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Abstract

Metal halide perovskite semiconductors offer rapid, low cost deposition of solar cell active
layers with a wide range of bandgaps, making them ideal candidates for multi-junction solar
cells. Here, we combine optical and electrical models using experimental inputs to evaluate the
feasible performances of all perovskite double- (2PJ), triple-junction (3PJ), and perovskite-
perovskite-silicon triple junction (2PSJ) solar cells. Using parameters and design constraints
from the current state of the art generation of perovskite solar cells, we find that 2PJs can
feasibly approach 32% power conversion efficiency, 3PJs can reach 33%, and 2PSJs can

surpass 35%. We also outline pathways to improve light harvesting and demonstrate that it is
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possible to raise the performances to 34%, 37% and 39% for the three architectures.
Additionally, we discuss important future directions of research. Finally, we perform energy
yield modelling to demonstrate that the multijunction solar cells should not suffer from reduced
operational performances due to discrepancies between the AM1.5G and real-world spectrum

over the course of a year.
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Metal halide perovskite solar cells are rapidly approaching performances that can rival
those of crystalline silicon (c-Si). After only 5 years of intensive research, the record certified
perovskite research solar cell efficiency is 22.1%?!, while the record certified multi-crystalline
silicon cells are at 21.9%, which is the dominant commercially deployed PV technology?. For
the most advanced c-Si concepts, which arise from lab based research, the last efficiency gains
are being squeezed out, with efficiencies approaching 27%?3. Although improvements in
perovskite solar cell efficiency can be expected over the next few years, single junction
perovskite solar cells will always be limited to performances similar to those of c-Si.
Mainstream PV module manufacturing costs have continued to diminish so extensively over
the last decade that now the cost of the module amounts to less than half the overall solar PV
installation in utility scale projects. Most of the non-module costs, referred to as the balance of
systems (BoS), scale with area of deployed PV rather than power generated. Therefore,
increasing the overall power output of the module per unit area, i.e. efficiency, is the surest

means to continue to drive down the overall cost of installed PV generated electricity.



Therefore, we need to develop a strategy and road map, which will lead perovskite solar cells

to much higher efficiency than c-Si.

Multijunction solar cells using lattice matched I11-V compound semiconductors such as
GaAs and GalnP have thus far achieved the highest performances, reaching 31.1 % in double
(“tandem”) junction, and obtaining 37.9 %, and 38.8 % for triple and quadruple junction solar
cells respectively, measured under standard simulated air-mass (AM) 1.5 solar irradiance at
100mWcem22 Unfortunately however, the metal organic chemical vapour deposition
(MOCVD) or molecular beam epitaxy (MBE) deposition processes required to make such
crystalline, lattice matched multijunction solar cells are prohibitively costly for manufacture

and deployment of such solar cells in terrestrial applications.

Semiconductors such as perovskites, with continuously tunable bandgaps and the
promise of lower cost manufacturing techniques thus offer great opportunities to meet the
performances of I111-V multijunction tandem solar cells at costs suitable for terrestrial PV
deployment. Their bandgap can be tuned between ~1.2 and 2.3 eV by adjusting the composition
of the A cation (Cs, methylammonium and formamidinium and mixtures thereof), B metal (Pb
to Sn and mixtures thereof), and X halide (I to Br) within the ABX3 crystal structure*®. Several
research groups have made both monolithically integrated (2T)%® and mechanically stacked
(4T)% ! perovskite-Si double junction tandems, reaching impressive 26.4 % 4T and 23.6 % 2T
tandem efficiencies. We recently also made all-perovskite double junction tandem solar cells
with 20.3 % efficiency in a 4T and 17.0% efficiency in a 2T architecture!?, while Yan et al

obtained a 21 % efficient all-perovskite 4T tandem?3,

Building an efficient multi-junction solar cell composed of many thin film layers is not
trivial; care must be taken to minimize parasitic absorption and thin film interference effects to

maximise and match solar light absorption in each absorber layer, whilst also allowing as close



