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Calcabrini et al. explore the potential of low breakdown voltage solar cells to
improve the shading tolerance of photovoltaic modules. They show that low
breakdown voltage solar cells can significantly improve the electrical performance
of partially shaded photovoltaic modules and can limit the temperature increase in
reverse-biased solar cells.
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Low-breakdown-voltage solar cells
for shading-tolerant photovoltaic modules

Andres Calcabrini,’ Paul Procel Moya," Ben Huang,' Viswambher Kambhampati,'
Patrizio Manganiello,"?* Mirco Muttillo," Miro Zeman,' and Olindo Isabella’

SUMMARY

The integration of photovoltaic (PV) technology in urban environ-
ments poses new challenges for the design of PV modules. In partic-
ular, the poor shading tolerance of conventional PV modules
strongly limits the energy performance of urban PV systems. In
this work, we analyze how interdigitated back-contact solar cells
with low-breakdown voltages can help improve the shading toler-
ance of PV modules. Through detailed simulations, we show that
the breakdown voltage can be tuned without significantly degrad-
ing the efficiency of the solar cell. Simulation results indicate that,
under partial shading conditions, cells with a 0.3-V breakdown
voltage could boost by 20% the annual yield of conventional crystal-
line silicon PV modules with three bypass diodes. These findings are
supported by a four-month-long monitoring campaign of PV mod-
ules with different breakdown characteristics, which shows a spe-
cific yield gain of about 4% in PV modules with six bypass diodes.

INTRODUCTION

Over the last two decades, photovoltaic (PV) modules have been massively de-
ployed all over the world. Although most PV modules have been installed in utility-
and commercial-scale power plants, a significant number of PV generators has been
installed in urban environments. Urban PV systems are traditionally installed on roof-

tops but more recently also on facades and building infrastructure.’?

Urban PV systems frequently face east or west and are exposed to uneven illumina-
tion conditions because of bird droppings, leaves, and shading caused by trees and
building structures in the vicinity of the PV modules. These suboptimal conditions
significantly limit the system’s electrical performance.” In view of an increasing inte-
gration of PV technology in urban environments, not only in building structures but
also in vehicles,” development of shading-tolerant PV modules is becoming a press-
ing issue to maximize the yield of urban PV systems.®

Typically, all solar cells in wafer-based PV modules are connected in series, forming
strings to limit the module’s output current and minimize joule losses in cables and

power converters. However, strings of solar cells perform poorly under non-uniform

illumination. One of the main factors that affects the shading tolerance of a PV mod- 'Photovoltaic Materials and Devices Group,
Department of Electrical Sustainable Energy,

uleisthe reverse current-voltage (I-V) characteristics of its solar cells. Most crystalline Delft University of Technology, Postbus 5031,

Si solar cells have a breakdown voltage (BDV) between —10 and —30 V.68 Delft, 2600 GA Zuid-Holland, the Netherlands
2l ead contact

Because of the large (absolute) BDV, shaded solar cells restrict the current flow *Correspondence: p.manganiello@tudelft.nl

and power output of the entire string of cells. When a shaded cell is driven into https://doi.org/10.1016/j.xcrp.2022.101155
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reverse-bias operation, it dissipates large amounts of power, which can lead to for-
mation of hotspots’ and permanent damage in the PV module. The most common
approaches to mitigating these negative effects and improving the shading toler-
ance of PV modules are adding bypass diodes and connecting strings of solar cells
in parallel.®

Bypass diodes have been used for decades in the PV industry’''?

to limit output po-
wer loss as well as the power dissipated in reverse-biased solar cells. Most crystalline
silicon (c-Si) PV modules in the market include 3 bypass diodes that help to reduce
(but not eliminate) the occurrence ofhotspots.13 The shading tolerance of a PV mod-
ule can be increased by adding more bypass diodes'* and using bypass elements
with low forward voltages.'®> Addition of one bypass diode per cell'® can virtually

reduce the BDV of solar cells to less than 0.5 V.

