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Abstract: The solar module output power is the power generated by all individual cells in their
specific electrical circuit configuration, multiplied by the cell-to-module power ratio. The cell-to-
module power ratio thus reflects the sum of the losses and gains produced by the structure of the
module. The biggest process change in module design during the last few years was the introduction
of half cells. Another important trend is the use of bifacial cells to build bifacial modules. These
two trends increase parts of the module that correspond to the intercell gaps, and the light does not
meet the cell in its path. This part of the radiation is therefore not used efficiently. Scientific efforts
focus on the texturing surface of covering glass and cells, and the introduction of narrower ribbons
and encapsulation materials with improved UV performance, etc. The concept of a diffusor that
actively redirects light from the intercell space into the cell was proposed in the past, in the form of a
micro-structured prismatic film, but this is not applicable for bifacial modules. The conclusion is that
losses caused by the incidence of light on the areas of the photovoltaic panel not covered with solar
cells yet are to be explored further. A sawtooth-shaped reflecting diffusor placed between cells is
proposed. This article addresses the issue in a novel way, primarily because the theoretical range
of the optimum sawtooth profile is defined. In the experimental part of the study, the possibility of
producing such a profile directly on glass using a CO2 laser is demonstrated. The theoretical model
enables discrimination between advantageous and disadvantageous sawtooth profiles. As a proof of
concept, minimodules based on the optimum parameters were built and tested for their electrical
performance. The result confirms that the proposed sawtooth-shaped reflecting diffusor placed
between cells creates cell-to-module power gain. The proposed laser technology can be incorporated
into existing production lines, and can increase the output of any photovoltaic technology, including
and beyond silicon.

Keywords: photovoltaic; CO2 laser; float glass; engraving; cell-to-module power ratio

1. Introduction

Energy demand is growing globally, but primary energy sources like fossil fuels are
gradually depleting. Fossil fuels also affect air quality and public health by emitting
greenhouse gases like CO2 and other air pollutants. Based on the current economic growth
figures, the world’s energy needs will almost double by 2100. Photovoltaics is considered
to be the most promising solution for meeting global energy needs, because solar energy
is the safest, clean and abundant energy source for future renewable and sustainable
energy technologies.

Silicon-based technology is mainstream photovoltaics, and will remain dominant
on the market in the coming years [1,2]. A typical photovoltaics module is made of
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a glass-backsheet configuration, and laminated with EVA copolymer-based film. The
output power of a solar module is the power generated by all the individual cells in their
specific electrical circuit configuration, multiplied by the cell-to-module (CTM) power
ratio. The CTM ratio is determined by interacting the optical losses and gains, as well
as the electrical losses. Higher efficiency and output power at the module level can be
achieved by using novel ideas in module technology. Several studies have investigated
the role of backsheet reflectance and cell spacing on CTM [3–6]. The growing market
share of bifacial cells [2] turned arrangements for PV modules into glass–clear backsheet
or glass–glass. The reflecting backsheet is then no longer present. Monofacial modules
with bifacial cells are also considered, and are present on the market [2,6]. A significant
trend is cell cut technology. Instead of a full cell, half cell, third cell, or quarter cell are
used. Half cell technology is becoming dominant [2], increasing the cell spacing area and
contributing to efficiency loss in the case of bifacial modules [7,8]. In the case of the parts
of the module that correspond to the intercell gaps, the light does not meet the cell in its
path. This part of the radiation is therefore not used efficiently. The major advantage of cut
cell technology is reduced electrical loss [9]. An interesting way of reducing CTM loss is a
shingled structure [10]. These modules are a successful solution for increasing the active
surface module and its CTM. The downside of this technology is the need to use additional
PV cell processing. Other directions looking for the improvement of CTM are solutions
that increase efficiency through the better cooling of PV modules, e.g., via the use of heat
sinks, or creating hybrid photovoltaic/thermal systems [11].

