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Abstract

Perovskite/silicon tandem solar cells (TSCs) are attractive for their potential for
boosting cell efficiency beyond the crystalline silicon (Si) single-junction limit. Effective
light management can improve power conversion efficiency of the perovskite/silicon
TSCs. In this article, recent progress in the development of the light management for
Perovskite-Silicon TSCs is reviewed. Achievements about optical splitting system,
antireflection coating and morphology of TSCs are introduced. At the end of the article,
the prospect of light management is presented.
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1. Introduction

Finding suitable bandgap materials to form a series solar cell (TSC) with silicon solar cells is an
effective method to improve the efficiency of silicon-based solar cells. Perovskite is a material
with high carrier mobility, long diffusion length, strong light absorption, tunable bandgap width,
and excellent fault tolerance for structural defects, which has attracted widespread attention[?-
2l. Choosing this material as the top sub cell of a silicon solar cell can fully absorb the solar
spectrum and improve the efficiency of the entire solar cell. The theoretical predicted efficiency
of perovskite/silicon TSC can exceed 30%, making it a potential stacked solar cell.Researchers
at home and abroad mainly improve the efficiency of perovskite/silicon TSC through the
following two aspects: (i) design new structure on the basis of existing materials, optimize the
growth process, and minimize the defects in the materials; (ii) reduce the light loss on the
surface and increase the light absorption of the cell through light management.

In this article, the progress of light management for the perovskite/silicon TSC is reviewed,
concentrating on the optical structure and antireflection coating, and some brief outlook is
presented.

2. Structure of TSC

At present,there are three main structures of tandem cells: mechanical stacking[4l, monolithic
integrationl®l and spectral segmentation. The mechanical stack combines independently made
top and bottom cells to form a series battery devices, a four-terminal cell. Monolithic integration
is the sequential deposition of each layer of material of the cell, and the top and bottom cell are
connected together through tunnel junction or composite layer, which is called tow-terminal
cell. Spectroscopic splitting is similar to mechanical stacking, except that a layer of wavelength-
selective mirrors is inserted between the two cells so that the incoming light is absorbed by the
appropriate cells and the top cells do not have to be transparent. Different design structures
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have different effects on the performance of the cell. The main research structures are tow-
terminal and four-terminal tandem cell, both of which have their advantages and disadvantages.
The advantage of the four-terminal device is that it is simple to manufacture and easy to
synthesize, so as to avoid the shortage of current or voltage matching capability of the top and
bottom cell, as well as the effect generated by the lack of tunnel junction, ensuring that the
optimal performance of the top and bottom cell can be better reflected. Compared with four-
terminal device, two-terminal device have higher PCE and lower production cost.

3. Light management

The spectral response band of perovskite cell is 300~800nm, which mainly absorbs visible light.
The spectral response band of silicon cell is 800~1200nm,which mainly absorbs near-infrared
light. Effective light management can reduce surface light reflection and increase photon
absorption, and further improve PCE of the perovskite/silicon TSC.

3.1. optical splitting system

In order to achieve very high PCE for a full spectrum the perovskite/silicon TSC, H. Uzuan et
al.lelreported an optical splitting system as shown in Fig. 1. (a). An optical splitter is a dichroic
mirror that manages the spectral reflectance and transmittance directing the photons of
different wavelengths to the most appropriate solar cell. The cells in the system are individually
measured; therefore, the current for each cell does not need to be matched in contrast to
standard tandem solar cells and they can be fabricated independently without any additional
process constraints. This allows us to have a broader choice of materials and design options for
the optical management of the systems. Through the application of this optical splitting system,
the a-Si and the perovskite cells contribute to the performance of the system in the shorter
wavelength range(Fig.1.(b)), the active-area PCE of 28% have been achieved for the
perovskite/silicon TSC, From this approach, the potential of optical splitting system towards
high PCE is shown,and the improvement of the top cell will lead to PCE over 30%.
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Fig. 1. (a) measurement setup of an optical splitting system. (b) Comparison between
normalized EQEs of TSC without splitter and optical properties of splitter.

