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Abstract

Non-destructive cutting (NDC) is promising for fabricating high-efficiency half-cut solar
cells by minimizing thermal and mechanical damage during cell cutting. Here, a dual-laser
NDC process, comprising an infrared (IR) laser for pre-cut formation and a thermal laser for
crack propagation, was applied to hybrid passivated back contact solar cells. Accordingly,
the effects of scan speed, IR laser-induced pre-cut depth, and thermal laser power were
systematically investigated at scan speeds of 300, 400, and 500 mm/s. Furthermore, stable
process windows for cleaving were identified, within which fill factor and maximum
power were evaluated. Despite differences in absolute laser power and scan speed, the
highest electrical performance was consistently achieved at an intermediate pre-cut depth
combined with the maximum thermal laser power available within each process window.
To elucidate this behavior, a crack-driving index (ψ) was introduced to consider the coupled
effects of thermal driving and crack guidance. The ψ-based analysis reveals that higher
scan speeds enhance process sensitivity, highlighting a trade-off between peak performance
and process robustness.

Keywords: non-destructive cutting (NDC); hybrid passivated back contact (HPBC); IR
pre-cut; thermal laser power; crack-driving index; process window and sensitivity

1. Introduction
The sustained demand for higher photovoltaic (PV) module efficiency has driven the

development of advanced crystalline silicon solar cell architectures, including passivated
contact and back-contact designs. Among these, hybrid passivated back contact (HPBC)
solar cells have garnered significant attention owing to their elimination of front-side
metallization, minimized optical shading, and enhanced carrier collection efficiency, which
enables conversion efficiencies that approach industrial state-of-the-art (SoTA) limits [1,2].

To further improve reliability at the module level, half-cut cell technology has become
prevalent. By dividing a full-size cell into two parallel sub-cells, half-cut architectures
reduce operating current, thereby minimizing resistive losses and mitigating thermal
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stress [3,4]. Consequently, half-cut designs have become a standard configuration in
high-efficiency industrial PV modules. Nevertheless, the cell cutting process required to
fabricate half-cut cells remains a critical challenge, particularly for advanced back-contact
architectures. In HPBC solar cells, all current collection occurs through finely patterned
rear-side electrodes, where interdigitated n- and p-type contacts are densely arranged near
the cell surface. This structural characteristic makes HPBC cells inherently more sensitive
to edge-related damage, because any disturbance to the rear-side metallization, passivated
contact layers, or near-edge silicon integrity can directly increase series resistance and
degrade fill factor (FF).

In half-cut fabrication, laser scribing is commonly employed due to their high through-
put and compatibility with industrial production lines [5–7]. However, these approaches
typically rely on localized material ablation and mechanical force-driven fracture, which
can introduce heat-affected zones, microcracks, and recast layers near the cut edge. Such
damage is particularly detrimental for HPBC cells, where electrically active rear-side struc-
tures extend close to the cutting line. Laser-induced defects and subsurface cracks can
act as recombination centers or increase contact resistance, causing irreversible electrical
degradation and long-term reliability concerns [8,9].

To address these limitations, non-destructive cutting (NDC) has recently been pro-
posed as an alternative laser-based cutting strategy for brittle materials like crystalline
silicon solar cells [10,11]. Unlike conventional scribing processes, NDC attempts to sep-
arate the substrate via controlled, stress-driven crack propagation rather than material
removal. By intentionally operating below the ablation threshold, thermal energy is pri-
marily utilized to generate a tensile thermal stress field that drives crack propagation along
a predefined path, thereby minimizing direct laser-induced damage to the active cell area.

A key NDC feature is the decoupling of crack initiation and propagation mecha-
nisms [10,11]. In a dual-laser NDC scheme, an infrared (IR) laser is first applied to form
a shallow pre-cut that defines the crack initiation site and propagation path [7,8], while
a subsequent thermal laser scan provides the thermal driving force required for stable
crack extension [11–13]. This separation of functions enables improved control over frac-
ture behavior and minimizes sensitivity to mechanical perturbations [1,2,5], making NDC
particularly attractive for cutting high-efficiency back-contact solar cells.

