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S.1 Material input parameters

The simulator adopted in this work is wxAMPS, which is an updated version of the
AMPS (Analysis of Microelectronic and Photonic Structure) [1, 2]. This simulator can
not only calculate the basic parameters of solar cells, but also output the EQE
response of each sub-cell in the multi-junction TFSC, which is a useful tool for

simulating and analyzing the photovoltaic characteristics of multi-junction TFSCs



[3-9].

In the quadruple junction TFSC model, the n-a-Si:H (15 nm)/p-pc-Si:H (5
nm)/p-a-SiC:H (15 nm) was used as the top/second tunnel recombination junction.
The n-a-Si:H (15 nm)/p-pc-Si:H (20 nm) was used as the second/third and
third/bottom tunnel recombination junctions. It should be noted that we did not
introduce buffer layer in a/uc-SiGe:H sub-cells with high Ge content to further
optimize the device performance. Since the wx-AMPS cannot simulate the trapping
effect of the front electrode, which, however, plays a crucial role in the TFSCs.
Therefore, the absorption coefficient of the silicon based thin films was modified.
Firstly, the thickness of the silicon based intrinsic layer in the device model was set as
the same as that in the literature. Then, the absorption coefficient was carefully
adjusted to make the simulated EQE curves match the experimental results in the
literature as much as possible. By this way our simulation results can be closer to the
actual device. The reflection coefficients of the front and back electrodes were set to
be 0 and 1, respectively. The Air Mass 1.5 solar radiation spectrum was employed as
the illuminating source. The thickness of the amorphous silicon-based sub-cells varied
from 0 tol um, and that of the microcrystalline silicon-based sub-cells varied from 0
to 8 um. The absorption coefficients of all the intrinsic layers were derived from our
experimental results and reported studies [10]. It was assumed that the band-gap of
the a-Si1xGex:H intrinsic layers varied linearly from 1.78 tol.1 eV along with the
increase of x from 0 to 100%, and that of the pc-Sii-yGey:H intrinsic layers varied
linearly from 1.1 to 0.66 eV along with the increase of y from 0 to 100% [11].The
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defect density of the a/uc-SiGe:H intrinsic layers increased from 10'* to 10'® ¢cm™

with increasing Ge content from 0 to 100% [11]. The input parameters of each layer

are summarized in Table S1.

Table S1. Material input parameters

Parameters p-a-SiC:H i-a-Si:H i-a-SiGe:H n-a-Si:H p-pc-Si:H  i-pc-Si:H  i-pe-SiGe:H
Band-gap/eV 2 1.78 1.78-1.1 1.78 1.18 1.1 1.1-0.66
Electron affinity/eV 3.89 4 4 4 4 4 4
Electron mobility/(cm?/V/s) 20 20 20 20 32 32 32
Hole mobility/(cm?/V/s) 4 4 4 4 8 8 8

Effective DOS in bands/cm™  2x10%°  2x10%°  2x10%  2x10%  2x10?2°  2x10%* 2x102°
Donor doping density/cm™ 0 0 0 1.6x10"° 0 0 0
Accepter doping density/cm=  1.6x10"° 0 0 0 1.6x10" 0 0

Gaussian Defects Density/cm>  4x10!7 10  10'4-10"  8x10'®  4x10"7 104 10'4-101°

S.2 Comparison with experimental results

Fig. S1 shows the simulated and experimental results of quadruple junction
silicon-based TFSCs. The best experimental cell exhibited a PCE of 15.03% [12]. Its
Voc 1s 3.02 V, which is higher than our simulated result. This is because the structure
of the experimental cell is a-SiCz:H/a-Si:H/a-Si11xGex:H/puc-Si:H, where the band gap
of each sub-cells is correspondingly wider than that of the sub-cells in our cell model.
Moreover, it can be found that the lower experimental cell efficiency is mainly caused
by the decrease of the Js.. One reason is that the pc-Sio.sGeo.s:H bottom sub-cell can

effectively extend the spectral response to 1300 nm, leading to a more efficient



utilization of the solar energy. The other reason is that the current matching of the
quadruple junction TFSC is difficult in the experiment. Both the inappropriate
bandgap and thickness of the sub-cells could cause the current loss. As we know, the
matching of each sub-cells of quadruple junction TFSC can be quickly realized by
theoretical calculation, which could effectively shorten the R&D circle time.
Therefore, it is very necessary to introduce simulation technique into the development

of quadruple junction TFSCs.
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Fig. S1. Simulated and experimental results of quadruple junction silicon-based TFSCs.
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