Parallel interconnections, on the other hand, improve the shading tolerance of PV mod-
ules'” because the voltage of a solar cell varies with the incident irradiance only logarith-
mically. However, connecting solar cells in parallel can lead to high electrical currents
and joule losses at the system level. As a countermeasure, solar cells in PV modules
with parallel interconnections are usually cut into smaller pieces to compensate for
the total module current.”®'” The most prominent example of commercial PV modules
with parallel interconnections are half-cut solar cell modules.”**

Even though these approaches are effective ways to improve the shading tolerance
of PV modules,”® they also necessitate a more complex manufacturing process. Aim-
ing to simplify module manufacturing and reduce costs, it has been proposed to
integrate bypass diodes directly in the structure of the solar cell.?*** Although im-
plementation of integrated bypass diodes in front-back contact (FBC) solar cells re-
quires additional fabrication steps and may reduce the active area of the device,”®
developments in interdigitated back contact (IBC) solar cells offer new possibil-
ities.?” In this case, the junction that naturally forms between the back surface field
(BSF) and the emitter on the rear side of an IBC solar cell can allow bypassing the so-
lar cell when it is reverse biased.

Although a few research groups and companies have already manufactured IBC so-

lar cells with BDVs as low as 3 V,?¢3"

until now, research on IBC structures has pri-
marily focused on increasing the cell conversion efficiency to maximize the energy
yield of PV modules. In this work, we explain that improving the reverse characteris-
tics of IBC solar cells is another promising approach to boosting the performance of
PV modules by increasing the shading tolerance and limiting the operating temper-
ature of shaded solar cells. With this aim, we first simulate the breakdown character-
istics of realistic IBC solar cells endowed with carrier-selective passivating contacts
and presenting contiguous p+ and n+ regions. Then we present annual simulations
of PV modules to quantify the effect of the BDV of a solar cell on the annual energy
yield and the operating temperature of partially shaded PV modules. Finally, we
summarize the results of a four-month-long monitoring campaign through which
we compare the energy yield of two PV modules made with solar cells with different
breakdown characteristics.

RESULTS AND DISCUSSION

Low-BDV IBC solar cells

Although the fabrication process of IBC solar cells is generally more complex than
that of FBC solar cells, IBC devices achieve higher conversion efficiencies by
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Figure 1. Simulation of IBC solar cells

(A) Analyzed TOPCon IBC solar cell structure.

(B) Close-up view of the region between the back surface field (BSF) and the emitter before crystallization.

(C) Distribution of dopants after crystallization, as simulated in TCAD Sentaurus. The vertical dimension of the figure is stretched to also visualize the
penetration of dopant atoms in the c-Si base. The dashed rectangle highlights the portion of the gap investigated in (D) and (E).

(D) Doping profile in the poly-Si region marked with dashed lines in (C). The vertical dashed lines indicate the gap between the p+ and n + fingers before
crystallization. The vertical gray solid line indicates the position where the doping profiles meet and polysilicon is compensated.

(E) Band diagrams along the polysilicon region of the IBC cell in the dark under short-circuit and reverse-bias conditions, considering the doping
profiles shown in (D). The dashed line represents the Fermi level under short-circuit conditions. In reverse bias, the electrons (filled dots) injected
through the negative terminal of the cell recombine through tunneling with holes (empty dots) in the p+ side.

eliminating optical losses caused by the front metallic grid.**** This study focuses
on the effects of the BDV on the annual energy yield of PV modules, considering
the IBC structure with poly-Si/SiO, contacts shown in Figure 1A. This is the so-called
tunneling oxide passivating contact (TOPCon) technology. Typically, in IBC solar
cells based on TOPCon technology,”*® the emitter and the BSF regions are phys-
ically isolated to prevent shunting because of diffusion of dopant atoms into the c-Si
base during the thermal processing steps.>” However, it has been experimentally
demonstrated that it is possible to design highly efficient TOPCon IBC cells with
contiguous BSF and emitter regions, where the p+ and n+ fingers are separated

by a compensated poly-Si region,*® forming a p-i-n junction.

Despite diffusion and mixing of dopant atoms during the cell processing steps in the
emitter and BSF regions, recombination of charge carriers in the p-i-n junction is
strongly limited when the solar cell is forward biased.?? When the cell is reverse
biased, the p-i-n junctions facilitate recombination of the electrons injected at the
negative terminal with holes in the emitter. In addition to the avalanche breakdown
mechanism, the high doping level in the polysilicon gap region also enables
tunneling of carriers at low bias voltages. The influence of this p-i-n junction on
the forward and reverse |-V characteristics of a solar cell and the energy yield of
PV modules is analyzed in the following sections through detailed simulations.

