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Abstract Thin film solar cells have been proved the next
generation photovoltaic devices due to their low cost, less
material consumption and easy mass production. Among
them, micro-crystalline Si and Ge based thin film solar
cells have advantages of high efficiency and ultrathin
absorber layers. Yet individual junction devices are limited
in photoelectric conversion efficiency because of the
restricted solar spectrum range for its specific absorber.
In this work, we designed and simulated a multi-junction
solar cell with its four sub-cells selectively absorbing the
full solar spectrum including the ultraviolet, green, red as
well as near infrared range, respectively. By tuning the Ge
content, the record efficiency of 24.80% has been realized
with the typical quadruple junction structure of a-Si:H/a-
Sig.9Geg.1:H/nc-Si:H/uc-Sig sGeg s:H. To further reduce
the material cost, thickness dependent device perfor-
mances have been conducted. It can be found that the
design of total thickness of 4 pum is the optimal device
design in balancing the thickness and the PCE. While the
design of ultrathin quadruple junction device with total
thickness of 2 um is the optimized device design regarding
cost and long-term stability with a little bit more reduction
in PCE. These results indicated that our solar cells
combine the advantages of low cost and high stability.
Our work may provide a general guidance rule of utilizing
the full solar spectrum for developing high efficiency and
ultrathin multi-junction solar cells.
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1 Introduction

Clean energy [1,2], especially solar energy harvesting
remains of great interest for its infinite and clean energy
nature [3-5]. Thin-film solar cells (TFSCs) have been
receiving considerable attention for application in building
integrated photovoltaic products due to their advantages,
such as device flexibility and large module [6-11]. Over
the last decade, the performance of the TFSCs has shown
remarkable improvements owing to the development of the
multi-junction TFSC structure [12-15]. The organic and
perovskite TFSCs were successfully introduced into the
tandem cell structure and shown encouraging results [16—
19]. The Sb,Se; and Sb,S; TFSCs with similar micro-
structure and fabrication process also demonstrate their
potential to combine as the multi-junction TFSC [20,21].
Furthermore, for silicon-based TFSCs, multi-junction
structure can not only reduce thermalization and non-
absorption losses by making the sub-cells with different
band-gap absorb corresponding solar spectrum but also
partly surpass the Staebler-Wronski effect by decreasing
the thickness of the amorphous-based sub-cells. The
hydrogenated amorphous silicon (a-Si:H)/hydrogenated
microcrystalline silicon (uc-Si:H) tandem TFSCs have
evolved into mainstream commercial products [22].
Moreover, an initial power conversion efficiency (PCE)
of over 16% was achieved using an a-Si:H/hydrogenated
amorphous silicon germanium (a-Si;_,Ge,:H)/uc-Si:H
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triple junction TFSC structure by several research groups
[23].

In recent years, novel quadruple junction TFSCs have
been realized and some promising results have been
observed [24]. Si et al. introduced hydrogenated amor-
phous silicon oxides (a-Si0,:H) TFSC as the top sub-cell,
and a PCE of 11.4% was obtained by using an a-SiO,:H/a-
Si:H/pc-Si:H/pc-Si:H cell structure [25]. Then, the a-Si:H/
a-Si:H/pc-Si:H/pe-Si:H quadruple junction TFSC with an
efficiency of 13.2% was achieved by Urbain et al. This
TFSC was applied in an integrated photoelectrochemical
water splitting device due to its high open voltage (V)
[26]. Furthermore, Liu et al. reported a high V. of over
3 eV and a PCE of 15.03% with an a-SiC.:H/a-Si:H/a-
Si; ,Ge,:H/pc-Si:H cell structure [24]. From these
investigations, one can observe that no consensus has
been reached on the optimal combination of the sub-cells,
and the PCE of the quadruple junction still demonstrates a
great upside potential.

The required spectral utilization efficiency for multi-
junction TFSCs depends on the number of sub-cells.
Normally, pe-Si:H TFSC is used as the third and fourth
sub-cells in the quadruple junction TFSCs. However, a
graded distribution of band-gaps could not be generated
between these two sub-cells, as the band-gaps are
unmodifiable. Furthermore, the infrared energy could not
be used efficiently due to the weak absorption coefficient
of the sub-cell. To overcome these drawbacks, hydro-
genated microcrystalline silicon germanium (uc-Si; _,Ge,:
H) has been developed as an alternative bottom sub-cell
absorber for multi-junction TFSCs due to its narrow
variable band-gap and high absorption coefficient [27]. In
recent years, pc-Si; ,Ge,:H has been used in the tandem
and triple junction TFSCs [28]. A PCE of 11.35% has been
reported for the a-Si:H/a-Sig¢Geg4:H/pc-SigsGeg s:H
triple junction structure with a total cell thickness as thin
as 1200 nm [29]. This establishes the immense potential of
this absorber to be employed as the bottom sub-cell
absorber for the quadruple junction silicon-based TFSCs.

