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ABSTRACT
Overreliance on silver in solar cell manufacturing places an immense challenge on sustainability. Terawatt-scale solar energy generation is
required within the next few decades, and current attempts to replace silver screen printing are inferior compared to conventional techniques.
This work reports on a novel metallization methodology using a UV picosecond laser to ablate textured surface dielectric layers in a pattern
defined by an in situ stencil shadow mask. Since the stencil mask does not need to be removed, a metal contact can be directly deposited
employing printing or vapor deposition in one integrated process. Here, we demonstrate 26 μm wide metal fingers via thermally evaporated
aluminum directly deposited onto laser-patterned point contacts of 16.9 × 19.1 μm2 size. Optical and electron microscopy analysis shows that
the UV picosecond laser ablation damage is limited, and sufficient alignment is achieved. A line resistivity of 15.74 ± 2.35 Ω/cm and a contact
resistivity of <10 mΩ⋅cm2 show the current-carrying capabilities of the contacts. Complete solar cell devices were produced using our new
stencil self-aligned contacts, and electrical measurements show a pseudo-efficiency of 18.8%. This novel approach could potentially lead to a
replacement of non-sustainable silver as front and back contacts for bifacial solar cells.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0250845

I. INTRODUCTION
Climate change mitigation requires the deployment of

terawatt-scale solar energy. Since the current solar cell architec-
tures rely heavily on silver for front and rear contacts, this will
lead to a vast increase in the demand for this metal. The burden
on silver supply and solar cell costs will become unsustainable if
the screen-printing process with silver pastes is to be continued.1–3

New methodologies to metallize solar cells without the use of sil-
ver are hence urgently required. One such possibility is aluminum.
However, screen printing with aluminum pastes cannot achieve the
industrial requirements of 20–30 μm finger width4 since typical
aluminum pastes comprise large spherical Al and Al–Si alloy pow-
ders with a 6–8 μm diameter. In industry, such pastes could only

produce wide metal fingers of 60–90 μm width.5 Because of the alu-
minum oxide layer forming at powder surfaces, weak bonding and
linkage between powder particles cannot keep the particles in a sta-
ble position, resulting in a collapse during the firing process and
wider contacts, which, in turn, affect the solar cell performance.6,7

Hybrid metallization approaches that combine aluminum and sil-
ver paste have also been proposed to allow fire-through processes.
Yet, these cause metallic spiking during the firing and cooling
process, which leads to junction current leaking and adversely
impacts reliability.8,9 Overall, while aluminum-based metallization
benefits from a scalable supply chain, it requires alternative pro-
cessing routes that meet the stringent constraints of terawatt-scale
manufacturing.
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Studies have demonstrated that laser processing enables low-
damage contact openings in AlOx/SiNy layers. In particular, opti-
mized UV picosecond laser parameters have been successfully
applied for the patterned, near damage-free ablation of the rear-
side AlOx/SiNy stack in the passivated emitter and rear cell (PERC)
solar cells.10,11 A critical aspect of metallization in non-screen-
printing techniques is alignment, which ensures precise matching
of metal fingers with laser-ablated openings in the passivation layer,
enabling accurate and efficient alternative metal deposition. Qian
et al. reported challenges in aligning local printing to these laser
openings. In their work on bifacial PERC, aluminum fingers were
required to extend 78 μm beyond the 42 μm-wide ablation lines to
accommodate alignment tolerances.12

In this work, we introduce a novel self-aligned metallization
process. We fabricate and place stainless steel stencil masks on
the top surface of a silicon substrate, followed by laser ablation
and thermal evaporation of aluminum through the shadow mask.
Optical microscopy and scanning electron microscopy (SEM) were
used to investigate laser ablation damage and the level of alignment
achieved by this process. Device analysis methods were used to char-
acterize electrical performances and contact quality. This approach
can be adapted to other solar cell metallization techniques, includ-
ing emerging metal pastes that do not require frit-etching, as well
as physical vapor deposition methods that demand high-precision
self-alignment.