to perfect as possible photovoltaic diode operation. However, before embarking on such a
mammoth research challenge, it would be very useful to know how much of an efficiency (and
energy Yyield) gain is feasibly achievable by moving towards a two or even three junction stack.
In addition, knowing the specific material requirements, such as ideal bandgaps of absorber
layers and optical properties of charge collection and recombination layers, would save a lot of
time and effort in an otherwise trial and error approach to research. In this work, we couple an
optical model with a simple device model in order to optimise and evaluate the performances
and energy Yyields achievable for monolithically integrated all perovskite multijunction (double
and triple) and perovskite-Si triple junction solar cells. We base our simulations on
experimentally derived n and k values for the different layers (listed in the supporting
information in Tables S1,2,3), and extract parameters for our simulated current-voltage (JV)
curves from experimentally measured JV curves of relevant perovskite (and Si) solar cells. The
simulation is effectively a detailed balance calculation using experimentally derived absorption
spectra, ideality factor, radiative efficiency, and shunt and series resistances. We find that with
current device architectures, it is possible to obtain a 31.9 % efficient 2T all perovskite tandem
cell (2PJ), a 33.1 % all perovskite triple junction cell (3PJ), and a 35.3 % efficient perovskite-
Si triple junction cell (2PSJ) under AM1.5G conditions. We also evaluated “idealized” tandem
architectures, by making certain assumptions about yet-to-be-realised charge extraction and
charge recombination layers, and determine that future work feasibly yields 33.8 %, 36.6 %,
and 38.8 % for 2PJ, 3PJ and 2PSJ performances respectively, assuming that the optoelectronic
quality of all perovskite junctions matches the current best-in-class single junction perovskite
solar cells. Crucially, these devices can all maintain their high performances under varying
conditions to deliver high annual energy yields, which we calculated for the Mohave desert (a
preferable location for utility scale solar power plants) and Seattle (a heavily overcast region),

and find negligible energy losses due to spectral mismatch.



We note, that we have only considered monolithically integrated 2T multi-junction cell
architectures in our work, and not multi-terminal, physically stacked architectures. It may in
principle be possible to obtain both higher efficiency and increased energy yield from a
physically stacked multi-junction cell, if optical losses related to charge extraction are not
considered'*, However, every additional junction will introduce optical losses due to the
requirement to extract current at every inter-cell electrode, which will likely to induce at least
10% drop in current in every subsequent junction and hence be detrimental to practical
efficiency. In particular, the additional TCOs and module gridlines will introduce additional

optical losses and increase the cost of the modules.

We have calculated the Shockley-Queisser limiting efficiency for ideal tandem and
triple junction cells, and show this in the supplementary information Figure S1. Although we
find that maximum efficiencies of triple junction cells under AM1.5 100mWcm2 sun light
could surpass 46%, no real solar cell can achieve such efficiency. The actual expected power
conversion efficiency (PCE) is significantly lower than the Shockley-Queisser limit because
real solar cells suffer from optical losses such as parasitic absorption, reflection losses and non-
rectangular absorption profiles at the band edge, in addition to electrical losses such as series
resistance, low shunt-resistances leading to high leakage current, and non-radiative
recombination. To account for these factors in our simulations, we used a transfer matrix
(TMM) and device modelling approach, previously described by Hoérantner and Snaith?® to
simulate a more realistic expectation of PCE in experimentally realisable multijunction device
stacks. Here, we theoretically shift the bandgaps of the perovskite layers and then optimise the
thicknesses of all layers to arrive at the highest achievable efficiency. We use n and k values
obtained by ellipsometry measurements for CHsNHsPbls by Loper et al.” for the wider
bandgap lead based cells, and then apply the Kramers-Kronig relation to obtain n and k values
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for a wide range in top cell (Eq > 1.4 eV) bandgaps. For the low bandgap perovskites (Eqg < 1.4
eV) we use measured n and k values, which we determined from our ellipsometry
measurements of a MAg.4FA0.6Sno.sPbo.4l3 film, a composition used in the best cells of this class
by Yan et al.™® (see Figures S2 and S3a). We fit the best experimentally obtained J-V curves of
low bandgap perovskites, high bandgap perovskites, and silicon heterojunction solar cells to a
non-ideal diode model to extract ideality factor, radiative efficiency and series and shunt
resistances (see Figure S3b). We note that it is crucial that tandem sub-cells have low ideality
factors and high shunt resistances to prevent them from performing less efficiently at lower
intensities. Correa-Baena et al.*® have recently shown that the ideality factor within perovskite

solar cells can approach 1 in typical operation.

