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ABSTRACT 

Coupling perovskite solar cells (PSCs) and silicon 

solar cells (SSCs) in a V-shape tandem configuration is a 

promising strategy for efficient solar energy splitting 

utilization that requires no beam splitter mirror and only 

half usage amount of SSCs. Here we develop a method 

for the performance estimation of a V-shape tandem 

device, which employs a 23%-efficient practical 

heterojunction SSC as a sub-cell for demonstration. The 

investigation results of influences of PSCs’ bandgap, layer 

thicknesses and transparent electrode materials on the 

tandem performance provide a guidance in selecting and 

optimizing of PSCs for getting most energy output. The 

tungsten-doped indium oxide is proved to be the suitable 

material for PSCs in V-shape devices. 

 

Keywords: perovskite/silicon tandem device, solar 

energy photovoltaic utilization, bifacial HIT solar silicon 

cell, spectral efficiency. 

NONMENCLATURE 

Abbreviations  

HIT Heterojunction with intrinsic thin film 

PSC Perovskite solar cell 

SSC Silicon solar cell 

TCO Transparent conductive oxide 

ITO Tin-doped indium oxide 

IWO Tungsten-doped indium oxide 

EQE External quantum efficiency 

FDTD Finite difference time domain 

S-Q limit Shockley-Quiese limit 

4-T Four-terminal 

Symbols  

JSC Short-circuit current density 

VOC Open-circuit voltage 

FF Fill factor 

η Efficiency 

I AM1.5G spectral irradiation intensity 

λ Wavelength 

λg 
The wavelength corresponding to the 

bandgap 

P Power density 

Eg Bandgap 

q Elementary charge 

h Planck’s constant 

c Speed of light 

C Fraction of S-Q limit efficiency 

f 

Ratios of the photon-generated 

current of a filtered Si cell to that of a 

unfiltered Si cell 

ϕPSC Spectral reflectance of PSC 

m Ideality factor of diode 

k Boltzmann’s constant 

T Temperature 

V0 
Open-circuit voltage of the front side 

of a standalone HIT silicon solar cell 

J0 

Short-circuit current density of the 

front side of a standalone HIT silicon 

solar cell 

���� Magnetic field 

��� Magnetic flux density 

��� Electric field 

���� Electric displacement field 

ε Complex permittivity 

μ Complex permeability 

1. INTRODUCTION 

In the past decade, PSCs have attracted tremendous 

attention with rapid improvement of efficiency [1-3]. 

Owing to multitudinous advantages such as tunable 

bandgap, strong light absorption, sharp absorption edge 
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and low costs in fabrication, PSCs are regarded as one of 

the most promising partners of commercial SSCs for high 

efficiency tandem technology [4-6]. Among the 

architectures of perovskite-Si tandem devices, 4-T 

configurations allow for relatively independent 

fabrication of the PSCs and SSCs and free the tandem 

devices from current matching constraints, which are 

beneficial to pursuit higher efficiency as well as to 

commercialize with minor adjustment of each 

production line [7-10]. However, conventional stacked 

architecture suffers from several problems, such as 

parasitic and reflective optical losses in the PSCs as well 

as reduced VOC of Si sub-cells under filtered illumination, 

which still hinder further promotion of tandem devices 

efficiency [11, 12]. Coupling bifacial HIT SSCs and low-

parasitic-absorption PSCs in a V-shape tandem 

configuration has been proved as a promising strategy to 

tackle these problems simultaneously, which needs only 

half amount of SSCs compared to the conventional 

configurations [13].  

For a tandem device, specific performances of a 

silicon sub-cell bring specific requirements of a 

perovskite sub-cell. Numerical model have been 

reported for detailed performance analysis of the 

perovskite-silicon tandem devices [14], which requires 

specific optical and electrical parameters of solar cells. A 

spectral efficiency concept has been proposed for fast 

energy performances assessment of general tandem 

devices without regard to specific structure of solar cells 

[15, 16]. Nevertheless, a universal method that can 

provide guidance in selecting and optimizing of specific 

PSCs needs further development.  

In this work, we established a comprehensive 

approach by coupling spectral efficiency concept and 

optical simulations for performance estimation of a V-

shape tandem device, and a 23%-efficient bifacial HIT 

SSC was fabricated for demonstration of this method. 

