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Abstract 
The Si tandem solar cells composes of III-V, II-VI, chalcogenide and perovs-
kite top cells and Si bottom cells are very attractive for creation of new mar-
kets. The perovskite/Si tandem solar cells are thought to be one of the most 
promising PV devices because of high-efficiency and low-cost potential. How-
ever, efficiencies of perovskite/Si tandem solar cells with an efficiency of 29.8% 
are lower compared to 39.5% with III-V 3-junction tandem solar cells and 
35.9% with III-V/Si 3-junction tandem solar cells. Therefore, it is necessary to 
clarify and reduce several losses of perovskite/Si tandem solar cells. This pa-
per presents high efficiency potential of perovskite/Si tandem solar cells ana-
lyzed by using our analytical procedure and discusses about non-radiative re-
combination, optical and resistance losses in those tandem solar cells. The pe-
rovskite/Si 2-junction tandem solar cells is shown to have efficiency potential 
of 37.4% as a result of non-radiative recombination loss of 2.3%, optical loss 
of 2.7% and resistance loss of 3.1%. Although the perovskite/Si 3-junction tan-
dem solar cells are thought to be very attractive because of higher efficiency 
with an efficiency of more than 42%, decreasing non-radiative recombination 
loss in wide bandgap perovskite solar cell materials is pointed out to be ne-
cessary. 
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1. Introduction 

The development of high-performance solar cells offers a promising pathway 
toward achieving high power per unit cost for many applications. Especially, pho-
tovoltaics-powered vehicle applications are very attractive for reducing CO2 emis-
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sion and creation of new market [1] [2] [3]. It is shown in our previous papers 
[1] [2] [3] that the high-efficiency solar cell modules have great impact upon 
CO2 emission reduction, battery charging cost saving and driving distance in-
crease of electric vehicles. Therefore, development of high-efficiency solar cell 
modules with an efficiency of more than 30% is very important. Various single- 
junction solar cells have been developed and efficiencies of 29.1% [4], 26.7% [5], 
23.35% [6], 22.1% [4] and 22.6% [4] (small area efficiency of 25.5% [4]) have 
been demonstrated with GaAs, Si, CIGSe, CdTe and perovskite solar cells, re-
spectively. However, single-junction solar cells may be capable of attaining AM1.5 
efficiencies of up to 30% - 32% [7]. That is, state-of-the-art of single-junction 
solar cells is approaching the Shockley-Queisser limit [8]. An important strategy 
to raise the efficiency of solar cells is stacking solar cell materials with different 
bandgaps to absorb different colors of the solar spectrum. This so-called “mul-
ti-junction” (MJ) [7] [9] approach can efficient photon absorption and reduce 
thermalisation losses. This concept was most successfully implemented in III-V 
compound semiconductor solar cells, since compound semiconductors have a 
good range of lattice parameters and bandgaps to choose from them. As shown 
in Figure 1, high efficiencies of 32.9% [10], 39.5% [6], 38.8% [11] and 39.2% [12] 
under 1-sun illumination have been demonstrated with 2-junction, 3-junction, 
5-junction and 6-junction solar cells, respectively. However, significant cost re-
duction in III-V compound solar cells is needed. 

The Si tandem solar cells [13] composes of III-V, II-VI, chalcogenide and pe-
rovskite top cells and Si bottom cells are very attractive as high-efficiency and 
low-cost solar cells. The perovskite based tandem solar cells are thought to be  
 

 
Figure 1. Multi-junction solar cells are very attractive for high-efficiency of more than 
40%. Calculated an obtained efficiencies of multi-junction solar cells as a function of ERE 
and number of junction. ERE shows external radiation efficiency and the solar cells with 
the higher ERE value show the less of non-radiative recombination loss. (Reproduced 
with permission from Ref. 7 [AIP], [2021] and updated). 
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one of the most promising PV devices because of high-efficiency and low-cost 
potential. Although several approaches for perovskite based tandem solar cells 
are presented, efficiencies of perovskite based tandem solar cells (29.8% [4] with 
Perovskite/Si 2-junction, 26.4% [4] with perovskite/perovskite 2-junction and 
24.6% [14] with perovskite/CIGS 2-junction, tandem solar cells) are lower com-
pared to 39.5% [4] with III-V 3-junction and 35.9% [15] with III-V/Si 3-junction 
tandem solar cells. Therefore, it is necessary to clarify and reduce several losses 
of the perovskite based tandem solar cells.  

This paper presents high efficiency potential of perovskite based tandem solar 
cells analyzed by using our analytical procedure [16] [17] [18] and discusses about 
non-radiative recombination, optical and resistance losses in those tandem solar 
cells. In this paper, the perovskite/Si 2-junction tandem solar cells is shown to 
have efficiency potential of 37.4% as a result of non-radiative recombination loss 
of 2.3%, optical loss of 2.7% and resistance loss of 3.1%. Regarding the perovs-
kite/Si 3-junction tandem solar cells, high efficiency potential of more than 42% 
and necessity of reducing non-radiative recombination loss in wide bandgap 
perovskite solar cell materials are also discussed. 

