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Efficiency models 

For an ideal PV component, all incident photons in the solar spectra with energies above the 
semiconductor bandgap energy, 𝐸𝐸𝑔𝑔, are absorbed and contribute to the photocurrent, calculated as 

𝑗𝑗𝐿𝐿 = 𝑒𝑒 ∫ Φ(𝜆𝜆)𝑑𝑑𝑑𝑑
ℎ𝑐𝑐
𝐸𝐸𝑔𝑔

𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 
,      (1) 

where Φ(𝜆𝜆) is the wavelength dependent photon flux of the standard solar spectrum (AM 1.5g), 𝑐𝑐  is 
the speed of light, 𝜆𝜆 is the wavelength of light, 𝑒𝑒 is the charge on the electron, and ℎ is Planck’s 
constant. The only loss that is considered is blackbody radiation from the cell at room temperature, 
in the form of the radiative recombination current density: 

𝑗𝑗𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑒𝑒 ∫ 2𝜋𝜋𝜋𝜋
𝜆𝜆4 
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,   (2) 

where 𝑘𝑘𝐵𝐵 is the Boltzmann constant and 𝑇𝑇 is the temperature of the semiconductor. The current 
density dependent photovoltage of the cell is then given by: 

𝑉𝑉𝑃𝑃𝑃𝑃(𝑗𝑗) = 𝑘𝑘𝐵𝐵𝑇𝑇
𝑒𝑒
𝑙𝑙𝑙𝑙 �𝑗𝑗𝐿𝐿−𝑗𝑗

𝑗𝑗𝑟𝑟𝑟𝑟𝑟𝑟
+ 1�.     (3) 

The maximum power density that can be provided by a PV cell is given by  

𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑚𝑚𝑚𝑚𝑚𝑚
0≤𝑗𝑗≤𝑗𝑗𝐿𝐿

𝑉𝑉𝑃𝑃𝑃𝑃(𝑗𝑗)𝑗𝑗.     (4) 

This is known as the maximum power point, and is used to calculate the optimum efficiency of the 
PV cell: 

𝜂𝜂𝑃𝑃𝑃𝑃 = 𝑀𝑀𝑀𝑀𝑀𝑀
𝑃𝑃𝐴𝐴𝐴𝐴1.5𝑔𝑔

,       (5) 

where the solar power density is calculated as 

   𝑃𝑃𝐴𝐴𝐴𝐴1.5𝑔𝑔 =  ∫ ℎ𝑐𝑐
𝜆𝜆
Φ(𝜆𝜆)𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴1.5𝑔𝑔 ,     (6) 

 

To drive electrochemical water splitting, the input voltage, 𝑉𝑉𝐼𝐼𝐼𝐼(𝑗𝑗), must be large enough to 
overcome the potential of the reaction (Δ𝐸𝐸 = 1.23𝑉𝑉 for water splitting), and any additional voltage 
losses introduced by the catalysts and by resistance to charge transport. This can be written as: 
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𝑉𝑉𝐼𝐼𝐼𝐼(𝑗𝑗) ≥ 𝛥𝛥𝛥𝛥 + 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂(𝑗𝑗) + 𝑉𝑉𝐻𝐻𝐻𝐻𝐻𝐻(𝑗𝑗) + 𝑉𝑉𝑒𝑒 (𝑗𝑗),   (7) 

where 𝑗𝑗 is the current density through the electrochemical circuit. We follow the approach of 
Fountaine and colleagues1,2 and use Butler-Volmer kinetics3 to model the over-potential of the 
catalysts 

𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂/𝐻𝐻𝐻𝐻𝐻𝐻(𝑗𝑗) = 𝑅𝑅𝑅𝑅
𝛼𝛼𝑛𝑛𝑒𝑒𝐹𝐹