The BDV of a solar cell is often given as a negative value because the breakdown re-

gion of a solar cell is typically represented in the second quadrant of the |-V plane.
However, for simplicity, in the following sections we always refer to the magnitude

Cell Reports Physical Science 3, 101155, December 21, 2022 3
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(absolute value) of the BDV. Consequently, a solar cell with low BDV refers to a de-
vice where the voltage drop across the terminals under reverse-bias conditions is as
close as possible to 0 V.

BDV simulations

Under low-level injection and forward bias conditions, 1D models can accurately
simulate the performance of IBC solar cells.”” However, for the IBC structure shown
in Figure 1A, a 2D model is required to simulate horizontal movement of carriers be-
tween the BSF and the emitter.?” The electrical simulations of solar cells in this work
were performed using a 2D finite element model in TCAD Sentaurus, which simulta-
neously solves the Poisson’s equation and the charge carrier transport equations.
This model has been validated with respect to homojunction, heterojunction, and
TOPCon IBC c-Si solar cells.*"™**

To obtain cells with different BDVs, simulations were performed, considering
different widths for the originally intrinsic gap region between the emitter and the
BSF illustrated in Figure 1B. It was considered that, during the thermal processing
steps in fabrication of an IBC solar cell, the dopant atoms in the BSF and the emitter
diffuse toward the i:poly-Si region and the c-Si base. Although the SiO, layer hinders
diffusion of dopant atoms into the c-Si base, dopant atoms can diffuse in the lateral
direction rather easily, as depicted in Figures 1C and 1D. In the simulations, the gap
width was varied from 15 um to 6 pm, maintaining the shape of the doping profiles;
i.e., the standard deviation of the Gaussian functions that define the doping concen-
tration was kept constant.

Solar cell simulations were adapted from previous studies of numerical simulation of
IBC devices® to include transport of carriers between the BSF and the emitter. In
particular, the band-to-band tunneling effect in this region has been simulated using
self-consistent tunneling models.

As mentioned previously, there are two main transport mechanisms that contribute
to the BDV: avalanche and tunneling. Of these two transport mechanisms, tunneling
is generally dominant when the BDV is lower than about four times the band gap
(approximately 4.5V in Si).”> The temperature coefficient of the BDV of all simulated
cells presented in this work is positive, which also indicates that band-to-band
tunneling dominates over avalanche.*®

The simulated band diagrams in the dark along the poly-Si region in Figure 1E show
that, as the solar cells are driven into the reverse-bias operating region, the
tunneling barrier reduces, allowing electrons injected by the external circuit into
the n+ region to recombine with holes in the p+ region.

In this work, the width of the gap between the BSF and the emitter was reduced to
shorten the tunneling distance and obtain cells with lower BDVs. However, the BDV
is controlled by the doping profile in the space domain, which is also determined by
cell fabrication steps that define the shape of the doping tails (Figure 1D). Therefore,
alternative approaches to fabricate a polysilicon region with similar characteristics as
those discussed in this work could also result in cells with low BDVs.

The simulation results of solar cells with different gaps are summarized in Figure 2. Two
important trends are identified as the gap between the BSF and the emitter is reduced.
A smaller gap implies a shorter tunneling distance in reverse bias, which, in turn, leads to
a lower (absolute) BDV, as shown in Figure 2A. At the same time, reducing the (originally)
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Figure 2. External parameters of the simulated solar cells

(A) BDV of the IBC solar cells in dark at 2 A.

(B) Open-circuit voltage and short-circuit current of IBC cells with different gap widths under STCs.
(C) Efficiency and fill factor of IBC cells with different gap widths under STCs.

izpoly-Si gap results in a higher overlap between heavily doped regions at the bottom of
the c-Si base because of vertical diffusion of dopant atoms through the SiOy layer. This
overlap leads to higher recombination and, hence, a reduction in the open-circuit
voltage (Figure 2B) and efficiency (Figure 2C) of the solar cell.

It is important to mention that, as the BDV is reduced, the total power dissipated in
reverse-bias cells also decreases. The power dissipated in reverse-bias IBC cells can
be distributed quite uniformly over its entire area because of the interdigitated struc-
ture of the BSF and emitter regions. The combination of these two factors signifi-
cantly lowers the probability of hotspots (in comparison with FBC solar cells*®) and
allows low-BDV IBC cells to be safely self-bypassed.”’ Unless the number of cells
connected in series under the same bypass diode is lower than approximately the
cell's BDV divided by the cell’'s maximum power point voltage, the inclusion of
bypass diodes in PV modules with low-BDV solar cells does not provide additional
protection against hotspots. Nevertheless, bypass diodes can still help to improve
the shading tolerance of the PV module.

