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Presenter Notes
Presentation Notes
Welcome to this presentation. Today, I will talk about the relevance of the cell’s breakdown voltage in the DC yield of partially shaded PV modules.
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[1] F. Fertig, et al., Ener Proc 38, 32-42 (2013)

Presenter Notes
Presentation Notes
Let’s consider a c-Si PV module as the one in the figure, made of 72 c-Si solar cells. Usually, the breakdown voltage of c-Si solar cells is around 10V or higher. When partial shading occurs, the short-circuit current of the shaded cell is reduce and, as all cells are connected in series, the unshaded cells can drive the shaded cells to operate in reverser bias and dissipate power, eventually leading to the formation of hot spots. To prevent hot spots, the module usually includes a junction box with 3 bypass diodes to limit the voltage across the shaded cells. The problem with bypass diodes is that, when a diode is conducting, the power of all the cells under this diode is lost, which causes huge power losses under partial shading conditions.
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[1] B. B. Pannebakker, et al., PiP 25, 836-849 (2017)
[2] H. Hanifi, et al., Sol. Ener. 193, 814-819 (2019)

Integrated bypass diode [2]

[1] 

Presenter Notes
Presentation Notes
One way to tackle this problem is by increasing the number of bypass diodes. Here, we show the example of a PV module with one bypass diode per cell integrated in the lamination process. When we add more bypass diode in a PV module, we are effectively reducing the breakdown voltage of the solar cells. By doing this, the chances of hot spots and the the partial shading losses are reduced. On the other hand, more bypass diodes imply higher costs and a more complex manufacturing process. It is evident that it would be much simpler if we could manufacture solar cells which already present low breakdown voltage characteristics.
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[3]D.D. Smith, et al, IEEE PVSC 38, (2012)   
[4] H. Chu, et al, Ener. Proc. 77, (2015) 

[5] R. Müller, et al, Sol. Mat. 142, (2015)

Integral bypass diode

-6 -5 -4 -3 -2 -1 0
Voltage (V)

0

5

10

Cu
rr

en
t (

A)

SunPower 1 [3]
ISC Konstanz [4]
Fraunhofer ISE 1 [5]
Fraunhofer ISE 2 [5]
SunPower 2 [3]

Front/Back Contacted (FBC) Interdigitated Back Contact (IBC)

-+-+-

n+ BSF

[1] 

[2] 

Breakdown
regions

Presenter Notes
Presentation Notes
The idea of making a solar cell with an integrated bypass diode was first proposed about 40 years ago on front-back contacted devices. Since then, we have seen just a few attempts to fabricate such devices because the diode takes up space and reduces the active area of the solar cell. In the last decade, IBC solar cells have offered new possibilities to integrate bypass diodes in the structure of a solar cell. Here the junction between the BSF and the emitter can serve as a bypass diode when the solar cell is reverse biased. In fact, different research groups and companies have already designed IBC solar cells with low breakdown characteristics. Until now, the effort have mostly been made to improve the efficiency of the solar cell. However, today I will explain why it is very important to focus also on the breakdown characteristics.
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1. Analyze breakdown mechanism in IBC solar cells

2. Simulation of PV modules with low breakdown voltage solar cells

3. Results from outdoors experiments

Objectives

Presenter Notes
Presentation Notes
The presentation of today has three objectives. First, to analyze the breakdown mechanism in IBC solar cells with low breakdown voltage. Then, to discuss the influence of the low breakdown voltage on the energy yield of the partially shaded PV modules. And finally, I will present the results from an outdoor experiment using PV modules with low breakdown solar cells.
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Objectives

1. Analyze breakdown mechanism in IBC solar cells

2. Simulation of PV modules with low breakdown voltage solar cells

3. Results from outdoors experiments

Presenter Notes
Presentation Notes
So, let’s start by looking at what is happening inside the solar cell.
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[1] C. Hollemann, et al, Scien. Rep. 10, 1-15 (2020)
[2] R. Santbergen, et al, IEEE JPV 7, 919-926 (2017) 
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Presenter Notes
Presentation Notes
We have analyzed different IBC cell structures, and we have found that the architecture shown here is one of the most promising ones to achieve low breakdown voltages. This cell is similar to the POLO (polysilicon on oxide) IBC cell. In this cell, an intrinsic amorphous silicon layer is grown below the tunneling silicon oxide. The a-Si is doped leaving a gap about of few um between the p and the n region, and then it is annealed to form poly-Si. The optical performance of this device was simulated using GenPro4 to calculate the absorbed photon density under the AM1.5 spectrum. Then, we used Sentaurus TCAD to simulate the electrical performance of the device. In the simulated device, we have considered that during the annealing process, dopants will diffuse reducing the gap between the p and n region. 
Here we can see the band diagram inside of the poly-Si region when the solar cell is in short circuit condition (blue lines) and reverse biased (orange lines). Note that the dashed rectangle highlights the portion of the gap shown in the bottom right figure. The alignment of the bands and the band bending due to the applied electric field allow electrons in the n region to recombine with the holes in the p region through band-to-band tunnelling. 

TOPCon: Tunnel Oxide Passivating Contacts.
26.1% efficiency demonstrated in literature for the POLO TOPCon IBC.
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Dopant diffusion and effect of varying gap

gap

P. Procel, et al, IEEE JPV 9, 374-384 (2019) 

Presenter Notes
Presentation Notes
In the simulations, the gap width was varied from 15 mm to 6 mm, maintaining the shape of the doping profiles; i.e., the standard deviation of the Gaussian functions that define the doping concentration was kept constant. Again, note that the dashed rectangle highlights the portion of the gap shown in the bottom figure. 

