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Abstract 

Laser-induced forward transfer (LIFT) is a printing technique based on the action of a 

laser pulse that is focused on a thin film of a precursor ink for getting the transfer of a 

droplet onto a receiver substrate. The experiments presented in this article aim to 

demonstrate the ability of LIFT to produce electronic circuits on paper, a substrate that is 

flexible, cheap and recyclable. Tests were conducted in order to study the printing of 

conductive tracks with an Ag ink. The printing of a suspension of carbon nanofibers 

(CNFs) was also studied in order to demonstrate the ability of LIFT for printing inks with 

particles with some microns in size that provoke inkjet nozzles to clog. As a proof-of-

concept of the LIFT possibilities, both inks were used to print entirely by LIFT a functional 

humidity sensor on a piece of paper. 

All the LIFT experiments were performed with a Nd:YAG laser that delivers pulses of a few 

hundreds of ns in an attempt to approach the technique to laser systems that are already 

introduced in many production lines for marking and labeling. 
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1. Introduction 

The idea of using lasers for printing parts of an electronic circuit lies behind some of the 

first proposals of the laser-induced forward transfer (LIFT) technique [1, 2]. The principle 

of LIFT is to transfer a small part of material from a thin donor layer onto a receiving 

substrate under the action of a focused laser beam [3, 4]. Despite being originally 

considered for transferring patterns from thin solid donor films, the method was extended 

to the use of liquid films and pastes [5, 6]. In this case, the first applications devised were 

also in the field of electronics [5]. 

Printed electronics is gaining increasing interest due to its low cost and possibilities of 

production on different substrates compared to traditional electronic methods [7]. Thanks 

to development in this field, electrical devices such as radio frequency identification tags 

(RFID), solar cells, LEDs, transistors and sensors can be printed on large area and flexible 

substrates [8, 9]. The extension of electronics to this kind of substrates provides 

compatibility with roll-to-roll production, with advantages in fast production, cost 

reduction and easy integration with other technologies.  

A very interesting flexible substrate for electronic circuits is cellulose paper [10]. Paper is 

the cheapest flexible substrate (0.3% of the cost of Kapton®, a typical flexible substrate 

used in electronics, or 5% of the cost of PET, a very common polymer), and also recyclable, 

renewable, respectful with the environment, biocompatible, and constantly present in 

daily life [11, 12]. The printing of RFID devices directly on product labels for tracking and 

inventory purposes, or the possibility of incorporating electronic circuits on paper money 

is of clear interest. Furthermore, paper offers the opportunity of integration of both 

printed electronics and microfluidics in the same substrate in order to produce sensors 

and point-of-care devices [13, 14].  

Screen-printing is the most extended and matured technique for printed electronics [7-9]. 

However, together with other traditional printing techniques suited for large-scale 

production like gravure, offset or flexography that are based in the use of masks or 

moulds, screen-printing does not have the capability to rapidly adapt to changes in the 

design, causing stops in the production chain [15]. This is one of the reasons why, in an era 

of rapid changes where customization is a plus, these traditional printing techniques are 

progressively being substituted by direct-write printing techniques. In this sense, the 

direct-write ones offer the possibility of printing patterns from a digital file that can be 

changed at any time, hence making the costs of production independent of the number of 

runs. Inkjet printing is the most developed direct-write technique [7, 16], and it is well-

established in the graphic-arts and labeling industries. However, LIFT has demonstrated 
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to be able to print a larger range of viscosities [6, 17] than inkjet. Additionally, the absence 

of nozzle in LIFT avoids clogging issues, and allows printing inks containing particles with 

sizes up to few hundreds of microns [18]. All these advantages enlarge the number of 

materials that can be printed and simplify the process of ink formulation. Furthermore, 

the laser as a tool can be used not only for printing, but also for removing and curing 

purposes [19]. Thus, LIFT seems a good direct-write alternative to traditional production 

methods currently used in printed electronics. 