3.2. Antireflection coating

An important factor that affects the solar cell PCE is the reflection loss of surface incident light
on solar cells. In order to reduce the optical reflection loss, a single or multilayer ARC is usually
prepared on the surface of solar cells. Since ARCs can promote light entering into the active
region of the device, they play an important role in enhancing the PCE of solar cells. Zhao et al.["]
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took the four-terminal TSC (Fig. 2. (a)) as the model and explored the effect of various
antireflection materials LiF, MgF», SiOz, and Al;03 on tandem solar cells performance with
Silvaco Atlas. They found the PCE with these ARCs were 27.62%, 27.63%, 27.47%, and 26.75%,
respectively, much higher than that of the device without the ARC (26.3%). At the same time,
they chose Al;03 as the the encapsulation layer, studied the influence of the double ARC on the
TSC, and found that the ARC of Al,03 with LiF, MgF, and SiO; enables PCEs of tandem solar cells
to achieve 27.44%, 27.45%, and 27.32%, respectively, total PCE with the double ARC decreased
slightly. However, the encapsulation performance of the solar cell was improved significantly
because of the existence of Al;0s. In addition to numerical simulation, some researchers have
prepared LiF, MgF; and PDMS ARC on the surface of perovskite/silicon TSC, which reduced the
light surface reflection to a certain extent and increases the PCE of the TSCI8-10],

Unfortunately, there are some drawbacks still occurring in these materials. For instance, ARC
based on LiF or MgF; can only reduce the surface reflections in a specific wavelength region;
easily absorb moisture from the environment; and are sensitive to thickness variations.
In order to solve this problem, Hou et al.!1] design light management antireflective foils made
from polydimethylsiloxane (PDMS) polymer carrying random-pyramidal textures with three
different pyramid size ranges (1-3pum, 3-8um, 8-15um) for perovskite/SHJ tandem solar cell
(Fig.2.(b)). The optical properties, together with the reflection behavior applied to
perovskite/silicon tandem solar cells have been systematically studied. One of the PDMS layer
exhibited a relatively strong light-scattering property with a high average haze ratio originated
from synergistic effect of the appropriate pyramid size and the uneven random pyramid
distribution. Consequently, the short-circuit current density of the tandem device was
improved by 1.72 mA/cm? and thus its efficiency increased from 19.38% to 21.93% as shown
in Fig. 2. (c), after laminating the PDMS-based ARC onto the front surface of tandem device.
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Fig. 2. (a) Schematic device structure used for the simulation. (b) The structure of monolithic

perovskite/SH] tandem solar cell. (c) J-V curves of perovskite /SH] tandem solar cell with Flat-
PDMS, P1-PDMS, P2-PDMS and P3-PDMS ARCs.

3.3. Morphology of TSC

The different morphology of TSC can further alter the path of light, thereby altering the amount
of photons entering the TSC. Introducing rear texture,front texture and double-side texture into
the perovskite /silicon TSC can decrease parasitic absorption and improve short-circuit current
densityl12l. Nogay et al.[13] demonstrated the first front texture tandem solar cell featuring a p-

20


file:///C:/Program%20Files%20(x86)/Youdao/Dict/8.9.5.0/resultui/html/index.html#/javascript:;
file:///C:/Program%20Files%20(x86)/Youdao/Dict/8.9.5.0/resultui/html/index.html#/javascript:;
file:///C:/Program%20Files%20(x86)/Youdao/Dict/8.9.5.0/resultui/html/index.html#/javascript:;
file:///C:/Program%20Files%20(x86)/Youdao/Dict/8.9.5.0/resultui/html/index.html#/javascript:;
file:///C:/Program%20Files%20(x86)/Youdao/Dict/8.9.5.0/resultui/html/index.html#/javascript:;
file:///C:/Program%20Files%20(x86)/Youdao/Dict/8.9.5.0/resultui/html/index.html#/javascript:;