The maximum possible efficiency of the tandem devices 

as well as the optimal bandgap of ideal PSCs was 

calculated. Notably, a factor f is introduced to uniformly 

evaluate the effects of bandgap, layer thicknesses and 

TCO type (IWO or ITO) of a typical PSC on the tandem 

performance, pointing out an optimization path of this 

type of PSCs in a silicon-based V-shape tandem device. 

2. EXPERIMENT AND CALCULATION METHODS  

2.1 Experiment methods 

The bifacial HIT SSC used in this work was fabricated 

through a production line manufacturing process with 

the same silver grid pattern on both side. The J-V curves 

were measured using a Keithley 2400 source meter 

under AM1.5 G illumination with a solar simulator 

(CrownTech, EASISOLAR-50-3A). The light intensity was 

calibrated using a standard silicon reference solar cell 

(CrownTech). The EQE curves were measured using a 

CrownTech system (QTEST HIFINITY 5) that was 

calibrated by a certified solar cell (CrownTech) each time 

before the measurement. 

2.2 Calculation methods 

2.2.1 Calculation of tandem efficiencies 

Figure 1(a) shows the diagram of a V-shape tandem 

device, consisting of one bifacial HIT SSC and two PSCs 

with an angle of 45° to both sides of the HIT SSC. 

Incident light can be reflected by the PSC1 and PSC2 onto 

the front side (n-type) and the rear side (p-type) of the 

HIT cell, respectively. The efficiencies of V-shape tandem 

devices can be calculated on the basis of the spectral 

efficiency concept [16]. The equations were established 

based on the previous work [13] with minor extensions: 

tandem
=

SiPSCη η η+     (1) 

 
Figure 1 (a) Diagram of a V-shape perovskite-silicon tandem configuration. (b) The EQE spectra and (c) the VOC vs. Light intensity curves 

of the front and rear sides of a bifacial HIT SSC. 
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The f factor represents the ratio of photon-

generated current of filtered Si cell to that of unfiltered 

Si cell for different sides and different wavebands: 

( ) ( ) ( )= PSC SC SCf J d J d
λ λ
ϕ λ λ λ λ λ∫ ∫  (6) 

The subscript characters n and p correspond to the 

front and rear side of the HIT solar cell, respectively. The 

subscript characters b and r correspond to the integral 

waveband of 300nm-λg and λg-1200nm, respectively. The 

efficiency of HIT SSC can be given as: 

( ) ( ) ( )( ) ( )
=

n p n p

Si OC SC
V FF J Iη λ λ λ⋅ ⋅   (7) 

( ) ( ) ( )( ) ( )
=

n p n p

SC Si
J q EQE I hcλ λ λ λ   (8) 

( ) ( )0 0
ln

n p

OC SC SC
V V mkT q J J J= + +   (9) 

2.2.2 Optical simulation of PSCs 

The optical performance of the PSCs with specific 

structures and materials can be obtained by solving the 

Maxwell’s equations below through the FDTD method.

 More details about the FDTD method can be found in our 

previous work [17, 18].
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3. RESULTS AND DISCUSSION  

3.1 Performances of the bifacial HIT solar cell 

The measured results obtained from the J-V curves 

are summarized in Table 1. The efficiency difference 

between the rear and front sides is mainly due to the JSC 

difference. This can be directly observed from the EQE 

measure results plotted in Figure 1(b). The parasitic 

absorption of the p-type α-Si:H layer on the rear side is 

higher than the n-type α-Si:H layer on the front side of 

the HIT SSC, resulting in a large difference in EQE at the 

300-700nm band [19].  

Table 1 Performances of the bifacial HIT solar cell 

Side VOC (V) JSC (mA/cm²) FF Efficiency (%) 

Front 0.725 39.4 0.81 23.08 

Rear 0.723 37.9 0.79 21.80 

Additionally, the non-ideal diode factor m used for 

the estimation of the HIT SSC’s VOC under filtered 

illumination can be obtained by the results given in 

Figure 1(c). The slopes of fitting lines show m=1.23 for 

front side and m=1.24 for rear side of the HIT SSC, 

indicating excellent passivation and minimum non-

radiative recombination. The value of m was set as 1.23 

in the calculation.  

