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A B S T R A C T   

The electrical characteristics of solar cells are significantly influenced by the metallization process, making it a 
crucial step. Screen printing is the standard metallization technique, but there is an increasing interest in the 
development of methods that allow more versatility, higher process control, and a more efficient use of the 
expensive metallic pastes used. We focus here on the comparison between the standard screen-printing method, 
and Light-Induced Forward-Transfer (LIFT), a non-contact, very precise technique, able to transfer volumes down 
to picolitres. The high flexibility, using free-form designs that do not depend on any mask or physical support, 
and the efficient use of the metallic paste with almost no waste, are other characteristics that point out LIFT as a 
very promising alternative. In this paper we include the electric characterization of contacts, and solar silicon 
heterojunction (SHJ) cells metalized with both techniques. The results show a slightly better efficiency for the 
screen-printed cells, but good series resistance and fill factor values imply that LIFT is a promising alternative for 
device metallization.   

1. Introduction 

Monocrystalline silicon cells based on the Pasivated Emmiter Rear 
Cell (PERC) structure currently dominate the photovoltaic power gen-
eration market. However, this technology has certain limitations, 
including inherent issues such as gap narrowing and Auger recombi-
nation losses, as well as challenges related to the structure of the solar 
cell, such as recombination losses in the contact area. To address these 
limitations, researchers are continuously searching for more efficient 
and cost-effective devices. One promising alternative is the use of 
passivating-contact cells, such as silicon heterojunction (SHJ) cells. In 
SHJ cells, highly doped p and n contact zones are replaced by a sandwich 
of intrinsic hydrogenated amorphous silicon (a-Si:H) thin films and 
doped a-Si:H counterparts. Compared to traditional monocrystalline 
silicon cells, SHJ cells offer several advantages, including a better tem-
perature coefficient, higher open-circuit voltage, higher conversion ef-
ficiency, lower performance degradation, and strong bifacial 
performance [1,2]. These advantages make SHJ cells a promising 
candidate for improving the efficiency and reducing the cost of photo-
voltaic power generation. 

But while SHJ is a promising alternative to PERC, it also faces its own 
challenges. One challenge is that low-temperature processes are neces-
sary when working with SHJ cells. If the cell temperature exceeds 
200 ◦C, hydrogen from the a-Si:H layers is expelled, deteriorating the 
properties of the a-Si:H thin films and specifically, degrading the 
passivation of the crystalline silicon surfaces. To mitigate this issue, low- 
curing temperature pastes are used for the metallization of SHJ cells. 
However, these types of pastes present a higher electric resistivity than 
the pastes used in the metallization of other c-Si cells. To address this 
challenge, pastes with a higher silver concentration (more than 90 %) 
can be used, as well as using grid electrodes with larger cross-sections. 
However, this approach increases the cost of device fabrication. In 
fact, metallization is a limiting step in cell efficiency and a determining 
factor in the cost of manufacturing SHJ cells. Therefore, reducing the 
metallization cost is one of the main challenges in the development of 
SHJ cells. Any advance in a more efficient use of Ag pastes is welcome 
[2,3], as it can help reduce the cost of manufacturing SHJ cells and 
improve their competitiveness in the market. 

The most common technique for metallizing SHJ cells is screen 
printing, a reliable, high-productivity technique. Nonetheless, various 
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metallization techniques are being explored as alternatives to screen 
printing, with the aim of reducing the consumption of Ag-pastes. These 
include Pattern Transfer Printing (PTP), which uses lasers to transfer 
contacts from a polymer tape to the cell surface [4]; Cu electroplating, 
which involves additional steps of masking and mask-removal [5]; 
SmartWire Connection Technology (SWCT), which uses copper wires 
coated with a low melting point alloy [6]; and inkjet printing and 
FlexTrail printing, which use a voltage-controlled nozzle or a hollow 
glass capillary to achieve a smaller contact width [7]. 

One particularly interesting transferring technique is Laser Induced 
Forward Transfer (LIFT), which involves placing the material to be 
transferred (the donor layer) onto a transparent substrate (the donor 
substrate) over the desired substrate (the acceptor substrate), at a fixed 
distance determined by a spacer. A laser beam is then focused on the 
interface between the donor layer and donor substrate. By selecting a 
wavelength that can pass through the transparent substrate and be 
absorbed by the donor layer, the latter can be partially ejected if a high 
enough laser fluence is used. A simplified view of the main elements 
involved in the LIFT process is depicted in Fig. 1. 