Systematic studies are carried out to address CTM in general. Module gains and
losses are described and modeled [12–16]. A specific group of solutions focuses on light
trapping in solar modules. It is mainly achieved by the texturization of the cover glass
surface [17–22] and texturizing cells [23,24]. Both are used to lower the reflectance, so
that more light can reach the cells. In the context of texturization, laser technologies are
considered [25] in parallel with chemical etching and mechanical treatment.

Light redirecting within the module was addressed by the industry, and sawtooth
micro-structured films were proposed and patented [26,27]. The described solution was not
introduced into the market, probably because of the cost/effect ratio. A specific feature of
the PV industry is the measurement of PV assets volume in Watts-peak (Wp), and quoting
PV assets in currency per Wp. This reflects the high competitiveness of the PV industry and
the importance of the market embodiment of solutions that are then implemented in the
industry. There is a race to increase the efficiency of the photovoltaic conversion, and the
scope of losses caused by the incidence of light on the areas of the photovoltaic panel not
covered with solar cells yet is to be explored further. In the context of the colossal increase
in energy prices, the struggle for every fraction of efficiency is crucial.

The choice of laser technology is justified because it is industry proven and efficient.
Laser technologies were studied in the context of glass machining [28–31]. Mechanical
methods are still dominating the industry, but laser-based techniques develop and enter
the market very quickly. Different lasers are being used for laser drilling and scribing of
glass. Laser treatment provides high selectivity and precision, which is necessary.

The concept presented here is mainly dedicated to bifacial modules with bifacial cut
cells being the most efficient type of module available. To compensate for the increase
of intercell space and the lack of reflecting backsheet, the following paper presents the
possibility of using a specific glass geometry in the spaces between cells to increase the
CTM coefficient. Glass with such a modification can be used to obtain highly efficient PV
modules based on any PV cell technology, including and beyond silicon.

2. Materials and Methods

In the proposed solution, the diffuser in the photovoltaic module is engraved in
inactive parts of the module, i.e., in the spaces between the cells, on the margins, and above
the busbars. CO2 laser radiation interacts with float, soda-lime glass making it possible to
engrave and texturize the surface. The diffuser is made as a series of prismatic (triangular
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and sawtooth) grooves cut into the glass, which is then covered with a light-reflecting
material. The graphic interpretation of this concept is shown in Figure 1.

Figure 1. Model of the module with a diffuser placed in the inactive (intercell) space of the module.

The system under consideration applies to both single- and double-sided (bifacial)
cells. As the analysis of the phenomenon escapes unambiguous assessment, it is difficult to
determine what angle of groove opening is optimal for a wide range of angles of incidence.
Therefore, an analytical model of the solution was developed.

The model of a single groove is described in Figure 2. The model analyzes the space of
a single groove in the form of an isosceles triangle with the opening angle α (pitch angle).
The α angle is the primary focus of optimization. The triangle has two reflective planes, no.
1 and no. 2; and plane no. 3, through which the light enters the groove and leaves it after at
least one or more reflections. The glass thickness was hypothetically reduced to 0—plane
3 is the surface of the glass.

Figure 2. Model of the groove used for modeling. 1, 2 reflecting planes, 3—entry/escape plane.
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The geometry of the system has been described in the form of vector parameters—i.e.,
for each element, its starting point cartesian coordinates [X1, Y1], [X2, Y2] and the angle of
propagation determined in the full angle system (from 1 to 360◦) clockwise; HDG1, HDG2.
Refer to Figure 3.

Figure 3. Geometry of ray tracing and determination of intersection coordinates using vectors.

The same rule applies to the description of the fixed elements of the diffuser, as well
as the ray propagation. Such a definition is favorable in this analysis. In the case of an
intersection (meeting) of two rays, the cross-sectional coordinates [Xm, Ym] are calculated,
and when a reflection takes place—a new propagation angle is calculated.