3.2 Ideal efficiency of 23%-efficient HIT-Si-cell-based 

tandem devices 

A 4-T tandem device with sub-cells coupling without 

optical losses can perform maximum efficiency in a 

certain configuration. For a reflective tandem 

 
Figure 2 Maximum possible efficiency of a 23%-efficient-

HIT-cell-based tandem as a function of the bandgap and 

the efficiency of PSCs. (a) V-shape tandem configuration. 

(b) Mono-facial tandem configuration. 
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configuration consisting of a practical bifacial HIT cell and 

ideal PSCs with S-Q limit efficiencies, an optical lossless 

couple requires fnb=fpb=0 and fnr=fpr=1 in Eq. (5). This 

means that the PSCs absorb all of the incident photons 

with energy higher than Eg, and reflect all of that with 

energy lower than Eg to the SSC.  

In addition, a constant factor C (the fraction of PSC 

efficiency to S-Q limit efficiency) displayed in Eq. (2) can 

be used to multiply by the S-Q limit efficiency to 

represent the efficiency of a PSC that with reduced VOC, 

FF, or JSC(λ) by the same fraction at each wavelength. 

Figure 2 shows the calculating efficiencies of 23%-

efficient SSC-based tandem devices (V-shape and mono-

facial reflective configuration) as a function of the 

bandgap of efficiency of PSC. The maximum efficiency of 

a V-shape device is 39.91% with an ideal PSC with 

bandgap of 1.74eV, and that of a mono-facial device is 

39.57% with an ideal PSC with bandgap of 1.64eV. The 

increased VOC of the silicon sub cell in V-shape 

configuration results in higher maximum ideal efficiency 

of the tandem device, and leads to a different require of 

optimized PSC’s bandgap.  

The triangle symbols marked in each plot represent 

the maximum possible efficiencies of the tandem devices 

using record PSCs with bandgap of 1.65eV and 1.74eV, 

which can all exceed 30% as listed in Table 2. Thanks to 

the VOC improvement, the V-shape tandem devices with 

half amount of SSCs can perform even higher efficiency 

than the mono-facial tandem devices  

Table 2 Maximum possible efficiencies of 4-T tandem devices 

pairing HIT SSC and record PSCs with different bandgap 

PSC Eg (eV) Efficiency (%) C Tandem efficiency* (%) 

1[20] 1.65 20.7 0.69 30.26 (30.59) 

2[20] 1.74 19.1 0.67 30.15 (30.53) 
*The tandem efficiencies in parentheses correspond to the V-shape configuration; 

those not in parentheses correspond to the mono-facial configuration. 

3.3 Predicting efficiency of a practical V-shape tandem 

device with the factor f 

In practical cases, the reflection characteristics of 

PSCs are generally non-ideal due to unwanted reflection 

at interfaces between layers or parasitic absorption in 

different layers. Optical simulation models of PSCs with 

typical n-i-p structure of TCO/SnO2/Perovskite/Spiro-

OMeTAD/Au are established as shown in Fig. 3(a) to 

investigate the effects of perovskite bandgap, thickness 

of TCO and spiro layers, as well as type of TCO (IWO or 

ITO) on the values of factor f. In this work, the 

thicknesses of SnO2, perovskite, and Au layer for each 

simulation are set as 25nm, 550nm, and 150nm, 

respectively. The glass is assumed to be perfectly 

transparent with a constant refractive index of 1.53 as its 

thickness is much larger than that of the other layers. The 

incident angle is set as 45° in vacuum and adjusted to 

27.52° in glass. The optical properties of ITO, SnO2, 

perovskite (CsyFA1-yPb(IxBr1-x)3), Spiro-OMeTAD, and Au 

were taken from literature [21-25], and the optical 

 
Figure 3(a) Diagram of PSCs structure for simulation. Calculated results of factor f with varying (b) bandgap of PSC, (c) thickness of 

TCO film (with 200nm spiro) and (d) thickness of spiro-OMeTAD (with 160nm TCO) 
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properties of IWO were obtained from spectroscopic 

ellipsometry measurements.  

