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Impact of terminal configuration

• 2TT (two terminal tandem): series connected subcells

➔ similar module integration as single junction solar cells

➔ requires current matching associated with mismatch losses

• 4TT: parallel connected subcells and strings 

➔ seperate contact structure and interconnection of subcell strings 

with shading losses due to intermediate contacts

➔ no current mismatch losses 

• 3TT: parallel/series connected subcells

➔ “a bit” more complex module integration

➔ no current mismatch losses, requires voltage matching with 

typically lower losses 
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Maximizing tandem solar cell power extraction using a

three-terminal design†
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Tandem or multijunction solar cells can greatly increase

the efficiency of solar energy conversion by absorbing

different energies of the incident solar illumination in semi-

conductors with different band-gaps, which can operate

more efficiently than a single absorber. Many different

designs of tandem cells based on high efficiency III-V top

cells and Si bottom cells have been proposed, and there is

ongoing debate as to whether the sub-cells should be wired

in series (to create a tandem device with two terminals) or

operated independently (four terminals). An alternative cell

configuration that combines some of the strengths of both

is a three-terminal device consisting of a top cell optically

in series with a modified interdigitated back contact (IBC)

Si cell featuring a conductive top contact. In this paper, we

investigate the operation of three terminal tandems in detail

using technology computer aided design (TCAD) device

physics simulations. Using III-V top cells as an example

case, we show how the addition of a third terminal can

deliver slightly more power output than a four terminal

device, and substantially more power than a two-terminal

device, while also enabling power injection and extraction

between the two sub-circuits under a variety of spectral

conditions.

1 Introduction

The field of high-efficiency photovoltaics is experiencing a resur-

gence of research in the area of hybrid tandem photovoltaics,

where two or more dissimilar materials are combined into one

device. These tandem cells split the incident solar spectrum into

multiple bands, converting each band to electricity more effi-

ciently than a single device alone. 1 Recent advances that have
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Fig. 1 Schematics comparing wiring and interconnections of 2T, 4T, and

3T tandem devices. All devices simulated are based on n-type IBC

geometries with full-area conductive top contacts. 2T and 3T devices

can be connected with a TCA or tunnel junction (TJ), while 4T devices

require lateral conduction between the cells.

spawned renewed excitement include the development of III-V/ Si

hybrid tandems that significantly exceed the efficiency of silicon

alone and the development of new wide band gap materials, in-

cluding perovskites, that may enable lower-cost thin-film tandem

devices. 2–4 Most devices are based on a crystalline silicon bottom

cell, since these cells are the industry standard and have a narrow

band gap (1.1 eV) ideal for the bottom sub-cell of a tandem solar

cell.

Tandem cells typically have either two or four terminals, de-

pending on whether each solar cell is contacted individually or

the two middle terminals are directly electrically connected to one

another. Two-terminal (2T) tandem cells (Fig 1-2T), would pro-

vide a simple drop-in replacement for a single junction solar cell

in a module, but if integrated at the cell level, they require cur-

rent matching of the two sub-cells, which significantly constrains

the choice of top cell materials. Typically, 2T tandem cells have

been realized by monolithic growth or wafer bonding. Mono-
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Impact of terminal configuration

• 2TT (two terminal tandem): series connected subcells

➔ similar module integration as single junction solar cells

➔ requires current matching associated with mismatch losses

• 4TT: parallel connected subcells and strings 

➔ seperate contact structure and interconnection of subcell strings 

with shading losses due to intermediate contacts

➔ no current mismatch losses 

• 3TT: parallel/series connected subcells

➔ more complex module integration

➔ no current mismatch losses, requires voltage matching with 

typically lower losses 

• 3TT and 4TT solar cells outperform 2TT devices

• 3TT solar cells have equal or higher efficiency and energy yield 

potential than 4TT devices1,2

31 F. Gota et al., Joule 4, 2387–2403, 2020 
2 E. Warren et al., Sustainable Energy Fuels 2, 1141–1147, 2018 

[2]

[1]

https://doi.org/10.1021/acsenergylett.0c00068


In modules - impact of current vs. voltage matching

4T – independent

2T – I matched

3T - V matched 1:2

3T – V matched 1:3

Voltage matching shows enhanced robustness against:

• Spectral variations1,3 with potential benefit on energy yield4,5

• Non-perfect bandgap match1,2

➔ Freedom of choice of top cell bandgap e.g. for higher stability

• Change in current variation of subcells ➔ bifacial application

• Degradation of subcells

4
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[4][1]
[5]

https://ieeexplore.ieee.org/document/8421224
https://doi.org/10.1016/j.joule.2021.01.010
https://doi.org/10.1109/JPHOTOV.2018.2846520.