Determination of intersection coordinates:
Taking M1 = tan (HDG1), M2 = tan (HDG2);
Conditions for intersection:
X1 + M1(Ym − Y1) = X2 + M2(Ym − Y2)
X1 + M1Ym − M1Y1 = X2 + M2Ym − M2Y2
Solving the above for Xm, Ym:

Xm =
Y2 − Y1 − X2

M2
+ X1

M1(
1

M1
− 1

M2

)
Ym =

X2 − X1 − M2Y2 + M1Y1

(M1 − M2)

The next ray has a starting point at the intersection point [Xm, Ym] and a new prop-
agation direction. The simulation ends when the ray escapes the triangle through plane
no. 3 (see Figure 4). The angle of escape is checked. For angles outside of the total internal
reflection for glass, the ray is classified as non-contributing (value 0). Otherwise, it is added
to the number of rays that have a supporting effect. Integration is done along plane no. 3
(see Figure 4) as starting points and the entire incoming ray angle range.
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Figure 4. Illustration for ray tracing simulation—example for pitch angle 120◦. 1, 2 reflecting planes,
3—entry/escape plane.

3. Results and Discussion

The above procedure was implemented with Visual Basic for the application code.
Efficiency is here defined as the ratio of power successfully redirected from the intercell
gap into the solar cell as a portion of the total incoming energy. The index of refraction of
the float glass was set to 1.5.

Ray tracing simulations results (Figure 5), clearly show that the optimum angle to
achieve is from 122◦ to 132◦. An important finding is that it is also possible to achieve zero
percent efficiency; therefore certain angles are to be strictly avoided.

Figure 5. Ray tracing simulation results.
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An experimental check of the possibility of achieving grooves that are close to the
required geometry was performed. CO2 laser and CW mode with a maximum power of
100 W with a X-Y scan stage was used. Trials included focal length (F) 38.1 mm, 50.8 mm,
and 127 mm, power (P) from 10 to 90 W, scan speeds (S) from 20 to 600 mm/s, and some
experiments performed with water submersion and air assistance. A digital profilometer
Keyence VHX was used to measure groove geometry.

CW mode CO2 10.6 µm laser beam interaction with soda-lime float glass was observed
and studied. Glass is a dielectric, amorphous material—considered to be a liquid, and
changing viscosity of several orders of magnitude in the function of temperature. The
10.6 µm radiation penetrated glass up to ~40 µm. Float glass contains a significant amount
of dissolved gases—0.2 mL per 1 g of glass. According to [32], the typical gas composition
is 50% H2O, 33% SO2, 12% O2, and 3% CO2. This is the reason for the visible, observable
effects of laser beam interaction with the glass. See Figure 6.

Figure 6. Visible effects of CW CO2 laser interaction with soda-lime glass. F = 127 mm. Air assistance
protects laser optics and do not influence heat zone.

The following physics of glass–laser interaction is assumed: Glass is heated, and part
of the glass is “melted” and ejected with the support of gas evaporation. The heat zone
in glass is affected by the expansion and compression of glass, which creates stress, and
then leads to cracking. The cracking plane is assumed to be parallel to isotherms due to
laser-glass heating [32,33]. A significant glass deposit remains in the groove and has to be
removed mechanically. The groove before mechanical removal of the cracked deposit is
shown in Figure 7.

Water immersion and air assistance create instabilities, leading to a non-uniform
groove shape. Water absorbs 10.6 µm radiation efficiently, and this leads to a non-uniform
groove shaped distribution. See Figure 8. The same effect is observed when air assistance is
applied in correlation with a short focal length. On the contrary, stable process conditions
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with zero air and zero water submersion create a deposit of ejected glass on the laser
focusing optics. In the case of a short distance between an object and a focusing lens, the
deposit quickly leads to an instability of parameters and lens damage.

A uniform profile in glass is to be achieved only under a stable environment in the
processing area (heat zone). Air assistance is allowed only if it does not affect the heating
zone—i.e., if the focal length is long enough. Different laser power settings and scan
speeds create U- and V-shaped grooves with different pitch angles. After laser treatment,
the grooves are mechanically cleaned and the surface is zinc metalized to be subject to
inspection using an optical and digital profilometer, Keyence VHX.

The same fluence (laser power divided by scan speed) does not lead to the same
shape and size of the groove. A parallel increase of power and scan speed leads to groove
narrowing. See Figure 9.