II. SAMPLE PREPARATION AND METHODOLOGY
A. Process scheme

Figure 1 schematically illustrates the processing steps for the
front metallization of TOPCon solar cells. Standard 150 μm-thick

Tunnel Oxide Passivated Contact (TOPCon) solar cell precursors
were sourced from an industrial manufacturer. These precursors
featured an n-type silicon base with a resistivity of 0.3–2.1 Ω⋅cm, a
textured front surface coated with an AlOx/SiNy passivation stack,
and a rear-side tunnel oxide layer with an n++poly-Si contact, as
shown in Fig. 1(a).

In this method, a stencil mask was placed on the substrate
and mechanically secured using magnets. As shown in Fig. 1(b),
a UV picosecond laser was then raster-scanned perpendicular to
the length of the fingers to create point contacts. The contact area
between the silicon and metal was controlled by adjusting the
number of raster lines. Figure 1(c) illustrates the thermal evapora-
tion of aluminum, performed while the stencil mask remained in
place to ensure precise alignment between the openings and metal
deposition. Figure 1(d) shows the final front metallization structure.

B. Stencil mask fabrication
The stencil masks for these substrates were fabricated using

170 μm thick stainless-steel sheets via an LX-A1 1064 nm nanosec-
ond pulsed 20-W infrared (IR) laser machine. Due to the high
absorption of IR laser wavelengths by metals, efficient energy con-
version into heat enables precise melting and vaporization of the
metal sheet during cutting.13 Stainless steel was chosen over com-
monly used brass masks for its ferromagnetic properties, which
allow for secure magnetic affixing. The selected mask thickness was
optimized to minimize bending during laser processing while ensur-
ing compatibility with the laser opening process. The dimensions
and edge smoothness of the mask openings were controlled by
adjusting key laser parameters, including laser current, raster scan

FIG. 1. Schematic diagram of the fabrication process for the metallization method presented in this work: (a) initial TOPCon precursor with a textured front surface, a front
AlOx/SiNy passivation stack, and a rear-side tunnel oxide layer with an n++poly-Si contact, (b) laser ablation through a stencil to create periodic point contacts, (c) thermal
evaporation of aluminum over the laser-defined openings, and (d) final front metallization structure.
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speed, pulse repetition rate, and the number of loops. The optimized
laser parameters were determined through a factorial experiment
design, systematically varying each parameter and measuring the
resulting opening width using an optical microscope (Olympus
BX51M) to assess their combined effects.

Neodymium N35 magnets were used to attach the stencil mask
and sample substrate to achieve stable attachment during process-
ing steps, including high-temperature annealing. This eliminates the
risk of tape decomposing and ensures more reliable results.

C. Laser contact fabrication
An Inggu GXP 355-5 355 nm UV picosecond pulsed laser was

used to ablate the front surface of the TOPCon solar cells, creat-
ing laser contact openings in the AlOx/SiNy stack while minimizing
damage to the underlying silicon.14,15 The optimization process of
laser contact openings is detailed in Sec. III B.

The laser opening shape and width were characterized using
optical microscopy. Scanning electron microscopy (SEM, Zeiss
EVO) was employed to examine the fabricated front contact. Pho-
toluminescence (PL) imaging was used to visualize carrier density
under stable illumination, providing insight into spatial recombi-
nation, which is critical for minimizing recombination losses at the
metallization.16,17 The PL image was processed with a point spread
function and a flat-field correction with LumiTools 2.0.

Aluminum deposition was performed via thermal evaporation
(Vac Techniche DTE-170) at a working distance of 10 cm. The
metal source was positioned directly above the sample, with a depo-
sition rate of 2 nm/s, achieving a final metal thickness of 800 nm.
For industrial applications, in-line high-rate evaporation provides
a promising approach to achieving metal thicknesses that meet
industry standards.18

D. Electrical characterization
A series of electrical characterization methods were conducted

on the metal contacts, including line and contact resistivity mea-
surements, to evaluate the contact properties. Device performance
was investigated via dark and light current density–voltage (J–V)
characteristics and Suns-Voc analysis. These measurements provided
insights into the performance of the metallized solar cells.