We illustrate the device architectures for which we carried out our simulations in Figure
la. We assume a perovskite-on-perovskite tandem device architecture similar to the one
experimentally demonstrated by Eperon and Leijtens et al.*2, with bandgaps of 0.9-1.35 eV and
1.5-2 eV for the bottom and top perovskite absorber layers respectively. The simulated all-
perovskite triple junction architecture is based on a similar architecture as the double junction
architecture with an additional top perovskite absorber of wider bandgap from 1.9 — 2.3 eV.
The middle perovskite absorber ranges from 1.5 — 1.9 eV and we keep the bottom perovskite
absorber fixed at 1.22 eV, which is currently the lowest bandgap reported for an efficient
perovskite solar cell'*!®, For the triple junction perovskite-on-perovskite-on-silicon
architecture we include a silicon heterojunction (SHJ) bottom cell, as we have used previously
for perovskite-on-silicon double junction simulations'®. We simulate the middle and top
perovskite absorbers with varied bandgaps of 1.35 - 1.75 eV and 1.8 — 2.2 eV respectively.
Both, the middle and top perovskite absorber layers are sandwiched between the typical organic
charge extraction layers, 2,2'7,7'-Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-

spirobifluorene (Spiro-OMeTAD) and Ceo as the hole-transport material (HTM) and the



electron-transport material (ETL) respectively. We constrain all the layer thicknesses to be
within a range which we determine to be experimentally feasible based on current state-of-the-

art devices, which we state within the illustration of Figure 1a and in Tables S1,2,3.

We show the results for double and triple-junction perovskite solar cells by plotting
them as contour plots in Figure 1b,c,d. Encouragingly, we find that perovskite-on-perovskite
tandem solar cells can achieve efficiencies of over 32 % when employed in bandgap
combinations of 1.15 eV and 1.75 eV, which is a very similar efficiency as achievable with
perovskite-on-silicon hybrid tandem cells. However, if we limit the band gap of the perovskite
rear cell to 1.22 eV, this tandem efficiency drops back to 31.9%. This can be more than
recuperated however by moving to the all-perovskite triple junction, for which we determine a
peak efficiency of 33.1 %, when assuming a 1.22 eV bottom cell. Even more encouraging, we
determine that a perovskite double junction on top of a silicon heterojunction (SHJ) solar cell
can achieve 35.3 % efficiency, when engineered with perovskite bandgaps of 1.44 eV and 1.95
eV, which would beat the current record efficiency for I11-VI triple junction solar cells
deposited via epitaxial growth?. We note that each individual junction we have simulated from
within the triple junction stacks are approximately ~21-22% efficient, so the tandems offer

significant improvements over the single junction solar cell efficiency.
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Figure 1: a) lllustration of the perovskite tandem junction, all perovskite triple junction and perovskite-
on-silicon triple junction device architectures. The thickness range used in the optical model for each
layer is written upon the illustration and detailed in Tables S1,2,3. b) All-perovskite double junction
PCE for varied band-gap combinations of bottom and top absorber. ¢) All-perovskite triple junction
solar cell PCE for varied band-gap combinations of bottom and top absorber on top of perovskite base
absorber with fixed 1.22 eV band-gap. d) Perovskite-perovskite-silicon triple junction solar cell PCE
for varied band-gap combinations of bottom and top perovskite absorber on top of fixed band-gap SHJ

base absorber.