Annual energy yield simulations

The trends in efficiency and BDV in Figure 2 have opposing effects on the energy yield
of solar modules. Higher efficiencies lead to higher power in forward bias, whereas
lower BDVs minimize losses in reverse bias. Each couple efficiency-BDV values

Cell Reports Physical Science 3, 101155, December 21, 2022 5
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Figure 3. Simulated PV system
(A) CAD model of the simulated PV system on the rooftop of a typical Dutch house.
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The rooftop is tilted 50° and facing south. The simulation results correspond to PV module positions 1-4.

(B) Simulated PV module topology. Itis assumed that each PV module is connected to a dedicated power converter with maximum power point tracking

(MPPT) capability.

(C) Simulated maximum power point time series during a clear-sky day (April 12) for the PV module at rooftop position 1 with cells with different gap

widths. The vertical dashed line indicates 11 a.m.
(D) P-V curves of the PV modules with different gap widths at position 1 on April 12 at 11:00 a.m.

corresponds to a certain energy yield that depends on the actual installation and oper-
ating conditions. To quantify this, the performance of PV modules under real-world
operating conditions has been simulated using a state of the art opto-thermo-electric
simulation framework, which enables accurate computation of the temperature and
electric power generated (or dissipated) by each solar cell in a PV module.

The performance of PV modules made of solar cells with different gap widths has
been simulated considering a PV system on the typical Dutch rooftop, depicted in
Figure 3A. The simulation was performed throughout an entire year using 1-min-
resolution METEONORM climate data for De Bilt, the Netherlands.*® The modeling
framework deployed here is reported in the supplemental information. Despite the
chimneys in front of the PV modules, Table S1 shows that all four modules still receive
relatively high levels of irradiation.

The topology of the simulated PV modules, illustrated in Figure 3B, consists of 96
5-in IBC solar cells and 3 Schottky bypass diodes interconnected as in typical com-
mercial PV modules.

The simulated power generated by the PV module in rooftop position 1 during a

clear-sky day is presented in Figure 3C. When the module is unshaded, cells with
larger gaps deliver slightly more power because of increased cell efficiency.

6 Cell Reports Physical Science 3, 101155, December 21, 2022
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Figure 4. Simulated annual energy yield of PV modules on a typical Dutch rooftop

The percentage above the bars indicates the relative energy yield gain with respect to a PV module
made with solar cells that have the same forward characteristics as the cell with a 15-um gap but
with a simulated infinite breakdown, typically more than 10 V or greater than the sum of the open-
circuit voltage of the non-shaded cells in the substring.

However, between 10 a.m. and 1 p.m., when the module is partially shaded by one
of the chimneys, the advantages of cells with smaller gaps and, thus, low BDVs
become clear. The power-voltage (P-V) curves for 11 a.m. in Figure 3D show that
cells with smaller gaps achieve higher voltages at the maximum power point under
non-uniform illumination but, at the same time, tend to generate multiple local
peaks in the P-V curve. Despite the multiple peaks, the results indicate that an
MPPT algorithm with 5-min |-V scans would be highly effective at finding the true
maximum power point in all simulated cases.

The annual energy yields of the simulated modules are presented in Figure 4. The
relative energy yield gain has been calculated, taking as a reference a PV module
with solar cells with the same forward characteristics as the cell with a 15-um gap
but an infinite BDV. Because shaded cells with low BDV can be individually bypassed
without affecting the power delivered by adjacent unshaded cells, all modules with
low-BDV solar cells deliver higher yields than the reference. In most cases, the en-
ergy yield loss because of a lower cell efficiency when reducing the gap is overbal-
anced by energy yield gain because of the reduction in BDV. The energy gain is more
noticeable with gaps smaller than 9 um (BDV < 3 V). In particular, the module with
cells with a 6-um gap (BDV = 0.3V) generates over 20% more energy than the
reference PV module at rooftop position 4, which is partially shaded about 20% of
the time. Although industrial solar cells with BDV = 2.2V have been achieved,”’
the feasibility of manufacturing cost-effective solar cells with BDVs as low as 0.3 V
has yet to be demonstrated.

