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Abstract—We use simulations to optimize perovskite / silicon 

tandem solar cells in a novel three-terminal configuration, with 

one terminal at the front and two at the rear. We consider 

configurations in which the top cell has either the inverted or the 

same polarity as the bottom cell. Our goal is to minimize the 

optical losses, to compare the performance of both configurations 

and to determine the realistically achievable efficiency. Optical 

simulations show that if the hole transporting material is in front 

of the perovskite it gives rise to parasitic absorption losses. If it is 

behind the perovskite, these losses are avoided, however at the 

cost of increased reflection losses. We systematically minimize 

these reflection losses. This increases the tandem’s total implied 

photocurrent density from 34.4 to 41.1 mA/cm2. To determine the 

corresponding power conversion efficiency of these three-terminal 

tandems, electrical circuit simulations are performed based on 

existing 22.7% efficient perovskite and 24.9% efficient silicon 

cells. These simulations show that tandem efficiencies up to 32.0% 

can be obtained. 

 
Index Terms—Photovoltaic cell, Light trapping, Perovskite, 

Tandem, Modeling, Equivalent circuit, Simulation. 

 

I. INTRODUCTION 

 NE of the most promising routes towards low-cost solar 

cells with efficiencies over 30% is based on tandem solar 

cells with organometal halide perovskite top cell and crystalline 

silicon bottom cell [1-3]. Usually tandems with either two or 

four terminals are considered. The advantage of the 

two-terminal tandem is that lateral current collection (i.e. a 

transparent conductive layer) is not required at the rear of the 

top-cell and at the front of the bottom cell, resulting in 

potentially lower fabrication costs and higher efficiency [4]. On 

the other hand, an advantage of the four-terminal tandem is that 

no current matching is required, which allows a wider range of 

perovskite thicknesses and gives a higher spectral robustness. 

In this work we consider the less common three-terminal 

tandem, as originally proposed by Nagashima et al. [5], which 
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combines the above mentioned advantages. We consider the 

three-terminal perovskite / silicon tandems as shown in Fig. 1. 

The silicon bottom cell is a conventional silicon heterojunction 

cell based on an n-type wafer passivated by thin layers of 

intrinsic or doped hydrogenated amorphous silicon (a-Si:H). At 

the rear it has interdigitated back contacts, which we name base 

and emitter contacts as indicated. The front side of the silicon 

cell is in electrical contact with the perovskite cell deposited on 

top.  In the pn-np configuration the electron transporting 

material (ETM) is deposited first followed by perovskite and 

finally the hole transporting material (HTM), which is at the 

front. In the np-np configuration the top cell is inverted, with 

the HTM at the rear and ETM at the front. In this work we 

consider the HTM and ETM to be poly(tri-arylamine) (PTAA) 

and compact TiO2, respectively. Indium doped tin oxide (ITO) 

serves as transparent front contact. Note that, as shown in 

Fig.  1, in the pn-np configuration, electrons generated in the 

top cell pass through the bottom cell to be collected in the base 

contact. The current collected by the base contact therefore is 

the sum of top and bottom cell currents. However, in the np-np 

configuration the holes generated in the top cell reach the 

tunnel recombination junction where they recombine with 

electrons generated in the bottom cell. Note that such a tunnel 

recombination junction is commonly used in two-terminal 

tandems. If the top cell generates the higher current (Jtop > Jbot), 

there is an excess of holes at the junction. In that case the base 

contact provides electrons. However, if the bottom cell 

generates the higher current (Jbot > Jtop), there is an excess of 

electrons and the base contact extracts electrons. Therefore, 

current can flow either into or out of the base contact. Both 

scenarios are indicated by dashed lines in Fig. 1 (right). 

 
Fig. 1. Schematic cross-section of a 3-terminal perovskite/silicon tandem. 

Left: pn-np configuration. Right: np-np configuration. 
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Today, the demonstrated record efficiency of single-junction 

silicon solar cells is 26.7% [9,10], while for perovskite cells this 

is 22.7%, albeit less stable and on a small 9 mm
2
 area [11,12]. 