A similar effect is achieved when the scan speed alone is increased while the power
remains constant. In case of scan speed increases under constant power, the grooves become
more shallow and the pitch angle increases. See Figures 10 and 11. An increase of focal
length (F) while the other parameters remain constant leads to a widening of the groove
and a transition from a V-shaped to U-shaped profile. See Figure 12.

Figure 7. Groove before mechanical removal of cracked deposit. (Top): Microscope view of groove.
(Bottom): Cross-sectional profile.
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Figure 8. Effect of air assistance—significant non-uniformities in groove profile (a–c are sectional lines).

Figure 9. Grooves made with same fluence, F = 127 mm. (left): P = 30 W, S = 140 mm/s; (center):
P = 60 W, S = 280 mm/s; (right): P = 90 W, S = 520 mm/s.



Energies 2022, 15, 6742 9 of 15

Figure 10. Effect of scan speed: F = 38.1 mm, P = 30 W; (left): S = 50 mm/s; (center): S = 150 mm/s;
(right): S = 250 mm/s.

Figure 11. Effect of scan speed: F = 127 mm, P = 60 W; (left): S = 20 mm/s; (center): S = 300 mm/s;
(right): S = 600 mm/s.

Figure 12. Focal length effect: P = 30 W, S = 140 mm/s; (left): F = 38.1 mm; (right): F = 127 mm.
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Grooves that were close in parameters to these compiled from theory are achieved at
parameters shown in Figure 13 (left). It shall be noted that it is also possible to make zero
percent efficient grooving with a change in laser parameters. Under stable parameters in
the heating zone, uniform grooves are achieved. See Figure 13.

Figure 13. Example of V-shaped grooves. F = 38.1 mm, P = 25 W. (left): S = 120 mm/s desired pitch
angle; (right): S = 60 mm/s undesired pitch angle.

Most desired V-shaped grooves are achieved in a power range of 20–30 W and a
scan speed of 80–140 mm/s with a short focal length. Longer focal lengths lead to more
U-shaped profiles. This undesired effect can be partly compensated by increasing the power
and the scan speed. A short focal length means a short distance between the focusing optics
and the heat zone, leading to a situation where blowing air is disturbing the heat zone. This
leads to an non-uniform groove shape.

A favorable radius at the tip of the groove is achieved in all cases, which ensures a lack
of stress concentration around the tip. All tests were performed on regular flat samples of
tempered, soda-lime glass. No glass breaking was observed. The groove depth was in the
range of 100 µm, which was significantly below the compression layer thickness created by
tempering. Changes in mechanical parameters of glass are to be further studied, and their
influence on PV module mechanical performance is to be evaluated.

As a proof of concept, two pairs of PV minimodules sized 200 × 200 mm were prepared.
There is one reference and one module with laser grooving modification in each pair. For
each pair, two pieces of monocrystalline silicone bifacial cells of size 182 mm with 10 busbars
with 22.4% efficiency were laser cut into halves and arranged into modules according to
the self-compensating scheme explained in Figure 14. Such a procedure enables a direct
comparison of efficiency between the modules. Cells were stringed with a 4 mm gap and
laminated with PVB foil between 3 mm thick soda-lime tempered float glasses.

Reference modules remained untreated. Modified modules were laser-treated using
parameters obtained during the study: F = 50.8 mm, P = 25 W, V = 75 mm/s. Multiple
grooves were formed using 550 µm groove-to-groove spacing. Grooves were then selec-
tively zinc metalized at 500 nm thickness. Grooves were examined with Keyence VHX, and
a good agreement with previous results was found. Modified module #1 has two strips
182 × 4 mm each; modified module #2 has five strips 182 × 4 mm each. Figure 15 shows
the arrangement of the modifications.
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Figure 14. The self-compensating cell arrangement in minimodules for direct electrical comparison.

Figure 15. (Left)—modified module #1, (right)—modified module #2.

The modules were subject to an electroluminescence check, and no cracks or damage
were detected in the samples. Figures 15 and 16 presents photographs of the reference and
modified modules.