The objective of this work is to evaluate the capabilities of LIFT for paper electronics 

applications. Firstly, the LIFT deposition on paper substrate of a metal conductive ink is 

systematically studied with the aim to produce conductive electrodes. Conductive inks 

have been previously printed by LIFT on other substrates [20-27], with some studies 

especially devoted to produce parts of solar energy devices [28-30]. Secondly, the LIFT of 

a carbon nanofiber (CNF) suspension on paper was also systematically studied. CNFs are 

structured materials with good sensing properties that, like nanowires or nanotubes, are 

difficult to print with inkjet printers as they promote clogging issues of the nozzles. Similar 

carbon nanostructures have been previously deposited by LIFT from solid donor films 

[31-33]. In this work, the ink tested is just a suspension of CNFs in water, so the success of 

printing functional patterns of CNFs by LIFT would demonstrate the easiness of ink 

preparation and the capability of LIFT for printing inks with long fibers. Finally, as a proof-

of-concept, LIFT is used to print all the parts of a humidity sensor device on a piece of 

paper with both inks. The conductive ink is used to produce the electrodes, and the CNFs 

are used as sensing material. 

2. Experimental 

The laser printing system used to perform LIFT was a Nd:YAG laser coupled to a scanner 

head of galvanometric mirrors (Baasel Lasertech, LBI-6000). The laser operated at the 

wavelength of 1064 nm delivering pulses at a repetition rate of 1 kHz during all the 

experiments presented in this work. The energy of the pulses was selected between 50 

and 550 µJ by modifying the current of the pumping lamp. The pulse duration using these 

parameters was around 150 ns. The Gaussian laser beam was focused by an f-theta lens of 

100 mm focal length leading to a beam radius of 40 µm at the beam waist. Thus, the 

average laser fluence (energy density by unit area) ranged from 1.0 to 11 J/cm2. The 

scanner head allows to scan the beam up to speeds of 1 m/s in the focal plane. However, 

all the printing experiments done in this work were performed at a scan speed of 150 

mm/s in order to get enough overlap between consecutive pulses for producing 

continuous lines. 
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Two different inks were tested in printing experiments that lead to find the parameters for 

producing a functional gas sensor with them. The first ink is a dispersion of Ag 

nanoparticles (Sigma Aldrich - 736465) specially formulated for producing conductive 

patterns on plastic substrates with inkjet printers. The solid content of the ink is around 

30-35% with nanoparticles smaller than 50 nm. The ink has a density of 1.45 g/cm3, a 

viscosity of 10-18 mPa·s and a surface tension of 35-40 mN/m. The second ink is just a 

suspension of CNFs in distilled water with a concentration of 20 mg/ml. The CNFs (Grupo 

Antolin) have a helicoidally graphitic stacked cup structure, a diameter of 20-80 nm, a 

length of 1-10 µm, a presence of 6% of Ni and a specific surface of 150-200 m2/cm3 

(Brunauer-Emmet-Teller, N2) [34]. 

The donor films were prepared by spreading 30 µl of the corresponding ink on a clean 

microscope glass slide by means of a doctor blade coater. The thickness of the liquid donor 

layer was around 15 µm. The receiving substrates were sheets of paper (Powercoat HD - 

Arjowiggins) placed on top of microscope glass slides in order to maximize planarity 

during the printing process. This paper has a thickness of 230 µm, a density of 220 g/cm3, 

and is specially designed for printed electronics applications. The donor layer is placed in 

front of the receiving substrate surface at a distance of 150 µm and at the focal plane of the 

f-theta lens. 

Before printing, the paper was heated at 150 oC in an oven during 30 min in order to 

evaporate impurities. During printing, the receiving substrates were kept at 70 oC to 

facilitate the evaporation of the volatile solvents and, hence, to reduce the spreading of the 

ink on the paper. After printing, all the samples were dried at 55 oC. Some samples are the 

result of multiple (2, 4 and 6) printings on the same position. In these cases, the donor 

layer is refreshed for every time that the laser is scanned again. Before, any new scan, the 

already printed features were dried and in the case of Ag ink samples, they were heated to 

120 oC. After deposition of all the layers of Ag-ink, the samples were submitted to a curing 

process for 30 min in an oven at 150 oC. In the case of the CNF suspension, no curing 

process was performed after printing. 

The morphology of the samples was observed by optical microscopy (Carl Zeiss AX10 

Imager.A1) and scanning electron microscopy (SEM, JEOL J-7100). The high roughness of 

the substrate compared with the thickness of the deposited materials made the 

measurement of this last by confocal microscopy or stylus profilometry not possible. 

