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S1 SINGLET FISSION PHOTON MULTIPLIER MODEL
To model the modulation of the incident solar spectrum we assume that the singlet fission

material absorbs everything above the energy of the singlet exciton E(S;) as

Emax
() =f I'(E) dE
E(S1)

where I is the photon flux of the incident solar spectrum. Each absorbed photon generates
one singlet exciton with an energy E(S;) which converts into two triplet excitons with an
energy E(T1). The energy of the triplet excitons is then transferred into quantum dots (QD)

which emit photons with an energy of E(QD) and a full width at half-maximum (fwhm) of g4,

as
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where v is the capture parameter including the efficiency of triplet exciton yield form singlet
fission (nsg), the efficiency of triplet excitons diffusing and transferring their energy to QDs

(nr), the photoluminescence quantum efficiency of the QDs (n,p), and the efficiency of

photons emitted by the QDs reaching the silicon solar cell (), i.e.y = nzﬂ Nt Nop Nc- In the

ideal case, the capture parameter is unity. The generated photocurrent density in the bottom

cell can then be calculated as

E(S1)
Jo=a [ TET(E) + Tyun(B) 1 BQECE) dE

Emin
where ( is the fraction of light transmitted through the photon multiplier and EQE is the
external quantum efficiency of the bottom cell to take additional optical losses such as
parasitic absorption in the bottom cell contacts into account.
The current-voltage characteristic of a silicon solar cell can then be calculated following

previous work as’
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where V the applied voltage, kg the Boltzmann constant, T the temperature of the cell, R is
the series resistance, and Ry, the shunt resistance. The second term of /() corresponds to
the radiative recombination current density, the third term to the nonradiative
recombination current density, the fourth term to the Auger recombination current density,
and the last term is due to parasitic resistances in the cell. The electroluminescent emission

efficiency (ng.) is calculated as’

g (V+JRs) V + /R
T =J; _]_R<e kgT  — 1) _ #
NEL Rgp

where ng;, is calculated as

Jr

MeL = 3q(V+1Rs)>‘1'

Jr +Jnr +]a <1 +e ZksT

The current-voltage characteristics of a silicon solar cell can then be fitted by including the
EQE and the silicon thickness L, and adjusting the amount of nonradiative recombination
Jnr, Rs, and Rgy,. The current-voltage characteristics of the modeled record silicon solar cells

together with the fitting parameters and its EQE is shown in Figure S1.
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Figure S1. (a) Current-voltage characteristics of the record efficiency silicon solar cells with an area of 79 cmz, a
Voc of 0.738 V, a Jsc of 42.65 mA/cm®, a fill factor of 84.9%, an ne of 0.4%, and an efficiency of 26.7%.> The
circles correspond to the measured data of the record efficiency silicon solar cell and the solid line corresponds
to the fitted current-voltage characteristics. (b) External quantum efficiency of the record silicon solar cell used

to account for optical losses.

S2 OPTICAL MODEL

Placing a photon multiplier on a silicon solar cell influences the light that reaches the silicon
solar cell. However, a photon multiplier has only a few interfaces more compared to a silicon
solar cell with an antireflection coating. By optimizing the cell design, most of the light can
reach the silicon solar cell below the photon multiplier. Figure S2 shows transfer matrix
simulations® of a silicon solar cell with different antireflection coatings and a photon
multiplier on a silicon solar cell. Bare silicon has a high surface reflection of more than 30%.
The reflection can be reduced by an antireflection coating, as shown for 70 nm SiN and
105 nm SiO, on 70 nm SiN. Similarly, the reflection is reduced by placing a photon multiplier
consistent of a singlet fission material (in our case pentacene, 1000 nm) and quantum dots
(PbS, 3 nm) on a silicon solar cell. By placing 110 nm of SiN between the silicon cell and the
photon multiplier, the reflection is reduced to less than 7% above the singlet fission band

gap. This value is likely to be improved by optimizing the cell design. These simulations are



furthermore based on flat surfaces. Texturing the surfaces would further reduce the

reflection significantly.
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Figure S2. Transfer matrix simulations of (a) a silicon solar cell using different antireflection coatings and (b) a
silicon solar cell with a photon multiplier on top. The continuous and the dashed lines in (a) correspond to the
absorption and the reflection, respectively. The photon multiplier is assumed to consist of 1000 nm Pentacene,

3 nm of PbS quantum dots, and 110 nm SiN. The n and k values for this simulation are taken from: [5-8].