Previous studies on laser-based cutting and NDC have primarily focused on the
independent effects of individual process parameters like laser power, scan speed, or
pulse characteristics [7,11,14]. However, experimental observations frequently reveal
non-monotonic trends and recurring optimal conditions that cannot be explained by single-
parameter analysis alone. In particular, the existence of stable cutting windows and the
persistence of similar optimal conditions across different scan speeds suggest that NDC is
driven by a coupled balance between thermal driving and crack guidance, rather than by
absolute laser power or interaction time.

Here, we systematically investigate the NDC of HPBC solar cells utilizing a dual-laser
NDC process under controlled scan speed conditions of 300, 400, and 500 mm/s [10–12,15,16].
Accordingly, stable process windows are identified, and the resulting electrical performance of
half-cut cells is evaluated relative to FF and maximum power (Pmax) [3–5,17,18]. To interpret
the observed trends across different operating regimes, a crack-driving index (ψ) is introduced
as an experimentally accessible descriptor that integrates the effects of thermal laser power,
scan speed, and IR-induced pre-cut depth. By reformulating the cutting conditions relative to
ψ, this study provides a structured framework for understanding process sensitivity, robust-
ness, and optimization in the NDC-based fabrication of high-efficiency half-cut HPBC solar
cells [16,19–21].
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2. Materials and Methods
Commercially available M10-sized HPBC solar cells (182 mm side length; ~140-µm

thickness) were employed in this study, with structural details provided in Figure 1a,b.
Furthermore, the scheme’s illustration and corresponding real cross section of the HPBC
cell are presented in Figure 1c,d. Cell cutting was performed using an NDC system
(SL5-Shingled, Ooitech, Wuhan, China) equipped with two laser sources: an IR laser
(YDLFP-E-50-LP-L-R, JPT LTD) and a thermal fiber laser (EB-DDLM-500A, Everbright
Ltd., Beijing, China), following laser-based thermal cleavage concepts reported for brittle
materials and silicon substrates [10–12,15,16].

Figure 1. HPBC solar cell adopted in this study: (a) real pictures of front and (b) rear side of full-size
cell, (c) cross-section of HPBC cell (~140 µm), and (d) schemes of HPBC.

The two types of cutting procedure employed in this study are described in Figure 2.
In both, vacuum and air suction are used to fix the HPBC cell in place without any other
clamping. As illustrated in Figure 2a, an IR laser is first irradiated along the HPBC cell’s half-
cut line to initiate crack formation, after which the cell is cleaved by applying a mechanical
force. In contrast, the NDC process comprises sequential steps in Figure 2b. First, the IR
laser was utilized to form shallow pre-cuts at the start and end points of the cutting line,
which results in a total length of 2.0 cm, defining the crack initiation sites and guiding
the subsequent crack propagation path [10,11,15]. Subsequently, the thermal laser was
scanned along the central 16.2 cm region of the cell to induce controlled crack propagation
along the predefined pre-cut path, thus completing cell separation [11,12,16]. This two-step
cutting strategy enables stable cleaving by independently defining crack initiation and
crack propagation.

The IR laser frequency and pulse width were fixed at 140 kHz and 200 ns, respectively.
The thermal laser was operated as a fiber-based continuous-wave laser with a 976 nm
center wavelength and 10 ns fixed pulse width. In addition, scan speeds of 300, 400, and
500 mm/s were investigated. For each scan speed, the IR and thermal laser powers were
varied at three levels each, resulting in nine experimental conditions per scan speed and
a total of 27 stable cutting conditions. Processing conditions that resulted in incomplete
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cutting or excessive thermal damage were classified as unstable, excluded from the defined
process window, and omitted from further analysis [15,16,19–21].

Figure 2. (a) Process flow of the conventional IR laser scribing and mechanical breaking method. The
red arrows indicate the cleaving direction after laser-assisted crack initiation. (b) Process flow of the
NDC method.

The IR-induced pre-cut depth was measured from cross-sectional images and ex-
pressed as a percentage of the total cell thickness (Figure 1). Electrical characteristics of
the half-cut cells were evaluated using standard current–voltage (I–V) measurements ob-
tained with a solar simulator (XHS-4040B300KPV1, Seric Ltd., Koshigaya, Japan) under
standard test conditions (STC), which correspond to a 1000 W·m−2 irradiance, 25-◦C cell
temperature, and an AM 1.5 G spectral distribution [14,22–24]. In addition, selected sam-
ples were examined via scanning electron microscopy (SNE-4500M, SEC Co., Ltd., Suwon,
Republic of Korea) to qualitatively assess the uniformity and quality of the cut surfaces.