The BDV also influences the thermal performance of reverse-biased solar cells. Fig-
ure 5A shows the temperature of the red cell in Figure 3C. Around 11 a.m., when
shading occurs, cells with smaller gaps heat up significantly less than cells with larger
gaps. One interesting point is that the temperature of the cells with gaps of 6 pm and
6.2 pm drops instead of increasing because the reduction in the absorbed radiation
outweighs the power dissipated under reverse bias in the thermal balance. The
average and maximum cell temperature during the whole simulated year are pre-
sented in Figure 5B. Although the mean annual temperature is approximately con-
stant, it is clear that the maximum cell temperature strongly depends on the reverse
breakdown characteristics. These results indicate that solar cells with small gaps can
significantly limit the temperature increase because of partial shading, which could
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Figure 5. Simulated cell temperature

(A) Temperature profile of the solar cell colored in red in Figure 3A during a clear-sky day.
(B) Mean and maximum temperatures of all cells in the modules during one entire typical
meteorological year in the Netherlands.

be beneficial for the PV module’s lifetime and reliability and especially relevant to
decelerate the degradation of perovskite/silicon tandem PV modules.*?*°

Figure 4 shows that solar cells with lower efficiency (and lower BDVs) generally imply
higher energy yields for PV modules that are mounted on partially shaded rooftops.
A different trend is expected for large-scale PV installations because a lower cell ef-
ficiency has a much more direct (and negative) effect on energy yield in the absence
of shading. However, even in this case, low-BDV solar cells could be preferable
because of improved performance under random shading (e.g., because of bird
droppings and uneven soiling) and the increased module reliability associated
with lower cell temperature peaks.

Experimental validation

Outdoor experiments were performed between May 2021 and August 2021 to vali-
date the simulation framework used in the previous section and measure the effect of
BDV on the shading tolerance of PV modules. The two PV modules used during the
experiments were laminated in house at the PV module manufacturing unit of Delft

8 Cell Reports Physical Science 3, 101155, December 21, 2022
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(A) Layout and electrical interconnection of the manufactured PV modules with 96 solar cells and 6 bypass diodes.

(B) Photograph of the installation with the 2 monitored PV modules.
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Experiment 2

(C-F) Renderings of the CAD model for each experiment. In all four experiments, the modules were tilted 30°. During experiments 0 and 1, the modules

were facing south. During experiments 2 and 3, the modules were facing southeast.

University of Technology and characterized using an A+A+A+ flash solar simulator. Each
module consists of 96 solar cells arranged in 6 substrings of 16 series-connected solar
cells, where each substring is connected anti-parallel to a Schottky bypass diode, as de-
picted in Figure 6B. To make a direct comparison between the electrical performance of
both PV modules under partial shading, these had to be built with cells of the same size.
The first module, referred to as IBC, was built with commercially available 5-in ¢-Si IBC
solar cells with a BDV close to 3 V.°! The second module, referred to as FBC, was built
with 5-in front/back-contacted c-Si Al-BSF solar cells with a BDV larger than 10 V. The
external parameters of FBC and IBC cells are listed in Table S2. Even though commer-
cially available FBC solar cells based on passivated emitter and rear contact (PERC) and
heterojunction (HJT) technologies can achieve higher efficiencies than Al-BSF, these
cells are generally manufactured using 6-in (or larger) wafers and also present BDVs
larger than 10 V."7? Taking this into account, it is reasonable to assume that the con-
clusions from our experiments are also applicable to newer FBC cell technologies.

The two PV modules were installed on a rack at the monitoring station of the Photovol-
taic Materials and Devices (PYMD) group in Delft, the Netherlands. The temperature
and output power of the PV modules was monitored between May and August 2021
using K-type thermocouples and two LPVYO MP1010F-1 maximum power point tracking
(MPPT) tracking units,”® which measured the |-V curves of the PV module every minute
and used an MPPT algorithm between |-V sweeps. During this period, the four shading
experiments shown in Figures 6C-6F were carried out. In experiment O, the surround-
ings of the PV modules were free of obstacles, whereas in experiments 1-3, the PV
modules were partially shaded every day by structures attached to the mounting rack.