This straightforward transferring mechanism makes LIFT a powerful 
and versatile technique that can work with a variety of donor materials, 
including inks, pastes, and even solid metallic films [8–10]. The versa-
tility of LIFT has led to a wide range of applications, including surface 
functionalization [11–13], additive manufacturing processes such as the 
deposition of large aspect ratio pillars, bridges, or more complex designs 
[14–16], and applications in the field of biomedicine, where the precise 
control inherent in the process allows for the transfer of single living 
cells [17–20]. However, perhaps the most direct application is the 
printing of metallic (and insulating) materials for building electronic 
circuit elements such as capacitors, resistors, and inductors [21], or as in 
this study, to deposit the metal grid in a photovoltaic solar cell. 

There are several parameters involved in optimizing the LIFT process 
for printing metallic pastes. These include the viscosity and thickness of 
the donor film, the laser pulse fluence, the overlap between adjacent 
laser pulses, the roughness of the acceptor material, and the gap between 
the donor and acceptor [22–25]. With fast-imaging acquisition tech-
niques, it is possible to observe how the transfer mechanism develops 
[22,26]. In the case of high-viscosity materials, such as the metallic 
pastes used in solar cell metallization, the process proceeds as follows: 
the absorption of the laser radiation at the donor layer/donor substrate 
interface causes an increase in temperature, leading to the formation of 
vapor bubbles and the subsequent bulging of the film due to the high 
pressure generated. As the fluence further increases, the donor film goes 
from the appearance of the bulge to the breaking or even the explosion 
of that bulge with the expulsion of material clumps and particles. The 
right laser pulse fluence and the presence of the acceptor substrate at an 
adequate distance led to the bulge of metallic paste touching the 

acceptor and forming a column of paste between donor and acceptor. 
Finally, when the donor substrate/film is lifted, the column breaks, 
leaving a paste dot on the acceptor substrate [22,27]. The viscosity of 
the paste must also be optimized. While a lower density requires a lower 
pulse fluence for successful transfer, it results in wider voxels and lines. 
On the other hand, higher densities facilitate the transfer of smaller 
voxels, but consecutive line deposition becomes impractical [28]. 

In this study, we explore LIFT as an alternative method for the 
metallization of SHJ solar cells. Furthermore, the photovoltaic research 
community is increasingly interested in validating alternative materials 
as selective contacts [29], with the aim of reducing the carbon footprint 
by minimizing high-polluting and energy-demanding deposition pro-
cesses. Many promising materials, such as 2D materials or organic 
molecules, require soft post-deposition steps. In this regard, the gentle 
nature and versatility of LIFT deposition make it an attractive metalli-
zation technique beyond its application to SHJ solar cells. 

To assess its viability, we present a simple and straightforward 
comparison between LIFT and screen printing for the metallization of 
solar cells. Firstly, we focus on parameterizing the LIFT process to obtain 
metallic lines with suitable electrical and morphological characteristics 
for the intended application. Next, we compare the electrical charac-
teristics of solar cells metallized by LIFT and screen printing. We conduct 
the study using SHJ solar cells, a photovoltaic technology that needs to 
limit any processing step to temperatures below approximately 200 ◦C, 
making it a relevant example for other upcoming technologies. Finally, 
we discuss the advantages and disadvantages of the LIFT process for the 
specific case of solar cell metallization. 

2. Materials and methods 

For all the experiments presented, we utilized a commercial silver 
paste that was specifically produced for the metallization of SHJ cells 
(Solamet PV416 from DuPont). The paste has a solid content of 81 %— 
84 % and a viscosity of 90–130 Pa⋅s according to the product datasheet. 
It is designed for curing at low temperatures ranging from 130 ◦C to 180 
◦C. We conducted tests to measure the electrical resistance of printed 
lines cured at different temperatures and curing times and observed 
minimal differences. Therefore, we settled on a curing process of 180 ◦C 
for 10 min since SHJ cells also require a final curing step at temperatures 
of approximately 180 ◦C to recover the passivation lost after indium-tin- 
oxide (ITO) deposition [30]. The paste is optimized for screen printing, 
so it can be used as received for that application. However, viscosity is a 
critical parameter that needs to be optimized for the LIFT process. Thus, 
we included a parametrization of the paste viscosity by diluting the as- 
received product with the recommended thinner (Thinner 8260 from 
DuPont) in a range of 3 %wt—7%wt for the optimization of the LIFT 
process. 