To elucidate the experimental results, a crack-driving index, ψ, was defined. This
index was introduced as an interpretive metric for the quantitative comparison and trend
analysis of the experimental result. However, it was not intended as a predictive model for
electrical performance. The physical meaning and role of ψ are comprehensively discussed
in Section 3.

3. Results and Discussion
To clarify the cutting behavior and process characteristics of the proposed NDC

approach, the experimental results are first presented and compared with the conventional
cutting process.

Figure 3a illustrates the conventional process, where IR laser scribing is applied along
the cutting line and subsequently followed by mechanical cleaving, a process that often
leads to defect formation like debris and microcracks [5,8,9,21]. In contrast, Figure 3b
presents a clean cutting morphology obtained under optimized cutting conditions, exhibit-
ing a smooth and uniform cleaved edge without visible debris or heat-affected damage.
Figure 3c presents a cross-section of the full NDC process, highlighting the IR laser pre-cut
region and the subsequent crack propagation driven by the thermal laser, which enables
controlled cleaving along the intended cutting path. In addition, to classify consistent
laser–material interactions, the laser spot size at the wafer plane was verified using a burn-
mark method under near-threshold conditions. For this measurement, the IR laser was
operated at a repetition rate and an output power of 10 kHz and 5 W, respectively. Under
these conditions, the resulting burn-mark diameter (D) was measured to be approximately
13.3–14.5 µm in Figure 3d.
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Figure 3. Cross-section and damage induced morphology: (a) conventional IR laser scribing,
(b) cleanly cut edge by NDC method. (c) Full NDC process; (d) shows SEM image for laser spot
diameter evaluation.

Prior to evaluating the electrical performance of half-cut HPBC solar cells, it is neces-
sary to identify the processing conditions that yield stable and reproducible NDC behavior.
Accordingly, a process window was required to ensure reliable processing, and as a support-
ing criterion, visually observable macroscopic defects were classified (Figure 4). Although
a broad range of processing parameters was investigated, not all conditions resulted in reli-
able cleaving or facilitated substantial electrical characterization. For example, Figure 4a,b
present clusters classified as failed cutting, primarily resulting from insufficient IR and
thermal laser irradiation at the specified scan speed. In contrast, the edge-failed cutting
observed in Figure 4c is mainly attributed to excessive IR laser power, which can cause
damage along the pre-cut path.

 

Figure 4. Illustration of phenomena occurring during NDC process. (a,b) Failed cutting, (c) edge
failed cutting, and (d) optimal cutting conditions.

Accordingly, process windows were developed for each scan speed in Figure 5. To
elucidate each processing condition, cutting trials were conducted under identical pa-
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rameters to assess reproducibility. Representative conditions were repeated 50–55 times
per condition, resulting in operational yields of approximately 70–80%, depending on
scan speed. Successful samples were defined by complete separation along the intended
cutting path, the absence of visible macroscopic defects, and the feasibility of reliable
I–V characterization.

Figure 5. Process windows in adopted scan speeds: (a) 300 mm/s, (b) 400 mm/s, (c) 500 mm/s.

Stable conditions were defined as those that consistently produced complete cleaving
and reproducible electrical characteristics across repeated trials. Within these stable regimes,
the extracted electrical parameters exhibited limited statistical dispersion (±0.374–±0.610
in FF and ±0.064–±0.130 in Pmax) verifying that the observed performance trends are
not dominated by random experimental scatter. In contrast, unstable conditions were
characterized by incomplete cleaving, excessive thermal damage, or inconsistent electrical
behavior. Accordingly, a stable process window for NDC operation was established.

Following the definition of the stable process window, the electrical characteristics of
half-cut HPBC solar cells evaluated under stable NDC conditions are summarized. For
reference, a representative conventional IR laser scribing condition is included to provide a
quantitative baseline for contextualizing the electrical performance achieved by the NDC
process. The IR laser scribing condition was selected using a scribing depth approximately
45–48% of the wafer thickness, which is consistent with prevalent industrial practice in the
half-cut fabrication of crystalline silicon solar cells.

