors considered curing the samples in 

an ambient environment, but overprinting upon it with multiple layers of silver ink to achieve 

measurable resistances. This is since crack formation is not an issue when curing the insulator 

samples under an ambient atmosphere. Due to the variation of the cross-linkages present in the 

ambient cured samples, the overprinting of multiple silver layers would aid in enhancing the 

proportion of the nanoparticles contacting and agglomerating during thermal sintering. In 

addition, the ambient cured samples would be thermally sintered for extended periods of time. 

This is to aid in the agglomeration of the nanoparticles to form conductive paths for measurable 

resistances. 

 

Table 1 shows the resistances of 1 mm traces prepared from 2 layers of silver ink overprinted on 

ambient cured EMD 6415 samples. The dielectric layers were UV exposed using a dosage of 600 
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mJ cm-2 and ozone treated for 80 seconds. After printing the silver ink, the samples were 

thermally sintered at 150 °C for an extended period of 4 hours, followed by 180 °C for 1 hour.  

The extended period of 4 hours followed by a second stage of sintering at 180 °C is adopted to 

aid in the agglomeration of nanoparticles as proposed in Section 4.3. 

 

From the results in Table 1, resistance values were registered after 4 hours of thermal sintering at 

150 °C. However, 50 % of the resistance values are in the range of kΩ and MΩ. After an 

additional hour of thermal sintering at 180 °C, most of the resistance values fall into the range of 

Ω, with the least resistance being 23.2 Ω. The same procedure was performed for ambient cured 

EMD 6200 samples where two samples were subjected to a higher temperature thermal sintering 

of 180 °C, in steps of 2 hours. The results obtained are also shown in Figure 10. It can be 

observed that sintering the overprinted traces at a higher temperature aids significantly in the 

agglomeration of the nanoparticles. From the FIB-SEM cross-section in Figure 11, increased 

clusters of silver particle agglomeration could be observed. After 4 hours of thermal curing, the 

measured normalized resistance values were in the range of Ω cm-1 (Figure 10).  Following an 

additional 2 hours of thermal curing at 180 °C, the reduction in the normalized resistance was 

around 12 %. This suggests that a thermal curing of the traces at 2 hours may suffice since the 

reduction in the normalized resistance values is not significant after 4 hours. However it was 

noted that the error bar plots yield larger variations in the normalized resistance values after 4 

hours of thermal cure. This implies that the degree of aggregation of the silver nanoparticles 

varies from trace to trace (albeit with the same trace width), which could be attributed to varying 

degrees of cross-linking present in different regions of the ambient cured insulator. 

 

While the normalized resistance range obtained has to be further optimized, the results obtained 

show that the proposed approach is feasible for obtaining electrically conductive traces on 

ambient cured insulators, where the cross-linking in the samples are affected by oxygen 

inhibition. Compared to curing the samples under an inert environment, this yields a more 

flexible solution towards obtaining electrically connected traces. Further work would also be 

needed to improve the repeatability of the printed trace resistances. One possibility would 

involve improving the thickness variation of the coated insulators, such that a more uniform 

curing and hence improved cross-linking can be obtained. Overall, Figure 12 shows a summary 
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of the operating window for achieving printability and measurable resistance on the UV-curable 

dielectric layers, based on a UV power source intensity of 1.35 mW cm-2. 

5. Conclusion 

This paper has investigated the preparation of continuous silver ink traces with measurable 

resistances on UV cured dielectric layers (EMD 6415, EMD 6200) with surface modifications. In 

particular, the goal was to provide guidelines for achieving electrically conductive traces using 

commercial ink formulations and where the curing equipment may be non-optimal. The 

important results of this work are summarized as follows: 

 

• Silver ink de-wetting was observed on a number of substrates, and the influence of 

thermal and UV-ozone post treatments as surface modification techniques to eliminate 

the silver de-wetting were investigated for dielectric layers cured under both inert and 

ambient atmospheres. Good wettability of the overprinted silver ink on the dielectric 

layers (EMD 6415, EMD 6200) was obtained with UV-ozone treatment, where the 

treatment time required was found to be a function of the ink formulation, and the curing 

atmosphere which is thought to affect the degree of cross-linking.    