1. Line resistance
Line resistance was measured using a Keithley 2401 source

measure unit (SMU) to assess the current extraction along the
metal contacts. Figure 2 illustrates the experimental setup for these
measurements. Two tungsten probes were positioned at different
positions along the metal finger to measure the voltage drop, with
probe spacings of 1, 2, 3, 4, and 5 mm. The measurement setup was
visualized using a probe station equipped with an optical microscope
and an integrated ruler to ensure precise alignment of the probes.
This process was repeated across different evaporation batches and
metal fingers to obtain an average value. It was assumed that the
underlying silicon substrate has a significantly higher resistance than
the metal, ensuring that current flows exclusively through the metal
fingers. The finger width was measured using optical microscopy,
while the height was determined from crystal monitor readings in
the thermal evaporation system.

FIG. 2. Schematic diagram of the experimental setup for line resistance
measurements.

2. Contact resistivity
Figure 3(a) illustrates the method employed in this work to

determine the contact resistivity of the optimized laser-ablated con-
tact structure. Due to the design of the sample structure used here,
the effective metal contact length cannot be directly measured as it
differs from the total length of the metal finger typically assumed in
standard transmission line methods (TLMs).19 To address this, the
standard TLM equation was rearranged to remove the metal con-
tact length as an input parameter. The resulting test structure is thus
a modified version of the actual contact design, consisting of two
metal lines separated by a fixed distance, while the Al/Si contact area
is systematically varied. The contact area Ac is defined as the region
where aluminum and silicon are in direct contact through the laser-
ablated openings and is determined using optical microscopy. The
contact area was adjusted by varying the number of laser-ablated
openings beneath each metal line; specifically, 5, 10, 20, or 30 open-
ings were used to control the metal contact area. Consequently, four
samples were required to determine the contact resistivity. The total
resistance can be described as

Rtotal = Rmetal + Rsemi + 2Rc,

which, under the assumption that the metal resistance is negligible,
simplifies to:

Rtotal = Rsemi + 2
ρc

Ac
.

By plotting Rtotal against 1
Ac

, contact resistivity ρc can be extracted
from the gradient of the linear fit.

However, accurately determining the true active contact area
Ac is challenging due to current crowding, which results in a non-
uniform current distribution across the point contacts. In this study,
the measured contact area is assumed equal to Ac. Consequently,
the extracted contact resistivity inherently includes the current
crowding effects.

Since contact resistivity is an intrinsic property that depends
only on the laser ablation parameters for a given sample system, its
value remains consistent across different structures. As the previ-
ously described method is too complex for the initial stage of process
optimization, the standard TLM approach was applied to a differ-
ent sample structure for laser parameter optimization. Figure 3(b)
shows the contact structure. TLM samples were prepared by cut-
ting a standard solar cell structure into strips perpendicular to the
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FIG. 3. Top view of (a) the method used to determine the contact resistivity of the optimized laser-ablated structure and (b) the standard TLM test structure for laser
parameter optimization. Laser ablation lines (black) and metal fingers (gray) are shown schematically and not to scale.

metal fingers.20,21 This configuration simplifies sample preparation
for the initial stage of process optimization and minimizes current
crowding in contact resistivity calculations, enabling a more reli-
able comparison of laser parameters to identify those that achieve
the lowest contact resistance.