In this work, an a-Si:H/a-Si; ,Ge,:H/pc-Si:H/pc-
Si;_,Ge,:H cell structure is proposed, and a theoretical
study was performed to optimize the configuration of the
quadruple junction TFSCs. Firstly, the most optimal
combination of the Ge contents in a-Si; _,Ge,:H and pc-
Si;,Ge,:H sub-cells was determined to achieve the
maximum PCE of the cell structure. Secondly, the optimal
PCE of the quadruple junction TFSCs with varied
thickness values was investigated. Finally, the perfor-
mances of the quadruple junction TFSCs and triple
junction TFSCs that employed uc-Si;_,Ge,:H as the
bottom sub-cells were compared and analyzed.

2 Device simulation setup

The simulator adopted in this work is wxAMPS, which is

an updated version of the Analysis of Microelectronic and
Photonic Structure (AMPS) [30]. The simulator can
calculate the solar cell parameters, carrier recombination
profile, and electrical field distribution by solving the
Poisson’s equation (1) and continuity equations for
electrons and holes (2, 3) [31], which are listed as follows:

d dob
el )
= q[p(x) —n(x) + pi(x) —n(x) + N (x) =N, (x)],
(1)

where the electrostatic potential ¢, and the free holes p,
free electrons n, trapped holes p; and trapped electrons #;,
as well as the ionized donor-like doping N, (x) and ionized
acceptor-like doping N, (x) concentrations are all func-
tions of the position coordinate x. Here, ¢ is the magnitude
of the charge of an electron and ¢ is the permittivity.
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where J,, G, and R, are the density, the generation and
recombination rate of electrons, and J,, G, besides R, are
the density, the generation and recombination rate of holes.

The structure of a quadruple junction TFSC (a-Si:H/a-
Siy _Ge,:H/pe-Si:H/pe-Si; _,Ge):H) is shown in Fig. 1.
The details of the model are given in S. 1 of the electronic
supplementary material (ESM).
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Fig. 1 Schematic of the silicon-based quadruple junction cell
structure.
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3 Results and discussion

The most optimal combination of Ge contents in
a-Si; _,Ge,:H and pc-Si; ,Ge,:H sub-cells was investi-
gated for the a-Si:H/a-Si, ,Ge,:H/uc-Si:H/pc-Si; ,Ge,:H
quadruple junction cell structure. Figure 2(a) presents the
contour map of the short-circuit current density (J,.) of the
quadruple junction TFSCs with x and y variations. The
a-Si:H TFSC (x = 0) could not provide adequate current
density when used as the secondary sub-cell. Thus, the J,.
of the quadruple junction TFSCs is restricted by the
secondary sub-cell and remains approximately the same
(~8.66 mA -cm), as the Ge contents of the pc-Si; _ ,Ge,:H
bottom sub-cells are increased. However, when x is higher
than 0.2, the spectral response extension enables the
current density of the a-Si; _,Ge,:H sub-cell to match with
those of the other sub-cells. Under this circumstance, the
Jsc values of the quadruple junction TFSCs are mainly
determined by those of the pc-Si;_,Ge,:H bottom sub-
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cells, which increase gradually with the rise of the Ge
contents in the pc-Si; ,Ge,:H sub-cells. The highest J,. of
~11.53 mA-cm™ can be obtained by employing the pc-
Sig,Geg.g:H sub-cell. This indicates the capability of this
sub-cell to extend the spectral response region.