𝑠𝑠𝑠𝑠𝑠𝑠ℎ−1 � 𝑗𝑗
2𝑗𝑗𝑂𝑂𝑂𝑂𝑂𝑂/𝐻𝐻𝐻𝐻𝐻𝐻 

� ,    (8) 

where R is the universal gas constant, F is the Faraday constant, and 𝑛𝑛𝑒𝑒 = 2 is the number of 
electrons involved in the reaction. The catalytic exchange current density, 𝑗𝑗𝑂𝑂𝑂𝑂𝑂𝑂/𝐻𝐻𝐻𝐻𝐻𝐻 and the charge 
transfer coefficient, 𝛼𝛼, are both specific to a given catalyst and are generally empirically determined. 
This formulation implicitly assumes that the forward and reverse charge transfer coefficients are 
equal: 𝛼𝛼𝐹𝐹 = 𝛼𝛼𝑅𝑅 = 𝛼𝛼. 

Additional voltage losses due to ionic transport through the system are given by:  

𝑉𝑉𝑒𝑒(𝑗𝑗) = 𝑗𝑗𝑅𝑅𝑒𝑒 ,        (9) 

where 𝑅𝑅e is the resistance of the electrolyte. Any other resistance losses due to transport anywhere 
else in the system can be included with additional Ohmic terms but are neglected here. 

The power-to-hydrogen efficiency of an electrochemical cell is defined, relative to the input power, 
𝑃𝑃𝐼𝐼𝐼𝐼 by 

𝜂𝜂𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑗𝑗𝑗𝑗𝑗𝑗𝜂𝜂𝐹𝐹
𝑃𝑃𝐼𝐼𝐼𝐼

,       (10)   

where 𝜂𝜂𝐹𝐹 is the Faradaic efficiency. The Faradaic efficiency is a measure of the efficiency of electron 
transfer in the chemical reaction, and is independent of the details of the supplied power and 
associated losses. We assume that 𝜂𝜂𝐹𝐹 = 1 in this work.  

A key point here is that the efficiency is determined by the product of the operating current density 
𝑗𝑗𝑜𝑜𝑜𝑜 and the fixed reaction potential, Δ𝐸𝐸. In order to maximise the efficiency, it is necessary to find 
the optimum operating current density which maximises the current while minimising the current 
dependent voltage loss, |𝑉𝑉𝐼𝐼𝐼𝐼 − Δ𝐸𝐸|. To find the optimum operating current density for a given 
system, we minimise the current density dependent function, 

𝑓𝑓(𝑗𝑗) = 𝑉𝑉𝐼𝐼𝐼𝐼(𝑗𝑗) − 𝛥𝛥𝛥𝛥 + 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂(𝑗𝑗) + 𝑉𝑉𝐻𝐻𝐻𝐻𝐻𝐻(𝑗𝑗) + 𝑉𝑉𝑒𝑒 (𝑗𝑗),  (11) 
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Modelling Ideal tandem solar cells 

 

 

Figure S1 Thermodynamic limiting efficiencies for tandem solar cells in a 2-terminal configuration 

Thermodynamic limiting power conversion efficiencies for tandem solar cells in a 2-terminal 
configuration as a function of the complementary semiconductor bandgaps. 

 

Modelling Realistic Tandems 

The photovoltage of a realistic PV component is given by solving the trancendental solar cell 
equation, 

𝑉𝑉𝑃𝑃𝑃𝑃(𝑗𝑗) = 𝑘𝑘𝐵𝐵𝑇𝑇
𝑒𝑒
𝑙𝑙𝑙𝑙 �

𝑗𝑗𝐿𝐿−𝑗𝑗−�
𝑉𝑉𝑃𝑃𝑃𝑃(𝑗𝑗)−𝑅𝑅𝑠𝑠𝑗𝑗

𝑅𝑅𝑠𝑠ℎ
�

𝑗𝑗0
+ 1� − 𝑗𝑗𝑅𝑅𝑠𝑠,   (12)  

and introducing loss parameters to account for non-ideal absorption, non-ideal recombination, and 
non-ideal diode behaviour. The non-ideal recombination current density is calculated as 

 𝑗𝑗0 = 𝑗𝑗𝑟𝑟𝑟𝑟𝑟𝑟(𝐸𝐸𝑔𝑔)
𝐸𝐸𝐸𝐸𝐸𝐸

          (13) 

where the external radiative efficiency factor, ERE, quantifies the fraction of the total recombination 
that can be attributed to ideal, radiative recombination, 𝑗𝑗𝑟𝑟𝑟𝑟𝑟𝑟.  