It should be emphasized that the inclusion of the IR laser scribing result is not intended
as a direct performance comparison or optimization study relative to NDC. Instead, IR
laser scribing is included as a reference baseline to quantitatively demonstrate the electrical
performance advantages enabled by the NDC process. Accordingly, Table 1 presents
electrical performance data evaluated exclusively within the stable NDC process window,
showing certain tendencies. Focusing exclusively on the NDC method, a consistent trend
was observed across all scan speeds: the best electrical characteristics were obtained
under conditions employing an intermediate pre-cut depth together with the maximum
thermal laser power. For example, in the 400 mm/s condition, the best performances
with 79.00% FF and 7.84 W Pmax were investigated. This behavior persisted despite
substantial differences in absolute laser power and laser–material interaction time among
the processing conditions, indicating the presence of a common governing mechanism
across different regions of the process window.
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Table 1. Comparison of electrical characteristics between conventional IR laser scribing and NDC.

Multivariable conditions under IR laser scribing method

Scan speed (mm/s) Scribing depth (%) FF (%) Pmax (W)

500 45~48 77.70 7.60

Multivariable conditions under NDC method

Scan speed (mm/s) Pre-cut depth (%)
Thermal Laser Power (W)

140 145 150

300

FF (%) Pmax (W) FF (%) Pmax (W) FF (%) Pmax (W)

17.3 78.67 7.74 78.73 7.77 78.49 7.68
23.0 78.09 7.68 78.49 7.70 78.87 7.79
26.2 77.62 7.60 78.41 7.61 78.50 7.70

Scan speed (mm/s) Pre-cut depth (%)
Thermal Laser Power (W)

165 170 175

400

FF (%) Pmax (W) FF (%) Pmax (W) FF (%) Pmax (W)

14.6 78.02 7.66 78.43 7.69 77.93 7.62
19.3 77.75 7.57 78.13 7.67 79.00 7.84
26.4 77.16 7.55 78.04 7.65 78.65 7.70

Scan speed (mm/s) Pre-cut depth (%)
Thermal Laser Power (W)

215 220 225

500

FF (%) Pmax (W) FF (%) Pmax (W) FF (%) Pmax (W)

12.4 78.85 7.69 78.97 7.80 78.33 7.74
20.0 78.47 7.67 78.92 7.78 79.78 7.98
23.0 77.68 7.54 78.17 7.70 79.10 7.90

Bold and underlined values indicate the representative values selected for each processing condition.

To elucidate the origin of the observed variations in FF and Pmax, the distributions
of the open-circuit voltage (Voc), short-circuit current density (Jsc), and series resistance
(Rs) were investigated for all stable NDC conditions. Figure 6 presents box plots of Voc,
Jsc, and Rs as a function of scan speed. As illustrated in Figure 6a, Voc exhibits only
minor variations across the investigated scan speeds. Because Voc is primarily governed
by bulk recombination, junction quality is defined under open-circuit conditions where
the influence of series resistance vanishes [14,22]. Therefore, the limited spread in Voc
suggests that the cutting process does not significantly affect recombination-related losses
or junction integrity under optimal cutting conditions.

Similarly, Figure 6b shows that Jsc remains clustered with minimal variation because
Jsc reflects global photogeneration and carrier collection over the entire cell area [23,24]. The
observed invariance of Jsc suggests that the NDC process does not introduce substantial
losses in optical absorption or charge collection efficiency. This behavior is consistent with
the localized nature of the cutting process, which primarily affects the cell edge rather than
the active area.

In contrast, Figure 6c reveals a comparatively larger variation in Rs. Series resistance
is highly sensitive to localized resistive losses along the current flow path, particularly
near the cell edge, which directly influences the IV curve’s slope near the maximum
power point [17,18]. The substantial dispersion observed in Rs indicates that resistive
effects are crucial in differentiating the electrical performance among optimal cutting NDC
conditions. Figure 6d,e present the distributions of Pmax and FF, respectively, and reveal
nearly identical trends. This observation reaffirms that variations in series resistance play
a dominant role in governing both Pmax and FF. In addition, Figure 6f presents a scatter
plot of FF as a function of Rs for all stable NDC conditions. Here, a correlation is observed,
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indicating that FF degradation is primarily governed by series-resistance-related losses
induced by the cutting process. This trend is consistently observed across different scan
speeds, confirming that Rs is the dominant electrical parameter linking the NDC process
conditions to device performance. These observations demonstrate that the performance
differences observed within the stable process window are not driven by changes in Voc or
Jsc, but are closely associated with variations in series resistance.