Resistance of the printed lines was measured with a multimeter (Keithley 175A). With this 

value and the planar dimensions of the lines, the sheet resistance is then calculated in 

order to get a parameter independent of the size of the printed features [35]. 
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The humidity sensor was characterized in a customized gas test chamber of 15 ml by 

sending pulses of gases at different concentrations with a flow of 200 ml/min. The desired 

humidity level was set by mixing saturated (by bubbling) and dry synthetic air through 

mass flow controllers. A sequence of four different concentrations was repeated several 

times. The electrical measurements were performed with a sourcemeter (Keithley 2401). 

The sensor was not heated during the experiments. 

3. Results and discussion 

3.1 Printing of Ag ink 

The first experiments consisted in the printing of lines of conductive Ag ink at different 

laser fluences by changing the pulse energy. The lines were 2 cm long. Figure 1 shows 

optical microscopy and SEM images of the lines. The line width increases with the pulse 

energy (Figure 2). The line edge roughness (LER) of the printed lines is around 10 µm and 

does not show any clear trend with pulse energy. The lines appear homogeneous along 

their cross-sections for laser pulse energies below 380 µJ. When pulse energies above this 

value are used, the centers of the lines appear darker than the borders. This corresponds 

to a diminution of the reflectivity, indicating that there is less deposited material in the 

center than in the border of the lines. This evolution with energy is similar to that found 

for single droplets deposited on glass substrates with laser pulses of the same duration 

[27]. Droplets deposited at higher energy were larger, and at the highest energies 

depletion of material was found in their center. This depletion of material was attributed 

to the coffee-ring effect [27]. The SEM images show that after the curing process, the 

deposited lines consisted of grains with 50-100 nm in size (Figure 1). In all the cases, 

darker zones reveal the presence of porosity. Very few layers of nanoparticles can be seen 

in the image taken in the center of the line printed at the highest energy (Figure 1f), where 

even the substrate can be glimpsed. This confirms that less material is deposited in the 

center of the lines printed at high energy.  

When measured, most of the printed lines were shown to be in open circuit (Figure 3). 

Only the lines printed at 300 and 380 µJ presented a resistance that could be measured 

with sheet resistance values near 1 kΩ/sq. This denotes lack of continuity in most lines 

and very thin nanoparticle layers. It must be taken into account that paper is porous, and 

that its roughness of few microns is much higher than that of other substrates like glass or 

other polymers used in printed electronics. Thus, the widths of the lines are notably larger 

than the corresponding diameters of isolated droplets deposited on glass [27]. Owing to 

the high roughness of the paper, it is not possible to measure the thickness of the printed 

lines; however, taking into account that isolated droplets on glass have a height below 600 
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nm, and that droplets spread more on paper, the height of the resulting printed lines is 

much lower than the substrate roughness. Consequently, lines can easily lose continuity. 

In order to get conductive lines, additional layers were deposited by repeating the printing 

process on the already printed lines, a method that is commonly used for getting 

conducting lines by inkjet printing [36, 37]. The intention of repeating the printing process 

is to fill pores and to increase the thickness of the lines. Before every printing process, the 

previous material was cured at 120 oC for 30 min. Experiments were conducted by 

printing lines with 2, 4 and 6 scans. The width of the lines increases as the number of 

scans increases (Figures 2 and 4). Although this implies a loss of resolution, this is not 

critical for some applications of paper electronics like sensors or RFID antennas. 

Nevertheless, resolution can be improved by using smaller laser beam sizes and shorter 

laser pulses [20-24] or by a later laser ablation step [19]. Measurements of the LER do not 

show significant variation when increasing the number of scans and its average value 

continues to be around 10 µm. Images of the lines after several scans show the action of 

laser pulses in the center of the lines (Figure 4). This effect is especially marked for laser 

energies above 140 µJ and produces sintering and ablation of part of the material already 

deposited in previous scans (Figure 4e,f). However, the gain in conductivity justifies the 

use of multiple scans. With only 2 scans, lines printed with the lowest fluences show sheet 

resistance values between 20 and 40 Ω/sq (Figure 3). However, some printed lines are 

open circuit still. After 4 and 6 scans, the lines printed under all the fluences tested show 

finite resistance. As expected, the sheet resistance diminishes as the number of scans 

increases. This trend might appear to be easily explained by an increase of the thickness of 

the lines due to the accumulation of more material. However, the improvement in sheet 

resistance when comparing 4 and 6 scans is of around one order of magnitude, in contrast 

with the 6:4 ratio that the thickness could increase, assuming that the same height is 

added in every new scan. Therefore, an effect of compaction and porosity reduction is also 

contributing to the sheet resistance decrease. After 6 scans the values of sheet resistance 

are near or below 1 Ω/sq.  

