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Cs2AgBiBr6, a double perovskite devoid of lead, is a remarkable alternative to traditional 
perovskite solar cells. This research utilised Silvaco TCAD simulation software to construct 
and examine lead-free double Cs2AgBiBr6/gallium arsenide tandem devices. By optimising 
the perovskite layer thickness, the thickness and doping concentration of the gallium 
arsenide base layer, selecting an appropriate carrier transport layer thickness, and integrating 
an anti-reflective layer, the conversion efficiencies of the four-terminal lead-free double 
Cs2AgBiBr6/gallium arsenide tandem solar cell is achieved up to 31.71%. Based on the 
study of 4-T tandem devices, current matching of 2-T tandem devices was performed. The 
2-T tandem device achieved an energy conversion efficiency of 26.35% by optimising the 
doping concentration of the GaAs substrate layer. Furthermore, the 2-T tandem device 
energy conversion efficiency remains at 23.40% following the current matching under 
spectral AM0, which has the potential application in space. 
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1. Introduction 
 
Perovskite has attracted considerable attention and scholarly investigation owing to its 

unique photovoltaic characteristics, which encompass powerful light absorption, extended carrier 
diffusion length and lifetime, tunable bandgap, and cost-effectiveness [1-6]. Xu Jixian and his team 
[7] at the USTC recently established a certified world record-breaking steady-state efficiency of 
26.7% for a perovskite cell. Nevertheless, the organic-inorganic halide lead-based perovskite 
material is detrimental to the environment and the human body due to its contents of lead and the 
organic ions (MA+ and FA+), which are susceptible to self-degradation in the absence of external 
interference [8-10]. The double perovskite structure A2B'B"X6 has been suggested as a promising 
candidate for non-toxic, stable, and highly efficient perovskite materials. This structure replaces the 
two toxic lead ions in traditional lead-based perovskites with a pair of heterovalent metal cations. 
This approach is intended to address the toxicity and stability issues. Scholars have successfully 
synthesised several double perovskite materials, such as Cs2NaBiI6 [11], Cs2AgInCl6 [12], 
Cs2AgBiX6 (X=I, Cl, Br) [13-14], and Cu2AgBiI6 [15]. The properties of Pb-based halide perovskite 
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are most closely resembled by Cs2AgBiBr6, which has the most potential for application among 
these materials. 

The presence of the shockley–queisser limit constrains the performance of solar cells [16]. 
Tandem devices, generally comprising two subcells, can break the shockley-queisser limit and hence 
enhance performance [17-18]. The top cell of a tandem device features a wider bandgap to capture 
the shorter wavelength segment of sunlight, and the bottom cell is absorbed with the lengthy 
wavelength part, thereby reducing unnecessary energy loss. The top cell of a tandem device 
possesses a broader bandgap to capture the shorter wavelength segment of sunlight, while the bottom 
cell is designed for the longer wavelength segment, hence minimising unnecessary energy loss [19-
20]. Tandem devices are often classified into four-terminal and two-terminal categories. The 4-T 
tandem device comprises two independent subcells, which are only optically related. The 2-T 
tandem device consists of two subcells linked by intermediate layers. The one with the lower current 
in the subcells determines the current of the two-terminal tandem device. Thus, current matching is 
essential for developing the high energy conversion efficiency 2-T tandem device [21].  

Researchers have recently synthesised tandem structures of perovskite with GaAs, 
perovskite, CIGS, and crystalline silicon based on theoretical guidance [22-26]. Cardinaletti et al 
[27] illustrate the feasibility of applying perovskite solar cells for space. Nevertheless, the 
application of conventional perovskite solar cells in space is restricted by the presence of organic 
ions that are readily decomposed. Park and his colleagues [28] investigated perovskite/gallium 
arsenide tandem devices with photovoltaic conversion efficiencies of 24.27% for 2-T devices and 
25.19% for 4-T devices. Kurtz's model [29] indicates that utilising GaAs as the bottom cell in the 
tandem device, which keeps the top cell's band gap from 1.90 to 2.10 eV, is optimal. The material of 
Cs2AgBiBr6 is non-toxic and has superior thermal stability. Still, its bandgap is also suitable for use 
as a top cell and has the potential for space applications [30-34]. 