To calculate the amount of light absorbed by the quantum dots, we estimate that the
absorption of quantum dots distributed in a micron-thick singlet fission layer, spaced by
50 nm, is equal to the absorption of 3 nm thick PbS quantum dot layer. The absorption

above the band gap of silicon can then be calculated using the Lambert—Beer law as

Emax  —4mk(2)
A=1- e 3nm d}
E,

G,Si

resulting in an absorption of 0.44%.

Assuming that the quantum dots are isotropic emitters embedded in the singlet fission layer,
part of the emission is lost due to out-coupling from the singlet fission layer to air, referred
to as light within the escape cone. The fraction of light within the escape cone can be

approximated as



1
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where (1 is the solid angle of a cone and @ is the critical angle for total internal reflection. If
the singlet fission material has a refractive index of 1.7 or higher, less than 10% of the light

emitted by the quantum dots is within the escape cone.

S3 TANDEM SOLAR CELL MODEL

To model a perovskite solar cell with an ideal band gap for a tandem solar cell in
combination with silicon, we first fit the current-voltage characteristic of the current record
perovskite solar with a band gap of 1.49 eV, an area of 0.09 cm?, and an efficiency of 22.7%.°
We calculate the current-voltage characteristic of a perovskite solar cell following previous

work as’

q4(V+JRs) q(V+JRs) V + JR,
JWV)=Js—Jrle *T —1)-Jyz|e 2kT —1 TR
sh

The electroluminescent emission efficiency for the perovskite cell is calculated as

Jr

NeL =

a+jR)\ L
JrtInvg(V) |1+ e 2ksT

The current-voltage characteristics of a perovskite solar cell can then be modeled by
including the EQE and adjusting the amount of nonradiative recombination Jyz, R, and Rgy,.
The current-voltage characteristics of the modeled record perovskite solar cells together

with the fitting parameters and its EQE is shown in Figure S3.
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Figure S3. (a) Current-voltage characteristics of the record efficiency perovskite solar cells with a band gap of
1.49 eV, an area of 0.09 cm”’, a Voc of 1.144 V, a Jsc of 24.91 mA/cm’, a fill factor of 79.6%, an ne, of 0.15% at
maximum power point (MPP), and an efficiency of 22.7%.° The circles correspond to the measured data of the
record efficiency perovskite solar cell and the solid line corresponds to the modeled current-voltage
characteristics. (b) External quantum efficiency of the record perovskite solar cell used to account for optical

losses.

To optimize for maximum perovskite/silicon tandem solar cell efficiency, we change the
band gap of the perovskite solar cell artificially by scaling the EQE of the record perovskite
solar cell in energy until current matching between the perovskite top cell and the silicon
bottom cell is achieved while keeping the parasitic resistances and the electroluminescent
emission efficiency constant. The modeled perovskite solar cell then has a band gap of
1.68 eV and an efficiency of 20.9%. The current-voltage characteristics of the modeled
perovskite solar cell with an ideal band gap together with the fitting parameters and its EQE

is shown in Figure S4.
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Figure S4. (a) Current-voltage characteristics and (b) external quantum efficiency of the perovskite solar cells
with a band gap of 1.68 eV, a V¢ of 1.325 V, a Jsc of 19.36 mA/cmZ, a fill factor of 81.5%, an ng_ of 0.15% at

MPP, and an efficiency of 20.9% used to model the perovskite/silicon tandem solar cell.

To model the perovskite/silicon tandem solar cell we apply modifications to the detailed-
balance limit following previous work.'® The power for the monolithic two-terminal tandem
solar cell is calculated as

Pout = (VPerovskite + VSilicon)]

The conversion efficiency for perovskite/silicon tandem solar cells is then given by

M)

T’ N Max( Psun

where P, is the power of the incident solar spectrum. Optical losses are included by fitting
a Gaussian distribution to the onset of the EQE spectra of the perovskite cell. 10% of the
light with an energy below the Gaussian distribution is assumed to be uniformly absorbed by
parasitic absorption in the perovskite contacts. The current-voltage characteristics of the

modeled perovskite/silicon tandem solar cells together the EQE of the optimistic perovskite

and the record silicon subcell is shown in Figure S5.
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Figure S5. (a) Current-voltage characteristics and (b) external quantum efficiency of the modeled monolithic

two-terminal perovskite/silicon tandem solar cell with an efficiency of 32.7% together with its subcells.