Figure 6. Distribution of (a) Voc, (b) Jsc, and (c) Rs for HPBC half-cut cells processed under optimal
cutting NDC conditions at different scan speeds. Voc and Jsc remain nearly unchanged across all
conditions, whereas Rs exhibits a larger variation, indicating that electrical performance differences
are primarily governed by resistive losses. (d) Distribution of Pmax and (e) of FF. (f) Scatter plot of
FF versus series resistance under optimal cutting NDC conditions.

Based on the above analysis, the selection of FF and Pmax as the primary metrics for
evaluating cutting-induced electrical performance can be justified. Although Voc and Jsc
function as essential indicators for distinguishing recombination- and photogeneration-
related effects, their limited variation across stable NDC conditions indicates that they do
not govern the observed performance differences. In contrast, FF and Pmax are sensitive
to series resistance. Consequently, these parameters effectively capture the impact of
cutting-induced resistive losses and provide a clearer basis for comparing different NDC
process conditions.

To consider the obtained electrical performance in an industrial context, the obtained
results were compared with reported performance ranges of SoTA industrial back-contact
and HPBC solar cells. According to recent industry roadmaps and technology reports
(e.g., ITRPV 2024 roadmap and BC solar cells white papers), industrial scale HPBC and
related back-contact solar cells typically exhibit FF values in the range of approximately
78–82%, depending on cell architecture and metallization schemes [1,2].

Here, the half-cut HPBC solar cells fabricated via the NDC process achieved maximum
FF values up to 79.8%, with corresponding Pmax values comparable to those reported
for full-size industrial HPBC cells. Considering that cell cutting processes often introduce
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additional series resistance and edge-related damage, the preservation of FF and Pmax
within this reported SoTA industrial range indicates that the proposed NDC approach
effectively minimizes cutting-induced electrical degradation [3–5].

Therefore, although this study did not attempt to surpass record laboratory-scale effi-
ciencies, the results demonstrate that the NDC process enables half-cut fabrication of SoTA
HPBC solar cells while maintaining electrical performance at an industry-relevant level.

A closer inspection of the experimental results reveals that this trend cannot be ex-
plained by considering individual process parameters independently. Although increasing
thermal laser power generally enhances crack driving, excessive thermal input does not
necessarily improve electrical performance and may even lead to localized thermal damage
or stress concentration. Similarly, while the introduction of an IR-induced pre-cut facilitates
crack initiation, excessively shallow and deep pre-cuts result in unstable fracture behavior.
These coupled effects trigger non-monotonic variations in FF and Pmax as functions of
pre-cut depth and thermal laser power. This observation indicates that cutting stability
and device performance are driven by the interaction between thermal driving and crack
guidance rather than a single dominant parameter.

To explicate the physical origin of this coupled behavior, the NDC process can be
interpreted within a thermally driven fracture mechanics framework [16]. Laser irradiation
induces a localized temperature rise in the material, which leads to constrained thermal
expansion and tensile thermal stress generation, as described in classical thermal fracture
theory [12,16].

During scanning laser processing, the thermal driving force is driven by the amount
of energy delivered per unit cutting length rather than by the absolute laser power
alone [12,16]. This thermal input is typically described using the line energy concept
derived from the moving heat source theory. Here, η denotes an effective thermal coupling
efficiency, representing the fraction of the applied laser power effectively converted into
localized thermal energy, thus contributing to thermo-elastic stress generation. Due to
optical reflection at the silicon surface, scattering, heat diffusion within the substrate, and
the moving nature of the laser heat source, not all of the optical output directly cause
crack-driving thermal stress [13,25]. Here, η is considered a lumped, system-dependent
constant, because the same laser wavelength, optical configuration, and material system
were utilized throughout all experiments. Accordingly, η is absorbed into the line-energy
scaling term to enable relative comparison among different processing conditions rather
than being evaluated as an independent variable.

q′ =
ηPthermal

v

Because of this energy scaling, the resulting temperature increase is primarily governed
by the ratio between thermal laser power and scan speed [12,16].