 

• Water droplet contact angle measurements provided an indication of changes in the 

surface condition of the dielectric layers, but were not sufficient for predicting whether 

measurable silver track resistances could be obtained. Instead measurable resistance was 

found to be influenced by the occurrence of cracks. The results obtained also imply that 

the degree of cross-linking present in the dielectric could be another factor influencing 

measurable resistance. In this case, contact angle measurements serve as a precursor, but 

are not able to predict the performance of the silver trace deposited onto the UV-curable 

polymers in the post thermal sintering stage. 

 

• The authors demonstrate that measurable resistance can be achieved on samples cured 

under an ambient atmosphere, through the overprinting of multiple silver layers and 

curing for an extended period of time. Compared to curing the samples under an inert 

atmosphere, this yields a more flexible solution to obtain electrically conductive traces. 
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TABLE CAPTION LIST 

 

Table 1:  Measured resistance values of 1 mm silver traces (2 layers) overprinted onto ambient  

                cured EMD 6415 samples. 
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Table 1  Measured resistance values of 1 mm silver traces (2 layers) overprinted onto ambient 

cured EMD 6415 samples. 

 

 

 

Line No. 150 °C, 4 hours 180 °C, 1 hour 

L1 1.47 kΩ 191.9 Ω 

L2 0.37 kΩ 75.8 Ω 

L3 70.8 Ω 39.9 Ω 

L4 47.5 Ω 23.2 Ω 

L5 1.79 MΩ 0.51 kΩ 

L6 83.3 Ω 31.4 Ω 

L7 1.71 MΩ 91.0 Ω 
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FIGURE CAPTION LIST  

 

Fig. 1: Diagram illustrating the draw down process for the deposition of the UV insulator onto 

glass slide samples. 

 

Fig. 2: Optical microscope images of silver ink traces (single layer) after printing and sintering 

on different substrates: (A) Plain glass; (B) EMD 6415 sample cured under an ambient 

atmosphere 300 mJ/cm2; (C) EMD 6415 sample cured under an ambient atmosphere (300 

mJ/cm2) with secondary thermal cure applied (10 min); (D) EMD 6415 sample cured under an 

ambient atmosphere (300 mJ/cm2) with UV-ozone treatment (80 s); (E) EMD 6415 sample cured 

under an inert atmosphere (300 mJ/cm2) followed by UV-ozone treatment (20 s); (F) EMD 6200 

sample cured under an ambient atmosphere 600 mJ/cm2; (G) EMD 6200 sample cured under an 

ambient atmosphere (600 mJ/cm2) followed by UV-ozone treatment (6 min). 

 

Fig. 3: EMD 6200 samples exposed under: (A) Inert atmosphere followed by UV-ozone 

treatment (3 min) with one silver layer overprinted; (B) Inert atmosphere followed by UV-ozone 

treatment (3 min) with two silver layers overprinted. 

 

Fig. 4:  Silver ink traces on EMD 6200 samples cured under: (A) Ambient atmosphere, followed 

by UV-ozone treatment (30 min); (B) Inert atmosphere followed by UV-ozone treatment (30 

min). 

 

Fig. 5: Measured contact angles of water on dielectric layers prepared under different conditions. 

The notation “Good” refers to good silver ink printability where clear linear traces were obtained. 

 

Fig. 6: Comparison of normalized resistance values for 1 mm wide (design width) silver traces 

printed on plain glass, EMD 6415 and EMD 6200 dielectric layers. The EMD 6415 and EMD 

6200 samples were cured in an inert atmosphere with UV-ozone post treatments of 20 s and 2 

min respectively. The errors bars in the figure represent the maximum and minimum values. 
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Fig.7:  FIB cross-section of sintered trace on: (A) plain glass; (B) EMD 6200 sample which was 

cured in an inert atmosphere and subjected to UV-ozone treatment for 2 min. 

 

Fig. 8: Silver ink printed on EMD 6200 which was cured in an inert atmosphere and subjected to 

UV-ozone treatment for 2 mins: (A) Top view of sintered trace; (B) Cross-section taken in the 

trace centre region; (C) Cross-section taken near the trace edge.   

 

Fig. 9: Silver traces overprinted onto ambient cured dielectric samples: (A) EMD 6415 sample 

exposed under an ambient atmosphere and followed with UV-ozone treatment (80 s); (B) EMD 

6200 sample exposed under an ambient atmosphere and followed with UV-ozone treatment (6 

min). 