In this paper, a theoretical analysis and study of lead-free double Cs2AgBiBr6/gallium 
arsenide tandem solar cells, including 4-T and 2T lead-free double Cs2AgBiBr6/gallium arsenide 
tandem devices, are conducted. To mitigate parasitic losses and reflection losses, the thicknesses of 
the GaAs substrate, the carrier transport layer, and the Cs2AgBiBr6 were optimised. An anti-
reflective layer with excellent performance is implemented to obtain higher performance in 4-T 
tandem devices, and the impact of ITO layer thickness on the performance for the lighted side of 
tandem devices is examined. Subsequently, the 2-T tandem devices were currently matched, and the 
impact of the GaAs substrate layer doping concentration on the performance of tandem devices was 
examined. The 2-T Cs2AgBiBr6/gallium arsenide tandem device obtains an efficiency of 26.35% 
and maintains an energy conversion efficiency of 23.40% in the AM0 spectrum. The 4-T 
Cs2AgBiBr6/gallium arsenide tandem device achieves a high energy conversion efficiency of 
31.71%. 

 
 
2. Device structure and simulation parameters 
 
The atlas module of silvaco tcad simulation software will be employed in this paper to 

simulate the solar cell and the tandem device to achieve the best possible performance. The 
theoretical foundation for the atlas simulation of the perovskite solar cell comprises three essential 
equations: the Poisson equation (Formula (1)), the continuity equation (Formula (2)), and the drift-
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diffusion equation (Formula (3)) [35]. Newton's and maxtraps methods are employed to resolve the 
convergence issue. This paper's simulation also considers the Shockley-Read-Hall (SRH) composite 
model, Auger composite model, Band-to-Band composite model, and the effects of tunnelling on 
the performance of the device [36-38]. The default illumination conditions are AM1.5G, 
1000mW/cm2, and 300K temperature. 

Fig. 1 illustrates the configuration of ITO/ZnO/Cs2AgBiBr6/MoO3/ITO used as the top cell, 
and high-efficiency GaAs bottom cell were designed by Bertness et al [39] and Park et al [33]. A 
10nm vacuum layer is inserted between the subcells in the four-terminal Cs2AgBiBr6/gallium 
arsenide tandem device, whereas a 10 nm ITO tunnelling layer connects the two subcells in the two-
terminal Cs2AgBiBr6/gallium arsenide tandem device. Table 1 and Table 2 contains the material 
parameters that were implemented during the simulation. The software's internal files can be used 
to directly access the nk parameters of the electrode materials and a portion of the conventional 
semiconductor materials [40]. The remaining optical parameters of nk are derived from the literature 
[41-46], and the electrical data used in the simulation of this paper are also derived from the literature 
[47-51]. 
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Table 1. Parameters of all used materials. 

 
Parameter ZnO Cs2AgBiBr6 MoO3 GaAs GaInP 
NA (cm-3) - 1019 1018 1017 (Base) 3×1017 (BSF) 
ND (cm-3) 1018 1019 - 1019 (Emitter) 1020 (Window) 
Eg (eV) 3.3 2.05 3 1.42 1.61 
Aff (eV) 4.1 3.79 2.5 4.07 4.4 

εr 9 5.80 12.5 13.2 12.1 
NC (cm-3) 2.2×1018 1×1020 2.2×1018 4.35×1017 7.18×1017 
NV (cm-3) 1.9×1019 1×1020 1.8×1019 8.16×1018 8.87×1018 

μn (cm2/(V s)) 100 0.37 25 8000 4600 
μp (cm2/(V s)) 25 0.37 100 400 150 

τn (s) 2.83×10-2 1.75×10-8 1×10-7 1×10-9 1 
τp (s) 2.83×10-2 1.75×10-8 1×10-7 2×10-8 1 
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Fig. 1. Lead-free double Cs2AgBiBr6/GaAs tandem device (a) four-terminal structure  
(b) two-terminal structure. 