∆T ∝
Pthermal

v

This relationship explains why comparable thermal driving conditions can be achieved
under different combinations of laser power and scan speed, provided that the effective
line energy remains similar.

Consequently, this study proposes a crack-driving index, ψ, as an experimentally
accessible descriptor that captures the combined effects of thermal driving and crack
guidance in the NDC process. Although the physical components underlying ψ such as
thermal stress generation, line energy scaling, and pre-cut-assisted crack initiation have
been discussed extensively in previous studies, their integration into a single normalized
experimental index has not been explicitly formulated [10,21,26,27].
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ψ =

(
Pthermal

v

)(
1 + α

Dpre−cut

Dre f

)

Here, Pthermal, v, Dpre−cut, and Dref denote the thermal laser power, scan speed,
IR laser-induced pre-cut depth, and reference thickness of the cell, respectively. In this
formulation, the proportional coefficient α represents the contribution of the IR pre-cut to
crack driving, relative to the applied line energy, and is treated as an effective mechanism-
dependent constant. A detailed interpretation of α and its relationship with fracture-
mechanics considerations is provided in the Appendix A. When the experimental conditions
are reformulated relative to the crack-driving index ψ, the relationship between process
parameters and electrical performance becomes more interpretable.

For each cutting condition, ψ was calculated from the applied thermal laser power,
scan speed, and measured IR pre-cut depth, together with the corresponding FF and Pmax
values. In addition, ψ was formulated as a multiplicative combination of independent
physical contributors, reflecting the fact that crack initiation and propagation require the
simultaneous presence of sufficient thermal driving force and effective crack guidance [27].
Such multiplicative formulations are prevalent in fracture mechanics and laser–material
interaction studies to represent coupled driving conditions, where the absence of any single
factor suppresses the overall fracture response [28–30]. This formulation enables direct
comparison across conditions with different absolute laser powers and scan speeds, while
preserving the coupled nature of thermal driving and crack guidance. The calculated
ψ values for each processing condition are summarized in Table 2.

Table 2. Crack-driving index corresponding to multiple process parameters.

Crack-driving index (ψ) in multivariable conditions

Scan speed (mm/s) Pre-cut depth (%)
Thermal laser power (W)

140 145 150

300
17.3 0.5474 0.5670 0.5865
23.0 0.5741 0.5945 0.6150
26.2 0.5889 0.6100 0.6310

Scan speed (mm/s) Pre-cut depth (%)
Thermal laser power (W)

165 170 175

400
14.6 0.4727 0.4870 0.5014
19.3 0.5156 0.5312 0.5469
26.4 0.5214 0.5372 0.5530

Scan speed (mm/s) Pre-cut depth (%)
Thermal laser power (W)

215 220 225

500
12.4 0.4833 0.4946 0.5058
20.0 0.5160 0.5280 0.5400
23.0 0.5289 0.5412 0.5535

Replotting the experimental results as FF versusψ indicates thatψ captures the overall
crack-driving tendency, yet FF is not uniquely determined by ψ alone. Instead, the data
suggest an optimal region (or ridge) in which a suitable ψ level is combined with an
appropriate pre-cut depth. For example, at a 300 mm/s scan speed, increasing ψ at the
shallow pre-cut depth (17.3 µm) does not continuously improve FF; they decrease at the
highest ψ condition within that depth set, while the intermediate pre-cut depth (23.0 µm)
achieves the maximum FF at a higher ψ value. A similar conditional behavior is observed
at 400 and 500 mm/s, where the highest FF appears at intermediate-to-high ψ values only
when the pre-cut depth provides sufficient crack guidance. These results indicate that ψ
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is most meaningful as a physically informed descriptor when interpreted together with
pre-cut depth, rather than as a single-variable predictor.

The ψ–electrical performance relationship provides additional insight into the sensi-
tivity of the NDC process under different operating regimes. To quantify this sensitivity,
a peak-width concept was introduced based on the ψ–FF distribution and ψ–Pmax in
Tables 3 and 4, where near-optimal electrical performance was defined as values exceed-
ing 98% of the peak performance [31,32]. This threshold captures conditions that are
functionally equivalent to the optimum while excluding minor variations attributable to
experimental uncertainty, thus providing a practical measure of process tolerance.