The LIFT process was carried out as follows: first, the silver paste was 
spread onto a cleaned glass slide to a thickness of 70 µm using a blade 
coater (Control Coater model 101 RK from PrintCoat Instruments Ltd.). 
To control the gap between the donor and acceptor, we affixed a 115 µm- 
thick polyamide tape (Kapton tape from DuPont) to the donor substrate, 
creating a gap of approximately 45 µm between the donor layer and the 
acceptor substrate. As we had prior experience with depositing voxels 
using similar high-viscosity silver paste [28], our focus was on depos-
iting and curing continuous lines. 

The laser system used was a ns-pulsed, Nd:VO4 DPSS laser source 
(Explorer from Spectra Physics) that emitted at 532 nm with a full width 
at half maximum of 15 ns and a maximum power of 2 W (at 50 kHz). The 
beam waist of the laser system at the focus position was measured to be 
18 μm using the ablation threshold method [31]. Finally, the beam was 
directed to the sample via a galvo scanner with a f-theta lens and focused 
onto the interface between the donor substrate and silver paste film, 
ready to transfer the paste. 

For the screen-printing process, we used a semi-automatic screen 
printer (AT-25PA from ATMA) to print different patterns, with lines 

Fig. 1. Schematic description of a LIFT process used to transfer a metallic paste 
from a donor substrate onto an acceptor. 
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widths of approximately 80–100 µm wide. The stainless-steel screens 
used were provided by Sefar and had a 325-mesh count with a wire 
diameter of 23 µm and standard mesh angle of φ = 22.5◦. 

The morphology of the transferred lines was measured with a 
confocal microscope (DCM3D, Leica Microsystems). To study its elec-
trical characteristics, lines of different length ranging from 4 mm to 15 
mm (see Fig. 2a) were transferred onto ITO-covered glass substrates and 
the electrical resistance of the lines were measured using a Keithley 
2000 multimeter according to the four-point probe method. The re-
sistivity of the transferred lines can then be calculated from: 

ρ =
R • A

L
(1)  

where R is the line’s measured resistance, L is the line length, and A is 
the line cross-section. 

In SHJ solar cells, the front metal grid is in direct contact with an ITO 
layer. Thus, the contact resistivity of the transferred lines with the ITO 
substrates was also evaluated. The specific contact resistivity was 
determined by the TLM method [32], using either parallel lines (LIFT, 
see Fig. 2b top) or parallel contact pads (Screen printing, see Fig. 2b 
bottom). In the TLM analysis, the measured resistance RT between two 
lines or pads of width W and spaced a distance d can be expressed as: 

RT =
Rsh(d + 2LT)

W
(2)  

with Rsh being the sheet resistance of the ITO substrate, and LT the 
transfer length. Thus, by measuring RT for different d values, Rsh and LT 
can be obtained, and the specific contact resistivity (ρc) can be calcu-
lated as: 

ρc = RshLT
2. (3) 

Following the optimization of the LIFT process for transferring the 
conductive silver paste, SHJ solar cells (see Fig. 3) were fabricated were 
the front metal grid was deposited by either LIFT or screen-printing. The 
solar cells were fabricated using 280 μm-thick double-side polished n- 
type c-Si wafers 〈100〉 with a resistivity of 1–3 Ω⋅cm. The different 
amorphous silicon thin films were deposited in a two-chamber plasma- 
enhanced chemical vapor deposition (PECVD) commercial reactor 
(Electtrorava s.p.a.) following the sequence found in [33]. The back 
contact consisted on a full-area Ag electrode deposited in a thermal 
evaporation system (Univex300, Leybold GmbH). Lastly, the front side 
was covered with an 80 nm thick ITO layer sputtered at room temper-
ature using an Ar atmosphere from a In2O3:SnO2 (90/10 wt%) ceramic 
target powered by DC (Univex 450B, Leybold). For the metallization of 
the front contact, we used a design consisting in a solid frame 0.85 mm 
wide, leaving a cell area of 1 cm2 with five parallel fingers, 100 µm wide, 
regularly spaced with a pitch of 1.67 mm to extract the electric current 
(see Fig. 2c). 

The current density–voltage (JV) characteristics of the devices were 
measured under illumination, calibrated at AM1.5G conditions and 100 
mW/cm2, using a class A solar simulator (Steuernagel SC575). Addi-
tionally, Suns-Voc measurements were performed (WCT-120, Sinton 

Instrument) to evaluate the series resistance (Rs) as detailed in [34]. 