To determine non-ideal photocurrent we calculate realistic absorption spectra, 𝐴𝐴(𝜆𝜆), and define the 
collection efficiency, 𝑓𝑓𝑐𝑐, to account for any charge carrier collection losses. The absorption in the Si 
cell was calculated assuming Lambertian light trapping and no reflection loss, following the work of 
Green4, while a bandgap dependent analytical approximation was used to reproduce the shape of 
the absorption spectra of the top cells. An additional loss factor, 𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃, was defined for the top cells 
to account for parasitic absorption that would reduce the light incident on the bottom cell.  

The photocurrent is then given by: 

 𝑗𝑗𝐿𝐿,𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑒𝑒𝑓𝑓𝑐𝑐 ∫ Atop(λ)Φ(𝜆𝜆)𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴1.5𝑔𝑔 .     (14) 
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for the top cell, and 

𝑗𝑗𝐿𝐿,𝑆𝑆𝑆𝑆 = 𝑒𝑒𝑓𝑓𝑐𝑐 ∫ ASi(𝜆𝜆)�1− 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡(𝜆𝜆) − 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝜆𝜆)�Φ(𝜆𝜆)𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴1.5𝑔𝑔 . (15) 

For the bottom silicon cell. Resistive losses due to carrier transport in the semiconductor are 
introduced through the series resistance term, 𝑅𝑅𝑠𝑠, and non-ideal diode characteristics are 
introduced through the shunt resistance, 𝑅𝑅𝑠𝑠ℎ. The series and shunt resistances were modelled using 
the normalised resistance, 𝑟𝑟𝑠𝑠, 𝑟𝑟𝑠𝑠ℎ for each cell, defined as 

 𝑟𝑟𝑠𝑠/𝑠𝑠ℎ = 𝑅𝑅𝑠𝑠/𝑠𝑠ℎ   𝑗𝑗𝐿𝐿
𝑉𝑉𝑜𝑜𝑜𝑜

 .       (16)   

The loss parameters were fitted to reproduce the reported experimental current-voltage curves and 
solar cell figures of merit in refs 5,6. Where possible, the parameters for the silicon bottom cell were 
taken directly from measurements of an integrated back contact (IBC) cell reported by Franklin7, as 
this is similar to the bottom cell used in the Perovskite-Si tandem modelled in this work 6. The 
experimentally measured recombination current (i.e. the reverse-biased dark current from ref 7) was 
used to to calculate ERE for the silicon cell.  

Silicon bottom cell 

The recombination current for the Si IBC cell was taken from experimental measurements of the 
reverse biased current7, and used to calculate the external radiative efficiency factor, ERE.  

The absorption in the Si cell was calculated assuming a 400-μm thick c-Si wafer with Lambertian light 
trapping and no reflection loss, following the work of Green4 

𝐴𝐴𝑆𝑆𝑆𝑆 = 1−exp(−2𝛼𝛼𝑆𝑆𝑆𝑆𝑊𝑊)

1−�1− 1
𝑛𝑛𝑆𝑆𝑆𝑆
2 �exp(−2𝛼𝛼𝑆𝑆𝑆𝑆𝑊𝑊)