E. Device characterization
Electrical characterization of the finished cell structure was car-

ried out to analyze the contact’s performance at a device level. For
comparison, two samples were analyzed. The first sample was a fin-
ished industrial reference TOPCon cell, which was laser-cut to 15 ×
15 mm2 using an LX-A1 1064 nm nanosecond pulsed 20-W infrared
(IR) laser machine.22 The industrial reference has the same front
passivation stacks and texturing as the TOPCon precursor [Fig. 1(a)]
but includes silver screen-printed front metallization, which was
sourced from the same manufacturing line. The second was pro-
duced using the front metallization method proposed in this work,
featuring 26 μm wide fingers made with the optimized laser ablation
parameters. It was cut into a 12 × 12 mm2 specimen using the same
processing method as the reference.

Dark J–V curves were measured using a Keithley 2401 SMU
in a four-wire configuration within a dark box and later fitted to a
model for parameter extraction. A dark mask was used to limit the
illuminated area to 10 × 10 mm2 while also serving as the electri-
cal connection to the front contact. For light J–V measurements, a

LOT-QuantumDesign Europe LS0505 sun simulator was used under
standard testing conditions, with an air mass 1.5G spectrum at an
intensity of 100 mW/cm2, calibrated using a standard silicon refer-
ence cell. Uniform illumination was provided over a 40 × 40 mm2

area at 25 ○C, regulated by a thermal control system. A Sinton
Instruments Suns-Voc system was used for Suns-Voc measurements.

III. RESULTS AND DISCUSSIONS
A. Stencil mask dimensions

The optimized laser parameters for patterning the stainless-
steel mask were used to produce a mask with a small opening size.
Figures 4(a) and 4(b) illustrate the successful fabrication of a mask
with an opening width of 20 μm, which is comparable to pro-
jected finger width dimensions achievable in the industry by 2030,
as forecasted by ITRPV.4

B. Optimization of laser ablation parameters
Optimization of laser parameters for contact opening was car-

ried out in three stages, with the parameter range refined at each
step.23 The optimization process involved varying the laser current
and scanning speed. In the first stage, laser currents of 2–10 A and
scanning speeds of 250–1000 mm/s were applied to laser ablation
lines. The ablated areas were then visually examined using an optical
microscope. Figure 5 presents an example of an optical microscope

FIG. 4. (a) Image of the stencil mask and
(b) optical micrograph of the stencil mask
opening.
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FIG. 5. An example of the optical micro-
scope images of the laser current for
a range of 2–10 A and laser scanning
speeds of 750 and 1000 mm/s.

image of the patterned regions with laser current for a range of
2–10 A and laser scanning speeds of 750 and 1000 mm/s. Based on
the morphology and width of the ablated lines, the laser conditions
were further refined to a laser current range of 4–6 A and a scanning
speed range of 700–900 mm/s.

In the second stage, PL imaging was used to identify parameters
that cause severe laser damage and, consequently, degrade the over-
all solar cell performance. A 45 × 45 mm2 TOPCon precursor with
rear metallization was patterned on the front side with nine blocks
of laser ablation parameters, each containing ten lines of 10 mm in
length, spaced 1 mm apart. The ablation region of 10 × 10 mm2

was large enough to be captured with high resolution by the CCD
camera. The resulting PL image is shown in Fig. 6. Based on the pre-
viously narrowed range of laser current and scanning speeds, the
PL image reveals that conditions with a laser current of 6 A lead
to cell degradation. This allows a further refinement of processing
parameters to the laser current range of 4–5 A and a scanning speed
range of 700–900 mm/s.

It is also worth noting that the results demonstrate that edge
damage caused by laser sample cleaving introduces significant
recombination losses. In particular, the left and right edges in Fig. 6

FIG. 6. Photoluminescence image of a 45 × 45 mm2 sample processed under
different laser conditions as part of the laser parameter optimization process, with
currents ranging from 4 to 6 A and laser scanning speeds from 700 to 900 mm/s.
White dashed squares indicate the laser ablation areas. Each square consists of
ten laser lines, each 10 mm long and spaced 1 mm apart.

exhibit more damage due to laser cleaving, whereas the bottom edge,
which is the original sample edge, shows less severe edge recombina-
tion effects. This highlights a pre-existing loss mechanism that could
influence solar cell properties.