 
 
3. Results and discussion 
 
3.1. Simulation and optimisation of four-terminal Cs2AgBiBr6/GaAs tandem devices 
3.1.1. Thickness study of the absorbing layer in subcells 
Initially, the GaAs substrate is set to 3.5 μm, and the thickness of the Cs2AgBiBr6 is enlarged 

from 0.1 μm to 2 μm. The efficiency simulation results are illustrated in Fig. 2(a). The energy 
conversion efficiency of both perovskite Cs2AgBiBr6 and gallium arsenide exhibits a tiny 
improvement in efficiency with a relatively thin Cs2AgBiBr6 layer, followed by a gradual decrease 
in efficiency as the thickness increases. The tandem device's total efficiency exhibits the same trend 
as the subcell's. The spectrum absorption overlap between subcells indicates that an increase in the 
thickness of the Cs2AgBiBr6 results in a reduction of photons captured by the GaAs cell, hence 
diminishing the energy conversion efficiency of the latter. Additionally, the increase in the thickness 
of the Cs2AgBiBr6 will make the carrier diffusion distance longer, which makes the carriers more 
likely to be compounded in the diffusion process, resulting in a decrease in the Jsc, ultimately 
decreasing the performance of the four-terminal Cs2AgBiBr6/gallium arsenide tandem device. 
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Fig. 2. The energy conversion efficiency of subcells and four-terminal tandem devices varies with the 

thickness of (a) Cs2AgBiBr6 and (b) gallium arsenide substrate. 
 

 

 

 
Fig. 3. (a) and (b) are the eqe of subcells with different thicknesses of Cs2AgBiBr6, and the effects of the 

thickness of Cs2AgBr6 and GaAs substrate on the Jsc of the subcells are represented by (c) and (d), 
respectively. 
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To further explore the reason and mechanism of the change in the photovoltaic 
conversion efficiency, the Jsc and the eqe (external quantum efficiency) are simulated in this 
paper, respectively. Figs. 3(c) and 3(d) demonstrate that the trends of Jsc and energy conversion 
efficiency are nearly identical as the thickness of both the subcells absorber layers increases, 
indicating that variations in Jsc influence the trend in energy conversion efficiency. Fig. 3(a) 
illustrates the eqe of the subcells at thicknesses of 200 nm and 300 nm for Cs2AgBiBr6, revealing an 
overlap in solar spectrum absorption between the subcells. The dominant absorption spectral 
wavelength of the Cs2AgBiBr6 is 300 ~ 600 nm, while the major absorption spectral wavelength of 
the GaAs cell is 400 ~ 900 nm. Enhancing the thickness of Cs2AgBiBr6 from 200 nm to 300 nm 
enhances the eqe of the Cs2AgBiBr6 cell, whereas the eqe of the GaAs cell drastically declines in 
the 400 ~ 600 nm region. This signifies an increase in absorption in the Cs2AgBiBr6 cell, whereas 
absorption in the GaAs cell has markedly decreased, aligning with the trend observed in the Jsc 
variation depicted in Fig. 3(c). Fig. 3(b) illustrates the eqe of the subcells for Cs2AgBiBr6 thicknesses 
of 400 nm and 800 nm correspondingly, the figure illustrates that the top cell achieves saturation in 
eqe, with the Jsc at its peak, and for the bottom cell 400 ~ 600 nm wavelength range decreases 
Consequently, to maximize the total light absorption, it is imperative to select an appropriate 
thickness for the Cs2AgBiBr6 and minimise the reflective losses of the tandem device. 

Additionally, the eqe of the GaAs cell is characterised by a continuous fluctuation in the 
long-wave range, as evidenced by Figs. 3(a) and 3(b). This phenomenon is due to the inability of 
Cs2AgBiBr6 to absorb the portion of the solar spectrum exceeding 600 nm, resulting in multiple 
internal reflections before the light reaches the GaAs substrate layer. This leads to optical 
interference, causing variations in the eqe of the GaAs cell. 

 

 

Fig. 4. Variation of subcells Voc with the thickness of (a) Cs2AgBiBr6 and (b) GaAs substrate.  
 
 
The thickness of Cs2AgBiBr6 remains constant at 200 nm, as demonstrated in Fig. 2(b). With 