2. Analytical Procedure of High-Efficiency Potential of  
Tandem Solar Cells  

One of the problems to attain the higher efficiency perovskite based tandem so-
lar cells is to reduce non-radiative recombination loss. The open-circuit voltage 
Voc drop compared to bandgap energy (Eg/q − Voc) is dependent upon non-radiative 
voltage loss (Voc, nrad) that is expressed by external radiative efficiency (ERE). 
Open-circuit voltage is expressed by [19] 

( ), lnoc oc rad
kTV V ERE
q

= +                        (1) 

where Voc, rad is radiative open-circuit voltage and 0.28 V [18] [20] for perovskite 
solar cells and 0.26 V [17] [20] [21] [22] for Si solar cells were used as ΔVoc, rad (= 
Eg/q − Voc, rad) in this study. The second term on the right-hand side of Equation 
(1) is denoted as Voc;nrad because it associates to the voltage-loss due to non-radia- 
tive recombination. In the case of multi-junction tandem solar cells, we define 
average ERE (EREave) by using average Voc loss [23]: 

( ) ( ) ( ), , ,– lnoc n oc rad n aveV V n kT q EREΣ = ,               (2) 

where n is the number of junctions. 
The resistance loss of a solar cell is estimated solely from the measured fill 

factor. The ideal fill factor FF0, defined as the fill factor without any resistance 
loss, is estimated by [24] 

( )( ) ( )0 ln 0.72 1oc oc ocFF v v v= − + + ,                 (3) 

where voc is [24] 

( )oc ocv V nkT q= .                         (4) 
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The measured fill factors can then be related to the series resistance and shunt 
resistance by the following equation [24]: 

( )( ) ( ) ( )1 1
0 0 01 1 1 1s sh s shFF FF r r FF r r FF r− −≈ − − ≈ − − = − ,       (5) 

where rs is the series resistance, and rsh is the shunt resistance normalized to 
characteristic resistance RCH. The characteristic resistance RCH is defined by [24] 

CH oc scR V J= ,                           (6) 

r is the total normalized resistance defined by 1
s shr r r−= + . 

3. Analytical Results for High-Efficiency Potential of  
Perovskite Based Tandem Solar Cells 

Figure 2 shows calculated and obtained 1-sun efficiencies of perovskite/Si [4], 
perovskite/perovskite [14] and perovskite/CIGS [4] 2-junction solar cells in com-
parison with those of III-V 3-junction [4], 2-junction [10], III-V/Si 3-junction 
[15] and III-V/Si 2-junction [15] tandem solar cells. Although 29.8% [4], 26.4% 
[4] and 24.2% [4] have been achieved with perovskite/Si, perovskite/perovskite 
and perovskite/CIGS 2-junction tandem solar cells, those efficiencies are lower 
than 39.5% [4] and 32.9% [4] with III-V 3-junction and 2-junction solar cells. 
Figure 2 suggests that perovskite based tandem solar cells have larger non-radia- 
tive loss compared to those of III-V 3-junction and 2-junction solar cells and 
further improvements in efficiency are thought to be possible by improving ERE. 
The ERE values estimated in this study are 0.116% for 29.8% [4] and 0.109%  
 

 
Figure 2. The Si tandem solar cells have potential efficiencies of 36% and 42% with 
2-junction and 3-juction tandem solar cells. Calculated and obtained 1-sun efficiencies of 
perovskite/Si, perovskite/perovskite and perovskite/CIS 2-junction solar cells in compar-
ison with those of III-V 3-junction, 2-junction, III-V/Si 3-junction, III-V/Si 2-junction 
tandem solar cells. 
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for 29.15% [25] perovskite/Si, 0.0085% for 24.2% [4] perovskite/perovskite and 
0.0074% for 24.2% [4] perovskite/CIGS 2-junction tandem solar cells that are 
lower compared to 0.93% for 39.5% [4] and 0.62% for 37.9% [25] III-V 3-junction, 
0.51% for 35.9% [15] III-V/Si 3-junction, 5.6% for 32.9% [4] III-V 2-junction 
and 1.5% for 32.8% [15] III-V/Si 2-junction tandem solar cells. Figure 2 shows 
that the 2-junction and 3-junction tandem solar cells have potential efficiencies 
of more than 36% and 42%, respectively. 

Figure 2 suggests that improving ERE by reduction in non-radiative recom-
bination loss of sub-cells is very important in order to realize higher efficiency 
multi-junction solar cells. Because ERE values decrease with increase number of 
junctions and those in Si tandem solar cells are lower than those in III-V mul-
ti-junction solar cells, improvements in material quality of sub-cells and reduc-
tion in interface recombination are necessary. 

In addition, resistance loss of tandem solar cells including inter-connection 
loss is discussed in this study. Figure 3 shows correlation between fill factor and 
resistance loss r (rs + 1/rsh) in InGaP, GaAs, Si, CdTe, CIGS and perovskite sin-
gle-junction solar cells, and various 2-junction and 3-junction tandem solar 
cells. Resistance loss of CIGS and perovskite single-junction solar cells compos-
ing of multi-component materials is higher than InGaP, GaAs, Si and CdTe sin-
gle-junction solar cells. In general, resistance losses of tandem solar cells increase 
with number of junctions by inheriting resistance loss of single-junction solar 
cells. That means, reduction in resistance loss of sub-cells is neccesary. Reduc-
tion in series resistance of interconnection of sub-cells is necessary in order to  
 

 
Figure 3. Reduction in resistance loss is necessary for high-efficiency. Correlation be-
tween fill factor and resistance loss in InGaP, GaAs, Si, CdTe, CIGS, and perovskite sin-
gle-junction solar cells, and various 2-junction and 3-junction tandem solar cells. 
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improve tandem cell properties. Optimization of interconnections of sub-cells is 
very important because interconnection layer sometimes reduces short-circuit 
current density of bottom cells due to optical transmission loss in addition to re-
sistance loss. 