The final optimization step was carried out based on contact
resistance with the experiment setup in Fig. 3(b). Table I presents
the different laser ablation parameters, with increasing laser current
from sample a to sample d, along with the corresponding contact
resistance values. Excessive fluence can damage the silicon substrate,
whereas insufficient fluence may fail to fully penetrate the dielec-
tric layer, resulting in a non-ohmic contact. The laser parameters
that yielded the lowest contact resistance, highlighted in gray, were
selected for further experiments. We note here that the optimized
laser parameters are dependent on the specific conditions of the laser
and optical setup, but we provide them here for completeness.

C. Fabrication of laser point contacts
TOPCon precursor samples were processed using the opti-

mized laser parameters with the mask in situ to selectively ablate
the dielectric layers at periodic locations, enabling the formation of
point contact openings along the metal fingers. Figure 1(b) illus-
trates the schematic of this structure, while Fig. 7 provides an optical
microscopy image illustrating the size and pattern of the ablated
areas, demonstrating the precise formation of laser-defined open-
ings using metal masks. Following the optimization of the stencil
mask manufacturing and laser ablation processes, the contact size
was successfully reduced to 16.9 × 19.1 μm2.

To examine the morphology of the metal contacts, samples with
evaporated metal were prepared. Figure 1(c) illustrates the schematic
of this structure, and Fig. 8 presents the top-view micrographs of
the evaporated metal finger. The SEM image in Fig. 8(a) shows the

TABLE I. Summary of laser parameters and their corresponding contact resistance
values for the fabricated samples a–d.

Laser parameters
Sample

a
Sample

b
Sample

c
Sample

d

Speed (mm/s) 900

Current (A) 3.8 4 4.2 4.4
Contact No ohmic 32.75 22.57 No ohmic
resistance (Ω) contact contact

APL Electron. Devices 1, 026109 (2025); doi: 10.1063/5.0250845 1, 026109-5
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FIG. 7. Optical micrograph of the laser contact openings of 16.9 × 19.1 μm2.

FIG. 8. (a) SEM images of the metal fingers showing the laser contact openings
and (b) optical micrograph of the metal fingers.

laser contact openings, where a designed pitch length of 100 μm and
a measured pitch length of 101.7 μm confirm the precise control
of the laser patterning. The pitch length can be readily adjusted by
modifying the laser ablation pattern to optimize efficiency, demon-
strating the adaptability of this method. The laser ablation damage
to the silicon surface appears minimal in this figure, with addi-
tional micrographs of the contacts provided in Fig. S2 for further
analysis.

Figure 8(b) shows an example of an evaporated finger with a
measured width of 24.9 μm, which meets industry standards. How-
ever, the metal finger width was slightly larger than the stencil mask
opening, suggesting that metal evaporation extended beneath the
stencil mask due to a small gap between the mask and substrate. To
evaluate the uniformity of finger widths across multiple locations,

we performed a width distribution analysis. The average finger width
was found to be 26.3 μm with a standard deviation of 1.8 μm,
demonstrating good uniformity and validating the precision of our
stencil mask process (Fig. S3). These surface morphology analyses
confirm that the in situ mask effectively localizes laser contact open-
ings, enabling the formation of high-quality aluminum contacts with
controlled pitch and consistent finger widths.