a gradual growth in the thickness of the GaAs base, the energy conversion efficiencies of both the 
bottom cell and the tandem device exhibit a similar trend, gradually increasing and saturating when 
the GaAs substrate thickness reaches 2.5 μm. Furthermore, the performance of the Cs2AgBiBr6 cell 
remains unaffected by variations in the thickness of the absorber layer of the GaAs cell. In summary, 
the 200 nm Cs2AgBiBr6 perovskite absorber layer and 2.5μm GaAs substrate layer are appropriate 
for the subsequent investigation.  
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Finally, The Voc of the subcells was investigated as the thicknesses of Cs2AgBiBr6 and the 
GaAs substrate were augmented. As depicted in Fig. 4, the Voc of the Cs2AgBiBr6 cell markedly 
diminished when the thickness of Cs2AgBiBr6 expanded from 0.1 μm to 0.5 μm, and a declining 
trend in Voc was observed as the thickness was further increased from 0.5 μm to 2.0 μm. Modifying 
the thickness of Cs2AgBiBr6 has a minimal impact on the Voc of the GaAs cell. As the thickness of 
the gallium arsenide substrate grows, the Voc of the Cs2AgBiBr6 cell remains largely constant. 
Conversely, the Voc of the GaAs cell progressively diminishes. The standard device's total 
photoelectric conversion efficiency is 25.35%. 

 
3.1.2. Parasitic absorption losses in carrier transport layers 
In tandem solar cells, a significant element influencing the device's light absorption is 

parasitic absorption. Consequently, it is essential to investigate and enhance the parasitic absorption 
loss in four-terminal lead-free double perovskite/gallium arsenide tandem devices. 

The light absorption of the lead-free double Cs2AgBiBr6/gallium arsenide tandem solar cell 
was initially simulated in this work using the top cell carrier transport layer thicknesses of 100 nm 
ZnO and 150 nm MoO3, respectively. As illustrated in Fig. 5(a), the ZnO formed a significant amount 
of parasitic absorption in the 700~900 nm wavelength spans, significantly impacting the gallium 
arsenide cell in the 700~900 nm wavelength spans of absorption.  

 

 

 

 
Fig. 5. Photon absorption ratio of MoO3, ZnO, Cs2AgBiBr6, and GaAs in four-terminal tandem device with 
(a) 100 nm ZnO and 150 nm MoO3, (b) 20 nm ZnO and 150 nm MoO3, (c) 100 nm ZnO and 100 nm MoO3. 
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Additionally, there remains a minor degree of parasitic absorption in other regions of the 
solar spectrum. Conversely, the hole transport layer of the Cs2AgBiBr6 cell, MoO3, demonstrates 
minimal parasitic absorption within the solar spectrum, leading to a minor impact on the light 
absorption of the tandem device. Fig. 5(b) illustrates that the parasitic absorption of ZnO in the 
700~900 nm wavelength region is markedly enhanced when the ZnO thickness is reduced to 20 nm, 
resulting in increased optical absorption in the GaAs bottom cell within this wavelength band and 
diminished parasitic absorption in other wavelength bands. Fig. 5(c) illustrates that the parasitic 
absorption attributed to MoO3 diminishes while the thickness of MoO3 is lowered to 100 nm, hence 
enhancing the optical absorption of the four-terminal Cs2AgBiBr6/gallium arsenide tandem device.  

The absorption spectra of GaInP in the bottom cell terminate at 600 nm, while ZnO and 
Cs2AgBiBr6 mostly absorb this portion of the photon in the top cell, resulting in little parasitic 
absorption loss. In conclusion, the efficiency of tandem devices is significantly influenced by the 
parasitic absorption caused by the carrier transport layer, and the parasitic absorption losses within 
the four-terminal Cs2AgBiBr6/gallium arsenide tandem device can be effectively reduced by 
selecting an appropriate thickness for the carrier transport layer. This increases the photovoltaic 
conversion efficiency of a four-terminal lead-free double perovskite Cs2AgBiBr6/gallium arsenide 
tandem solar cell from 25.35% to 27.21% in the standard device. 

 
3.1.3. Study of the ARC and the top ITO layer 
This study introduces a suitable anti-reflective coating at the top of the 4-T 

Cs2AgBiBr6/gallium arsenide tandem device to improve the absorption rate of the tandem device 
and attain high-performance lead-free double perovskite Cs2AgBiBr6/gallium arsenide tandem solar 
cells, and LiF was selected due to its exceptional anti-reflective properties.  

Simulations of the performances of both the subcells and tandem were conducted to examine 
the impact of the LiF anti-reflective layer and its thickness on the tandem device and subcells. Figs 
6(a) and 6(b) illustrate the results, which suggest that incorporating the anti-reflective layer enhances 
the performances of both the tandem device and the subcells. In addition, when the thickness of LiF 
is gradually increased, the tandem cell and the subcells change the same trend. The photoelectric 
conversion efficiency initially increases and subsequently declines, with the tandem device 
achieving peak efficiency at a LiF thickness of 100 nm. This suggests that LiF anti-reflective layers 
mainly improve light reflection in shorter wavelength bands. Nevertheless, as the LiF thickness 
exceeds 100 nm, some parasitic absorptions from the anti-reflective layer cause the photoelectric 
conversion efficiencies of subcells to decrease.  

