Photonic flash sintering of silver nanoparticle inks – a fast and convenient method for the preparation of highly conductive structures on foil
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Supplementary Information
Materials: Commercially available silver inks and pastes were used for this study: SunTronic U5603 from Sun Chemicals (Somerset, U.K.) is an inkjettable dispersion of silver nanoparticles (diameter 30 – 50 nm), coated by poly(vinylpyrollidone) in a mixture of ethylene glycol, ethanol and glycerol. The silver load is 20 wt%. Silver Conductor 5025 from DuPont (Bristol, U.K.) is a screen printable dispersion of micron-sized silver flakes in alpha-terpineol. The silver load is ca. 60 wt%. 
Inkjet printing: A transparent, colourless polyethylene naphthalate (PEN) foil (Teonex Q65FA, DuPont Teijin, The Netherlands, 125 µm thickness) was used as the substrate. Its glass transition temperature and that of a polyethylene terephthalate (PET) foil (V109, Agfa Belgium, 125 µm thickness) were measured by DSC using a 2920 MDSC V26A. The inkjet inks were deposited using a piezoelectric Dimatix DMP 2800 system (Dimatix-Fujifilm Inc., USA), equipped with a 10 pl cartridge (DMC-11610). The print head contains 16 parallel squared nozzles with a diameter of 30 µm. The dispersion was printed at a voltage of 25 V, using a frequency of 10 kHz and a customized waveform. The printing height was set to 1 mm, while using a dot spacing of 20 µm. Thermal sintering was carried out in a Memmert hot air oven, set to a predefined temperature.

Photonic flash sintering: This was carried out in a home-made apparatus, the details of which are disclosed in reference 1. Shortly, it consists of an elliptical reflector (dimensions: half axes 7.0 cm and 5.7 cm, linear excentricity 4.0 cm, numerical excentricity 0.57), the inner surface of which is covered by a highly reflective foil (reflectivity >98%). A Xenon stroboscope lamp (XOP-15, Philips, The Netherlands) is placed in the first focus line of the reflector. The elliptic reflector projects an image of this lamp on the second focus line, resulting in a bell-shaped intensity distribution with a full width at half maximum (FWHM) of ca. 12 mm (Fig S1). A sample holder allows to insert a test line of printed ink (length 25 mm, maximum width 1 mm) on a substrate in such a way that it is located exactly in the second focus line of the reflector chamber. The rather broad intensity distribution of the focused light ensures a homogenous illumination of the ink line over its entire width, as long as the test line is significantly narrower than the FWHM. The lamp has a maximum electrical power consumption of 1000 W, an emission spectrum ranging from 350 to 900 nm, a flash frequency of up to 17 Hz, and a pulse duration which varies between 3 and 8 ms, depending on the used intensity (Fig. S2). The exact values of flash parameters such as power and flash frequency can be controlled via an operating software (Labview). 