Table 3. ψ-FF and ψ-Pmax values satisfying up to 98% of max FF and Pmax at each scan speed.

Scan Speed: 300 mm/s Scan Speed: 400 mm/s Scan Speed: 500 mm/s

ψ FF (%) Pmax (W) ψ FF (%) Pmax (W) ψ FF (%) Pmax (W)

0.5474 78.67 7.74 0.4727 78.02 - 0.4833 78.85 -
0.5670 78.73 7.77 0.4870 78.43 7.69 0.4916 78.97 -
0.5741 78.09 7.68 0.5014 77.93 - 0.5058 78.33 -
0.5865 77.90 7.68 0.5156 77.75 - 0.5160 78.47 -
0.5889 77.62 - 0.5312 78.13 7.67 0.5280 78.44 -
0.5945 78.49 7.70 0.5372 78.04 - 0.5400 79.78 7.98
0.6100 78.41 - 0.5469 79.00 7.70 0.5535 79.10 7.90
0.6150 78.87 7.79 0.5530 78.65 7.70 - - -
0.6310 78.50 7.70 - - - - - -

Table 4. Peak width of ψ defined by the 98% criterion at each scan speed.

Scan Speed (mm/s)
Ψ Range

(FF ≥ 98% of
Max Point)

Peak Width ∆ψ

Ψ Range
(Pmax ≥ 98%
of Max Point)

Peak Width ∆ψ

300 0.5474~0.6310 0.0836 0.5474~0.6310 0.0836
400 0.4727~0.5530 0.0803 0.4870~0.5530 0.0660
500 0.4833~0.5535 0.0702 0.5400~0.5535 0.0135

Analysis of the resulting ψ distributions indicates that the acceptable ψ window pro-
gressively narrows as the scan speed increases. This behavior is directly related to the
definition of ψ: at higher scan speeds, small variations in thermal laser power or IR pre-cut
depth cause relatively larger alterations in ψ, thus amplifying process sensitivity [31–34].
Conversely, at lower scan speeds, near-optimal FF-Pmax values are maintained over a
broader ψ range, indicating greater robustness against parameter fluctuations. Conse-
quently, although higher scan speeds enable higher peak FF-Pmax values, the effective
process window becomes increasingly restricted, explaining the experimentally observed
trade-off between throughput and process stability. This trend is illustrated by the reduced
spread of ψ at 500 mm/s in Figure 7. This interpretation establishes ψ as a practical bridge
between fracture mechanics and experimental process optimization [32].
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Figure 7. Box-plot representation of ψ as a function of scan speed for conditions corresponding to
near-optimal (98%) FF and Pmax.

4. Conclusions
This study systematically investigated a dual-laser NDC process combining IR laser

pre-cut formation and thermal laser-driven crack propagation for half-cut HPBC silicon
solar cells. The obtained results demonstrate that although higher scan speeds can improve
peak electrical performance, stable and reproducible operations are achieved only within
a constrained process window governed by the combined effects of thermal driving and
pre-cut-assisted crack guidance.

To interpret this coupled behavior, ψwas introduced as an experimentally accessible
descriptor integrating thermal laser power, scan speed, and IR pre-cut depth. Re-analysis
using ψ reveals that near-optimal electrical performance is obtained within a bounded ψ
window defined using a consistent 98% criterion applied to both FF and Pmax, rather than
via monotonic increases in thermal loading alone.

Furthermore, the permissible ψwindow was deduced to progressively narrow with
increasing scan speed, indicating that while higher throughput enables improved peak
performance, it also requires substantially tighter control of thermal laser conditions and IR
pre-cut formation. Thisψ-based interpretation provides a clear explanation for the trade-off
between throughput and process robustness observed in high-speed NDC operation.