Both technologies have been combined successfully into 

perovskite / silicon tandems. Initially perovskite cells could be 

deposited only onto flat substrates. As a result, monolithic 

two-terminal tandems required flat top cell and reached  

efficiencies up to 23.6% [13, 14]. Recently, a two-step 

perovskite deposition process was developed that enables the 

top cell to be deposited onto a textured bottom cell. Such a 

two-terminal tandem has lower reflection losses and a higher 

efficiency of up to 25.2% [15]. Oxford PV recently reported a 

record efficiency of 27.3% [16]. Mechanically stacked 

four-terminal tandems have demonstrated efficiencies up to 

26.9% [17,18]. An efficiency as high as 28.0% has been 

demonstrated for a device based on an optical splitting system 

[19]. So far, three-terminal perovskite / silicon tandems 

received less attention and to our knowledge have not been 

demonstrated experimentally [20]. Adhyaksa et al. simulate 

three-terminal perovskite / silicon tandems and conclude that 

these have an even higher efficiency potential than two- or 

four-terminal tandems [21]. That simulation study is however 

limited to the pn-np configuration and does not contain a 

detailed analysis of the optical losses. 

In this work, we simulate the three-terminal 

perovskite / silicon tandems in detail. Our goal is to i) quantify 

and minimize optical losses, ii) compare the pn-np and np-np 

configurations, iii) determine tandem efficiencies as a function 

of perovskite thickness. Note that we are interested in tandem 

efficiencies achievable with proven technology. Our 

simulations will therefore be based on existing perovskite and 

silicon solar cells. 

II. METHODOLOGY 

A. Single Junction Reference Cells 

As reference perovskite cell we take the 9 mm
2
 cell made by 

KRICT with an initial efficiency of 22.7% (Voc = 1144 mV, 

Jsc = 24.92 mA/cm
2
, FF = 79.6%) [11,12]. The reference silicon 

solar cell is a six inch back contacted silicon heterojunction cell 

made by Kaneka Corporation with an efficiency of 24.9% (Voc 

= 737 mV, Jsc = 42.13 mA/cm
2
, FF = 80.2%) [22]. Note that 

this is not the record efficiency, but an efficiency realistically 

achievable in mass production. The measured JV-curves of the 

perovskite and silicon reference cells are shown in Fig. 2 as 

purple and orange circles, respectively.  

 
Fig. 2: Measured JV-curves of reference solar cells (circles) and best fit using 

single junction equivalent circuit model (lines). Perovskite data (purple) is 

taken from Ref. 11. Silicon data (orange) is taken from Ref. 22.  The fit 
parameters of perovskite and silicon data are given as blue and red text, 

respectively. 

B. Optical Simulation Method 

The three-terminal tandems are optically simulated using the 

GENPRO4 model developed at TU Delft [23]. The model 

calculates the absorptance in the top and bottom cell’s absorber 

layer as a function of wavelength. By integrating this over the 

AM1.5g spectrum the implied photocurrent density Jph of top 

and bottom cell are obtained. The model takes the effects of 

interference and surface texture into account. The thickness and 

complex refractive index n + ik of every layer are given as 

input. The values of n(λ) and k(λ) are measured using 

ellipsometry and shown in Fig. 3. Note that n and k of 

perovskite are taken from Ref. 24 (blue dashed line) and then 

red-shifted by 15 nm to match the band edge of the EQE curve 

of the perovskite reference cell [11]. 

The layer thicknesses used in the optical simulation are given 

in Fig. 1. Interference effects are taken into account by 

simulating all thin layers coherently. The thickness of the ITO, 

HTM and ETM layers will be tuned to maximize the number of 

photons coupled into the perovskite and silicon absorber layers. 

Note that when parasitic absorption plays a role, this approach 

is more accurate than minimizing the number of reflected 

photons [25]. The thick silicon absorber layer does not give rise 

to interference and is modelled incoherently [23]. The thickness 

of the perovskite absorber layer will be varied between 50 and 

1000 nm and for consistency it is also simulated incoherently 

for all thicknesses. 

 
Fig. 3: Optical properties of layers used versus wavelength. Left: refractive 

index n. Right: extinction coefficient k. 