In modules - impact of current vs. voltage matching

4T – independent

2T – I matched

3T - V matched 1:2

3T – V matched 1:3

Voltage matching shows enhanced robustness against:

• Spectral variations1,3 with potential benefit on energy yield4,5

• Non-perfect bandgap match1,2

➔ Freedom of choice of top cell bandgap e.g. for higher stability

• Change in current variation of subcells ➔ bifacial application

• Degradation of subcells

5

1 H. Schulte-Huxel, D. J. Friedman, and A. C. Tamboli, IEEE J. PV 8(5),1370–1375, 2018. 
2 K. VanSant et al., iScience, 9, 104950, 2022, 
3 J.M. Gee, Solar Cells 24, 147-155, 1988. 
4 H. Schulte-Huxel et al., JPV  8(5),1376-1383, 2018. 
5 H. Liu et al., Cell Reports Physical Science 1, 100037, 2020 

[4][1]
[5]

https://ieeexplore.ieee.org/document/8421224
https://doi.org/10.1016/j.joule.2021.01.010
https://doi.org/10.1109/JPHOTOV.2018.2846520.


Freedom of choice of top cell bandgap for higher stability

• (Cs0.15FA0.85PbI3) (1.52 eV)

• (Cs0.05MA0.10FA0.85Pb(I0.90Br0.10)3 (1.58 eV)

• (Cs0.05MA0.16FA0.78Pb(I0.83Br0.17)3 (1.63 eV)

• (Cs0.05MA0.22FA0.73Pb(I0.77Br0.23)3 (1.68 eV)

• (Cs0.05MA0.27FA0.67Pb(I0.71Br0.29)3 (1.73 eV)

• Reduction of Br-content improves stability of perovskite solar cells1

• Medium band gap perovskites with Eg,top ~1.5-1.6 eV show highest stability2, 

but require for Si-tandem solar cells more than 2 terminals  
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2T (TR measurement) 3T measurement

24.6 < 30.1

Champion cell
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Interconnection of 3T cells???

M. Kikelj et al., Joule 8 1-20, 2024 8



Interconnection of 3T cells

NOTE: Reverse connected configuration (r-type) of 3T cells with 2/1 voltages ratio for easy integration1

1 H. Schulte-Huxel, et al., Progress in PV 31(12), 1350-1359, 2023
9

https://doi.org/10.1002/pip.3643.


Interconnection of 3T cells

• First interconnection of IBC cells in series

Image from: A. Faes et al., 

Metallization workshop 2017 10



Interconnection of 3T cells

interconnects

Image from: A. Faes et al., 

Metallization workshop 2017 11

• First interconnection of IBC cells in series



Interconnection of 3T cells

• First interconnection of IBC cells in series

• Connecting front p-contact to back n-contact of next cell

• No crossing of wires (due horizontal displacement due to 180° rotation) 

➔Simple combination of IBC and front back interconnection 

➔Longer interconnects with corresponding series resistances1,2 

121 H. Schulte-Huxel, et al., Progress in PV 31(12), 1350-1359, 2023
2 M. Kikelj et al., Joule 8 1-20, 2024

https://doi.org/10.1002/pip.3643.


Interconnection of 3T cells

13

I = 2 x Itop + Ibot

• Each cell is connected with the next and next-next cell

• To extract current, connectors need to be connected at the string ends

leading to a string end loss of ~ the power of one cell1

1 W. McMahon et al., IEEE J.PV 11 (4), 1078–1086, 2021.

Cell operated at 

½ voltage

0 voltage



Partial shading and reverse voltage bias for 2T

• Reverse voltage bias of top cell under partial shading is 

depending on daily changing spectrum

• for AM 1.5 to AM 1.9 (for mid summer day) Si bottom cell 

blocks current

for AM >1.9 the perovskite solar cell blocks the current and 

gets into reverse bias

• ~8 V reverse bias voltage may apply for many hours per 

day if we use e.g. 6 cells per bypass diode

14S. Baumann et al., Energy and Environmental Science  17, pp. 7566-7599, (2024)