Figure 2(b) presents the contour map of open-circuit
voltage (V) of the quadruple junction TFSCs with x and y
variations. It is observed from this figure that the V.
decreases with the increase of either x or y, which mainly
results from the reduction of the band-gap of the intrinsic
layer. The highest V. in this series is 3.04 V, which is
obtained when x = 0 and y = 0.2, while the lowest V. in
this series is 2.48 V, which is obtained when x = 0.6 and
y = 0.8. Figure 2(c) presents the contour map of the FF
values of the quadruple junction TFSCs with x and y
variations. An FF value of over 84% is obtained when x =
0, which is mainly due to the considerable current
difference resulting from the low current density of the
secondary sub-cell. When x = 0.1 and the value of y is
increased from 0.2 to 0.4, the FF value reduces from
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Fig. 2 Contour maps of the performance of quadruple junction TFSCs with varied x and y values. (a) Jy; (b) Vc; (¢) fill factor (FF); (d)

PCE.
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83.11% to 81.79% due to its reduction in the bottom sub-
cell. The FF value then rises to 84.35%), as the value of y is
further increased to 0.8 due to a rise in the current density
difference [32]. Moreover, if both x and y are higher than
0.2, the FF value of the quadruple junction TFSCs reduces
with an increase in the Ge content of either the a-Si; _ Ge,:
H sub-cell or pc-Si; —,Ge,:H sub-cell. This is because, the
FF values of the a/puc-SiGe:H sub-cells decline with the
increase in the Ge contents due to the increment of the
intrinsic layer defect density.

The simultaneous variations in V., Js., and FF lead to
the variation of the PCE of the quadruple junction TFSCs.
These results are shown in Fig. 2(d). When x is less than
0.1, the PCE of the quadruple junction TFSCs is very low
due to the low J. value. Once the value of x exceeds 0.1,
an increase in the J. and a reduction in the V. and FF
values can be induced simultaneously by increasing the Ge
content of the bottom sub-cell. The highest PCE of 24.80%
(Voe=2.849V, J,. = 10.47 mA-cm 2, and FF = 83.12%) is
achieved, when x and y are 0.1 and 0.5, respectively. Its
current density-voltage (J-V) and the external quantum
efficiency (EQF) curves are shown in Fig. 3. The spectral
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response of the quadruple junction TFSC is effectively
extended to 1300 nm by employing the pc-SipsGeg s:H
bottom sub-cell. Its FQE at 1100 nm is as high as 60%
indicating that the spectral energy has been highly utilized.
As a result, a J. of 10.47 mA-cm? can be obtained by
carefully adjusting the thickness of each sub-cell.

The J-V and EQF curves of each single junction sub-cell
in the quadruple junction TFSC with the most optimal
performance are shown in Fig. 4(a) and Fig. 4(b),
respectively. The parameters of each single sub-cell are
shown in Table 1 in detail. The sum of V. values of the
four single junction TFSCs is 2.940 V, while that of the
quadruple junction TFSC is 2.849 V. This indicates that
there is a some voltage loss in the tunnel recombination
junction [33]. As listed in Table 1, the a-Si:H solar cell
exhibits a FF as high as 88.34%, which mainly comes from
the low defect density set in the model and the thin sub-cell
thickness [12]. It can be observed that the PCE of pc-
Sip 5Geg 5:H TFSC is much lower than those of the other
three TFSCs. This is because, the pc-Si;_,Ge,:H bottom
sub-cell is mainly used to broaden the spectrum absorption
region. Therefore, it is expected to possess adequate

...............
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Fig. 3 The most optimal performance of the quadruple junction TFSCs, (a) J-V curve; (b) EQE curve.
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Table 1 Parameters of each single sub-cell

1001

Device Thickness/pum Voo/ V FF/% Jo/(mA -cm ?) PCE/%
a-Si:H TFSC 0.15 1.143 88.34 12.37 12.49
a-Sig.9Geo.1:H TFSC 0.98 1.071 86.11 21.89 20.18
ne-Si:H TFSC 2.20 0.514 78.57 35.49 14.35
pe-Sip sGeo s:H TFSC 8.00 0.212 58.36 38.52 4.76

thickness and a low band-gap to absorb as much long-
wavelength light as possible. This certainly demonstrated a
negative impact on the open-circuit voltage. pc-Si:H is
generally used as the p-layer of the pc-Si; _,Ge,:H TFSC,
which causes the decline of the short-wave response and
FF due to the band-gap and lattice mismatch at the p/i
interface and leads to a low photoelectric performance
[34]. Moreover, an increase in the Ge content in the pc-
Si; _,Ge,:H i-layer could result in an increase in the defect
state density, which also demonstrates a negative impact on
the FF and EQE response peak of the pc-Si; ,Ge,:H
TFSC [29]. However, for quadruple junction TFSCs, we
discovered that the disadvantage of the pc-Si; ,Ge,:H
sub-cell in terms of low short-wave response could be
neglected, because most of the short-wave light is absorbed
by the first three sub-cells. As shown in Fig. 3(b), pc-
Si;,Ge,:H sub-cell demonstrates no spectral response
until 700 nm. Furthermore, the FF of the quadruple
junction TFSC could follow the sub-cell with the highest
FF value using appropriate sub-cell current modulation.
The FF value of the quadruple junction TFSC is 83.12%,
which is much higher than that of pc-Si, _,Ge,:H single
junction TFSC (38.52%). Therefore, the effect of the low
FF of uc-Si; _,Ge,:H sub-cell on the FF of the quadruple
junction TFSC is also minimal. Consequently, it is
observed that the application of pc-Si;_,Ge,:H sub-cell
in the quadruple junction TFSC not only broadened the
spectral response region but also effectively overcome its
own drawbacks, which could improve the photoelectric
performance of the quadruple junction TFSC.