In order to understand where losses are occurring, and where further improvements may
be realised, we show our calculated external quantum efficiencies (EQEs) and J-V curves for
the optimised multi-junction devices in Figure 2. Though the maximum PCE in a 2PJ is
obtained with a 1.15 eV bottom cell, we chose to plot the EQE and JV curve of the 2PJ using
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an already achieved 1.22 eV bandgap for the bottom cell. We note that we do not determine
perfect current matching between the front and rear cells in our calculated JV curves. This is
due to the finite step size in our parameter optimisation. However, a slight mismatch in short-
circuit current leads to a slight improvement in FF of the tandem cell, which predominantly
compensates on overall efficiency, which is what our calculation has maximised. Although the
1.22 eV bottom cell bandgap is not ideal, we demonstrate that it can still yield high tandem
performances of ~31.5% when paired with a 1.83 eV top cell. We show all the optimised layer
thickness in the supplementary information in Tables S1,2,3. We reach the ideal tandem
performances with very thick bottom absorber thicknesses (1.5 um). While recent work has
demonstrated the feasibility of making efficient 1um thick MAo.4FAo0.SnosPbo.ls solar cellst?,
we also evaluated the effect of limiting the bottom absorber thickness, and plot the obtainable
PCEs 2PJs as a function of 1.22 eV bottom cell thickness in Figure S4a. We find that even at
only 500 nm thickness in the bottom cell, we obtain a 31 % tandem if the top cell bandgap is
raised to 1.86 eV; the lower photocurrent is somewhat offset by an increase in voltage, as we
see in the modelled JV curves in Figure S4b. As a result, the thickness dependence of perovskite

tandems is not that steep, provided that top cells with high output voltages can be realized.

The all-perovskite triple junction device for which we show the EQE and the JV curves
in Figure 2b and 2e has a relatively low matched current around 10 mA/cm?, mainly because
interference effects lead to large fringes in the bottom absorber. However, when we analyse
the EQE and JV curves of the triple junction perovskite-on-silicon device in Figure 2c and 2f,
we find that fewer fringes occur in the EQE and that the currents match at higher currents
around 13 mA/cm?. This is mainly due to the large thickness of the Si bottom cell (100s um),
limiting thin film interference effects. We also point out that to perform the TMM, we assume
that all light within most of the layers within the stacks is coherent. Realistic solar cells will

have some roughness simply due to the fact that they are polycrystalline. The results also



suggest that designing textured light trapping architectures such as those used in most
commercial silicon solar cells to minimize reflection losses could lead to very large

improvements in tandem performances, with the biggest gains to be obtained for triple junction

all-perovskite tandems.
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Figure 2: Calculated EQEs and resulting JV curves of optimised all-perovskite double junction (a,d),
all-perovskite triple junction (b,e) and perovskite-perovskite-silicon (c,f) solar cells with ideal bandgap
combination and currently achievable thickness constraints using optical transfer matrix and single-
diode device modelling. Respective calculations of optimised all-perovskite double junction (g,j), all-
perovskite triple junction (h,k) and perovskite-perovskite-silicon (i,I) solar cells with ideal bandgap

combination and optically idealised thickness constraints.

We base the results we present above on proven device architectures using readily
achievable thicknesses for all the layers in the device stacks. However, we find that the resultant
EQEs exhibit strong interference fringes, which significantly limit photocurrent generation in
the rear perovskite cells. To evaluate the primary sources of such interference, and hence give
an indication of the future direction for optimising the device stacks, we varied some of the
constraints we placed on the device architecture, specifically for material layers which we
found to introduce optical losses. In short, we find that the largest improvements come from
thinning all non-perovskite charge extraction and recombination layers to 5nm, and by
removing the PEDOT:PSS, which is optically lossy. We make smaller improvements by
removing the ITO recombination layer, which may be feasible when making vapor deposited
tandem solar cells using thin, doped recombination layers, such as those already realised by
Bolink and co workers?’. We note that it is essential not to introduce any additional electrical
losses to the multijunction solar cell performance associated with the recombination layer.
However, existing solutions already appear to enable relatively low-loss recombination
contacts, largely due to the ease of using varying conductive contacts with perovskites, which
do not require lattice matching or special substrates to enable high quality optoelectronic
properties. We exemplify the impact of these changes individually in Figures S5 and S6, and

implement all these changes into the “ideal” multi-junction stacks for which we show the
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modelled EQE spectrum and JV curves in Figure 2g-1. We optimised such devices with the
material stacks and thickness constraints illustrated in Figure S6a. We find that the optically
optimised devices can reach 33.8, 36.6, and 38.8 % for 2PJs, 3PJs, and 2PSJs respectively and
show the results for varied bandgaps in Figure S7a,b,c. This is significantly beyond any
presently realised efficiency for any PV technology, including I11-V semiconductor multi-
junction devices. This therefore gives significant motivation to both develop the range of
required band gap single junction perovskite cells with comparably high efficiency and to
integrate them into device stacks with optically thin charge collection and recombination

layers.