The incorporation of the LiF improves the light absorption of the 4-T Cs2AgBiBr6/gallium 
arsenide tandem device in the spans of 300nm~700nm, as demonstrated in Fig. 6(c). This suggests 
that LiF anti-reflective layers mainly improve light reflection in shorter wavelength bands. 
Furthermore, as illustrated in Fig. 6(c), reducing the ITO electrode thickness from 100 nm to 20 nm 
results in an increase in light absorption within the short wavelength range and a decrease in the 
longer wavelength range; however, the overall light absorption of the device rises, indicating that 
the reduction in ITO thickness enhances the performance of the 4-T Cs2AgBiBr6/gallium arsenide 
tandem device. Fig. 6(d) illustrates that the overall performance declines as ITO thickness grows, 
suggesting that smaller ITO electrodes enhance the performance of four-terminal 
Cs2AgBiBr6/gallium arsenide tandem devices. 
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Fig. 6. 4-T tandem devices (a) total photovoltaic conversion efficiency, (b) variation of subcells photovoltaic 

conversion efficiency with the thickness of LiF, (c) light absorptivity of tandem devices under different 
conditions, and (d) variation of total photoelectric conversion efficiency of four-terminal tandem devices 

with the thickness of top ITO electrode. 
 
 
The photovoltaic conversion efficiency of the 4-T Cs2AgBiBr6/gallium arsenide tandem 

device improved from 27.21% to 31.71% with the incorporation of a LiF antireflection layer atop 
the device and the optimisation of the top ITO electrode's thickness. 

 
3.1.4. Study of the GaAs substrate layers 
The efficiency of gallium arsenide cells is generally substantially affected by the doping 

concentration of the gallium arsenide substrate layer. The efficiency of the gallium arsenide cell first 
improves and then gradually declines when the concentration of the gallium arsenide substrate rises. 
The highest efficiency is achieved at a doping concentration of 1017 cm-3, as illustrated in Fig. 7(b). 
The augmentation of GaAs substrate concentration results in a persistent drop in the Jsc of the GaAs 
cell, as depicted in Fig. 7(a); this causes the Voc to initially improve and then saturate at a doping 
concentration of 1020 cm-3. An increase in doping concentration generates a significant number of 
composite centres within the GaAs cell; this leads to a substantial rise of the carrier complexation 
chance in GaAs, and ultimately, this results in a continuous reduction in the device current. Fig. 7(c) 
illustrates that the energy band bending degree of the GaAs base layer increases as the concentration 
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of GaAs base doping increases. This results in a more effective extraction of the non-equilibrium 
carriers generated by the GaAs base layer at the boundary, enhancing the device's Voc to a degree. 
And, as the energy band approaches its maximum curvature, the Voc of the GaAs cell becomes 
saturated. Thus, a compromise is made between the Voc and Jsc to optimise the performance of the 
GaAs cell. 

According to this research, the doping concentration of the GaAs substrate layer is selected 
at 1017 cm-3. Ultimately, the optimisation resulted in a 31.71% total photoelectric conversion 
efficiency for the 4-T Cs2AgBiBr6/gallium arsenide tandem device. 

 
 

 

 

 
Fig. 7. Variation of (a) Jsc and Voc, (b) photovoltaic conversion efficiency, and (c) energy band diagram with 

doping concentration of GaAs substrate. 
 