Along with the measurements, the performance of the PV modules was simulated us-
ing the same energy yield framework as in Annual energy yield simulations. Local

Cell Reports Physical Science 3, 101155, December 21, 2022 9
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Figure 7. Measured and simulated PV module performance

(A-H) Daily energy yield and mean bias error (MBE) during each of the four shading experiments in Figure 6 for the FBC and the IBC PV modules.
(I and J) Maximum power point time series for a clear-sky day during experiment 1 of the FBC and the IBC PV modules.

measurements of the direct normal irradiance (DNI), diffuse horizontal irradiance
(DHI), wind speed, and ambient temperature were the only inputs to the numerical
simulations. The measured maximum power taken from the measured I-V curves is
compared with the simulation results in Figure 7. In general, there is an excellent
match between measurements and simulations, and the overall mean bias error
(MBE) between the simulated and measured electrical power during the whole
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Table 1. Comparison of measured specific yields
Partially shaded time (%)  FBC yield (Wh/Wp)  IBC yield (Wh/Wp)  Gain (%)

Experiment 0 0 67.0 69.9 4.3
Experiment 1 34 129.7 139.9 7.9
Experiment 2 24 91.0 99.1 9.0
Experiment3 30 71.8 78.0 8.6

The STC power of the FBC module is 250.6 W, and the STC power of the IBC module is 346.0 W. The gain
is calculated by taking the FBC yield as a reference.

experimental campaign was 1.2% and 4.6% for the FBC and the IBC modules,
respectively. A detailed comparison of the measured and simulated daily yields is
shown in Figures 7A-7H, where the low daily MBE values show the great accuracy
of the simulation framework. From the measured and simulated power time series,
it can be seen that, during a clear-sky day, the output power profile of the FBC mod-
ule in Figure 71 is narrower than that of the IBC module in Figure 7J because of the
large BDV of the FBC cells and activation of the bypass diodes.

The tested modules differ in BDV and efficiency. Therefore, the energy yield during
each experiments was normalized by the power under standard test conditions
(STCs) of the corresponding module to quantify the performance improvement
because of the BDV. The calculated specific yields are presented in Table 1. During
experiment 0, when the modules were unshaded, the specific yield of the IBC mod-
ule was 4.3% higher than that of the FBC module. This can be explained by consid-
ering that (1) the IBC module has a significantly better temperature coefficient than
the FBC module; (2) the IBC module operates at slightly lower temperatures because
of higher cell efficiency; and (3) the IBC cells have an improved angular response
compared with the FBC cells because of improved anti-reflective coating (ARC)
and front texturing. During experiments 1-3, when the modules were partially
shaded, the relative difference between the specific yield of both modules was,
on average, 4.2% higher than in experiment 0. This additional gain in specific yield
can be attributed to the improved shading tolerance of the IBC module.

The temperature measurements of shaded solar cells do not show significant differ-
ences as in Figure 5A. After a careful analysis, we found that the main reason was fail-
ure of the algorithm in the MPPT tracking units to find the true maximum power point
when the PV modules were partially shaded. Instead, the modules operated at volt-
ages higher than the maximum power point voltage, and most of the time, the
shaded cells were not driven into reverse bias (except during the brief intervals
when the |-V curves were traced). This shows that, to benefit from the shading toler-
ance of PV modules with low BDV and PV modules with many bypass diodes, MPPT
algorithms need to be properly engineered to be more effective at finding the global
maximum power point.

Finally, after 6 months of continuous operation, the PV modules were measured us-
ing an A+A+A+ flash solar simulator and compared with measurements taken prior
to the outdoor experiments to verify possible degradation. The measured degrada-
tion of the efficiency of the 6 blocks of cells in the IBC module was between 2.0% and
2.5% relative. Although high degradation (up to 10% relative) has been reported in
homojunction IBC cells after prolonged operation in strong reverse bias,”* those
testing conditions did not occur during the outdoor experiments presented in this
work. Considering that at least two of the blocks of cells in the IBC module in Figure 6
were mostly unshaded, it is likely that different effects (other than operation in
reverse bias) also contributed to the degradation of the tested solar cells.>>%¢
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The device-level simulation results presented in this article suggest that it is possible
to reduce the BDV in TOPCon IBC solar cells by reducing the distance between the
emitter and the BSF without creating a shunt. Simulations of partially shaded PV
modules indicate that, if the BDV can be reduced to 0.3 V, then the energy yield
could be boosted up to 20% for a PV module with 3 bypass diodes that is shaded
approximately 20% of the time. We showed that low BDVs allow significant reduc-
tion of the temperature increase in reverse-biased solar cells. The simulations results
are supported by outdoor experiments showing that, under partial shading condi-
tions, a PV module made with IBC cells with a BDV of 3 V produced an average of
4.2% more energy than a PV module with FBC solar cells with BDVs larger than
10V and 6 bypass diodes. The findings in this work can be considered additional rea-
sons, beyond high conversion efficiency, to promote market adoption of IBC
technology.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Patrizio Manganiello (p.manganiello@
tudelft.nl).