Inline resistance and temperature measurements: The pattern shown in Fig. 4a was screen printed on PEN foil using a DEK Horizon 03i screen printer, 5025 conductor paste and a screen from Screentec, Apeldoorn, the Netherlands (woven mesh SD 40/25). The printed samples were annealed for 30 min at 130 oC in an oven. For resistance measurements, an ink line (Suntronic U5603) of 500 µm width was then inkjet printed across the four contacts, which were subsequently contacted to a Keithley 2100 6½ Digit resistance meter. After insertion into the flash sinter apparatus, the conductivity was measured in-line with a pre-defined detection frequency between 1 and 1000 Hz. For temperature measurements, an ink line (Suntronic U5603) of 50 µm width was inkjet printed across the four contacts of the resistance probe, sintered for 30 min at 150 oC in an oven. This resulted in a line height of 200 nm. Subsequently, a 200 µm wide isolating layer of a dielectric lacquer (AZ 1518, Clariant, U.S.A.) was printed on top and cured in an oven for 30 min at 150 oC. The final thickness after curing was 500 nm. Then, both lines were treated further by photonic sintering at the maximum settings (100 % intensity, 17 Hz flashing frequency), until the resistance of the silver line remained stable. Finally, a 500 µm wide line of Suntronic U5603 was printed on top without contact to the screen printed contacts for resistance measurements (wet thickness ca. 25 µm). The temperature was calculated from the known temperature dependence of the electrical resistance of the fully cured narrow silver line, which had been calibrated before in an oven (Fig. S5). From spreading of the data along the calibration line the accuracy of the temperature measurements can be estimated to be ± 8 oC at 250 oC and ± 10 oC at 300 oC.
Sample characterisation: Surface topography, thickness and cross-sectional areas of the printed silver tracks were measured with an optical profilometre (Dektak Wyko NT9100, Veeco, Mannheim, Germany). The degree of deformation can be quantified by calculating the angle the substrate next to the silver line forms with a horizontal line. Scanning electron microscopy (SEM) images were taken with a FEG E-SEM XL30 (Philips, The Netherlands), using an acceleration voltage of 2.00 kV and a current of 0.21 nA. A thin layer of conductive carbon was evaporated on the samples prior to the measurements. Cross sections were prepared by focused ion beam ablation with Ga ions after local evaporation of a platinum top layer to protect the surface structure.

Model calculation to estimate the amount of energy put into the substrate via heat transfer from an ink line: Ink line dimensions: length 25 mm, width 500 µm, wet height 25 µm, temperature rise 120 oC, heat capacity of wet ink 2.5 J/gK (typical value for main solvents ethylene glycol, ethanol and glycerol), mass density of wet ink 1.2 g/ml (from supplier), flashing intensity 100 % (thus 1000 W electrical power consumption), flashing frequency 5 Hz, lamp length 25 mm. Cooling effects from evaporating solvents and radiation are neglected in this calculation. The electrical energy needed to produce the flash is 200 J, but the lamp is ten times longer than the line, thus only 20 J are emitted in its direction. With Q = ΔT · m · Cp, it follows that the energy necessary to heat the line with one single flash is in the order of 0.1 J, thus ca. 0.5 % of the total energy needed. This low efficiency is mainly caused by the significant width of the focus area, since most radiation does not hit the rather narrow ink line, but passes through the foil without being absorbed.
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Figure S1. Normalized profile of the light intensity in the second focus line of the elliptic reflector.
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Figure S2. Pulse shape and duration of a single light flash, shown for intensities ranging from 40 % to 100 %.
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Figure S3. Resistance of photonically sintered silver ink lines of different widths as a function of distance between the probes of the resistance meter. The numbers of pixels correspond to nominal widths of 100 µm (6 px), 200 µm (11 px), 500 µm (26 px), and 1000 µm (51 px), respectively.

[image: image4.png]



Figure S4. SEM analysis (top view) of silver nanoparticle ink. Unsintered (a), thermally sintered for 30 min at 130 oC (b), photonically sintered at 75 % intensity and 10 Hz for 2 s (c).
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Figure S5. Calibration line for in-line temperature measurements during flash sintering.
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Figure S6. Temperature development in an ink line upon exposure to a varying number of flashes (75 % intensity).
Table S1. Flash sinter results of twelve identical samples (Suntronic U5603, length 25 mm, width 1000 µm on PEN) photonically sintered under identical conditions (intensity 70 %, flashing frequency 10 Hz). Average sinter time 3.00 s (standard deviation 0.66 s), average final resistance 4.20 Ω (standard deviation 0.68 Ω).
	Sample number
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12

	Sinter time (s)
	2.9
	3.2
	3.1
	2.9
	2.1
	3.8
	3.2
	3.7
	2.7
	3.1
	3.8
	1.6

	Final resistance (Ω)
	5.5
	3.6
	4.4
	4.3
	5.2
	4.4
	4.6
	4.0
	3.2
	3.7
	3.5
	4.0
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