4. Discussion about Further Efficiency Improvements  
of Perovskite Based Tandem Solar Cells 

In this section, loss elements for the various perovskite based tandem solar cells 
are discussed. Practical limiting efficiencies estimated by assuming ERE of 10%, 
optical loss of 5% and resistance loss of 2% were 28.8% for single-junction, 36.4% 
for 2-junction and 42.4% for 3-junction solar cells. Recombination loss was es-
timated by using Voc values and Equations (1) and (2), optical loss was esti-
mated by using Jsc values and photon flux as a function of bandgap energy, and 
resistance loss was estimated by using FF and Equation (5). 

Figure 4 shows summary of loss elements for the various single-junction, 2- 
junction and 3-junction solar cells calculated and the present efficiencies ob-
tained. The values shown here are absolute conversion efficiency and absolute 
efficiency loss. The efficiency of multi-junction tandem solar cells in practical 
limit was calculated by assuming ERE of 10%, optical loss of 5% and resistance 
loss of 2%. In the case of GaAs single-junction solar cells, ERE of 30% was as-
sumed because ERE of 22.5% has been obtained for GaAs [20] [21]. Here, some 
comments are shown. 

1) Although 22.6% efficiency was obtained with perovskite single-junction so-
lar cells [4], there are still efficiency improvements of 1.9% by recombination  
 

 
Figure 4. Reduction in non-radiative, optical and resistance losses is necessary for realiz-
ing high-efficiency of more than 36% and 42% with 2-junction and 3-junction tandem 
solar cells. Summary of loss elements for the various single-junction, 2-junction and 3-junc- 
tion solar cells calculated and the present efficiencies obtained. The values shown here are 
absolute conversion efficiency and absolute efficiency loss. 

https://doi.org/10.4236/epe.2022.144009


M. Yamaguchi et al. 
 

 

DOI: 10.4236/epe.2022.144009 173 Energy and Power Engineering 
 

loss reduction, 3.1% by optical loss reduction and 1.2% by resistance loss reduc-
tion. In order to realize higher efficiency, reduction in non-radiative recombina-
tion loss and effective utilization of photon recycling are recommended, 

2) The 2-junction solar cells have higher potential efficiency of 36.4%. For ex-
ample, althigh efficiency of perovskite/Si 2-junction solar cells obtained is 29.8% 
[4], there are still 6.9% efficiency improvement potential with 2%, 2.3% and 
2.3% by reduction in recombination loss, optical loss and resistance loss, respec-
tively. In the case of perovskite/CIGS 2-junction solar cell [4], there are still 
12.2% efficiency improvement potential with 5.9%, 2.2% and 4.0% by reduction 
in recombination loss, optical loss and resistance loss, respectively. 

3) Because 3-junction solar cells have higher potential efficiency of 42.4%, de-
velopment of high-efficiency perovskite based 3-junction solar cells is very at-
tractive. 

Bandgap energy combination of sub-cells is one of key issues for realizing high- 
efficiency multi-junction solar cells. Table 1 shows optimum bandgap energy 
combination for high-efficiency multi-junction solar cells reported by Philipps 
and Bett [26]. In the case of III-V compound based multi-junction solar cells, 
material selection of sub-cells has been made by considering availability of sub-
strate, lattice matching between sub-cell layers and substrate and material growth 
process. Bandgap energy combination for 37.9% III-V 3-junction solar cell [27] 
is 1.90/1.42/0.98 eV. Regarding 38.8% III-V 5-junction solar cell [11], bandgap 
energy combination is 2.17/1.68/1.40/1.06/0.73 eV. Bandgap energy combination 
for 39.5% III-V 6-junction solar cell [12] is 2.19/1.76/1.45/ 1.19/0.97/0.70 eV. 

The Si tandem solar cells [13] consisting of III-V, II-VI, chalcopyrite and pe-
rovskite top cell and Si bottom cell are attracting a great deal of attention be-
cause of high-efficiency and low-cost potential. Optimum bandgap energy com-
bination for high-efficiency Si tandem solar cells was calculated [28] [29]. Figure 
5 shows calculated efficiency in radiative limit of Si tandem solar cells as a 
function of number of junctions. The efficiency of Si tandem solar cells in ra-
diative limit was calculated by assuming ERE of 100%, optical loss of 5% and 
resistance loss of 2%. High efficiency of 45.2% and 49.6% is expected with 2- 
junction solar cell and 3-junction solar cells. Because optimum bandgap energy 
 
Table 1. Optimum bandgap energy combination for high-efficiency multi-junction solar 
cells. 