International Journal of Science Volume 11 Issue 2, 2024
ISSN: 1813-4890

type bottom cell (Fig. 3. (a).) based on such contacts. In brief, a p-type float-zone (100) c-Si
wafer, which is flat on its rear and textured on its front, is capped on both sides by a ~1.2 nm
SiOx layer grown by UV-O3z exposure. Doped silicon-rich silicon carbide (SiCx) layers are
deposited by plasma-enhanced chemical vapor deposition (PECVD) over the full area. SiCy is
doped with boron on the rear side (SiCx(p)) to form the hole contact. The front is doped with
phosphorus to provide electron selectivity (SiCx(n)). A single annealing step at 850 °C then
triggers the partial crystallization of the doped SiCx and the diffusion of dopants from the doped
layers into neighboring wafer regions, lowering both contact resistivity and parasitic
absorption. The perovskite absorber is processed using the hybrid deposition method, which
ensures a conformal deposition of the absorber on the micrometer-sized Si pyramids for
optimum light management. The method combines the coevaporation of CsBr and Pbl;, before
spin-coating an organo-halide solution and crystallizing the photoactive phase through an
annealing step at 150 °C. Tandem cells with an active area of 1.42 cm? are then finalized by
depositing a Sn02/1Z0/Ag front electrode by atomic layer deposition, sputtering, and
evaporation, respectively, as well as an MgF; antireflection coating by evaporation. The TSC
achieved a steady state efficiency of 25.1%. In the same year, Mazzarella et al.[14] reported a
monolithic perovskite/SH] tandem cell with rear texture, and introduced an optimized nc-
SiOx:H interlayer between the top and bottom cell in monolithic perovskite/silicon-hetero
junction tandem cells, which significantly increased bottom-cell current density. The best
tandem device reached a certified conversion efficiency of 25.2%.

Moreover, The perovskite/silicon TSC with double-side texture have also been studied. Sahli et
al.1sl developed a top cell deposition process that achieves the conformal growth of multiple
compounds with controlled optoelectronic properties directly on the micrometre-sized
pyramids of textured monocrystalline silicon as shown in Fig. 3. (c). Tandem devices featuring
a silicon heterojunction cell and a nanocrystalline silicon recombination junction demonstrate
a certified steady-state efficiency of 25.2%. The optical design yields a current density of
19.5mAcm-2 thanks to the silicon pyramidal texture and the PCE of monolithic
perovskite /silicon TSC will surpass 30% in the future.
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Fig. 3. (a) Schematic view of the perovskite /p-type c-Si bottom cell with front texture. (b)
Cross-section of the simulated monolithic perovskite /SH] tandem cell with rear texture. (c)
Schematic view of a fully textured monolithic perovskite /SH] tandem with double-side
texture.
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4. Conclusion

Optical splitting system,ARC and morphology in light management technologies can broaden
the absorption spectrum and increase PCE of Perovskite/Si TSCs. However, the optical splitting
system will raise the fabrication cost of the device, and silicon bottom cell with the textured
structure will increase the complexity of fabrication process of perovskite top cell.
Therefore,the use of ARC for light management is the focus of future research. Therefore, the
use of ARC for optical management is the focus of future research. Research can be carried out
from the following aspects: (1) find new materials and design new ARC; (2) improve the
deposition process and use the simplest and most stable process; (3) explore more kinds of
doped high performance ARC. It is believed that the ARC in light management will have a broad
application prospect through in-depth and detailed research.

Acknowledgements

This work was surported by the Yunnan Open University Campus level Research Fund (No.
21YNOU17).

References

[1] T.J. Liu, W. D. Tang, S. Luong, et al. High charge carrier mobility in solution processed one-
dimensional lead halide perovskite single crystals and their application as photodetectors,
Nanoscale, Vol. 12 (2020), 9688-9695.

[2] Y.L.Cen,].].Shi, M. Zhang, et al. Design of lead-free and stable two-dimensional dion-jacobson type
chalcogenide perovskite A'La2B3S10 (A'= Ba/Sr/Ca; B = Hf/Zr) with optimal band gap, strong
pptical absorption, and high-efficiency for photovoltaics, Chemistry of Materials, Vol. 32 (2020),
2450-2460.

[3] S.Zhu, X.Yao, Q. Ren,et al. Transparent electrode for monolithic perovskite/silicon -heterojunction
two-terminal tandem solar cells, Nano Energy, Vol. 45 (2018), 280-286.

[4] P.Loper,B. Niesen, S. ]. Moon,et al. Organic-inorganic halide perovskites: Perspectives for silicon-
based tandem solar cells, IEEE Journal of Photovoltaics, Vol. 4(6) (2014), 1545-1551.