The increasing trend of sheet resistance with increasing values of the pulse energy or 

fluence could be less intuitive as more material is deposited at higher energies. In a 

previous work, an even more marked increase of the resistivity of conductive lines with 

fluence was reported [28]. The hypothesis that a rise in the thermal affected zone could 

affect the contact resistance is proposed in that case. However, in the case of our work, the 

morphology of the lines gives a clue for a possible explanation. In one hand, electric 

current principally circulates by the borders where material is more compact and thicker 
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for the lines printed at high energy. Consequently, the effective width of these lines is 

shorter than the real width of the lines. On the other hand, supposing that the morphology 

of the printed lines has a similar cross-section profile than that of isolated droplets [27], 

even the border of the lines printed at higher energies would be less thick than the lines 

printed at low energy. Assuming that resistivity values of the printed material are similar 

in all cases, lines printed at high energies are thinner than those printed at low energies. 

As a result, sheet resistance is higher for lines printed at higher energy.  

3.2 Printing of C nanofibers ink 

The second printing tests were performed with CNFs, a material that presents many 

restrictions to be printed with inkjet printers due to clogging issues [35]. The solution 

prepared for LIFT printing is just a suspension of the CNFs in distilled water. This should 

benefit the sensing properties of CNFs since no additives contaminate the fibers. Figure 5 

shows optical microscopy and SEM images of some printed lines. The areas covered by 

CNFs appear dark in the optical microscopy images. It can be observed that lines printed 

after 1 or 2 scans are not continuous. In fact, electrical continuity is reached after 4 scans 

in all cases. The amount of material deposited on the paper increases as the energy rises. 

The fibers agglomerated in nodules of few microns and preserved their original 

morphology of high aspect-ratio fibers (Figure 5c,f). The features of the lines are similar to 

those found in Ag lines: the width of the lines increases as the pulse energy and the 

number of scans increase. However the lines printed with the CNF suspension are wider 

than those printed with the Ag ink in all cases. This seems related to the lower viscosity of 

the CNF suspension in water which is one order of magnitude lower than that of the Ag 

ink. It has been previously shown that printed droplets spread more with decreasing 

viscosity under the same laser parameters deposition [17]. In any case, the printing 

resolution could be improved by using shorter laser pulses and modifying the ink 

formulation. At high energies more material is concentrated in the border than in the 

center. This effect, which also occurred in the Ag ink case, could be related to laser 

ablation of the already deposited material in lines printed through successive scans. 

However, its occurrence in lines printed with one single scan suggests that, probably, 

other mechanisms different from the coffee-ring effect can also be involved since some 

works have shown that large aspect-ratio particles, like CNFs, should notably reduce the 

coffee-ring effect [38, 39]. Consequently, another mechanism could be responsible here for 

this higher concentration of material in the borders of lines printed at high energy. This 

mechanism seems to be related with the different transfer dynamics observed at low and 

high pulse energies [27]. At low energy, the transfer occurs through the formation of a thin 
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jet that contacts the receiving substrate, leading to a gentle deposition of the ink that 

results in the printing of uniform lines. However, the transfer process is completely 

different at high energy; the generated bubble contacts the receiving substrate before the 

jet can be formed [27]. In this case, the liquid is transferred much faster (at speeds around 

0.1 m/s) and through the walls of the bubble, leading to the deposition of more material in 

the edges, where the bubble touches the receiving substrate, than in the center.  

Electrical characterization of the printed lines after 4 and 6 scans does not show 

significant differences on the sheet resistance with pulse energy. Lines printed after 4 

scans have a sheet resistance near 6 kΩ/sq. After 6 scans the sheet resistance is reduced 

down to 2kΩ/sq. Thus, after 6 scans the amount of material deposited is enough to ensure 

both continuity and the sheet resistance value convenient for sensing applications [36].  

