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1 | INTRODUCTION
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Christoph J. Brabec !

Larry Luer3

Abstract

Multijunction solar cells offer a path to very high conversion efficiency, exceeding
60% in theory. Under ideal conditions, efficiency increases monotonically with the
number of junctions. In this study, we explore technical and economic mechanisms
acting on tandem solar cells. We find that these mechanisms produce limitations that
are the more pronounced the greater the number of junction is and, hence, limit the
ideal number of junctions, as well as the corresponding efficiencies. Spectral varia-
tions induce current losses in series-connected tandem solar cells. For Denver, we
find that these losses reduce achievable harvesting efficiencies to 51% for non-
concentrated light and that they restrict the ideal number of junctions to less than
nine. Independently operated solar cells suffer from optical losses with similar conse-
quences. Even high optical efficiencies of 99% restrict the ideal number of junctions
to below 10 and reduce achievable efficiencies by more than 10%. Only architectures
with a sequential cell illumination are more resilient to these losses. Restricting avail-
able materials reveals that a sufficiently low band gap for the bottom cell of 0.9 eV or
below is expedient to realize high efficiencies. Economic considerations show that

five junctions or less are economically ideal for most conceivable applications.
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one set temperature. Such conditions can be approached in the lab,

with some effort, but they cannot be realized in the field. Introduc-

Multijunction solar cells, in the following also referred to as tan-
dems, combine absorbers with different band gaps to reduce two
principle loss mechanisms occurring in single junction solar cells:
thermalization and sub-band gap losses.? Increasing the number of
junctions towards infinity monotonically increases the detailed bal-
ance efficiency limit to more than 65% without concentration and
more than 85% with concentration?—about twice the limit of a
single junction solar cell.® Yet, these values are obtained from calcu-
lations that use very few constraints. Neither optics nor intercon-
nections are considered, the solar cells are illuminated with one

unwavering spectrum at one given intensity and they operate at

ing constraints results in the formation of losses, and these losses,
for fundamental reasons, affect tandems with different numbers of
junctions differently. In this study, we explore a few of these con-
straints, and we show that they result in the formation of a finite
optimum number of junctions exhibiting the greatest limiting effi-
ciency. For the definition of the included constraints, it is useful to
distinguish between different architectures of tandem solar cells and
different interconnection schemes. In the next section, we introduce
four different tandem architectures. We then explore limiting effi-
ciencies without and with constraints due to available materials, var-

iation in spectrum and imperfect optics. In a final investigation, we
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explore economic constraints using a simple bottom-up cost model

for a perovskite-based multijunction solar cell.

2 | TANDEM ARCHITECTURES

In this study, we distinguish four types of tandem architectures based
on the optical mechanism used for spectral splitting. For each archi-
tecture, there are several possibilities of electrical integration, which
we will discuss later. The four architectures are displayed in Figure 1.
The first architecture (Figure 1A) is termed stacking. In this architec-
ture, cells are stacked on top of each other in order of decreasing
band gap. Spectral splitting is achieved via selective absorption in the
semiconductor absorbers; no additional optical components are
required. This architecture is the most commonly realized tandem

with achieved efficiencies of above 47%*° under concentration and
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above 39%*® without concentration. The second architecture is
termed optical splitting (Figure 1B). In this architecture, spectral selec-
tion is achieved via an optical element like a grating,”® a prism? or a
holographic element.!®** The optical element splits white light spa-
tially into different wavelengths. Cells can be placed underneath such
that each cell receives the part of the spectrum most suitable for
it. The use of an optical element allows decoupling the aperture area
from the cell area, which can be used for concentration or de-concen-
tration. The highest efficiency reported for this configuration is
42.7%’ for separately operated solar cells. A variation of this concept
is the stacked fluorescent concentrator,'? in which light is split by
selective absorption and emission and is spatially separated via total
internal reflection.

The third architecture utilizes spatial randomization and spectral
selection via filters, and it is termed randomized spectral selection

(Figure 1C). Light falls through a small aperture into a body covered

(B) Optical splitting

optical splitter

[ |

f
EEMJ ttLp
Enl Enr Er.?