Materials availability
This study did not generate new unique materials.

Data and code availability

All data supporting the findings of this study are presented within the article and
supplemental information. All other data are available from the lead contact upon
reasonable request.

Numerical simulations

Numerical simulations were performed with a state-of-the-art framework developed
by the PYMD group. A general flowchart of the simulation framework is presented in
Figure S1.

The irradiance incident on the surface of the PV modules was calculated using Radi-
ance,”’ and detailed CAD models of the PV installations. The general approach is
described in detail in Calcabrini et al.”® To improve the accuracy of the results, the
spectral distribution of the beam and diffuse and reflected irradiance components
were approximated using SBDART"” for 3 different sky types: clear, partially cloudy,
and overcast. To identify the type of sky, the sky classifier presented in Figure S2 was
employed.

The absorbed irradiance and generation rate of charge carriers in the solar cell (i.e., the
optical generation profiles) were calculated using GenPro4.°° The effect of temperature
on the refractive index of the c-Si bulk was modeled according to Green,®" and parasitic
light absorption in the c-Sibase (e.g., because of free carrier absorption) was neglected.
The resulting optical generation profiles under different irradiance and temperature
conditions were then imported into Technology Computer Aided Design (TCAD) Sen-
taurus to compute the |-V curve of the solar cell in forward and reverse bias.

In TCAD Sentaurus, the diffusion of dopant atoms in the gap region was modeled

with the profile in Figure 1D, which was fitted from measurements on high-efficiency
IBC devices.>®
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Table 2. Materials of the laminated PV modules

FBC IBC
Front glass Albarino T 4 mm Albarino T 4 mm
Front encapsulant 3M EVA9110T 3M EVA9110T
Active layer Al-BSF mono c-Si 2BB SunPower Gen llI
Rear encapsulant 3M EVA9110T 3M EVA9110T
Backsheet Icosolar PPF Icosolar PPF

The I-V curves of the solar cells were simulated under a wide range of temperature
and illumination conditions with 5°C and 100 W m 2 resolution. Subsequently, the
I-V curves calculated with TCAD Sentaurus were interpolated to improve the resolu-
tion of the cell’s I-V dataset to 1°C and 2 W m~2 using cubic Hermite splines.

The I-V curves of the PV module were simulated by adding up the voltage (in series
connections) or current (in parallel connections) of the |-V curves of the solar cells
simulated with TCAD Sentaurus (or measured, in the case of the experimental
setup) and the |-V curves of the bypass diodes. Joule losses in tabbing wires
and bus wires were modeled as an increase in the series resistance of the solar
cells. Joule losses in wires and connectors were applied to the final PV module
I-V curve.

After calculating the |-V curves of the PV modules, the operating point was
determined, assuming that each module is connected to a dedicated power con-
verter with an operating voltage range limited to 25-70 V and an MPPT algo-
rithm that performs |-V sweeps every 5 min to find the global maximum in the
P-V curve.

The cell temperature was modeled using the 2D thermal model described and vali-
dated by Ortiz Lizcano et al.®? As shown in Figure S1, the thermal model is coupled
with the electrical model to account for the electrical power extracted from the solar
cells.

Experiments

The PV modules were manufactured using the cells shown in Table S1. The modules
were laminated with the recipes shown in Table 2. Prior to the outdoor experiments,
the modules were characterized at EternalSun Spire’s facilities using an A+A+A+
flash simulator and at the PVMD facilities using a large-area steady-state solar
simulator.

During the experiments, |-V curves were measured every minute simultaneously with
DNI, DHI, wind speed, and ambient temperature (for the numerical simulations). The
PV modules were connected to independent MPPT tracking units (LPVO MP1010F-1)
that tracked the maximum power point between |-V sweeps.

Post-experiment degradation measurements were performed at EternalSun Spire’s
facilities using an A+A+A+ flash simulator calibrated with reference samples that
had been measured after lamination and were stored in a dark place (at open circuit)
while performing the outdoor experiments.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2022.101155.
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