 

Fig. 10: Variation of the normalized resistance values for 1 mm wide (design width) silver traces 

sintered for different periods of time at 180°C. The results are for two layers of silver overprinted 

on ambient cured EMD 6200 samples. 

 

Fig. 11: FIB cross-section showing clusters of agglomerated silver nanoparticles observed for 

two layers of silver overprinted on an ambient cured EMD 6200 sample. 

 

Fig. 12: Summary of the operating window for achieving printability and measurable resistance 

on UV-curable dielectric layers (UV cure dosages of 150-600 mJ/cm2), with respect to the UV-

ozone treatment time.  

 

 

 

 

 

 

 



 

30 

 

 

 

 

 

Metal bar

Glass slide

UV-Curable dielectric

Glass slide(applicator)

Tape

 
 

 

Fig. 1  Diagram illustrating the draw down process for the deposition of the UV insulator onto 

glass slide samples. 
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Fig. 2 Optical microscope images of silver ink traces (single layer) after printing and sintering on 

different substrates: (A) Plain glass; (B) EMD 6415 sample cured under an ambient atmosphere 

300 mJ/cm2; (C) EMD 6415 sample cured under an ambient atmosphere (300 mJ/cm2) with 

1000 µm

(A)

 500 µm

(B)

 

500 µm
(C)

 

500 µm(D)

 

500 µm(E)
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secondary thermal cure applied (10 min); (D) EMD 6415 sample cured under an ambient 

atmosphere (300 mJ/cm2) with UV-ozone treatment (80 s); (E) EMD 6415 sample cured under 

an inert atmosphere (300 mJ/cm2) followed by UV-ozone treatment (20 s). 

 

 

1000 µm

(F)

 
1000 µm

(G)

 
Fig. 2 (F) EMD 6200 sample cured under an ambient atmosphere 600 mJ/cm2; (G) EMD 6200 

sample cured under an ambient atmosphere (600 mJ/cm2) followed by UV-ozone treatment (6 

min). 
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Fig. 3 EMD 6200 samples exposed under: (A) Inert atmosphere followed by UV-ozone treatment 

(3 min) with one silver layer overprinted; (B) Inert atmosphere followed by UV-ozone treatment 

(3 min) with two silver layers overprinted. 
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1000 µm

 

(B) 

Fig. 4  Silver ink traces on EMD 6200 samples cured under: (A) Ambient atmosphere, followed 

by UV-ozone treatment (30 min); (B) Inert atmosphere followed by UV-ozone treatment (30 

min). 
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Fig. 5  Measured contact angles of water on dielectric layers prepared under different conditions. 

The notation “Good” refers to good silver ink printability where clear linear traces were obtained. 
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Fig. 6 Comparison of normalized resistance values for 1 mm wide (design width) silver traces 

printed on plain glass, EMD 6415 and EMD 6200 dielectric layers. The EMD 6415 and EMD 

6200 samples were cured in an inert atmosphere with UV-ozone post treatments of 20 s and 2 

min respectively. The errors bars in the figure represent the maximum and minimum values. 
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Fig. 7 FIB cross-section of sintered trace on: (A) plain glass; (B) EMD 6200 sample which was 

cured in an inert atmosphere and subjected to UV-ozone treatment for 2 min. 
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Fig. 8 Silver ink printed on EMD 6200 which was cured in an inert atmosphere and subjected to 

UV-ozone treatment for 2 min: (A) Top view of sintered trace; (B) Cross-section taken in the 

trace centre region; (C) Cross-section taken near the trace edge.  
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Fig. 9 Silver traces overprinted onto ambient cured dielectric samples: (A) EMD 6415 sample 

exposed under an ambient atmosphere and followed with UV-ozone treatment (80 s); (B) EMD 

6200 sample exposed under an ambient atmosphere and followed with UV-ozone treatment (6 

min). 
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Fig. 10 Variation of the normalized resistance values for 1 mm wide (design width) silver traces 

sintered for different periods of time at 180°C. The results are for two layers of silver overprinted 

on ambient cured EMD 6200 samples. 
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Fig. 11 FIB cross-section showing clusters of agglomerated silver nanoparticles observed for two 

layers of silver overprinted on an ambient cured EMD 6200 sample. 
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Fig. 12 Summary of the operating window for achieving printability and measurable resistance 

on UV-curable dielectric layers (UV cure dosages of 150-600 mJ/cm2), with respect to the UV-

ozone treatment time. 
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