3. Results 

3.1. Morphology optimization of transferred lines 

To make an objective comparison regarding the performance of the 
transferred lines obtained by the two techniques, the aim with the LIFT 
process was to achieve lines approximately 100 µm wide, similar to the 
screen-printed results. In our first attempt, we tried to transfer lines by 
using the as-received paste (no further dilution) and employing pulse 
energies (Ep) ranging between 10.5 µJ and 27 µJ while keeping pulse 
frequency at 20 KHz and the scanner speed at 1 m/s. Even at the highest 
energies employed we could not observe any material transferred onto 
the acceptor, indicating that possibly the viscosity of the paste was 
excessively high for the set-up used. 

Therefore, the next step was to study the effect of diluting down the 
paste by pre-mixing it with a controlled percentage of thinner. We 
prepared different dilutions, spanning from a 4 % weight dilution up to a 
7 %, and performed several LIFT processes by varying Ep from 10.5 µJ 
and 27 µJ. Regarding the lines’ width achieved, Fig. 4a shows the 
measured values as a function of Ep at different dilution percentage using 
a glass substrate. For a given dilution percentage there is an Ep threshold 
below which no paste is transferred (indicated by the lines prior the first 
data points in Fig. 4). Above that threshold, as Ep increases, each pulse 
transfers a higher amount of paste, and wider lines are obtained. 

Likewise, the effect of the dilution percentage is that wider lines are 
obtained as higher dilutions are used. On the one hand, a more diluted 
paste has a lower energy threshold for the LIFT process (more diluted 

Fig. 2. Different patterns transferred using the LIFT technique and screen-printing for the characterization of the line resistivity (a) and the specific contact resistivity 
using the TLM analysis (b); and for the metallization of the SHJ solar cells (c). 

Fig. 3. Structure of a silicon heterojunction (SHJ) solar cell.  
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pastes can be transferred at lower Ep as observed in prior studies [30]). 
On the other hand, transferred pastes with lower viscosity spread more 
easily as they reach the acceptor substrate, explaining the observed re-
sults. With a weight dilution of a 4 % and a pulse energy of 15.15 μJ, we 
obtained a transferred lines’ width of 120 μm. 

None of the lines completed achieved the objective of a 100 µm 
width. However, the paste used is specifically designed to provide a 
good adhesion to ITO substrates. By changing the acceptor from glass to 
ITO, the better adhesion reduces droplet spreading and the width of the 
lines is significantly reduced as shown in Fig. 4b, where we show line 
widths closer to 100 µm. Since with ITO the spreading of the droplets as 
they hit the acceptor substrate is reduced, the effect of Ep is also 
diminished and the variation in width is significantly reduced. For this 
reason, for subsequent experiments we fixed Ep at 19.5 µJ since the 
widths obtained were only marginally larger compared to lower Ep 
values and we observed a better homogeneity along the transferred lines 
together with improved reproducibility between experiments. 

With increased adhesion, we also observed a more irregular trans-
ferred lines (see left image in Fig. 5) with regions where just one of each 
two pulses transferred material. We ascribe this effect to an excessive 
overlap: when adjacent pulses are too close the gas bubble generated by 

a pulse can be connected to the cavity produced by the previous one, 
leading to no paste transfer. This effect on the interaction between 
adjacent pulses leading to transfer failures has been previously reported 
by several authors [35,36]. It is therefore necessary to adopt a larger 
spot pitch to avoid interactions and ensure a successful transfer [37].In 
this work, by doubling the speed of the process and increasing the spot 
pitch we obtained continuous lines with a smooth morphology and 
widths of 105–110 µm and 0.21 aspect ratio [see Fig. 5 right], reaching 
the proposed objective. 

3.2. Electrical properties of the transferred lines and contact resistance 

Using the pattern shown in Fig. 2a, we transferred silver paste lines 
by LIFT with the optimized lasing parameters (f = 20 kHz, v = 2 m/s, Ep 
= 19.5 µJ and a 4 % dilution) as well as by screen-printing. As can be 
seen in Fig. 6, the lines obtained by both techniques exhibit a uniform 
appearance although printed lines are slightly narrower and lower than 
LIFT transferred lines (aspect ratio for LIFT lines is ~ 0.2 compared to ~ 
0.15). 