For the simulations, we have varied the bandgaps to find the absolute highest achievable
PCEs. However, the ideal bandgap combinations may not always use the most stable perovskite
compositions; small bandgap perovskite solar cells incorporating Sn on the B site suffer from
degradation in air, since Sn?* species are oxidized to Sn**?-23, Furthermore, wide bandgap
perovskite solar cells using high Br contents are prone to undergoing halide segregation
(referred to as the Hoke effect)?*, In the case of 2PJs, one could reduce the Sn content of the
low bandgap absorber to make it more air stable, increasing the bandgap. Similarly, one could
constrain the Br content by limiting the top cell bandgap below 1.75 eV, which has been
demonstrated to yield efficient and stable solar cells?®. If we limit ourselves to using only 25 %
Sn, which has been shown to yield much improved air stability?’ at a 1.35 eV bandgap, and
pair this with a ~1.75 eV bandgap top cell, we estimate that we could surprisingly still obtain
a ~30.5 % tandem provided all the layers are optimized to achieve current matching. This
approach relies on the ability to tune the absorber thicknesses; in particular, the bottom absorber
must be able to approach ~ 1um to enable reasonably high current matching. This strategy is
unlikely to work for the 3PJs because these rely more heavily on having a small enough bottom

absorber bandgap.
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Similarly, the optimal 1.44 eV perovskite middle absorber for the silicon based triple
junction architecture has not been shown in a well performing device and would require the
use of mixed Sn-Pb perovskites or the phase-unstable FAPbI3?82° in the middle cell, possibly
limiting the lifetime of the Si bottom cell. However, if we limit ourselves to the band gap of
the current world record perovskite cell at 1.50 eV?, we calculate that a triple junction
perovskite-perovskite-silicon device will deliver a reduced PCE of 34.6 % when comprised of
the bandgap combination 1.50 eV and 2.0 eV because the perovskite absorbers cannot match
the high current from the SHJ. We show the EQEs and JVs of these calculations for currently
feasible and optically ideal stacks in Figure S8. Since we have already predicted a two junction
perovskite-Si tandem to yield 32 % PCE, the success of the 2PSJ relies heavily on the continued
development of stable and efficient perovskites in the ~1.4-1.5 eV bandgap region. An even
greater challenge is the requirement for an efficient and stable ~2 eV top cell, which has not
been reported to date. Thus far, increasing the bandgap past ~1.75 eV has not resulted in the
expected increases in Voc, and the high bromide contents of compounds with these bandgaps

makes them relatively unstable.

Measuring or estimating the efficiency of a solar cell under a standardised light source
(AM1.5 100mWcem?2 irradiance) is simply a means of determining a parameter which should
reflect the electrical energy yield the device would deliver if deployed under real world solar
illumination. However, due to spectral variations in terrestrial sun light induced from changes
in atmospheric conditions and time of day variations, the absolute energy yield of a solar cell
can vary. Specifically for multi-junction solar cells, the requirement for current matching
between sub cells adds an additional complexity to energy yield estimations. In order to assess
if the increased multi-junction cell efficiency can translate into increased energy yield, we carry
out energy yield (EY) simulations for real world conditions in the Mohave desert and Seattle,