S4 MODELED SILICON SOLAR CELLS

To simulate the performance of a photon multiplier and a tandem solar cell as a function of
the silicon solar cell efficiency, we fit our model to a variety of certified silicon solar cells. The
parameters of the modeled silicon solar cells are shown in Table S1. Cell 1 to cell 13 are
modeled after previous record silicon solar cells including monocrystalline and polycrystalline
silicon solar cell, with cell 13 being the current record silicon solar cell. Cell 14 and 15 are
hypothetical, idealized cells. Cell 14 and cell 15 both assume an ideal EQE of 100% above the
silicon band gap, and cell 15 additionally assumes no Auger recombination.

To optimize for maximum efficiency of the photon multiplier and the tandem solar cell, we
optimize the band gap of the perovskite solar cell, the absorption edge of the singlet fission
material E(S;), and E(QD) for each modeled silicon solar cell. The parameters for the optimistic
and the realistic photon multiplier for each silicon solar cell are shown in Table S2 and Table
S3, respectively. The parameters for the optimized perovskite solar cells for each silicon solar
cell are shown in Table S4. The effect of fwhm on the efficiency is shown in Table S5 and Table
S6. Table S7, Table S8, and Table S9 furthermore show the fitting parameters to Figure 4 in

the main text.



Table S1. Summary of modeled silicon solar cells calculated at standard test conditions (AM1.5G, 25 °C,

1 kWh/mz). Thicknesses of active material L marked with an asterisk are estimates.

Voc Jsc FF n Rs Rsn Ing Nev L
Cell Source (V) (mA/ecm?) (%) (%) (Qcm?) (Qcm?®)  (pA/cm?)  (%o)  (um)
1 [11] 0.648 36.29 75.7 17.8 1.48 1800 400 0.13 170
2 [12] 0.638 37.19 76.7 18.2 1.15 1300 591 0.09 180"
3 [13] 0.650 37.38 76.2 18.5 1.35 1800 386 0.13 180
4 [14] 0.649 37.50 789 19.2 0.82 1800 400 0.13 190
5 [15] 0.692 36.41 77.4 195 1.28 1200 72 0.71 180"
6 [16] 0.657 38.10 79.5 199 0.73 2000 297 0.17 180"
7 [17] 0.663 39.03 80.3 20.8 0.59 2000 241 021 190
8 [18] 0.674 41.07 80.5 223 0.60 3000 166 0.31 195
9 [15] 0.742 39.31 81.6 238 0.67 2000 10 498 150
10 [16] 0.736 41.39 80.1 244 0.75 800 13 3.84 200
11 [19] 0.740 41.81 82.7 256 0.47 4000 12 4.4 150
12 [16] 0.744 42.26 83.8 264 0.31 6000 10 53 200
13 [20] 0.738 42.65 849 26.7 0.08 10000 13 4.0 200
14 - 0.776 43.61 88.3 299 0.01 10000 1 69.9 200
15 - 0.814 43.61 86.1 30.6 0.01 10000 1 69.9 200




Table S2. Summary of parameters for the optimistic singlet fission photon multiplier and the resulting solar cell
for each silicon bottom cell calculated at standard test conditions. The optimistic case assumes 200 meV
entropy gain, 3% parasitic absorption losses below the singlet fission band gap, capture losses of 5%, and a

fwhm for the QD emission of 30 meV.

E(Sl) E(QD) Voc .lsc FF n
Cell (ev) (eV) (V) (mA/ecm?) (%) (%)

1 2.20 1.20 0.652 43.15 74.5 21.0

2 2.26 123 0.642 42.91 76.0 20.9

3 2.28 1.24  0.654 43.51 75.3 214

4 2.32 126 0.652 43.14 784 221

5 2.3 1.25 0.695 41.90 76.8 224

6 2.32 1.26 0.660 43.60 79.10 228

7 2.32 1.26 0.666 44.50 80.0 237

8 2.26 123 0.678 47.76 80.1 25.9

9 2.30 1.25 0.754 45.05 81.3 27.3

10 2.26 1.23 0.740 47.68 79.8 28.1

11 2.28 1.24 0.744 48.48 82.5 29.7

12 2.26 123 0.748 49.22 83.7 30.8

13 2.24 1.22 0.742 49.63 85.0 313

14 2.18 1.19 0.780 52.29 88.4  36.0

15 2.18 1.19 0.819 52.29 86.2 36.9




Table S3. Summary of parameters for the realistic singlet fission photon multiplier and the resulting solar cell
for each silicon bottom cell calculated at standard test conditions. The realistic case assumes 100 meV entropy
gain, 5% parasitic absorption losses below the singlet fission band gap, capture losses of 15%, and a fwhm for

the QD emission of 30 meV.