C. Electrical Simulation Method 

The JV-curve of solar cells can be reproduced by an 

equivalent electrical circuit with the following components: i) a 

current source characterized by a photo-current density Jph, ii) 

two diodes, with ideality factors 1 and 2, characterized by  

saturation current densities J01 and J02 and iii) shunt and series 

resistances characterized by surface resistivities rshunt and rseries 

[26]. If an experimental solar cell JV-curve is provided, the 

JV-curve of the circuit can be fit to this, using the parameters 

Jph, J01, J02, rshunt and rseries as a fit parameters. For example, an 

excellent fit can be found with the JV-curves of the single 

junction reference cells shown in Fig. 2 (solid lines). The 

corresponding fit parameters for the perovskite and silicon cell 

are shown as blue and red text, respectively. 

The three-terminal pn-np and np-np tandems are represented 

by the equivalent circuits shown in Fig. 4. The parts indicated in 

blue and red represent the top and bottom cell, respectively. 

Note that the top and bottom cell are series-connected and share 

the base terminal. In the pn-np configuration the polarity of the 

top cell is inverted  with respect to the bottom cell, while in 

np-np configuration top and bottom cell polarities are the same. 

The top and bottom cells’ values of J01, J02, rshunt and rseries are 
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assumed to be the same as for the single junction reference cells 

shown in Fig. 2. This means that for the perovskite top cell and 

silicon bottom cell, intrinsic efficiencies of respectively 22.7% 

and 24.9% are assumed. Note that the top and bottom cell 

absorb a different number of photons as part of the tandem 

compared to the corresponding single junction devices. This 

means that the top and bottom cell’s Jph values and therefore 

their JV-curves are different from the single junction curves 

given in Fig. 2. The top and bottom cell’s Jph values are 

calculated by the optical model (see section IIB) and used as 

input in the electrical simulation of the equivalent circuit shown 

in Fig. 4. The electrical circuit is simulated using the NGspice 

software [27]. The top cell’s JV-curve is then obtained by 

sweeping the voltage between base and front contact and the 

bottom cells JV-curve is obtained by sweeping the voltage 

between base and emitter contact. Note that because top and 

bottom cell share the base resistor, top and bottom circuits are 

not entirely independent. Therefore the top cell’s JV-curve is 

obtained while keeping the bottom cell at its maximum power 

point, and vice versa. To achieve this, the voltages of top and 

bottom cell are swept iteratively until this maximum power 

point is reached. From these JV-curves the corresponding top 

and bottom cell efficiencies are obtained. The tandem 

efficiency is the sum of top and bottom cell efficiency. 

 
Fig. 4: Equivalent electrical circuit of three-terminal tandem. Left: pn-np 

configuration. Right: np-np configuration. 

III. OPTICAL SIMULATION RESULTS 

First in section IIIA the optical simulation results of the 

standard three-terminal tandem designs are presented. Then 

section IIIB introduces enhanced designs, in which reflection 

losses are reduced. 

A. Standard design 

In the standard design all interfaces are flat, i.e. without 

surface texture, as shown in Fig. 1. As mentioned in section IIB, 

the GENPRO4 model is used to simulate this structure and tune 

the thicknesses of ITO, HTM and ETM layers in order to 

maximize incoupling of light. The number of photons coupled 

into perovskite is maximized by tuning the thickness of layers 

in front of the perovskite layer. For the pn-np configuration, the 

simulations show that incoupling into perovskite is maximized 

when the minimum thicknesses are used: ITO(40 nm) / 

HTM(40 nm). For the np-np configuration the less absorbing 

ETM is in the front and incoupling into perovskite is 

maximized for the following thickness combination: 

ITO(85 nm) / ETM(49 nm). Next, the number of photons 

coupled into the silicon is maximized by tuning the thickness of 

the layer directly behind the perovskite. Simulations show that 

in both configurations this is achieved with the minimum 

thicknesses, i.e. with 40 nm of ETM (in pn-np configuration) or 

40 nm of HTM (in np-np configuration) behind the perovskite. 

Having optimized the ITO, HTM and ETM thicknesses, the 

three-terminal tandems are simulated. Fig. 5 shows the 

simulated absorptance in every layer of the tandem as a 

function of wavelength. The left column shows the pn-np 

configuration and the right column shows the np-np 

configuration. From top to bottom, the perovskite thickness is 

increased from 50 to 200 and 1000 nm. The useful absorption in 

perovskite and silicon are indicated by the blue and red line, 

respectively. By integrating over the AM1.5g spectrum the 

corresponding implied photocurrent densities of top and bottom 

cell are obtained, which are indicated as blue and red text. 