Number of junction Optimum bandgap energy combination 

1 1.34 eV 

2 1.60/0.93 eV 

3 1.90/1.37/0.93 eV 

4 2.00/1.49/1.11/0.72 eV 

5 2.14/1.67/1.33/1.01/0.70 eV 

6 2.19/1.73/1.41/1.13/0.79/0.51 eV 
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Figure 5. Optimum bandgap energy combinatin of Si tandem solar cells for realizing 
high-efficiency Si tandem solar cells. Calculated efficiency in radiative limit of Si tandem 
solar cells as a function of number of junctions. 
 
combination is 1.73 eV/Si(1.11 eV) and 2.01 eV/1.50 eV/Si(1.11 eV), optimization 
of bandgap energy for perovskite perovskite/Si tandem solar cells is necessary. 

High-efficiency perovskite 2-junction solar cells have been demonstrated with 
an efficiency of 29.15% [25] by using 1.68 eV Cs0.05(FA0.77MA0.23)0.95Pb(I0.77Br0.23)3/Si 
2-junction tandem solar cell, an efficiency of 24.2% [30] by using 1.68 eV  
Cs0.05(FA0.77MA0.23)0.95Pb(I0.77Br0.23)3/1.1 eV CIGS 2-junction tandem solar cell, an 
efficiency of 24.8% [31] by using 1.77 eV Cs0.2FA0.8Pb(I0.6Br0.4)3/1.22 eV  
MA0.3FA0.7Pb0.5Sn0.5I3 2-junction tandem solar cell. Although development of pe-
rovskite based 3-junction tandem solar cells is very attractive for various appli-
cations, there are many candidate materials for perovskite based 3-junction tan-
dem solar cells. Figure 6 shows changes in bandgap energy of various perovskite 
materials for 3-junction and Si 3-junction tandem solar cells as a function of 
composition and optimum bandgap energies by summarizing some review pa-
per [31] [32] [33] [34] [35] for perovskite/Si, perovskite/CIGS and all perovskite 
2-junction tandem solar cells.  

Candidate materials for 3-junction solar cells are listed as follows: 
Top cell (1.90 eV): CsPb(I1-xBrx)3, MAPb(I1-xBrx)3, FAPb(I1-xBrx)3,  

CsMAFAPb(I1-xBrx)3, 
Middle cell (1.37 eV): MAPbxSn1-xI3, FAPbxSn1-xI3,  
Bottom cell (0.93 eV): CsSnI3, MASnI3, FASnI3, 
Candidate materials for Si 3-junction tandem solar cells are listed as follows: 
Top cell (2.01 eV): CsPb(I1-xBrx)3, MAPb(I1-xBrx)3, FAPb(I1-xBrx)3,  

CsMAFAPb(I1-xBrx)3, 
Middle cell (1.50 eV): MAPbxSn1-xI3, FAPbxSn1-xI3, CsMAFAPbxSn1-xI3, 
Bottom cell (1.11 eV): Si. 
Figure 7 shows changes in open-circuit voltage Voc as a function of bandgap 

energy of various perovskite materials by summarizing some papers [32] [33] 
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Figure 6. Optimum bandgap energies and candidate perovskite materials for realizing high- 
efficiency perovskite based 3-junction tandem solar cells. Changes in bandgap energy of 
various perovskite materials for 3-junction and Si 3-junction tandem solar cells as a func-
tion of composition and optimum bandgap energies by summarizing some review paper 
[31] [32] [33] [34] [35] for perovskite/Si, perovskite/CIGS and all perovskite 2-junction 
tandem solar cells. 
 

 
Figure 7. Decreasing non-radiative recombination in wide bandgap perovskite materials 
is important for realizing high-efficiency perovskite based tandem solar cells. Changes in 
open-circuit voltage Voc as a function of bandgap energy of vari ous perovskite materials 
by summarizing some papers [32] [33] [35] [36] [37] and external radiative efficiency 
ERE. 
 
[35] [36] [37] and external radiative efficiency ERE. Although MAPbI3 and other 
perovskite materials with bandgap energy of 1.5 - 1.7 eV have higher ERE values 
of more than 1% as shown in Figure 7, wide-gap perovskite materials show 
lower ERE values of less than 0.01%. Several approaches for Si tandem solar cells 
are expected to realize practical limiting efficiencies 36% and 42% for 2-junction  
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Table 2. Current and future efficiency potential of the perovskite/Si 3-junction tandem solar cells. Current ERE values of candi-
date top cell, middle cell and bottom cell materials for perovskite based 3-junction and perovskite/Si 3-junction tandem solar cells 
and potential efficiencies calculated by using current ERE values and ERE = 10%. 

Perovskite 
3-junction 

cell 
 

Top cell 
(1.90 eV) 

Middle cell 
(1.37 eV) 

Bottom cell 
(0.93 eV) 

Average 
ERE 

Estimated 
Efficiency 

(Current ERE) 

Potential 
Efficiency 

(ERE = 10%) 

 
ERE 4.4 × 10−6 % 0.8% ? 1.88 × 10−3 %   

Efficiency     31.9% 44.9% 

Perovskite/ 
Si 

3-junction 
cell 

 
Top cell 

(2.01 eV) 
Middle cell 
(1.50 eV) 

Bottom cell 
(Si) 

Average 
ERE 

Estimated 
Efficiency 

(Current ERE) 

Potential 
Efficiency 

(ERE = 10%) 

 
ERE 2.2 × 10−7 % 0.46% 1.32% 5.19 × 10−3 %   

Efficiency     33.3% 42.3% 

 
and 3-junction Si tandem solar cells. 