The current matching of the quadruple junction TFSC
could be obtained by employing an a-Siy ¢Gey ;:H sub-cell.
However, due to the limitation of the band-gap, only a
suitable current of sub-cell with a thickness close to 1 pm
could be employed. When the Ge content of a-Si; _ Ge,:H
sub-cell was increased to 20%, the same current density
could be obtained with the cell thickness as thin as
0.37 um. Under these circumstances, the TFSC efficiency
was estimated at 24.70%, which was only 0.1% less than
the maximum PCE. Therefore, it is evident that an
appropriate amount of reduction of the Ge content in the
a-Si; _,Ge,:H sub-cell can facilitate the current matching
of the quadruple junction TFSC. Furthermore, according to
the study conducted by Yunaz et al., it is notable that x
should attain a value of 0.5 to form an optimal a-SiO,:H/a-
Siy - Ge:H/pc-Si; _,Ge,:H triple junction TFSC [35].
This is because, the a-Si; _Ge,:H sub cell in the triple

junction TFSC must obtain a much higher current density
than the one in the quadruple junction TFSC. This implies
that the quadruple junction TFSC structure can reduce not
only the thickness of the amorphous sub-cells but also the
Ge content of the a-Si;_,Ge,:H sub-cell. Both of these
factors are effective in improving the long-term stability of
the TFSC. Furthermore, a comparative analysis between
the experimental device performance and our simulation
result was conducted, which was described in S. 2 of ESM.

The J-V and EQE curves of the most optimal
performance of the a-Si:H/a-SigoGeg 1:H/pc-Si:H/pc-
Sip.sGeg.s:H quadruple junction TFSCs with varied total
thickness values from 8 to 2 pm are shown in Fig. 5(a) and
Fig. 5(b), respectively. The parameters of each quadruple
junction TFSC are shown in Table 2 in detail. The
thickness of each sub-cell is optimized for all the reported
total thicknesses and also listed in Table 2. The electrical
field over each of the i-layers could be enhanced by
reducing the total thickness of the TFSC from 8 to 2 um.
This results in an increase of the FF value from 82.10% to
84.06% due to the improvement of the charge carrier
collection efficiency and an increase of the V. from
2.857 to 2.883 V due to the suppression of carrier
recombination [36]. However, the J,. decreases from
10.51 to 8.69 mA -cm? with the reduction of the quadruple
junction TESC thickness, which attributes to the inefficient
light absorption, as shown in Fig. 5(b). Consequently, the
PCE of the TFSC reduces gradually, as its thickness is
decreased. The PCE of 24.66% was achieved with the total
quadruple junction TFSC of 8 pum thickness, which is
slightly lower compared with that of the quadruple
junction TFSC with unlimited thickness (24.80%). It can
be found that the decrease of the quadruple junction TFSC
thickness mainly comes from the change of bottom pc-
Sigp 5Geg 5:H sub-cell thickness. While the bottom sub-cell
determines the infrared absorption of the quadruple
junction TFSC. When the pc-Sig sGeg s:H sub-cell thick-
ness increases from 0.69 to 1.79 pum, the infrared response
of the quadruple junction TFSC is greatly improved,
which results in an enhancement of the J,. from 8.69 to
9.82 mA-cm™ and leads to an improved efficiency from
21.07% to 23.38%. However, when the pc-SigsGegs:H
sub-cell is thicker than 2 pum, it became more and more
difficult to enhance infrared response by increasing its
thickness. Thus, the J,. only increases by 0.69 mA -cm ™ as
thickness of the pc-Sij 5sGeg s:H cell increases from 1.79 to
4.84 pum, making the device performance only slightly
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Fig. 5 The a-Si:H/a-Si 9Geo ;:H/pc-Si:H/uc-Sig sGeg s:H quadruple junction TFSCs with varied total thickness values. (a) J-V curves;