D. Electrical properties
Electrical measurements were conducted on the metalized sam-

ples using the methods detailed in Sec. II to demonstrate the effective
metallization properties. The average line resistivity of the evapo-
rated Al finger is 15.74 ± 2.35 Ω/cm for a finger height of 800 nm
and a width of 26 μm. The line resistivity data of the thermally evap-
orated aluminum contacts have been included in the supplementary
material (Fig. S1). This value is 17.5 times higher than the reported
value for standard screen-printed Ag fingers, which was 0.9 Ω/cm
for a typical cross-sectional area of 500 μm2.24 These results demon-
strate the possibility for the evaporated contacts to be used for
solar cells but also highlight the need to optimize the evapora-
tion process further to create a solar cell metallization technique
with improved performance. As a potential route to overcome the
small-cross-section contacts, in-line high-rate evaporation could be
used to increase the height and contact area, thereby achieving
lower line resistivity.18 Additionally, as silicon solar cells advance
toward higher efficiencies, the precise alignment of locally highly
doped emitters with metal fingers becomes increasingly important
in metallization to minimize contact resistance.25 The elevated tem-
peratures at 850 K used in the in-line evaporation process could
potentially facilitate the formation of a local aluminum back sur-
face field (Al-BSF), which may enable the development of a self-
aligned local selective emitter (Al-p+).26 However, these potential
advantages require further investigation to confirm their practical
effectiveness in industrial solar cell manufacturing.

Using the optimized parameters to ablate the dielectric layer
of the test structure, the method described in Fig. 3(a) resulted in
a contact resistivity of 1.39 mΩ cm2 with an error margin of 10%,
yielding values comparable to those of screen-printed contacts.27

This indicates the potential of the contact formation technique
via laser contact opening and metal evaporation, which was also
demonstrated in previous work using a similar process.28

We then fabricated a sample solar cell using our metallization
method and compared its performance to a reference TOPCon cell.
Further analysis was carried out to characterize the device configu-
ration under standard light operating conditions. Figure 9(a) shows
the light J–V curve under 1-sun illumination and the pseudo-J–V
curve obtained from Suns-Voc measurements. Figure 9(b) shows the
schematic diagram of the front structures of the samples. InGa paint
was applied to a small point on the contact to establish a reliable
connection between the sample and the measurement probe station,
ensuring accurate measurement. The industrial reference cell was
measured using a standard single-point probe on the busbar. Com-
paring the light J–V and the pseudo-J–V curves, it can be observed
that the pseudo-J–V curve exhibits a sharper turn, whereas the light
J–V curve is flatter. This indicates that series resistance contribu-
tions hamper operation under standard testing conditions. This is
expected because of the high line resistivity obtained.
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FIG. 9. (a): Light J–V under 1-sun simulation and pseudo-J–V curve based on Suns-Voc of the laser-processed solar cell. (b) Schematic diagram of the front contact patterns
used for the measurement.

Table II compares the performance of an optimized laser-
processed cell from this study with a reference industrial cell. The
maximum solar cell efficiency achieved for the laser-processed cell
in this work is 13.2%, with all electrical parameters lower than
those of the industrial reference. The open-circuit voltage (Voc) of
a solar cell depends on the recombination losses, which are pri-
marily determined by material quality. In this study, the low Voc
values observed in both the laser-processed and reference cells indi-
cate increased recombination losses. This trend is further supported
by the iVoc statistics presented in Fig. S5. A key contributing fac-
tor is edge recombination, likely introduced by the laser cleaving
process.

The series resistance (Rs) for the laser-processed cell was
extracted from the slope of the J–V curve near Voc and was found
to be higher than that of the reference cell. The higher value was
expected as the metal height in this work has not yet been opti-
mized to achieve industrial-level resistivity. A high Rs also reduces
the fill factor (FF) in this study. Additionally, the short-circuit cur-
rent density (Jsc) is lower than that of the reference cell despite a
lower shading fraction. This suggests that high series resistance sig-
nificantly affects current extraction. Several factors contribute to the
high Rs observed in this study. First, the small height of the metal fin-
gers results in higher line resistivity. Second, the absence of busbars,

TABLE II. Solar cell parameters extracted from 1-sun J–V measurement, for the laser-
processed cell and the industrial TOPCon reference.