Fig. 7 shows the measured resistance (after sintering at 180 ̊C) as a 
function of the line length. For both techniques, the resistivity calculated 

Fig. 4. (a) Width of lines deposited by LIFT onto a glass substrate as function of laser pulse energy, for different percentages of thinner. (b) Effect of using different 
acceptor substrate (Glass or ITO) for lines transferred at different pulse energies (thinner 4 %). Laser repetition frequency (20 kHz), process speed (1 m/s), donor film 
thickness (70 µm) and gap between donor and acceptor (45 µm) remained fixed in (a) and (b). The width value and the error bars represent the average and the 
deviation of five different measurements taken along the length of the lines. 

Fig. 5. Lines of 4 % diluted paste transferred at a repetition pulse frequency of 20 kHz, with a pulse energy of 19.5 µJ over ITO at 1000 mm/s (left) and 2000 mm/ 
s (right). 
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using equation (1) is ~ 20 µΩ⋅cm for the screen-printed lines and ~ 40 
µΩ⋅cm for the lines deposited by LIFT. The reason why the lines 
deposited by LIFT showed a higher resistivity is unclear but could be 
related to a combination of i) a reduction in the metal loading per unit 
area in thinned down pastes; and ii) larger inhomogeneity in the lines’ 
cross sections (compared to screen printed lines) leading to an over 
estimation in the resistivity. Nevertheless, both values are less than a 
factor of ten lower than typical values obtained for printed silver lines 
sintered at much higher temperatures [38] and only one order of 
magnitude lower than bulk silver (~1.6 µΩ⋅cm). 

Next, we measured the specific contact resistance of the deposited 
silver paste with the ITO substrate using the patterns shown in Fig. 2b for 
LIFT (top image) and screen-printing (bottom image). The measured 
resistance as a function of the distance between the contacts is plotted in 
Fig. 8, and the values obtained from the fitting of the data to equations 
(2) and (3) are collected in Table 1. 

The results obtained for both methods are again very similar (note 
that the differences in the slopes in Fig. 8 are due to the differences in 
contact length, W). The extracted sheet resistance for the ITO substrate 

is the same with either sample (and correct as checked with a four-point 
probe system), validating the experimental data. And since there are 
minimal differences in the transfer length, the specific contact resistance 
is also comparable, and both below the target value of 5 mΩ⋅cm2 

deemed acceptable for silicon heterojunction technology [38]. 

3.3. Heterojunction silicon solar cells performance 

To conclude the comparison study, we completed the front grid 
metallization of four different SHJ solar cells with LIFT and screen- 
printing according to the design in Fig. 2c. The measured JV 

Fig. 6. Lines used for the electric characterization of silver paste lines, obtained by LIFT (left) and screen-printing (right).  

Fig. 7. Line resistance measured as a function of line length for both LIFT and 
screen-printing and fit used to calculate the resistivity from equation (1). 

Fig. 8. TLM measurements obtain for Ag transferred contacts onto an 
ITO substrate. 

Table 1 
Values calculated from the TLM measurements (see Fig. 8).  

Parameter LIFT Screen-printing 

Contact Length, W [mm]  7.5  10.0 
Transfer length, LT [mm]  0.0083  0.0078 
Sheet resistance, Rsh [Ω/□]  50.03  50.02 
Specific contact resistivity, ρc [mΩ⋅cm2]  3.45  3.04  
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characteristics under illumination of the four different cells are plotted 
in Fig. 9 and the extracted parameters for the best performing cells are 
listed in Table 2. 

As can be seen from Table 2, both techniques delivered cells 
achieving a very similar performance. Since the solar cells used for this 
study were not textured, the maximum efficiency is limited by the low 
short circuit current (Jsc). The metallization step is expected to have the 
biggest impact to the fill-factor (FF) since it is directly affected by 
resistive losses, and to Jsc due to shadowing effects. The open-circuit 
voltage (Voc) is mostly governed by the quality of the junction and 
thus the metallization process has limited impact unless the curing 
temperature is above the amorphous silicon films processing 
temperature. 

The values of FF measured for both metallization techniques were 
the same (74 % for the best performing cells and 71 % for the other two 
cells). The values of Jsc were lower for the two cells with the contacts 
transferred by LIFT as seen in Fig. 8, with the differences observed being 
consistent with the finger widths achieved (around 110 µm for LIFT 
contacts and 80 µm for screen-printed ones). In accordance with the 
values of the specific contact resistivity shown in subsection 3.2, the Rs 
values calculated according to [34] using the Suns-Voc method were 
slightly smaller for the screen-printed cells, but hardly a significant 
difference (see Table 2 and the differences in slope of the JV curves at 
high forward voltages). 