In this study, potential efficiencies of perovskite based 3-junction and perovs-
kite/Si 3-junction tandem solar cells were calculated by using current ERE values 
and ERE = 10% and analytical procedure described in Section 3. Table 2 shows 
current ERE values of candidate top cell, middle cell and bottom cell materials 
for perovskite based 3-junction and perovskite/Si 3-junction tandem solar cells 
and potential efficiencies calculated by using current ERE values and ERE = 
10%. Because wide-bandgap perovskite materials show low ERE values of less 
than 10−6 % and average ERE values of around 10−3 % with for perovskite based 
3-junction tandem solar cells, possible efficiencies estimated for perovskite based 
3-junction and perovskite/Si 3-junction tandem solar cells are 33.1% and 34.2%, 
respectively. If high-quality perovskite materials with average ERE value of 10% 
are developed, high-efficiencies of 44.9% and 42.3% are expected to realized with 
perovskite based 3-junction and perovskite/Si 3-junction tandem solar cells as 
shown in Table 2. 

5. Summary 

High-efficiency (>30%) solar cells are very important for reducing CO2 emission 
and creation of new market such photovoltaics-powered vehicles. The perovskite 
based tandem solar cells are very attractive for such a purpose. This paper pre-
sented analytical results for efficiency potential and loss elements of perovskite 
based tandem solar cells. The 2-junction and 3-junction tandem solar cells have 
potential efficiencies of 36% and 42%, respectively by improving ERE (external 
radiative efficiency), and reducing resistance and optical losses. 

In this paper, loss elements of perovskite based tandem solar cells were dis-
cussed. Although efficiency of perovskite/Si 2-junction solar cells obtained is 
29.5%, there is still 6.9% efficiency improvement potential with 2%, 2.3% and 
2.6% by reduction in recombination loss, optical loss and resistance loss, respec-
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tively. In the case of perovskite/CIGS 2-junction solar cell, there is still 12.2% ef-
ficiency improvement potential with 5.9%, 2.2% and 4.0% by reduction in re-
combination loss, optical loss and resistance loss, respectively.  

Development of high-efficiency perovskite based 3-junction and perovskite/Si 
3-junction tandem solar cells is very attractive for many applications because of 
higher efficiency potential of 44.9% and 42.3%. Further understanding nature of 
defects in perovskite materials and decreasing non-radiative recombination loss 
in wide bandgap perovskite solar cell materials is pointed out to be necessary. 
Optimization of bandgap energy and reduction in optical loss and electrical loss 
of interconnection of sub-cells are also very important. 

Acknowledgements 

This work has been partially supported by NEDO (New Energy and Industrial 
Technology Development Organization). The authors thank members in the 
NEDO and JST (Japan Science and Technology Agency), and to Dr. K-H. Lee 
and Dr. K. Araki, former Toyota Tech. Inst., Dr. F. Dimroth and Mr. P. Schy-
gulla, FhG-ISE for their cooperation and providing fruitful information. 

Data Availability  

The datasets generated during and/or analyzed during the current study are avail-
able from the corresponding author on reasonable request. 

Declarations Conflict of Interest 

The authors state that there is no conflict of interest. 

References 
[1] Yamaguchi, M., Masuda, T., Araki, K., Sato, D., Lee, K.-H., Kojima, N., Takamoto, 

T., Okumura, K., Satou, A., Yamada, K., Nakado, T., Zushi, Y., Yamazaki, M. and 
Yamada, H. (2020) Role of PV-Powered Vehicles in Low-Carbon Society and Some 
Approaches of High-Efficiency Solar Cell Modules for Cars. Energy and Power En-
gineering, 12, 375-395. https://doi.org/10.4236/epe.2020.126023 

[2] Yamaguchi, M., Masuda, T., Araki, K., Sato, D., Lee, K.-H., Kojima, N., Takamoto, 
T., Okumura, K., Satou, A., Yamada, K., Nakado, T., Zushi, Y., Ohshita, Y. and Ya-
mazaki, M. (2021) Development of High-Efficiency and Low-Cost Solar Cells for 
PV-Powered Vehicles Application. Progress in Photovoltaics, 29, 684-693.  
https://doi.org/10.1002/pip.3343 

[3] Yamaguchi, M., Masuda, T., Nakado, T., Zushi, Y., Araki, K. Takamoto, T., Oku-
mura, K., Yamada, K., Ota, Y., Nishioka, K., Tanimoto, T., Nakamura, K., Ozaki, R., 
Kojima, N. and Ohshita, Y. (2021) Importance of Developing Photovoltaics-Powered 
Vehicles. Energy and Power Engineering, 13, 147-162.  
https://doi.org/10.4236/epe.2021.135010 

[4] Green, M.A., Dunlop, E.D., Hohl-Ebinger, J., Yoshita, M., Kopidakis, N. and Hao, 
X. (2021) Solar Cell Efficiency Tables (Version 59). Progress in Photovoltaics, 30, 
3-12. https://doi.org/10.1002/pip.3506 