Sample
Voc

(mV)
Jsc

(mA/cm2) FF (%)
Efficiency

(%)
Rseries

(Ω cm2)

This work 667 39.6 49.9 13.2 4.5
Reference 670 40.1 57.3 15.4 0.8

which are typically used in standard structures for effective current
collection, limits the flow of current. The limited metal coverage for
the test structure also contributes to the high Rs.

Suns-Voc results in Table III, which shows an improve-
ment in efficiency compared to the light J–V results due to the
absence of series resistance in this technique. For Suns-Voc mea-
surements, the previously measured Jsc value of 39.6 mA/cm2 was
used. The improved pseudo-fill factor (pFF) and pseudo-efficiency
(pη) compared to the J–V measurements in Table II suggest that
series resistance is a primary limiting factor in solar cell perfor-
mance, which may be exacerbated by the single-point electrical
measurement. Alternatively, the lower FF could also result from
additional recombination losses, likely introduced by the cleaving
process.

Across all characterization techniques used in this study, the
results consistently indicate high recombination losses and ele-
vated Rs, both of which negatively impact device performance and
contribute to efficiency losses compared to industrial TOPCon effi-
ciencies (>23.4%).22 These losses are largely influenced by sample
processing and design factors. The laser cleaving process, in par-
ticular, introduces defects that increase recombination losses at the
specimen edges. Figure 6 highlights significant edge damage from
laser cleaving, which negatively impacts both the reference and the

TABLE III. Solar cell parameters extracted from Suns-Voc J–V measurement for the
laser-processed cell and the industrial TOPCon reference.

iVoc
(mV)

Ideality
factor (n) pFF (%)

pEfficiency
(%)

This work 685 1.4 71.0 18.8
Reference 682 1.8 70.9 18.9
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laser-processed cell. However, laser cleaving damage is not rele-
vant in industrial settings and could potentially be minimized in
research environments through fine optimization of the laser cleav-
ing process. Despite the non-optimized cleaving process, pFF and
pη remain relatively high, suggesting that the cell has strong perfor-
mance potential if series resistance losses are mitigated. Griddler 2.5,
a finite element method solver, was used to estimate the potential
performance of our point-contact self-aligned method by analyzing
the full metallization pattern and simulating the IV characteris-
tics of the solar cell.29 This simulation, presented in Fig. S4, shows
promising cell performance with reduced line resistivity. Further
optimization of the metallization design and processing steps is
necessary to minimize series resistance and recombination losses,
thereby enhancing the overall performance of the solar cell.

IV. CONCLUSIONS
We report an innovative and simple approach to self-aligning

laser opening and stencil metallization using thermally evaporated
Al as a substitute for Ag in solar cell fabrication. This quick and flex-
ible process of fabricating Al contacts via perpendicular laser raster-
ing provides a new economically viable and sustainable metallization
technology that can be potentially implemented on industrial scales
and is compatible with other metal deposition methods.

Point contacts with a width of 20 μm were achieved through
precise laser parameter optimization. Surface morphology charac-
terizations illustrate the precise control of laser contact and the
achievement of thin metal contacts with metal evaporation. These
findings show the feasibility of the developed methodology for solar
cell metallization.

We then characterized the electrical and loss properties of the
manufactured metal contacts. While the line resistivity is higher
than the industry standard, this is due to the low metal height,
which can be readily modified with other metal deposition tech-
niques. The contact resistivity obtained in this work is comparable
to industry standards. Finally, solar cell analysis showed the feasi-
bility of developing functional cells with the proposed metallization
method. However, performance fell short of industry standards due
to sample design and preparation issues, which will be addressed in
future work. This study offers a promising approach toward sustain-
able terawatt-scale photovoltaics, providing a novel solution for the
industry’s growing energy demands.

SUPPLEMENTARY MATERIAL

The supplementary material encompasses further details of the
results in this work are provided, including the line resistivity data
of the metal contact, SEM images of surface morphology, finger
width distribution, Griddler simulation of the cell potential, and iVoc
results from Sinton Suns-Voc measurements.
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