Figure 3(b) gives the calculation results of factor f as 

a function of varying bandgap of PSC. The thicknesses of 

TCO films and spiro-OMeTAD layer are set as 160nm and 

200nm, respectively. It is apparent that both factor f for 

short-wave band (fb) and factor f for long-wave band (fr) 

are maintained within a small range of values without 

significant variation when the bandgap varies from 1.62 

eV to 1.80 eV. This is similar to the results that calculated 

with the data obtained from literature [8]. In addition, 

the calculation results of factor f corresponding to 

varying thicknesses of TCO films (60 nm - 260 nm) and 

spiro-OMeTAD layer (100 nm - 300 nm) are plotted in 

Figure 3(c) and 3(d), respectively. It is surprised that the 

values of fb are maintained at around 0.1 when the 

perovskite bandgap, thickness of TCO and spiro layers, or 

the type of TCO changes. However, as the thicknesses of 

TCO films and spiro-OMeTAD layer increase, the fr 

decrease monotonically due to the enhanced parasitic 

absorption. Since IWO has a smaller parasitic absorption 

than ITO for infrared light, the fr of the IWO based PSC is 

much higher and declines much more slowly with 

increasing TCO thickness. This means that changing the 

IWO thickness may have minor influences on the 

performance of HIT SSCs, which allows a more flexible 

adjustment of the sheet resistance and reflection 

spectrum based on the thickness of IWO. 

According to the results of Figure 3, the values of 

factor f for the front and rear side of the tandem devices 

are almost equivalent. Based on the results discussed 

above, simplification can be made for Eq. (5) that 

fnr=fpr=fr and fnb=fpb=fb≈0.1. Therefore, with a given 

bandgap of PSC, we can make an efficiency prediction for 

a V-shape tandem device pairing non-ideal PSCs and a 

23%-efficient HIT solar cell as a function of factor C and 

fr, as plotted in Figure 4.  

This plot helps to intuitively evaluate and compare 

PSCs from various dimensions of efficiency, layer 

thickness, and TCO type with the help of factor fr, 

providing a guide for selecting and optimizing PSC’s 

structure. For example, consider a 20.7%-efficient PSC 

with bandgap of 1.65eV, coupling with a 23%-efficient 

bifacial HIT SSC in a V-shape configuration. The pathway 

to reach the 30% tandem efficiency is to improve the fr 

to over 0.82. For a PSC with the typical structure in Figure 

3(a), when the thickness of the spiro layer is fixed at 200 

nm, this requires the thickness of the IWO layer to be 

≤220 nm (for ITO, ≤80 nm); when the thickness of the 

TCO is fixed to 160 nm, this requires the thickness of the 

spiro layer to be ≤200 nm (for IWO) or ≤120nm (for ITO). 

Furthermore, given the above results, it is evident that 

with a competitive conductivity, the IWO would be a 

more appropriate TCO for PSCs used in V-shape tandem. 

 

4. CONCLUSIONS  

A comprehensive method was developed for 

performance estimation of a V-shape tandem device 

composed of a fabricated 23%-efficient bifacial HIT SSC. 

The ideal efficiency of tandem devices consisting of this 

Si cell and ideal PSCs are 39.91% with V-shape 

configuration and 39.57% with mono-facial tandem 

configuration, respectively. For the non-ideal condition, 

the effects of material parameters of a PSC with typical 

TCO/SnO2/perovskite/spiro-OMeTAD/Au structure on 

the tandem efficiency were evaluated uniformly with an 

introduced factor f that is positively related to the 

tandem efficiency. The fr decreases monotonically as the 

thickness of TCO layer or spiro-OMeTAD layer increases 

due to parasitic absorption, and is very slightly affected 

by the PSC’s bandgap.  

In addition, IWO and ITO are compared as two kinds 

of TCO material of the PSCs during the calculation. It is 

noteworthy that, the fr of IWO-based devices is much 

higher than that of ITO-based devices in all cases, and is 

affected much more slightly by the increasing thickness 

of TCO layer. Therefore, for PSCs paired with HIT SSCs in 

V-shaped tandem devices, IWO is a better choice for 

transparent electrode materials.  
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Figure 4 Predicted efficiency of a 23%-efficient-HIT-cell-

based tandem as a function of the factor fr and the 

efficiency of PSCs with bandgap of 1.65eV The dash 

contour white lines indicate the efficiency of the PSCs. 
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