similar to that previously described by Horantner and Snaith®. We note that we do not account
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for temperature coefficient of the cells, which will generally reduce the efficiency of a solar
junction with increased temperature. However, assuming the temperature coefficient is similar
for all junctions, this will not greatly affect the relative changes in energy yield®, although this
does result in us slightly overestimating the absolute energy yields for each configuration. We
present the results for tandem devices with a fixed tilting angle (34.9°) in Figure 3 and find that
the EY is maximized at similar bandgap combinations to where the PCE was optimized at
AML1.5G. Importantly, we find that the energy yields for the monolithically integrated tandems
are appropriately higher than that of either a single junction perovskite solar cell or the single
junction SHJ modelled previously at these conditions; the tandems do not suffer from
significant additional losses due to current matching issues. We note that we have only
considered absolute efficiency and energy yield as factors to assess the feasibility of developing
multi-junction perovskite solar cells. We have not considered the impact this may have on the
scaling to large area and achieving a high yield in a future solar cell manufacturing facility.
Clearly, extremely good deposition control over the uniformity (physical and optoelectronic)
of every layer will be required due to the multiple layers present in the multi-junction cells:
Any given process will have a yield for producing an individual layer within spec, and every
additional layer in the cell compounds the yield of the final manufactured cells and modules.
However, in favour of perovskites with respect to 111-V multi-junction cells, lattice matching

between subsequent layers is not required.

To evaluate the energy yield in comparison to the corresponding AM1.5 PCEs, we
calculate the “capacity factors” by dividing our calculated energy yield by the peak power at
AM1.5/0°, where the 0° stands for perpendicular angle of incidence of the light. We tabulate
the values in Table 1, and compare the multi-junction cells to the values from single junction
silicon SHJ and single junction perovskite cell of bandgap 1.65eV*°. Remarkably, we find that

the capacity factor of the 2PJ device outperforms that of the single junction silicon cell with
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2.17 KWh/Wp vs 2.16 KWh/W,. Even more surprisingly, we estimate that the triple junction
cells only perform slightly worse, with the 3PJ (the architecture with the lowest capacity factor)
cell still delivering 2.14 kWh/W,. Therefore, all multijunction cells are within an absolute
range of +/- 0.02kWh/W, of the single junction silicon cell, and all deliver significantly
increased absolute energy yield. Moving to the “ideal” multijunction stacks, we estimate that
the capacity factors of 2PJ and 2PSJ devices can be even further improved to 2.17 kwWh/W,and
2.17 KWh/W,, as we show in Table 1. In the best scenario of the 2PSJ, we estimate a relative
increase in energy yield of 73% with respect to the single junction silicon heterojunction cell.
We note that the diffuse irradiance spectrum of Mohave desert is significantly blue shifted
compared to the AM1.5 spectrum, coming from Raleigh scattering, which is the reason why
the untracked single junction perovskite cell yields a substantially higher capacity factor than

the SHJ single junction device®®.

For comparison with a more overcast region, we additionally carried out EY
simulations for deployment in Seattle at a fixed tilt angle of 47.5°. We find that the relative
energy Yield gain is slightly reduced in a cloudier region. For instance, the capacity factor of
single junction perovskite is 1.07 KWh/kW,, for a single junction perovskite, 1.06 for a single
junction SHJ kWh/kW,, 1.05 kWh/kW, for a 2PJ device, 1.02 kWh/kW, for a 3PJ device and
1.03 KWh/kW, for a 2PSJ device. The decrease of capacity factors can be assigned to the fact
that weather conditions change more often in Seattle, leading to a more frequent mismatch in
currents. Absolute energy yield does still significantly increase with the added junctions, but
probably, assuming costs of manufacturing and manufacturing yields would be influenced,
triple junction solar cells would be less attractive than tandems in locations like Seattle.

However, tandems still significantly outperform single junctions.
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Figure 3: All-perovskite double junction energy yield in Mohave desert for varied band-gap
combinations of bottom and top absorber with currently feasible thickness constraints (a) and with
optically idealised thickness constraints (d). All-perovskite triple junction solar cell energy yield in
Mohave desert for varied band-gap combinations of bottom and top absorber on top of fixed perovskite
base absorber (Eq=1.22 eV) with currently feasible thickness constraints (b) and with optically
idealised thickness constraints (e). Perovskite-perovskite-silicon triple junction solar cell energy yield
in Mohave desert for varied band-gap combinations of bottom and top perovskite absorber on top of
fixed band-gap SHJ base absorber with currently feasible thickness constraints (c) and with optically

idealised thickness constraints (f).