https://doi.org/10.1039/D4EE01898B


Partial shading and reverse voltage bias for 3T

1 R. Witteck et al., Solar Energy Materials and Solar Cells, 219, 110811, 2021.

• 3T modules show advantages under partial shading1: 

three cells are reverse biased and share the dissipated 

power and split the required missing current

• Added voltage per cell in a string is the voltage of one 

bottom cell ~1/3 compared to 2T 

➔ Multiple times longer strings protected by individual 

bypass diodes possible with 3T modules compared to 2T 

module

https://doi.org/10.1016/j.solmat.2020.110811


Bypass diode integration

• String ends need to be connected to one terminal

• But need bypass diodes for safe operation

➔ can we integrate bypass diodes without adding string end losses?

1 H. Schulte-Huxel, et al., Progress in PV 31(12), 1350-1359, 2023
16

https://doi.org/10.1002/pip.3643.


Bypass diode integration

1 H. Schulte-Huxel, et al., Progress in PV 31(12), 1350-1359, 2023
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• String ends need to be connected to one terminal

• But need bypass diodes for safe operation

➔ can we integrate bypass diodes without adding string end losses?

https://doi.org/10.1002/pip.3643.


Bypass diode integration

1 H. Schulte-Huxel, et al., Progress in PV 31(12), 1350-1359, 2023
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• String ends need to be connected to one terminal

• But need bypass diodes for safe operation

➔ can we integrate bypass diodes without adding string end losses?

https://doi.org/10.1002/pip.3643.


Bypass diode integration

1 H. Schulte-Huxel, et al., Progress in PV 31(12), 1350-1359, 2023
19

• String ends need to be connected to one terminal

• But need bypass diodes for safe operation

➔ can we integrate bypass diodes without adding string end losses?

• Yes, by an extra bypass diode to protect last top cell per string1

https://doi.org/10.1002/pip.3643.


System integration concept

1 H. Schulte-Huxel, et al., Progress in PV 31(12), 1350-1359, 2023
20

• String ends need to be connected to one terminal

• But need bypass diodes for safe operation

➔ can we integrate bypass diodes without adding string end losses?

• Yes, by an extra bypass diode to protect last top cell per string1

• Interconnect module with two cables per polarity

• Transfer of string end losses to end of module string on system level

External Y-distributor

https://doi.org/10.1002/pip.3643.


Bifacial behaviour

21

3T
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Rear side

illumination

0 -300 W/m²

• 3T strings can fully harvest rear side illumination



Bifacial behaviour
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3T

2T
Rear side

illumination

0 -300 W/m²

3T

2T

@1.67 eV

• 3T strings can fully harvest rear side illumination

• 2T devices mainly, when device is bottom cell limited 

and saturates fast for top cell limited operation 



Bifacial operation of 2T tandem devices

Images from: 

K. R. McIntosh et al., 

IEEE Journal of Photovoltaics 9(6), 2019

• Optimal current (and bandgap) ratio depends on installation condition

• Rear side irradiance is highly inhomogeneous due to e.g. distance to ground, 

ground shading, ground properties, supporting structure etc. 

and boosts only the current of bottom cell 

➔ subcell mismatch leading to top cell limiting devices

• Challenge for current MPP tracking methods, as current in a string could be 

sufficient, but single cells already in critical reverse by inhomogeneous rear 

illumination or aging of top cells

• Bifacial module operation might be challenging for 2T Pk/Si tandem devices

23

Difference in current ΔI

-3.7% +4.5%
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Summary

• 3T specific cell-to-module losses are caused by:

• Voltage matching with less yield losses than current matching 

• Longer interconnects with higher series resistance losses

• String end losses

➔ can be transferred to end of module string on system level 

meanwhile protecting the string by bypass diodes

• But 3T devices show enhanced robustness against:

• Spectral variations, but only small impact on energy yield

• Non-perfect bandgap match 

➔ Freedom of choice of top cell bandgap e.g. for higher stability

• Change in current variation of subcells ➔ bifacial application

• Partial shading 
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