(b) EQE curves.

improved. Therefore, although the quadruple junction
TFSC with total thickness of 8 pum can achieve the higher
efficiency, the design of 4 um in total thickness is most
efficient design in balancing the thickness and PCE.
Furthermore, it is worth to note that a PCE as high as
21.07% can be obtained with the TFSC of 2 um thickness
owing to the improvement of the V. and FF values. The
thinner amorphous intrinsic layers could effectively reduce
the influence of the Staebler-Wronski effect [37]. However,
the simulations do not take the limited carrier diffusion
lengths in a-SiGe:H layers into account in the ideal case
[38]. In reality, a a-Si; _,Ge,:H solar cell with a thickness
thicker than 0.8 pm will have a FF much lower than the
simulated results due to carrier collection problems. Our
results demonstrated that the ultrathin quadruple junction
TFSCs with reasonable photoelectric performance could
achieve a shorter preparation time as well as a higher long-
term stability, which presents a great potential for
industrialization.

The optimal performances of the quadruple junction and
triple junction TFSCs that employed the pc-Si;_,Ge,:H
bottom sub-cell were compared by modifying the total
thickness to 4 pm. The cell structures in comparison were
a-Si:H/a-Siy 1 Geg o:H/pe-Si:H/pe-Siy sGeg 5:H and a-Si:H/
pc-Si:H/uc-Sig ,Geg 5:H, respectively. Their J-V curves
and EQE curves are plotted in Fig. 6. The triple junction
TFSC achieves the highest PCE of 20.02% by employing
the pc-Sip 7Geg 3:H bottom sub-cell. However, because the
band-gap of the first two sub-cells could not be changed,

further increase in the Ge content of the bottom sub-cell
could no longer compensate for the loss of V,. and FF
leading to a degradation of the photoelectric performance.
In contrast, the quadruple junction TFSC achieves the
highest PCE, when the Ge content of the pc-Si; _,Ge,:H
bottom sub-cell is 50%. Thus, the improved EQFE
responses as 850—1300 nm can be observed in Fig. 6(b).
The quadruple junction TFSC achieves a PCE of 23.38%,
which is 3.36% higher than the highest PCE of the triple
junction TFSC. Consequently, by employing the pc-
Si;,Ge,:H as the bottom sub-cell, the four sub-cells in
the quadruple junction TFSC could provide more reason-
able band-gap gradient distribution, which could result in
lesser thermalization and non-absorption losses and a
higher spectral energy utilization. Furthermore, the results
of our study are not only suitable for silicon-based TFSCs,
but also can be used as a reference for multi-junction
TFSCs composed of other photoactive materials with
different band gaps. The technology that changing the
band gap through Ge content for a more suitable sub-cell
can be referred to as some light-absorbing layer materials
such as Sb,(S;_,Se,); [39] or perovskite [40] that can
adjust their band gap by changing the composition.

4 Conclusions

In this work, we designed ultrathin high efficiency solar
cells with quadruple junction based on the microcrystalline

Table 2 The optimal performance of a-Si:H/a-Sij oGey 1:H/pc-Si:H/pc-Sig sGeg s:H quadruple junction TFSCs with varied total thickness values

Thickness/um Vool V FFI% Joo/(mA-cm 2) PCE/%
8 (0.16/1.00/2.00/4.84) 2.857 82.10 10.51 24.66
6 (0.15/0.82/1.83/3.20) 2.866 82.21 10.29 2423
4 (0.14/0.63/1.44/1.79) 2.876 82.79 9.82 23.38
2 (0.11/0.35/0.85/0.69) 2.883 84.06 8.69 21.07
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Fig. 6 The most optimal performances of the quadruple junction and triple junction TFSCs with a total thickness of 4 pm. (a) J-V curves;
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Si and Ge alloyed thin films. The highest efficiency
24.80% was achieved with the device structure a-Si:H/a-
Sig.9Geg.1:H/nc-Si:H/pc-Sig sGeg s:H. Such a record effi-
ciency has been attributed to the perfect gradient distribu-
tion of the absorbers in each sub-cells, i.e., 1.78, 1.71, 1.18
and 0.88 eV from top to bottom sub-cells. Further
reduction in the thickness of absorber thin films shows
satisfying efficiency of 21.07%. Our work may shed light
on the experimental guidelines for the alignment of
gradient bandgap diagram as well as the design of ultrathin
multi-junction solar cells.
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