 
3.2. Simulation and optimisation of 2-T Cs2AgBiBr6/GaAs tandem devices 
The subcells in a four-terminal Cs2AgBiBr6/gallium arsenide tandem device exist 

independently and are only optically related. An intermediate tunnelling layer for two-terminal 
Cs2AgBiBr6/gallium arsenide tandem devices connects the two subcells. Accordingly, the lower 
current of the subcells will constrain the current of the two-terminal Cs2AgBiBr6/gallium arsenide 
tandem device. Consequently, the current matching is of paramount importance in the design of two-
terminal tandem devices. Furthermore, 2-T tandem devices are less expensive than four-terminal 
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tandem devices, so they have a higher commercial value. Figs. 8(a) and 8(b) illustrate that an 
increase in the thickness of Cs2AgBiBr6 results in enhanced photon absorption, elevating the current 
of the Cs2AgBiBr6 cell. The GaAs cells absorb relatively fewer photons within the overlapping 
wavelengths of the subcell's light absorption; consequently, the bottom cell current decreases. 
Nonetheless, as the thickness continues to grow, the current of the Cs2AgBiBr6 cell will diminish. 
The captured photons increase in proportion to the thickness of the GaAs substrate layer, which in 
turn increases the Jsc of the GaAs subcell. But when the thickness continues to augment, the current 
reaches saturation.  

 

 

 

 
Fig. 8. 2-T tandem devices (a) variation of performance of subcells and tandem devices with the thickness of 

Cs2AgBiBr6, (b) variation of performance of subcells and tandem devices with the thickness of gallium 
arsenide substrate, (c) device light absorption rate and (d) 2-T tandem device performance under current 

mismatch and current matching. 
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Fig. 9. Variation of subcells Jsc with the thickness of the light-absorbing layer in the subcells at spectral 

AM1.5G (a) Cs2AgBiBr6 solar cell (b) GaAs solar cell. 
 
 
Consequently, the current balance point between the two subcells concerning current 

matching was determined through a simulation study of varying thicknesses of the Cs2AgBiBr6 and 
gallium arsenide substrate in this paper. The outcomes are illustrated in Fig. 9. The figure illustrates 
that when the thickness of the Cs2AgBiBr6 is 0.1 μm, the thickness of the GaAs substrate is about 
3.5 μm, the currents between the subcells are the closest, the current loss is the smallest, and the 
device can obtain a higher photovoltaic conversion efficiency. According to the simulation results, 
the selection of the Cs2AgBiBr6 as the top cell, the lead-free double Cs2AgBiBr6/GaAs tandem solar 
cell can obtain the optimal photoelectric conversion efficiency of 26.35%. The current matching J-
V curve is depicted in Fig. 8(d); concurrently, the photon absorption rate of the 2-T 
Cs2AgBiBr6/gallium arsenide tandem device is illustrated in Fig. 8(c). 

To explore the influence of the doping concentration of the GaAs substrate on the efficiency 
of two-terminal tandem devices, this paper simulates the performance of the tandem device under 
various GaAs substrate layer doping concentrations; the results are illustrated in Fig. 10(d). The 
findings demonstrate that the overall performance of the tandem device initially rises and then 
declines with increasing doping concentration. Moreover, the Jsc of the two-terminal tandem device 
declined while the Voc enhanced; this aligns with the results of the prior investigation regarding the 
doping concentration of the GaAs substrate layer of the four-terminal tandem device. The device 
achieves its optimal conversion efficiency when the doping concentration is 1017 cm-3. 
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Fig. 10. (a), (b), (c) J-V curves, current and voltage, and photoelectric conversion efficiencies of the two-

terminal tandem devices under different perovskite defect densities, respectively, and (d) photoelectric 
conversion efficiencies of the two-terminal Cs2AgBiBr6/gallium arsenide tandem devices under different 

GaAs substrate doping concentrations. 
 

 
The defect density of perovskite films substantially influences the efficiency of tandem 

devices in the experiments [52]. This work initially establishes the defect density of Cs2AgBiBr6 at 
1015 cm-3 and examines its impact on the performance of the two-terminal Cs2AgBiBr6/GaAs tandem 
device by altering the defect density. This paper simulates the impact of different defect densities of 
Cs2AgBiBr6 on the two-terminal Cs2AgBiBr6/GaAs tandem devices. The outcomes are shown in 
Figs 10(a)-(c), where an increase of defects significantly decreases the Jsc of the two-terminal 
Cs2AgBiBr6/GaAs tandem device, the Voc of the device also shows a decreasing trend. When the 
defect density of the Cs2AgBiBr6 film is increased from 1015 cm-3 to 1019 cm-3, the Voc of the two-
terminal Cs2AgBiBr6/GaAs tandem device is reduced from 2.35V to 2.01V. The Jsc is reduced from 
13.39 mA/cm2 to 0.43 mA/cm2, which makes the photoelectric conversion efficiency from 26.35% 
to 2.82%, indicating that the Cs2AgBiBr6 defect density substantially influences the efficiency of the 
two-terminal Cs2AgBiBr6/GaAs tandem device. The process should be enhanced as much as 
possible in the experiments to prepare high-quality lead-free Cs2AgBiBr6 thin films to reduce the 
loss of device performance. 
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Fig. 11. Variation of subcells Jsc with the thickness of the light-absorbing layer in top and bottom cells under  

spectral AM0 (a) Cs2AgBiBr6 solar cell (b) GaAs solar cell. 
 