[5] Yoshikawa, K., Kawasaki, H., Yoshida, W., Irie, T., Konishi, K., Nakano, K., Uto, 
K.T., Adachi, D., Kanematsu, M., Uzu, H. and Yamamoto, K. (2017) Silicon Hete-

https://doi.org/10.4236/epe.2022.144009
https://doi.org/10.4236/epe.2020.126023
https://doi.org/10.1002/pip.3343
https://doi.org/10.4236/epe.2021.135010
https://doi.org/10.1002/pip.3506


M. Yamaguchi et al. 
 

 

DOI: 10.4236/epe.2022.144009 178 Energy and Power Engineering 
 

rojunction Solar Cell with Interdigitated Back Contacts for a Photoconversion Effi-
ciency over 26%. Nature Energy, 2, Article No. 17032.  
https://doi.org/10.1038/nenergy.2017.32 

[6] Nakamura, M., Yamaguchi, K., Kimoto, Y., Yasaki, Y., Kato, T. and Sugimoto, H. 
(2019) Cd-Free Cu(In,Ga)(Se,S)2 Thin-Film Solar Cell with Record Efficiency of 
23.35%. IEEE Journal of Photovoltaics, 9, 1863-1867.  
https://doi.org/10.1109/JPHOTOV.2019.2937218 

[7] Yamaguchi, M., Dimroth, F., Geisz, J.F. and Ekins-Daukes, N.J. (2021) Multi-Junction 
Solar Cells Paving the Way for Super High-Efficiency. Journal of Applied Physics, 
129, Article ID: 240901. https://doi.org/10.1063/5.0048653 

[8] Shockley, W. and Queisser, H.J. (1961) Detailed Balance Limit of Efficiency of p-n 
Junction Solar Cells. Journal of Applied Physics, 32, 510.  
https://doi.org/10.1063/1.1736034 

[9] Yamaguchi, M., Takamoto, T., Araki, K. and Ekins-Daukes, N. (2005) Multi-Junction 
III-V Solar Cells: Current Status and Future Potential. Solar Energy, 79, 78-85.  
https://doi.org/10.1016/j.solener.2004.09.018 

[10] Steiner, M.A., France, R.M., Buencuerpo, J., Geisz, J.F., Nielsen, M.P., Pusch, A., 
Olavarria, W.J., Young, M. and Ekins-Daukes, N.J. (2021) High Efficiency Inverted 
GaAs and GaInP/GaAs Solar Cells with Strain-Balanced GaInAs/GaAsP Quantum 
Wells. Advanced Energy Materials, 11, Article ID: 2002874.  
https://doi.org/10.1002/aenm.202002874 

[11] Chiu, P.T., Law, D.C., Woo, R.L., Singer, S.B., Bhusari, D., Hong, W.D., Zakaria, A., 
Boisvert, J., Mesropian, S., King, R.R. and N.H. Karam, N.H. (2014) 35.8% Space 
and 38.8% Terrestrial 5J Direct Bonded Cells. Proceedings of the 40th IEEE Photo-
voltaic Specialist Conference, Denver, CO, 8-13 June 2014, 11-13.  
https://doi.org/10.1109/PVSC.2014.6924957 

[12] Geisz, J.F., France, R.M., Schulte, K.L., Steiner, M.A., Norman, A.G., Guthrey, H.L., 
Young, M.R., Song, T. and Moriarty, T. (2020) Six-Junction III-V Solar Cells with 
47.1% Conversion Efficiency under 143 Suns Concentration. Nature Energy, 5, 326- 
335. https://doi.org/10.1038/s41560-020-0598-5 

[13] Yamaguchi, M., Lee, K.-H., Araki, K. and Kojima, N. (2018) A Review of Recent 
Progress in Heterogeneous Silicon Tandem Solar Cells. Journal of Physics D: Applied 
Physics, 51, Article ID: 133002. https://doi.org/10.1088/1361-6463/aaaf08 

[14] Jošt, M., Kegelmann, L., Korte, L. and Albrecht, S. (2020) Monolithic Perovskite 
Tandem Solar Cells: A Review of the Present Status and Advanced Characterization 
Methods toward 30% Efficiency. Advanced Energy Materials, 10, Article ID: 1904102.  
https://doi.org/10.1002/aenm.201904102 

[15] Essig, S., Allebé, C., Remo, T., Geisz, J.F., Steiner, M.A., Horowitz, K., Barraud, L., 
Ward, J.S., Schnabel, M., Descoeudres, A., Young, D.L., Woodhouse, M., Despeisse, 
M., Ballif, C. and Tamboli, A. (2017) Raising the One-Sun Conversion Efficiency of 
III-V/Si Solar Cells to 32.8% for Two Junctions and 35.9% for Three Junctions. Na-
ture Energy, 2, Article No. 17144. https://doi.org/10.1038/nenergy.2017.144 

[16] Yamaguchi, M., Yamada, H., Katsumata, Y., Lee, K.H., Araki, K. and Kojima, N. 
(2017) Efficiency Potential and Recent Activities of High-Efficiency Solar Cells. 
Journal of Materials Research, 32, 3445-3457. https://doi.org/10.1557/jmr.2017.335 

[17] Yamaguchi, M., Lee, K.H., Araki, K., Kojima, N., Yamada, H. and Katsumata, Y. 
(2018) Analysis for Efficiency Potential of High-Efficiency and Next Generation 
Solar Cells. Progress in Photovoltaics, 26, 543-552. https://doi.org/10.1002/pip.2955 