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.

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 on the bottom). 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.
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Dopant diffusion and effect of varying gap

Decreasing gap width
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Presenter Notes
Presentation Notes
By reducing the width of the gap between the BSF and the emitter, the tunneling distance is shortened and cells with lower breakdown voltages are obtained, as can be seen from the simulated I-V curves. 
The reduction of the gap width however is expected to have a detrimental effect on the forward characteristics, since it results in a higher overlap between heavily doped regions at the bottom of the c-Si bulk because of vertical diffusion of dopant atoms through the SiOx layer. This overlap leads to higher recombination and, hence, a reduction in the open-circuit voltage and efficiency of the solar cell. Breakdown voltage is shown at 2 A above the short circuit current. 

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.
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Objectives

1. Analyze breakdown mechanism in IBC solar cells

2. Simulation of PV modules with low breakdown voltage solar cells

3. Results from outdoors experiments

Presenter Notes
Presentation Notes
To get a better idea of what is the effect of the cells’ breakdown voltage on the energy yield of a PV system, we will now investigate the electrical performance of an entire PV module.
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Presenter Notes
Presentation Notes
For this analysis, we have considered 6 PV modules with 96 solar cells and 3 bypass diodes. It is assumed that each PV module is connected to a dedicated power converter with maximum power point tracking capability. Each module is made of cells with different gap width, therefore different breakdown voltages and slightly different efficiencies. The shading scenario is the one shown on the top right figure: PV modules installed on a roof tilted 50 degrees and facing South. The location of the simulation is Delft, and the climate data are taken from METEONORM.

A lower breakdown voltage, which corresponds to a smaller gap width, leads to a significant mitigation of the partial shading losses, since reverse operation of some shaded cells prevent the activation of the related bypass diode. If we compare the cell with the largest gap width, corresponding to the highest breakdown voltage, with the cell with the smallest gap width, corresponding to the lower breakdown voltage, the power extracted in this specific operating conditions can be more than doubled. 

The figure on the bottom right shows the power profile for the PV module in position 5 for the whole day. You can see that the power enhancement due to the lowest breakdown voltage is consistent during periods of partial shading. On the other hand, the slightly highest efficiency of solar cells with a larger gap leads to better performance under uniform operating conditions.

However, for a better evaluation, we need to determine the annual energy yield of the PV module.
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Presenter Notes
Presentation Notes
We have simulated the annual energy yield of the 6 PV modules for each of these positions on the rooftop using the PVMD toolbox. 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-mm gap but with a simulated infinite breakdown.
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Objectives

1. Analyze breakdown mechanism in IBC solar cells

2. Simulation of PV modules with low breakdown voltage solar cells

3. Results from outdoors experiments

Presenter Notes
Presentation Notes
Finally we will analyze some experimental results.
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Presenter Notes
Presentation Notes
We have laminated 2 PV modules with different types of solar cells at the PVMD facilities. The PV modules have been manufactured with the same materials and consists of 96 solar cells and 6 bypass diodes. The PV module with the front-back contacted solar cells has been used as a reference since the breakdown voltage of these cells is sufficiently negative and in practice it is never reached. On the other hand, the IBC solar cell exhibits low breakdown voltage characteristics. These cells have been characterized under varying temperature and irradiance, and their breakdown voltage of these solar cells at 2 A is approximately at -3 V.
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Shading poles
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Presenter Notes
Presentation Notes
The two modules have been installed on a rack tilted 30 degrees and facing South at the PVMD monitoring station in Delft. Three poles have been installed on both sides of the PV modules to cause shading. The I-V curve of the PV modules were measured every minute, and in between I-V measurements the modules were taken at MPP. Here we can see the evolution of the MPP voltage, current and power of both modules during a clear sky day. Around midday there is no shading on the modules, because the sun is on the South. Instead, during the morning and the afternoon the poles cast a shadow on the surface of the modules. For example, in the morning, we can clearly see the effect of the bypass diodes on the voltage of the FBC module. The changes in the voltage of the IBC module are less pronounced because the cells can be reverse biased without forcing the diodes into conduction.
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Daily specific yields
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Presenter Notes
Presentation Notes
This last graph shows the daily yield of the modules from 8 of may until 9 of June 2021. To isolate the effect of the reverse characteristic, the DC yield has been normalized by the peak power of each module and corrected for the difference in operating temperature and power temperature coefficient of both modules. The largest differences occurred in clear sky days, when the shadows of the module are well defined. The yield of the IBC module integrated over the period of 33 days was 7.9% larger compared to the FBC module. During the experiment, the modules were partially shaded about 70% of the time, so we find that these experimental results are in accordance with the presented simulation results. 
This brings me to the conclusions of this presentation.
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Conclusions
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A. Calcabrini, et al., Cell Rep. Phys. Sci. 3, 101155 (2022)

Presenter Notes
Presentation Notes
Today, I have discussed IBC solar cells with low breakdown voltage due to the tunneling of carriers between the rear p and n regions. Then, we have simulated the system performance and we have shown that the annual energy yield could be boosted more than 20% for a module that is 20% of the time partially shaded. And finally, I have presented the results of an outdoor experiment which is in accordance with the simulation results.
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Presenter Notes
Presentation Notes
With this I would like to conclude this presentation. So, thank you for your attention.

mailto:patrizio.manganiello@uhasselt.be
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