Modules produced in such a way were then tracked for current-voltage characteristics
using a solar radiation simulator of AAA class, model SS200AAA EM by Photo Emission
Tech., Inc., and a SS I-V CT-02 system with PV Test Solution software at an irradiance of
1000 W/m2 and AM1.5 spectrum. The obtained results are listed in Table 1.
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Figure 16. Photo of minimodules used for proof of concept. (Left)—reference, (right)—modified.

Table 1. I-V characteristics of minimodules prepared as a proof of concept.

Measured Element Isc
[mA]

Voc
[mV]

Im
[mA]

Vm
[mV]

Pm
[mW]

FF
[-]

Eff
[%]

Pair#1
Reference module #1 5.668 1.3639 5.465 1.1594 6.336 0.82 15.84
Modified module #1 5.735 1.3641 5.511 1.1592 6.388 0.817 15.97

Pair#2
Reference module #2 5.797 1.3661 5.561 1.1616 6.459 0.816 16.15
Modified module #2 5.885 1.3665 5.653 1.1606 6.561 0.816 16.4

Pair #1 CTM gain 0.0670 0.0002 0.0460 −0.0002 0.0520 −0.0030 0.1300
Pair #2 CTM gain 0.088 0.000 0.092 −0.001 0.102 0.000 0.250

Pair #1 CTM relative gain 1.18% 0.01% 0.84% −0.02% 0.82% −0.37% 0.82%
Pair #2 CTM relative gain 1.52% 0.03% 1.65% −0.09% 1.58% 0.00% 1.55%

Modified module #1 has a total area of 1456 mm2 of modifications, which are 4.4% of
the active cells used in the module. Modified module #2 has a total area of 3640 mm2 of
modifications, which accounts for 11% of the active solar cell area. Because of the small
size of the module, the modifications are not symmetrical, and work as marginal. From the
symmetry, it can be assumed that marginal modification works at 50% efficiency.

The results clearly show a positive effect on the CTM power ratio. The achieved CTM
power gain is 1.58%, and this can be further improved in the standard scale module. This
measurement result can be considered to be a proof of concept for the proposed solution.

4. Conclusions

A typical photovoltaic (PV) module has a significant part of 7–8% of the surface, which
is left uncovered by silicone cells due to technological constraints. A sawtooth-shaped
reflecting diffusor placed between solar cells is proposed as a way to increase the PV module
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CTM ratio. The ray tracing simulation shows that the optimum pitch angle to achieve is
from 122◦ to 132◦. An important finding is that it is also possible to achieve zero percent
efficiency; therefore, certain angles are to be avoided. The CW mode CO2 laser interacting
with soda-lime glass can process desired and uniform shapes and sizes of grooves in the
glass. However, this is only possible under stable conditions when the air flow for focusing
optics protection is not affecting the heating zone. The desired “V”-shaped grooves are
achieved in the range of laser power of 20–30 W and a scan speed of 80–140 mm/s with a
short focal length. Longer focal lengths lead to more “U” shaped profiles. The optimum
parameters were found to be: F = 50.8 mm, P = 25 W, and V = 75 mm/s; and they were
chosen to make minimodules for the proof of concept. Solar simulator I-V measurement
results clearly show a positive effect on the CTM ratio. The achieved power gain was 1.58%,
and this can be further optimized in standard scale modules. Changes in the mechanical
parameters of glass are to be further studied, and their influence on PV module mechanical
performance is to be evaluated. The influence on the module lamination process is to
be investigated further to prove that the proposed modification has no negative impact
on module durability. A strong advantage of the proposed solution is high selectivity
and precision on large surfaces of photovoltaic modules, which, together with the high
speed and energetic efficiency of the process, create the possibility of incorporating such
modifications into the regular, existing manufacturing process of photovoltaic modules,
including and beyond silicon technology. This modification can be applied in intercell areas,
margins, and above ribbons as well. The proposed solution is mainly dedicated to high-
performance bifacial modules. The laser-based selective metallization process is developed
by the authors in parallel, which can be a good match to the solution proposed here.
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