Table 1: Tabulated optimised PCE with corresponding annual energy yield, relative energy yield gain
and capacity factor at Mohave desert and Seattle for single junction devices and tandem stacks with

currently feasible thickness constraints and with optically idealised thickness constraints.

Stack: | PCE EY EY gain | Capacity EY EY gain | Capacity
(%) | (kWh/m?) | on SHJ factor (kWh/m?) | on SHIJ factor
cell (%) | (kWh/W,) cell (%) | (kWh/W,)
Mohave desert Seattle
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Perovskite | 21.96 | 489.33 0.3 2.23 233.94 -1.8 1.07
single15

SHJ single®® | 22.58 | 487.65 0.0 2.16 238.28 0.0 1.06

2P) | 32.19 | 697.40 43.0 2.17 337.53 41.7 1.05

3PJ | 33.00 | 710.90 45.8 2.15 336.6 41.3 1.02

2PSJ | 35.31 | 755.20 54.9 2.14 364.2 52.8 1.03

Ideal 2PJ | 33.80 | 734.40 50.6 2.17 353.35 48.3 1.05

Ideal 3PJ | 36.55 | 785.90 61.2 2.15 371.3 55.8 1.02

Ideal 2PSJ | 38.80 | 841.40 72.5 2.17 399.6 67.7 1.03

We demonstrate that high efficiency perovskite tandem solar cells are possible with
currently available material sets, provided they are carefully integrated into a tandem stack.
Assuming optimisation of already demonstrated device architectures, we estimate that AM1.5
solar cell efficiencies close to 32 % are feasible in all perovskite tandem cells with the current
generation of Sn-Pb low bandgap bottom absorbers. This suggests that we can expect even
higher efficiencies in the future as the voltage deficits and parasitic resistances continue to
improve. We also demonstrate that triple junction cells, composed of either all perovskite
junctions or two perovskite junctions on silicon could deliver potential performances to above
33 and 35 % respectively. Through analysis of the material stacks, we have identified key
parameters responsible for optical losses, and in an improved device architecture we estimate
feasible power conversion efficiencies of 33.8, 36.6, and 38.8 % for all-perovskite tandem
(2PJ), all perovskite triple (3PJ) and perovskite tandem in silicon (2PSJ) cells. Even more
encouragingly, we have calculated the energy yield of all our optimised multijunction cells
using real world irradiance data, and find that they deliver a comparative boost in energy yield,
with our most optimistic idealised structure delivering a 73% increase in energy Yyield, as

compared to a single junction silicon cell.

In order to realise the highest efficiencies for the device stacks we have considered here, a

number of factors arise as key areas which require targeted development.
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i) For the all-perovskite tandem cell, we must realise a 1.8 to 1.9 eV perovskite cell with a Voc

of 1.35t0 1.4V.

il) For the all perovskite tandem and the all perovskite triple junction, we must realise thick
(order 1 micron) low band gap perovskite cells, incorporating Sn, which are stable enough to

survive environmental aging.

iii) For all triple junction architectures, we must realise a wide band gap (~2.0 eV) perovskite

solar cell with an open-circuit voltage >1.5 V.

iv) To minimise optical losses, we must develop routes to deposit the multilayers without
destroying the underlying materials, and with continuous charge extraction layers of minimal

thickness (on the order of 5 nm).

Our JV characteristics are derived from the present best-in-class JV curves in the perovskite
literature and so further reductions in the loss-in-potential and non-radiative recombination in
perovskite solar cells will drive the performances of the multi-junction cells beyond the
numbers we have determined here. Additionally, we have only considered coherent light in all
our calculations, and have not introduced any advanced strategies for enhancing light scattering
within the absorber layers, which could further increase the photocurrent generation. We
therefore consider our estimations as a “conservative” view of the future prospects for
perovskite multi-junction solar cells, and our results demonstrate that all-perovskite
multijunction solar cells are likely to deliver an ultimately low cost solar technology with

efficiencies beating even the most advanced classical semiconductor devices.
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