There are also parasitic absorption losses, mainly in ITO (light 

blue area) and HTM (green area). In all cases there are 

significant reflection losses, indicated by the white area. Using 

the method described in Ref. 22, this loss is subdivided into 

reflection loss: R1 from the interfaces in front of the perovskite 

layer, R2 from the interfaces between perovskite and silicon 

layer, and R3, from the interfaces behind the silicon layer.  

Fig. 5 shows that with increasing perovskite thickness,  

absorptance in perovskite increases, at the cost of absorptance 

in silicon, as expected. The Jph of the perovskite top cell and the 

silicon bottom cell increase and decrease correspondingly. Note 

that the tandem’s total Jph, i.e. the sum of perovskite and silicon 

Jph, increases slightly with increasing perovskite thickness. 

This is because with increasing thickness, reflectance loss R2 is 

reduced for wavelengths smaller than 800 nm. 

 

 

 
Fig. 5: Absorptance versus wavelength for every layer in the standard 

three-terminal perovskite / silicon tandem. White area indicates reflection 

losses. Left column: pn-np configuration. Right column: np-np configuration. 
Perovskite thickness: 50 nm (top), 200 nm (middle) and 1000 nm (bottom).  
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Comparing the np-np configuration (Fig. 5, right column) to 

the pn-np configuration (Fig. 5, left column) shows two main 

differences. Firstly, the np-np configuration, with the HTM 

behind the perovskite, does not suffer from parasitic absorption 

in the HTM, resulting in a higher Jph for the perovskite top cell. 

Note that HTM, which in this case is PTAA, is only strongly 

absorbing for λ < 450 nm (see Fig. 3b) and in the np-np 

configuration this light is already absorbed in the perovskite 

before reaching the HTM. A similar conclusion was previously 

drawn for two-terminal tandems [28]. Secondly, the np-np 

configuration suffers from larger reflection losses. Especially 

reflection loss R2 is larger. This results in a lower Jph for the 

silicon bottom cell. This is caused by the relatively low index of 

HTM, compared to the neighboring layers (see Fig. 3a). 

Overall, at 200 nm perovskite thickness, the total Jph of the 

pn-np configuration is 35.0 mA/cm
2
, versus 34.4  mA/cm

2
 for 

the np-np configuration. Note that the silicon single junction 

reference cell has a much higher Jph of 42.2 mA/cm
2
 (see 

Fig. 2). This indicates that there is much room to increase the 

total Jph of the perovskite / silicon tandem, as will be 

investigated in the next section. 

B. Enhanced design 

In previous work we showed that reflection losses R1, R2 and 

R3 can be reduced systematically by means of three 

anti-reflective measures: i) an additional front MgF2 

anti-reflective coating, ii) an interlayer between top and bottom 

cell and iii) a pyramid texture at the rear [29]. Here we consider 

so-called ‘enhanced’ tandem designs in which all three 

measures are implemented. Again both pn-np and np-np 

configurations are considered. We use optical simulations, first 

to optimize these enhanced tandem designs and then to 

determine the corresponding Jph of top and bottom cell. 

The first measure, adding the MgF2 anti-reflective coating at 

the front, creates a triple-layer coating: MgF2 / ITO / HTM (or 

ETM). As these thin layers give rise to interference, even a 

small variation in their thickness strongly affects the incoupling 

of light, just like in a triple-layer anti-reflective coating. 

Therefore a simplex search algorithm is used to find the 

thickness combination that maximizes the number of photons 

coupled into the perovskite. These simulations reveal that for 

the pn-np configuration, the optimum thickness combination is: 

MgF2(115 nm) / ITO(40 nm) / HTM(40 nm). Note that both 

ITO and HTM are at their minimum allowed thicknesses, as 

this minimizes the parasitic absorption loss. For the np-np 

configuration, the optimum thickness combination is: 

MgF2(107 nm) / ITO(70 nm) / ETM(54 nm). This shows that in 

this case using larger than the minimum ITO and ETM 

thicknesses is beneficial as parasitic absorption losses play a 

smaller role. 