,       (17)  

where 𝛼𝛼𝑆𝑆𝑆𝑆  and 𝑛𝑛𝑆𝑆𝑆𝑆 are the wavelength dependent absorption coefficient and refractive index of 
crystalline Si. To account for absorption in the top cell, 𝐴𝐴𝑆𝑆𝑆𝑆  was multiplied by the transmission of the 
top cell, 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇, the calculation of which is described below. A collection efficiency, 𝑓𝑓𝑐𝑐, defined as the 
fraction of photogenerated carriers that contribute to the current. The light induced current was 
then calculated by integrating the product of these three terms with the photon flux in the AM1.5g 
solar spectrum: 

𝑗𝑗𝐿𝐿,𝑆𝑆𝑆𝑆 = 𝑓𝑓𝑐𝑐𝑒𝑒 ∫  ASiTTopΦ(𝜆𝜆)𝑑𝑑𝑑𝑑𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚     (18)  

Top Cells 

The recombination current was estimated by including the external radiative efficiency factor, ERE, 
which quantifies the fraction of the total recombination that can be attributed to ideal 
recombination, given by the blackbody radiation from the cell at room temperature, T = 300K 

𝑗𝑗0 = 𝐴𝐴𝐴𝐴 ∫ 2𝜋𝜋𝜋𝜋
𝜆𝜆4 

�𝑒𝑒𝑒𝑒𝑒𝑒 � ℎ𝑐𝑐
𝜆𝜆𝑘𝑘𝐵𝐵𝑇𝑇

� − 1� 𝑑𝑑𝑑𝑑
ℎ𝑐𝑐
𝐸𝐸𝐸𝐸

𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚
.     (19)  

Where 𝑘𝑘𝐵𝐵 is the Boltzmann constant,  𝑒𝑒 is the charge on the electron, 𝑐𝑐  is the speed of light, 𝜆𝜆   is 
the wavelength of light, and ℎ is Planck’s constant. The total, bandgap dependent recombination 
current can then be calculated as 

 𝑗𝑗𝑟𝑟 = 𝑖𝑖0(𝐸𝐸𝑔𝑔)
𝐸𝐸𝐸𝐸𝐸𝐸

 .         (20)  
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To determine the photocurrent a simple, bandgap dependent, analytical approximation was used to 
model the shape of the experimentally reported absorption spectra of the top cells 6,5: 

𝐴𝐴𝑇𝑇𝑇𝑇𝑇𝑇 = 0.45 erf�
ℎ𝑐𝑐
𝜆𝜆 −𝐸𝐸𝑔𝑔
5𝑘𝑘𝐵𝐵𝑇𝑇
𝑒𝑒

� + 0.05erf �ℎ𝑐𝑐
𝜆𝜆
− 𝐸𝐸𝑔𝑔� + 0.05  (21)  

 An additional parameter was introduced to include parasitic (below bandgap) absorption in the top 
cell, 𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃:  

𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 erf�
ℎ𝑐𝑐
𝜆𝜆 −𝐸𝐸𝑔𝑔
7𝑘𝑘𝐵𝐵𝑇𝑇
𝑒𝑒

�      , ℎ𝑐𝑐
𝜆𝜆

< 𝐸𝐸𝑔𝑔   (22)  

The transmission through the top cell is then calculated as: 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 1 − 𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝐴𝐴𝑇𝑇𝑇𝑇𝑇𝑇      (23)  

The calculated absorption spectra for all the modelled cells are given in Figure S2 (a) and (c) below. 

 

Figure S2 Calculated absorption spectra for (a) GaInP-Si tandems and (c) Perovskite-Si tandems used in this work. Current-
voltage curves for (b) GaInP-Si tandems and (d) Perovskite-Si tandems  
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Fitting Proceedure 

The three loss parameters for the Si cell - collection efficiency, 𝑓𝑓𝑐𝑐, normalied series, 𝑟𝑟𝑠𝑠, and shunt 
resistance, 𝑟𝑟𝑠𝑠ℎ -  were chosen to give the best fit to the experimentally reported Si IBC solar cell data 
in ref, including the “Silicon-original” IV-curve in Fig 6(c), and the data for the “IBC cell – Without 
filter” in Table 1 in ref6.   