E(Sl) E(QD) Voc .lsc FF n
Cell (ev) (eV) (V) (mA/em?) (%) (%)

1 2.30 1.20 0.651 40.04 751 195

2 2.36 1.23 0.640 40.06 76.4 196

3 2.38 1.24 0.652 40.61 75.7  20.0

4 2.42 1.26 0.651 40.29 78.6  20.6

5 2.40 1.25 0.694 39.14 77.1  20.9

6 2.42 1.26 0.659 40.72 793 213

7 2.42 1.26 0.664 41.60 80.2 221

8 2.36 1.23 0.676 44.43 803 241

9 2.42 1.26 0.743 42.07 815 255

10 2.36 1.23 0.738 44.42 80.0 26.2

11 2.38 1.24 0.742 45.11 82,6 27.6

12 2.36 1.23 0.746 45.73 83.8 28.6

13 2.34 1.22 0.740 46.10 849 29.0

14 2.28 1.19 0.778 48.24 883 331

15 2.28 1.19 0.817 48.24 86.2 33.9




Table S4. Summary of the parameters for the modeled perovskite solar cell for each silicon bottom cell
calculated at standard test conditions, together with the tandem solar cell efficiency. All modeled perovskite

solar cells have a shunt resistance of 5000 Q cmZ, a series resistance of 0.32 Q cmz, and an ng_of 0.15% at MPP.

Band gap INR Voc Jsc FF n NTandem
Cell (eV)  (pA/em®) (V) (mA/em’) (%) (%) (%)
1 1.74 104 1.382 17.76 819 20.1 28.8
2 1.74 104 1.382 17.76 819 20.1 28.8
3 1.73 125 1.373 18.02 819 203 29.1
4 1.74 104 1.382 17.76 819 20.1 29.1
5 1.75 87 1.390 17.50 82.0 199 29.2
6 1.73 125 1.373 18.02 819 20.3 294
7 1.72 153 1.363 18.28 81.8 204 29.8
8 1.70 233 1.343 18.81 81.6 20.6 30.7
9 1.72 153 1.363 18.28 81.8 204 31.2
10 1.70 233 1.343 18.81 81.6 20.6 31.5
11 1.69 286 1.333 19.08 81.6 20.7 32.2
12 1.68 342 1.325 19.36 815 209 32.6
13 1.68 342 1.325 19.36 815 209 32.7
14 1.66 500 1.307 19.90 813 211 34.3

15 1.66 500 1.307 19.90 813 211 34.5




Table S5. Summary of parameters for the optimistic singlet fission photon multiplier and the resulting solar cell
for different fwhm calculated at standard test conditions. The optimistic case assumes 200 meV entropy gain,
3% parasitic absorption losses below the singlet fission band gap, capture losses of 5%, and a fwhm for the QD

emission of 30 meV.

fwhm E(S;) E(QD) Voc Jsc FF n
(mev) (ev) (eV) (V)  (mA/em®) (%) (%)

10 2.22 1.21 0.742 49.94 85.0 315

20 1.24 122 0.742 49.81 85.0 314

30 1.24 1.22 0.742 49.63 85.0 313

40 2.26 123 0.742 49.40 85.0 311

50 2.26 1.23 0.741 49.16 85.0 30.9

Table S6. Summary of parameters for the realistic singlet fission photon multiplier and the resulting solar cell
for different fwhm calculated at standard test conditions. The realistic case assumes 100 meV entropy gain, 5%
parasitic absorption losses below the singlet fission band gap, capture losses of 15%, and a fwhm for the QD

emission of 30 meV.

fwhm E(S;) E(QD) Voc Jsc FF n
(mev) (ev) (eV) (V)  (mA/em®) (%) (%)

10 2.32 1.21 0.740 46.31 849 29.0

20 2.34 122 0.740 46.23 849 29.0

30 2.34 1.22 0.740 46.10 849 29.0

40 2.36 1.23 0.740 45.94 849 28.9

50 2.36 1.23 0.740 45.76 84.9 28.7




Table S7. Linear fitting parameters for the efficiency of the two singlet fission photon multipliers and the

tandem solar cell as a function of the silicon solar cell efficiency under standard test conditions.