[5] O. Dupré, A. Tuomiranta, Q. Jeangros, et al. Design rules to fully benefit from bifaciality in two-
terminal perovskite/silicon tandem solar cells, IEEE Journal of Photovoltaics, Vol. 10 (2020), 714-
721.

[6] H.Uzu, M. Ichikawa, M. Hino, et al. High efficiency solar cells combining a perovskite and a silicon
heterojunction solar cells via an optical splitting system, Applied Physics Letters, Vol. 106 (2015),
013506.

[7] P.Zhao, M. Yue, C. Lei, et al. Device simulation of organic-inorganic halide perovskite/crystalline
silicon four-terminal tandem solar cell with various antireflection materials, IEEE Journal of
Photovoltaics, Vol.8 (2018), 1685-1691.

[8] S.Albrecht, M. Saliba, J. P. C. Baena, et al. Monolithic perovskite/silicon hetero-junction tandem solar
cells processed at low temperature, Energy Environmental Science, Vol. 9 (2016), 81-88.
[9] ]. H. Zheng, C. F. ]J. Lau, H. Mehrvarz, et al. Large area efficient interface layer free monolithic

perovskite/homo-junction-silicon tandem solar cell with over 20% efficiency, Energy
Environmental Science, Vol. 11 (2018), 2432.

[10]D. A. Jacobs, M. Langenhorst, F. Sahli, et al. Light Management: A key concept in high-efficiency
perovskite/silicon tandem photovoltaics, Journal of Physical Chemistry Letters, Vol. 10 (2019),
3159-3170.

[11]F. Hou,C. Han,O. Isabella, et al. Inverted pyramidally-textured PDMS anti-reflective foils for
perovskite/silicon tandem solar cells with flat top cell, Nano Energy, Vol. 56 (2019), 234-240.

22


https://pubs.rsc.org/en/results?searchtext=Author:Weidong%20Tang
https://pubs.rsc.org/en/results?searchtext=Author:Sally%20Luong
http://guge.naihes.cn/citations?user=cRslmHEAAAAJ&hl=zh-CN&oi=sra&cstart=0&pagesize=120
https://ieeexplore.ieee.org/author/37403430100
https://ieeexplore.ieee.org/author/37085398418
https://ieeexplore.ieee.org/author/37085376928
https://doi.org/10.1039/1754-5706/2008
https://www.sciencedirect.com/science/article/pii/S2211285518308309#!
https://www.sciencedirect.com/science/article/pii/S2211285518308309#!
https://www.sciencedirect.com/science/article/pii/S2211285518308309#!
https://www.sciencedirect.com/science/journal/22112855
https://www.sciencedirect.com/science/journal/22112855/56/supp/C

International Journal of Science Volume 11 Issue 2, 2024
ISSN: 1813-4890

[12]H. Shen, D. Walter, Y. L. Wy, et al. Monolithic perovskite/Si tandem solar cells: Pathways to over 30%
efficiency, Advanced Energy Materials, Vol.10 (2019), 1902840.

[13]G. Nogay, F. Sahli, ]. Werner, et al. 25.1%-efficient monolithic perovskite/silicon tandem solar cell
based on a p-type monocrystalline textured silicon wafer and high-temperature passivating
contacts, ACS Energy Letter, Vol. 4 (2019), 844-845.

[14]L. Mazzarella, Y. H. Lin, S. Kirner, et al. Infrared light management using a nanocrystalline silicon
oxide interlayer in monolithic perovskite/silicon heterojunction tandem solar cells with efficiency
above 25%, Advanced Energy Materials, Vol. 9 (2019), 1803241.

[15]F. Sahli, ]J. Werner, B. A. Kamino, et al. Fully textured monolithic perovskite/silicon tandem solar
cells with 25.2% power conversion efficiency, Nature Materials, Vol. 17 (2018), 820-826.

23


https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Mazzarella,+Luana
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Lin,+Yen-Hung
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Kirner,+Simon
https://www.nature.com/articles/javascript:;
https://www.nature.com/articles/javascript:;
https://www.nature.com/articles/javascript:;
https://www.nature.com/nmat