 
To evaluate the efficiency of conventional double-junction GaAs solar cells in high-altitude 

and space applications, conducting studies under AM0 spectral conditions (solar spectrum outside 
the atmosphere) is frequently necessary [53]. Consequently, this paper also examines two-terminal 
Cs2AgBiBr6/GaAs tandem devices in the context of AM0 spectra. The simulation outcomes indicate 
that the Jsc of the two-terminal Cs2AgBiBr6/GaAs tandem device rises from 13.40 mA/cm² to 15.97 
mA/cm². At the same time, the photoelectric conversion efficiency declines from 26.35% to 23.4% 
under the AM1.5G spectral condition, as illustrated in Fig. 12(b). Consequently, the photocurrent 
generated by light absorption in the device increases accordingly. Nevertheless, the device's 
photoelectric conversion efficiency decreases under the AM0 spectrum. The reason for this is that, 
on the one hand, due to the AM0 compared to AM1.5G, light irradiation intensity in the device 
absorption limit also has a tremendous increase in the part that can not be absorbed caused by the 
energy loss. On the other hand, as illustrated in Fig. 12(a), the increased irradiation intensity in the 
absorption range of the Cs2AgBiBr6 is significantly higher than that of the GaAs substrate. This 
leads to a more severe current mismatch in the AM0 spectrum and decreased device performance.  

The current matching point remains constant under the AM0 spectrum, as illustrated in Fig. 
11. Nevertheless, the two-terminal Cs2AgBiBr6/GaAs tandem device performance is considerably 
impacted by the fact that the Cs2AgBiBr6 cell Jsc is significantly much greater than that of the GaAs 
cell in this spectrum, leading to a more severe current mismatch. The two-terminal 
Cs2AgBiBr6/GaAs tandem device exhibits an efficiency of 23.40% under the AM0 spectrum. 
Additionally, the 2-T lead-free double Cs2AgBiBr6/GaAs tandem solar cells have a certain degree 
of competitiveness and significant potential in high altitude and space applications because the 
fabrication cost is lower and the tunnelling junctions are simpler.  
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Fig. 12. (a). AM1.5G and AM0 spectra corresponding to the absorption of Cs2AgBiBr6 and gallium 

arsenide, and (b) J-V curves of the optimal two-terminal Cs2AgBiBr6/GaAs tandem device for AM1.5G and 
AM0 spectra. 

 
 
4. Conclusion 
 
This research presents a simulation analysis of 2-T and 4-T lead-free double 

Cs2AgBiBr6/gallium arsenide tandem solar cells featuring a planar structure. For the four-terminal 
Cs2AgBiBr6/gallium arsenide tandem device, the thicknesses of Cs2AgBiBr6, the carrier transport 
layer, and the gallium arsenide substrate are optimised to reduce the reflective losses and parasitic 
absorptions. Meanwhile, LiF material is applied to the top of the device to enhance light absorption 
and achieve high-performance tandem devices, and the top ITO layer is investigated. In addition, Jsc 
and Voc tradeoffs are needed for high-efficiency GaAs cells; the optimal doping concentration of the 
GaAs substrate layer is 1017 cm-3. For two-terminal tandem devices, current matching was performed, 
and the influence of the doping concentration of the GaAs substrate layer on the device efficiency 
was explored. The influence of Cs2AgBiBr6 defect density on the 2-T Cs2AgBiBr6/gallium arsenide 
tandem device was examined, and the results indicated that the Cs2AgBiBr6 defect density should 
be minimised to improve the device's performance. Finally, the performance of two-terminal 
Cs2AgBiBr6/gallium arsenide tandem devices under the AM0 spectrum was investigated, current 
matching was performed, and the 2-T Cs2AgBiBr6/gallium arsenide tandem device with a 
conversion efficiency of 23.40% was finally obtained. 
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