Offset Slope

Realistic photon multiplier -1.20 1.14
Optimistic photon multiplier -2.12 1.26

Tandem solar cell 20.32 0.46

Table S8. Linear fitting parameters for the efficiency of the two singlet fission photon multipliers and the
tandem solar cell as a function of the silicon solar cell efficiency under real-world conditions calculated using

solar spectra and temperatures measured in Utrecht, The Netherlands.”*

Offset Slope

Realistic photon multiplier -0.96 1.13
Optimistic photon multiplier -1.62 1.25

Tandem solar cell 17.00 0.48

Table S9. Linear fitting parameters for the efficiency of the two singlet fission photon multipliers and the
tandem solar cell as a function of the silicon solar cell efficiency under real-world conditions calculated using

solar spectra and temperatures measured in Denver, Colorado (US).22

Offset Slope

Realistic photon multiplier -1.02 1.14
Optimistic photon multiplier -1.38 1.21

Tandem solar cell 18.13 0.47




S5 THE EFFECT OF APE ON THE EFFICIENCY
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Figure S6. Efficiency of the two singlet fission photon multipliers, the tandem solar cell, and the silicon base cell

as a function of average photon energy (APE) using solar spectra and temperatures measured in The

21,22

Netherlands and in Colorado with the record silicon base cell with an efficiency of 27.6%. The APE is

calculated for photons with an energy above the band gap of silicon. The solid line in (b) represents a moving

average of the data shown in (a).

S6 DIFFERENT TANDEM SOLAR CELL CONFIGURAITONS

To compare the efficiency potential of the current-matched series tandem, the voltage-
matched module tandem, and the electrically-independent four-terminal tandem we
calculate the efficiencies of the three tandem configurations for different silicon bottom cells
following previous work.! To optimize for maximum perovskite/silicon tandem solar cell
efficiency, we change the band gap of the perovskite solar cell artificially by scaling the EQE
of the record perovskite solar cell in energy while keeping the parasitic resistances and the
electroluminescent emission efficiency constant. For the module tandem, we furthermore
change ratio between the number of perovskite top cells and Si bottom cells to archive
voltage-matching. Figure S7 shows the efficiencies of the different tandem cells as a function
of the silicon-base-cell efficiency under standard test conditions and under real-world

conditions. Both the module tandem and the four-terminal tandem are somewhat less



sensitive to changes in the solar spectrum than the series tandem. The average intensity-
weighted efficiency of the module tandem and the four-terminal tandem is reduced by 2% in
Colorado and by 3% in The Netherlands due to real-world conditions, while the efficiency of
the series tandem cell is reduced by 3% in Colorado and by 4% in The Netherlands.

Table S10, Table S11, and Table S12 show the fitting parameters to Figure S7.
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Figure S7. Efficiency of the tandem solar cells as a function of the silicon base cell efficiency under (a) standard
test conditions and under real-world conditions averaged over the entire year and weighted with the incoming
intensity, calculated using solar spectra and temperatures measured in (b) The Netherlands and (c)

21,22
Colorado.

Table S10. Linear fitting parameters for the efficiency of the three tandem solar cell configurations as a

function of the silicon solar cell efficiency under standard test conditions.

Offset Slope

Series tandem 20.32 0.46

Module tandem 20.11 0.48

Four-terminal tandem 19.78 0.49




Table S11. Linear fitting parameters for the efficiency of the three tandem solar cell configurations as a
function of the silicon solar cell efficiency under real-world conditions calculated using solar spectra and

temperatures measured in Utrecht, The Netherlands.”

Offset Slope

Series tandem 17.00 0.48

Module tandem 17.11 0.51

Four-terminal tandem 17.02 0.52

Table S12. Linear fitting parameters for the efficiency of the three tandem solar cell configurations as a
function of the silicon solar cell efficiency under real-world conditions calculated using solar spectra and

temperatures measured in Denver, Colorado (US).22

Offset Slope

Series tandem 18.13 0.47

Module tandem 18.16 0.50

Four-terminal tandem 18.09 0.51
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