Table S1 Calculated figures of merit for the modelled photovoltaic components 

 Si  GaInP PEROVSKITE 
BANDGAP [EV] 1.1 1.8 1.73 
VOC [V] 0.69 1.47 1.14 V 
JSC [mA/cm2] 41.6 14.0 18.8  
FF 84% 88% 72% 
SINGLE CELL EFFICIENCY 24.4% 18.3% 15.5% 
TANDEM EFFICIENCY (4T) -- 29.9% 26.7% 

 

Once the Si cell parameters were chosen, 𝑓𝑓𝑐𝑐  and 𝑓𝑓𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 for the top cells where chosen to closely 
match the EQE profiles given in Fig. 6(b) in ref 6. Once these parameters were fixed, 𝐸𝐸𝐸𝐸𝐸𝐸, 𝑟𝑟𝑠𝑠, and 𝑟𝑟𝑠𝑠ℎ 
were chosen such that calculated current-voltage curves matched those reported in Fig 6(c), and the 
figures of merit for the “Perovskite (top cell)” in Table 1 were reproduced. Finally, the parasitic 
absorption in the top cell was adjusted so that the figures of merit for Si as a bottom cell matched 
data for the “IBC cell – With filter” in Table 1 in ref 6.  This procedure was repeated for the GaInP top 
cell, using 5 as a reference. The resulting current-voltage curves are given in Figure S2(b) for the 
GaInP-Si tandem and (d) for the Perovskite-Si tandem. Calculated figures of merit are given in Table 
S1. 

 

Effect of illumination intensity 

The effect of illumination intensity was investigated by multiplying the standard input spectra 
(AM1.5g) by a factor: 0.5 < 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠 < 1.5. Calculations were performed for realistic Perovskite-Silicon 
tandems, with high cost catalysts, for a range of top cell bandgaps in both the coupled and 
decoupled configuration. 

The illumination intensity affects both the voltage and the current of a solar cell: for the current, the 
dependence is linear, while the voltage has a less sensitive logarithmic dependence. For realistic 
cells, series and shunt resistance will lead to increasing voltage and current losses respectively as the 
illumination increased (see eq 14 above). Additionally, the overpotential of the catalysts is also a 
function of the input current (see Eq 8 above), and increasing current will lead to higher 
overpotential losses. 

Figure S3 shows that the illumination intensity will affect the solar-to-hydrogen efficiency slightly for 
both decoupled and coupled realistic Perovskite-Silicon solar hydrogen systems. The optimum 
bandgap for each configuration is largely unaffected by the illumination intensity and both systems 
have highest efficiency at lower illumination where the shunt, series, and overpotential losses will be 
lower. The output of the coupled systems are relatively stable with changes in intensity since they 
are limited by the fixed voltage requirement, and the output voltage is only weakly dependent on 
the illumination intensity.    
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It is informative to look at the output current as well as the efficiency when comparing illumination, 
as the output current determines the amount of hydrogen generated per second. As expected, the 
output current increases with illumination intensity as the photocurrent increases. In all cases, the 
decoupled system performs better, and is less sensitive to bandgap and intensity variations than the 
coupled system.  
 
 

 

Figure S3 Calculated solar to hydrogen efficiencies for (a) coupled and (b) decoupled Perovskite-Si tandems for different top 
cell bandgaps, 𝑇𝑇𝑇𝑇𝑇𝑇 𝐸𝐸𝑔𝑔, and illuminations as a fraction of 1-sun illumination, 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠.  Calculated output for (c) coupled and (d) 
decoupled Perovskite-Si tandems for different top cell bandgaps, 𝑇𝑇𝑇𝑇𝑇𝑇 𝐸𝐸𝑔𝑔, and illuminations as a fraction of 1-sun 
illumination, 𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠.   
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