The second measure is adding an interlayer between top and 

bottom cell in order to maximize incoupling into the silicon 

absorber layer. For this interlayer we do not have a particular 

material in mind. Instead we let both the layer thickness and its 

refractive index be free parameters. We assume it to be 

non-absorbing in the relevant wavelength range. Note that this 

interlayer is sandwiched between the top cell’s ETM or HTM 

layer, whose thickness we also treat as a free parameter, and the 

bottom cell’s a-Si:H layers, whose thicknesses are kept fixed. A 

simplex search algorithm is used to find the parameter 

combination that maximizes the number of photons coupled 

into the silicon. Our simulations show that in the pn-np 

configuration, in which the interlayer is neighbored by the 

higher index ETM, the ideal interlayer has a refractive index of 

2.85 and a thickness of 89 nm. In the np-np configuration, in 

which the interlayer is neighbored by the lower index HTM, the 

ideal the interlayer has a lower refractive index of 2.58, in 

combination with a larger thickness of 116 nm. A suitable 

material for this layer would be nc-SiOx:H, as its refractive 

index can be tuned by varying the oxygen content [30,31]. This 

material has been used in tunnel recombination junctions 

before [32]. The simulations also show that the thickness of the 

neighboring ETM or HTM layer should be kept at the minimum 

value of 40 nm. 

Finally, a so-called random pyramid texture is added. This 

type of texture is the widely used standard for mono-crystalline 

silicon solar cells. Note that the texture is added to only the rear 

side of the silicon wafer, as having a flat front side facilitates 

the deposition of the perovskite top cell [14]. In the simulations 

we use the texture’s height profile obtained from atomic force 

microscopy and do not optimize this texture further. 

 

 

 

 
Fig. 6: Absorptance versus wavelength for every layer in the enhanced 
three-terminal perovskite / silicon tandem. White area indicates reflection 

losses. Perovskite thickness: 50 nm (top), 200 nm (middle) and 1000 nm 

(bottom). Left column: pn-np configuration. Right column: np-np 
configuration. 

 

The simulation results of the enhanced three-terminal 

tandem with optimized MgF2 coating, interlayer and rear 

texture are shown in Fig. 6. As before, pn-np and np-np 

configurations are shown in left and right columns, 
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respectively, with perovskite thickness increasing from 50 nm 

(top) to 200 nm (middle) and 1000 nm (bottom). The results 

show the same general trends as the standard designs (see 

section IIIA). The np-np configuration, with HTM behind 

perovskite, suffers less parasitic absorption loss, resulting in a 

higher Jph for the top cell (compare left and right column 

Fig. 6). At the same time it suffers more reflection losses, 

resulting in a lower Jph for the bottom cell. The main difference 

compared to the standard designs is that these enhanced designs 

have much reduced reflection losses (compare white areas in 

Fig. 5 and 6). As a result, the implied photocurrent densities of 

top and especially bottom cell have increased significantly. In 

our discussion we focus on the tandem with 200 nm thick 

perovskite layer. For the pn-np configuration top and bottom 

cell Jph have increased by 0.8 and 4.0 mA/cm
2
, respectively. 

For the np-np configuration the top and bottom cell Jph have 

even increased by 1.6 and 5.1 mA/cm
2
, respectively. The sum 

of top and bottom cell Jph, is 39.8 mA/cm
2
 for the pn-np 

configuration and as high as 41.1 mA/cm
2
 for the np-np 

configuration. This shows that in terms of total Jph, the np-np 

configuration can outperform the pn-np configuration, but only 

in the enhanced configuration where the reflection losses have 

been addressed. 

IV. ELECTRICAL SIMULATION RESULTS 

The equivalent circuit model is used to calculate the 

corresponding tandem efficiencies (see section IIC). We use the 

Jph of the top and bottom cell of the enhanced tandem designs, 

shown in Fig. 6, as input. The output of this simulation are the 

top and bottom cell’s JV-curves, which are shown in Fig. 7 as 

blue and red lines, respectively. The results for the pn-np and 

np-np configurations are shown in the left and right columns, 

respectively and the perovskite thickness varies from 50 nm 

(top) to 200 nm (middle) and 1000 nm (bottom). The current, 

voltage and electrical power output at maximum power point 

are indicated for each case. 