Overall, the proposed ψ-based framework offers a coherent and internally consistent
approach for analyzing laser-based cutting processes, linking electrical performance directly
to crack-driving conditions without relying on complex thermo-mechanical simulations,
and providing practical guidance for optimizing NDC processes for high-efficiency solar
cell manufacturing.
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Although long-term reliability testing is beyond the scope of this work, the lack of
immediate electrical degradation after the dual-laser NDC process allows the exclusion
of major laser-induced damage mechanisms. Furthermore, although this study focuses
on cell-level electrical performance, comprehensive long-term reliability assessment at the
module level, including damp heat and temperature cycling tests, is left for future work.
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Appendix A
Appendix A.1. Linear Thermo-Elastic Model Describing Thermally Induced Stress

The thermal stress induced by laser heating was estimated via the following linear
elastic relationship:

σth =
EαT

1 − v
∆T

This formulation represents a standard expression for thermal stress in brittle materials
subjected to localized heating, where thermally induced expansions is partially or fully con-
strained by the surrounding material [13,25]. Under free expansion, a temperature change
produces only thermal strain without stress generation. However, when the expansion is
constrained—as in thin wafers or locally heated regions surrounded by colder material—the
thermal strain is converted into elastic stress according to classical thermos-elasticity.

The factor E/(1−ν) emerges from the constitutive relationship for isotropic elastic
solids under plane-stress or biaxially constrained conditions, which are commonly assumed
for thin crystalline silicon cells during laser processing. Here, the out-of-plane stress
component is negligible, while in-plane deformation is restricted, effectively amplifying
the thermally induced stress via Poisson coupling.

In the NDC process, the IR pre-cut defines a preferential crack initiation site and con-
strains the fracture path. This role is directly reflected in the cross-sectional morphologies
of the pre-cuts.

Appendix A.2. Fracture-Mechanics Framework for Thermally Driven Crack Propagation

From a fracture-mechanics perspective, crack propagation under tensile loading is
commonly characterized by the mode-I stress intensity factor, K1, which quantifies the
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local amplification of stress at a crack tip [35]. Here, the crack-driving force generated by
laser-induced thermal stress is expressed as:

K1 = Y·σth·
√

π·αe f f

where Y, σth, and ae f f denote a dimensionless geometry factor accounting for crack config-
uration and boundary conditions, the thermally induced tensile stress, and the effective
crack length, respectively. Crack propagation is expected when K1 exceeds the fracture
toughness of the material, KIC [35]. In the NDC process, the intentionally introduced IR
pre-cut is crucial in controlling crack initiation and propagation by defining a preferential
crack path and modifying the effective crack geometry.

In the presence of an IR pre-cut, the effective crack length is no longer determined
solely by intrinsic material flaws, but increases systematically with the pre-cut depth. This
behavior can be phenomenologically expressed as:

αe f f = α0 + λ·Dpre−cut

where a0, Dpre−cut, and λ represent the initial crack length associated with pre-existing
defects or microstructural imperfections, depth of the IR pre-cut, and proportionality factor
reflecting the effectiveness of the pre-cut in promoting crack extension under thermal load-
ing, respectively. The parameter λ accounts for non-ideal crack-tip conditions, including
finite notch radius, microcrack formation, and local damage accumulation near the pre-cut
tip [36].

This formulation captures the dual function of the IR pre-cut: it lowers the effective
fracture threshold by increasing αe f f and simultaneously constrains the crack path, enabling
stable and guided crack propagation under laser-induced thermal stress. Consequently, for
a given thermal loading condition, deeper or more effective pre-cuts result in higher stress
intensity factors and promote controlled cleaving along the intended cutting line.

Although these formulations elucidate the thermal and fracture mechanics driving
the NDC process, their direct application to experimental process optimization is limited.
Accurate evaluation of transient temperature fields, stress distributions, and stress intensity
factors would require detailed thermo-mechanical simulations, which are impractical for
routine experimental analysis [19,20].

To connect the fracture-mechanics framework described above with the experimentally
defined indexψ, the proportional coefficient α is introduced as an effective weighting factor.
While the coefficient λ quantifies how the IR pre-cut depth increases the effective crack
length αe f f under thermal loading, α translates this fracture-mechanics effect into the ψ
formulation by weighting the contribution of the experimentally measured pre-cut depth
relative to the applied line energy.

Physically, α reflects the effectiveness with which the pre-cut geometry enhances
crack driving via mechanisms like crack-tip sharpening, local damage accumulation, and
stress concentration near the pre-cut. Hence, for a given material system and IR pre-cut
formation mechanism, α is considered a mechanism-dependent constant rather than a
condition-dependent fitting parameter. Variations in crack guidance are primarily captured
by the experimentally measured pre-cut depth, while α provides a consistent scaling that
enables comparison of crack-driving tendencies across different processing conditions.
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