Ultimately, these results suggest that LIFT is a valid metallization 
technique, comparable to screen-printing in terms of solar-cell perfor-
mance. Furthermore, LIFT has some inherent qualities that makes it a 
very interesting metallization option worth investigating. On the one 
hand, LIFT is much more flexible than screen-printing, allowing any 
pattern to be printed almost on the go, without the need for masks. In 
addition, the use of the silver paste can be further optimize with the LIFT 
technique, minimizing silver-paste wastage often observed in screen- 
printing. On the other hand, screen-printing is still more suited for a 
production-level metallization process, giving it a great advantage over 
LIFT in the industrial setting. Nevertheless, there are many examples of 
applications that have implemented LIFT at an industrial level, such as 
printing OLED pixels in high-end televisions [39] or chip bonding and 
assembly in the microelectronics industry [40]. But, LIFT micro-
fabrication is not limited to 2D structures only, 3D structures can be 
made repeating the laser transfer process of individual voxels at the 
same location [15]. In recent years, interest in using LIFT techniques for 
different materials has increased, the main applications being micro-
electronics, flexible electronics and photovoltaics. In conclusion, we 
have before us a new innovative technique that will allow its industrial 

integration in different strategic sectors once it reaches its highest point 
of maturity [41]. 

Therefore, with enough effort and research geared towards this 
particular application, both in terms of the silver-paste composition and 
the LIFT process, it could end up challenging screen-printing as the de 
facto technique for the metallization of solar cells. 

4. Conclusions 

We have presented a comparison between LIFT and screen-printing 
as the metallization method for silicon heterojunction (SHJ) solar 
cells, using a commercial silver paste specifically designed for this solar 
cell technology. By adjusting the laser power and the rheology of the 
silver paste (adding a thinning agent), we could systematically transfer 
silver lines 110 µm wide when using ITO as the acceptor substrate, while 
the screen-printed lines were 80–100 μm wide. After curing the lines at 
180 ◦C, the measured line resistivity for both techniques was in the order 
of 20 µΩ⋅cm for the screen-printed lines and 40 µΩ⋅cm for the lines 
deposited by LIFT, both values suitable for the studied application. 
Regarding the specific contact resistivity between mΩ the silver paste 
transferred and the ITO substrate, both techniques achieved similar re-
sults, with LIFT obtaining a slightly larger value (3.45 mΩ⋅cm2 vs 3.04 
mΩ⋅cm2). Once again, both values are well below the minimum required 
target of 5 ⋅cm2 for SHJ technology. Finally, SHJ cells metallized with 
both technologies showed comparable performances, especially 
regarding the fill factor achieved, a parameter that is directly affected to 
any resistive losses that may incur due to a faulty metallization. The 
solar cell metallized using LIFT had a slightly lower short-circuit current 
as a result of the slightly wider contact fingers. In conclusion, we have 
shown that the LIFT technique is suitable for the fabrication of SHJ solar 
cells and that with enough research towards this particular process, it 
could end up being a viable industrial alternative to screen-printing with 
added flexibility and reduced silver consumption. 
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Fig. 9. JV characteristics of the four SHJ cells metalized by LIFT (black curves) 
and screen-printing (red curves) measured under AM1.5G irradiation. 

Table 2 
Solar cells characteristic parameters for the best fabricated cells using LIFT and 
scree-printing for the metallization of the front grid. The JV curves of the best 
cells are represented in Fig. 9.  

Parameter LIFT, best 
cell 

Screen-printing, best 
cell 

Short-circuit current density, JSC (mA/ 
cm2) 

28.82 29.28 

Open-circuit voltage, VOC (mV) 695 690 
Current density at MPP, Jmp (mA/cm2) 27.05 26.82 
Voltage at MPP, Vmp (mV) 547 556 
Fill factor, FF (%) 74 74 
Efficiency, η (%) 14.8 14.9 
Series resistance, RS (Ω⋅cm2) 2.36 2.16  
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M. Gómez-Fontela, C. Molpeceres, Laser-Induced Forward Transfer of silver-based 
pastes for metallization of photovoltaic devices, in: G. Račiukaitis, T. Makimura, C. 
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