[18] Yamaguchi, M., Zhu, L., Akiyama, A., Kanemitsu, Y., Tampo, H., Shibata, H., Lee, 

https://doi.org/10.4236/epe.2022.144009
https://doi.org/10.1038/nenergy.2017.32
https://doi.org/10.1109/JPHOTOV.2019.2937218
https://doi.org/10.1063/5.0048653
https://doi.org/10.1063/1.1736034
https://doi.org/10.1016/j.solener.2004.09.018
https://doi.org/10.1002/aenm.202002874
https://doi.org/10.1109/PVSC.2014.6924957
https://doi.org/10.1038/s41560-020-0598-5
https://doi.org/10.1088/1361-6463/aaaf08
https://doi.org/10.1002/aenm.201904102
https://doi.org/10.1038/nenergy.2017.144
https://doi.org/10.1557/jmr.2017.335
https://doi.org/10.1002/pip.2955


M. Yamaguchi et al. 
 

 

DOI: 10.4236/epe.2022.144009 179 Energy and Power Engineering 
 

K.H., Araki, K. and Kojima, N. (2018) Analysis of Future Generation Solar Cells 
and Materials. Japanese Journal of Applied Physics, 57, 04FS03.  
https://doi.org/10.7567/JJAP.57.04FS03 

[19] Rau, U. (2007) Reciprocity Relation between Photovoltaic Quantum Efficiency and 
Electroluminescent Emission of Solar Cells. Physical Review B, 76, Article ID: 085303.  
https://doi.org/10.1103/PhysRevB.76.085303 

[20] Yao, J., Kirchartz, T., Vezie, M.S., Faist, M.A., Gong, W., He, Z., Wu, W.H., Trough-
ion, J., Watson, T., Bryant, D. and Nelson, J. (2015) Quantifying Losses in Open- 
Circuit Voltage in Solution-Processable Solar Cells. Physical Review Applied, 4, Ar-
ticle ID: 014020. https://doi.org/10.1103/PhysRevApplied.4.014020 

[21] Green, M.A. (2012) Radiative Efficiency of State-of-the-Art Photovoltaic Cells. Pro- 
gress in Photovoltaics, 20, 472-476. https://doi.org/10.1002/pip.1147 

[22] Yamaguchi, M., Lee, K.-H., Sato, D., Araki, K., Kojima, N., Takamoto, T., Masuda, 
T. and Satou, A. (2020) Overview of Si Tandem Solar Cells and Approaches to PV- 
Powered Vehicle Applications. MRS Advances, 5, 441-450.  
https://doi.org/10.1557/adv.2020.66 

[23] Yamaguchi, M., Lee, K.-H., Schygulla, P., Dimroth, F., Takamoto, T., Ozaki, R., Na-
kamura, K., Kojima, N. and Ohshita, Y. (2021) Approaches for High-Efficiency III- 
V/Si Tandem Solar Cells. Energy and Power Engineering, 13, 413-427.  
https://doi.org/10.4236/epe.2021.1312029 

[24] Green, M.A. (1998) Solar Cells. UNSW, Kensington. 

[25] Al-Ashouri, A., Köhnen, E., Li, B., Magomedov, A., Hempe, H., Caprioglio, P., Már-
quez, J.A., Vilches, A.B.M., Kasparavicius, E., Smith, J.A., Phung, N., Menzel, D., 
Grischek, M., Kegelmann, L., Skroblin, D., Gollwitzer, C., Malinauskas, T. Jošt, M., 
Matic, G., Rech, B., Schlatmann, R., Topic, M., Korte, L., Abate, A., Stannowski, B., 
Neher, D., Stolterfoht, M., Unold, T., Getautis, V. and Albrecht, S. (2020) Mono-
lithic Perovskite/Silicon Tandem Solar Cell with >29% Efficiency by Enhanced Hole 
Extraction. Science, 370, 1300-1309. https://doi.org/10.1126/science.abd4016 

[26] Philipps, S.P. and Bett, A.W. (2014) III-V Multi-Junction Solar Cells and Concen-
trating Photovoltaic (CPV) Systems. Advanced Optical Technologies, 3, 469-478.  
https://doi.org/10.1515/aot-2014-0051 

[27] Sasaki, K., Agui, T., Nakaido, K., Takahashi, N., Onitsuka, R. and Takamoto, T. 
(2013) Development of InGaP/GaAs/InGaAs Inverted Triple Junction Concentrator 
Solar Cell. AIP Conference Proceedings, 1556, 22.  
https://doi.org/10.1063/1.4822190 

[28] Yamaguchi, M., Tampo, H., Shibata, S., Schygulla, P., Dimroth, F., Kojima, N. and 
Ohshita, Y. (2022) Analysis for Efficiency Potential of II-VI Compound, Chalcopy-
rite, and Kesterite-Based Tandem Solar Cells. Journal of Materials Research, 37, 
445-456. https://doi.org/10.1557/s43578-021-00440-x 

[29] Schygulla, P., Müller, M., Lackner, D., Höhn, O., Hauser, H., Bläsi, B., Predan, F., 
Benick, J., Hermle, M., Glunz, S.W. and Dimroth, F. (2021) Two-Terminal III-V//Si 
triple-Junction Solar Cell with Power Conversion Efficiency of 35.9% at AM1.5g. 
Progress in Photovoltaics.  