3.3 Printing and characterization of a humidity sensor 

On the basis of the previous results, a functional sensor was entirely printed by LIFT in 

order to prove the feasibility of the technique in paper electronics applications. First, 8 

parallel lines of the Ag ink separated by 600 µm were printed with 140 µJ pulses as 

interdigitated electrodes. In the same printing process, two wider interconnects were 

made by overlapping parallel lines (Figure 6a). These elements of the sensor were printed 

in 6 scans with the same drying, heating and curing steps described in the experimental 

section during the production of the lines. Electrical characterization of the printed 

elements showed that the interdigitated electrodes are in open circuit. Afterwards, the 

CNFs suspension was used to print a square pad of 5 mm×5 mm on the interdigitated 

electrodes area. The pad of CNFs was deposited by overlapping lines printed also with 

pulses of 140 µJ, and scanning for 6 times the area with renewed donor layers (Figure 6b). 

The response of the sensor to cycles of air with different H2O concentrations is shown in 

Figure 7. As expected, the response signal increases along the different sequence of pulses, 

as we found in a previous work for sensors produced on ceramic substrates [40]. Such 

result is comparable with the response of sensors based in graphene [41]. However, a 

backfilling issue appears when recovering the sensor with pure synthetic air. This is due to 

the hydrophilicity of paper and can be solved by heating the sensor [42]. The use of self-

heating in 1D structures has proved to manage the power efficiently [40] and to increase 

the sensor signal quality [43]. However, the use of printing techniques in sensors is limited 

when lateral resolution becomes a fundamental factor like in FET-based sensors.  
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4. Conclusion 

The results presented in this paper demonstrate the viability of LIFT for printing 

functional electronic and sensor devices on paper. Conducting tracks can be printed by 

using inks already formulated for inkjet printing. Sheet resistance values below 1 Ω/sq 

have been achieved. Furthermore, LIFT easily extends its printing ability to new materials 

with high technological interest nowadays such as nanofibers, nanotubes or nanowires. 

The feasibility of using relatively long laser pulses (150 ns) for printing electronics on 

paper has been proved. These pulses are common for marking lasers implemented in 

many factories and would help the reduction of costs, promoting the jump of the LIFT 

technique from the research laboratory to the productive industry.  
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Figure captions 

Figure 1: Optical microscopy images of Ag lines printed by LIFT with pulses of (a) 80, (b) 

250, and (c) 550 µJ, after curing. SEM images with details of the Ag lines printed by LIFT 

with pulses of (d) 80, (e) 250, (f) 550 µJ (g) 550 µJ, after curing. Images in (f) and (g) 

corresponds to areas in the centre and the border, respectively, of the same line. Scale bar 

in SEM images corresponds to 1 µm.  

Figure 2: Plot of the width of Ag lines printed after 1 ( black), 2 ( red), 4 ( green) and 

6 ( blue) scans versus the pulse energy. Average fluence is also indicated in the top axis. 

Figure 3: Plot of the sheet resistance of Ag lines printed after 1 ( black), 2 ( red), 4 ( 

green) and 6 ( blue) scans versus the pulse energy. Average fluence is also indicated in 

the top axis. 

Figure 4: Optical microscopy images of Ag lines printed by LIFT after 6 scans with pulses 

of (a) 80, (b) 250, and (c) 550 µJ and after the curing step. SEM images with details of the 

Ag lines printed by LIFT after 6 scans with pulses of (d) 80, (e) 250, (f) 550 µJ, and after 

the curing step. Scale bar in SEM images corresponds to 100 nm.  

Figure 5: Optical microscopy images of CNF lines printed by LIFT with pulses of 140 µJ 

and (a) 1 and (b) 6 scans. (c) SEM image with detail of the CNF line in (b). Optical 

microscopy images of CNF lines printed by LIFT with pulses of 250 µJ and (d) 1 and (e) 6 

scans. (f) SEM image with detail of the CNF line in (e). Scale bar in SEM images 

corresponds to 1 µm. Areas where CNFs were printed appear dark in the optical 

microscopy images. 

Figure 6: Humidity sensor completely printed by LIFT on paper. (a) Interdigitated Ag 

electrodes and interconnects of the sensor. (b) The complete sensor after printing the CNF 

pad on the interdigitated electrodes area with soldered wires for response 

characterization. 

Figure 7: Plot of the dynamic response of the humidity sensor printed by LIFT on paper. 
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