The most obvious trend in Fig. 7 is that with increasing 

perovskite thickness, the power output of the perovskite top cell 

increases at the cost of the power output from the silicon bottom 

cell, as expected. Compared to the pn-np configuration, the 

np-np configuration (right column) has a slightly lower power 

output from the silicon bottom cell, but a significantly higher 

power output from the perovskite top cell. So overall, the np-np 

configuration has the higher total power output. This is 

primarily because the np-np configuration has a higher total Jph. 

A secondary effect is the fact that the ohmic losses in the base 

resistor are lower. The current flowing through this base 

resistor in pn-np configuration is the sum of top and bottom cell 

current, while for the np-np configuration it is only the 

difference (see Fig. 4). 

The corresponding power conversion efficiencies are 

obtained by dividing the electrical output power densities by 

the power density of the incident light (100 mW/cm
2
). Fig. 8 

gives an overview of the perovskite top cell efficiencies (blue 

bars) and silicon bottom cell efficiencies (red bars) as a 

function of perovskite thickness. The pn-np and np-np 

configurations are shown in lighter and darker colors, 

respectively. The bars are stacked so that the tandem efficiency, 

the sum of both, can be identified. This shows that at 200 nm 

perovskite thickness, the np-np configuration has a 0.2% 

(absolute) lower silicon bottom cell efficiency, but a 1.8% 

(absolute) higher perovskite top cell efficiency and therefore 

has the higher tandem efficiency. This is also the case for 50 

and 1000 nm perovskite thicknesses. For both pn-np and np-np 

configurations the tandem efficiency increases strongly with 

inreasing perovskite thickness. The highest efficiency, of as 

much as 32.0%, is obtained for the np-np configuration with 

1000 nm thick perovskite layer. 

 

 

 

 
Fig. 7: Simulated JV-curve of perovskite top cell (blue) and silicon bottom cell 

(red). Perovskite thickness: 50 nm (top), 200 nm (middle) and 1000 nm 
(bottom). Left column: pn-np configuration. Right column: np-np 

configuration. 

 
Fig. 8: Efficiency of perovskite top cell (blue) and silicon bottom cell (red) as a 

function of perovskite thickness. The lighter colors indicate the pn-np 
configuration and the darker colors indicate the np-np configuration. 
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As mentioned in the introduction, three-terminal tandems 

combine the advantages of conventional two- and four-terminal 

tandems. They suffer less parasitic absorption losses, as only 

one transparent conductive layer is required, and allow for a 

wide range of perovskite thicknesses. The simulations 

presented above show that these are essential requirements for 

maximizing the efficiency of perovskite / silicon tandems. 

V. CONCLUSIONS 

We use our GENPRO4 optical model to optimize the design of 

three-terminal perovskite / silicon tandems. ITO, HTM and 

ETM layer thicknesses are tuned for maximum incoupling of 

light into the absorber layers. Optical simulations show that if 

the HTM layer is in front of the perovskite (in pn-np 

configuration) it gives rise to parasitic absorption losses at the 

smaller wavelengths. This reduces the Jph of the perovskite top 

cell. If the HTM layer is behind the perovskite (in np-np 

configuration), these losses are avoided, however at the cost of 

increased reflection losses, especially in the near infrared. This 

reduces the Jph of the silicon bottom cell. We systematically 

minimize the reflection losses by adding a front MgF2 coating, 

an interlayer between top and bottom cell and a pyramid texture 

at the rear. When properly optimized, these additions increase 

the Jph of top and bottom cell by as much as 1.6 and 

5.1 mA/cm
2
, respectively. The tandem’s total Jph thereby 

increases from 34.4 to 41.1 mA/cm
2
. 

To determine the corresponding efficiency of three-terminal 

tandems we use an equivalent circuit model. Input parameters 

are extracted from JV-measurements reported in literature. 

These simulations show that higher tandem efficiencies are 

obtained with thicker perovskite layers. Compared to the pn-np 

configuration, the np-np configuration has a slightly lower 

power output from the silicon bottom cell but a significantly 

higher power output from the perovskite top cell. Overall, the 

three-terminal perovskite / silicon tandem can reach 

efficiencies as high as 32%. 
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