[30] Jošt, M., Köhnen, E., Al-Ashouri, A., Bertram, T., Tomšič, S., Magomedov, A., Kas-
paravicius, E., Kodalle, T., Lipovšek, B., Getautis, V., Schlatmann, R., Kaufmann, 
C.A., Albrecht, S. and Topič, M. (2022) Perovskite/CIGS Tandem Solar Cells: From 
Certified 24.2% toward 30% and beyond. ACS Energy Letters, 7, 1298-1307.  
https://doi.org/10.1021/acsenergylett.2c00274 

[31] Lin, R., Xiao, K., Qin, Z., Han, Q., Zhang, C., Wei, M., Saidaminov, M.I., Gao, Y., 

https://doi.org/10.4236/epe.2022.144009
https://doi.org/10.7567/JJAP.57.04FS03
https://doi.org/10.1103/PhysRevB.76.085303
https://doi.org/10.1103/PhysRevApplied.4.014020
https://doi.org/10.1002/pip.1147
https://doi.org/10.1557/adv.2020.66
https://doi.org/10.4236/epe.2021.1312029
https://doi.org/10.1126/science.abd4016
https://doi.org/10.1515/aot-2014-0051
https://doi.org/10.1063/1.4822190
https://doi.org/10.1557/s43578-021-00440-x
https://doi.org/10.1021/acsenergylett.2c00274


M. Yamaguchi et al. 
 

 

DOI: 10.4236/epe.2022.144009 180 Energy and Power Engineering 
 

Xu, J., Xiao, M., Li, A., Zhu, J., Sargent, E.H. and Tan, H. (2019) Monolithic All- 
Perovskite Tandem Solar Cells with 24.8% Efficiency Exploiting Comproportiona-
tion to Suppress Sn(II) Oxidation in Precursor Ink. Nature Energy, 4, 864-873.  
https://doi.org/10.1038/s41560-019-0466-3 

[32] Anaya, M., Lozano, G., Calvo, M.E. and Míguez, H. (2017) ABX3 Perovskites for 
Tandem Solar Cells, Joule, 1, 769-793. https://doi.org/10.1016/j.joule.2017.09.017 

[33] Leijtens, T., Bush, K.A., Prasanna, R. and McGehee M.D. (2018) Opportunities and 
Challenges for Tandem Solar Cells Using Metal Halide Perovskite Semiconductors. 
Nature Energy, 3, 828-838. https://doi.org/10.1038/s41560-018-0190-4 

[34] Shen, H., Walter, D., Wu, Y., Fong, K.C., Jacobs, D.A., Duong, T., Peng, J., Weber, 
K., White, T.P. and Catchpole, K.R. (2020) Monolithic Perovskite/Si Tandem Solar 
Cells: Pathways to over 30% Efficiency. Advanced Energy Materials, 10, Article ID: 
1902840. https://doi.org/10.1002/aenm.201902840 

[35] Li, X., Xu, Q., Yan, L., Ren, C., Shi, B., Wang, P., Mazumdar, S., Hou, G., Zhao, Y. 
and Zhang, X. (2021) Silicon Heterojunction-Based Tandem Solar Cells: Past, Sta-
tus, and Future Prospects. Nanophotonics, 10, 2001-2022.  
https://doi.org/10.1515/nanoph-2021-0034 

[36] Jacobsson, T.J., Correa-Baena, J.-P., Pazoki, M., Saliba, M., Schenk, K., Grätzel, M. 
and Hagfeldt, A. (2016) Exploration of the Compositional Space for Mixed Lead 
Halogen Perovskites for High Efficiency Solar Cells. Energy & Environmental Science, 
9, 1706-17024. https://doi.org/10.1039/C6EE00030D 

[37] Saliba, M., Matsui, T., Domanski, K., Seo, J.-Y., Ummadisingu, A., Zakeeruddin, S.M., 
Correa-Baena, J.-P., Tress, W.R., Abate, A., Hagfeldt, A., et al. (2016) Incorporation 
of Rubidium Cations into Perovskite Solar Cells Improves Photovoltaic Performance. 
Science, 354, 206-209. https://doi.org/10.1126/science.aah5557 

 
 

https://doi.org/10.4236/epe.2022.144009
https://doi.org/10.1038/s41560-019-0466-3
https://doi.org/10.1016/j.joule.2017.09.017
https://doi.org/10.1038/s41560-018-0190-4
https://doi.org/10.1002/aenm.201902840
https://doi.org/10.1515/nanoph-2021-0034
https://doi.org/10.1039/C6EE00030D
https://doi.org/10.1126/science.aah5557

	Loss Analysis of High-Efficiency Perovskite/Si Tandem Solar Cells for Large Market Applications
	Abstract
	Keywords
	1. Introduction
	2. Analytical Procedure of High-Efficiency Potential of Tandem Solar Cells 
	3. Analytical Results for High-Efficiency Potential of Perovskite Based Tandem Solar Cells
	4. Discussion about Further Efficiency Improvements of Perovskite Based Tandem Solar Cells
	5. Summary
	Acknowledgements
	Data Availability 
	Declarations Conflict of Interest
	References