(D) Geometric selection

'\) El!-‘
. selective
: 4 filters
A
E,
En
LT

Different tandem architectures. (A) Cells with decreasing band gaps are stacked on top of each other. Each cell acts as a filter for

subsequent cells and absorbs the part of the spectrum in which it is optically active. (B) Cells are arranged sequentially, typically ordered by band
gap. An optical element splits the spectrum such that each cell is illuminated with the part of the spectrum in which it is active. (C) Cells are
equipped with selective filters that are transmitting the spectral range in which the cell is active and reflect all other light. Cells are arranged such
that light reaches each cell after a series of scattering and reflection events. (D) Cells are equipped with selective filters but are arranged

geometrically that light is guided from one cell to the next.
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with a highly reflective scattering surface. Spectral selection is
achieved via band pass filters that only transmit light intended for a
particular solar cell. Solar cells and filter are placed on the inner side-
walls of the body. Light reaches all cells after a sequence of scattering
and reflecting events. The size of the solar cells determines the con-
centration/deconcentration factor of the setup. With this setup, effi-
ciencies of 14.2% were reported for silicon solar cells and illumination
with a high power laser.'®> Geometric selection (Figure 1D), finally, uti-
lizes a geometric arrangement in which light is guided towards various
solar cells via directed reflection. Spectral selection, like in the previ-
ous concept, is achieved by placing selective filters in front of every
solar cell but the last. The highest efficiency achieved with this setup
is 34.3%, measured outdoors.™*

All architectures permit a series connection of all cells (2-terminal
setup), individually contacting each cell (2N-terminal setup), or a com-
bination of these. Only in the stacking architecture can cells be mono-
lithically integrated. Series connection entails a current matching
requirement—the cell with the lowest current limits the current of the
entire stack. All architectures also permit the integration of concentra-
tion or deconcentration using the available (architectures b and c) or

additional (architectures a and d) optical elements like lenses.

3 | BAND GAPS AND LIMIT UNDER AM1.5
SPECTRUM

Thermalization and sub-band gap transmission limit the efficiency of a
solar cell.' Tandems expand the spectral absorption range compared
to a single-junction solar cell by integrating materials with a lower
band gap. In radiative limit calculations, absorbers are treated as grey
bodies®’; hence, the material with the lowest band gap determines
the lowest photon energy that can still be utilized—photons with
greater energy are absorbed with a probability of one. Thermalization
is the process of cooling the electron gas in the semiconductor from
the temperature of the sun to ambient. Free electrons can be utilized
with an energy equal to the quasi-Fermi level difference at the termi-
nals of the semiconductor. In an efficient solar cell, this difference is
determined predominantly by the band gap energy E; of the semicon-
ductor. Introducing additional junctions with greater band gap ener-

gies results, hence, in a more efficient utilization on the sunlight's

10 15 20 25 30 respectively.

number of junctions

energy. The band gap combination yielding the greatest efficiency
depends on the shape of the illumination spectrum. Figure 2 shows
the band gap combinations and for up to 30 junctions and the maxi-
mum efficiency, calculated using the detailed balance approach®® for
the AM1.5 solar spectrum,!” with no (AM1.5g)- and maximum con-
centration (AM1.5d). Concentrating light reduces the entropic loss
associated to Etendue'® and results in a principally higher voltage of
solar cells. Due to numerical variations in input data and optimization
procedures, there are small variations possible; the present calcula-
tions find that the efficiency for concentrated light converges towards
83% and 65% for non-concentrated light in the limit of an infinite tan-
dem. De Vos? quotes values of 86% and 68%; note that the incident
spectrum in his case was blackbody radiation at 6000 K.

4 | EFFICIENCY LIMITS WITH BAND GAP
CONSTRAINTS

A first limitation explored here concerns the availability of materials
with suitable band gaps. In practice, the range of band gaps that can
be used for tandem solar cells will be restricted, either for fundamen-
tal or for practical reasons. One example for such restrictions are
I1I-V materials. In a lattice-matched configuration, using a germanium
substrate and GaAs, AlAs combinations, a band gap range between
0.6 eV and 2.12 eV is available. This range can be expanded by

d-122° or meta-

adopting a technique referred to as lattice-mismatche
morphic'® growth, or by direct wafer bonding.? InAs has a band gap
of 0.36 eV and AIP one of 2.45 eV. Even higher band gaps are in
principle available (GaN, for example, goes to 3.4 eV, although at a
different crystal structure). Band gap information was taken from
Bett et al.?? Perovskite materials also permit varying band gaps by
substitution of halides and cations. The near-surface band gap of
methyl-ammonium-lead-iodide (MaPbls) was measured at 1.59 eV.?®
Replacing iodine with bromine increases the band gap up to
2.3 eV.?* Variation of the A-site cation in the lead- and tin-based
perovskite FA;_,Cs,Ml; (M = Sn, Pb) allows reducing the band gap
down to 1.24 eV.?® In practice, creating materials with targeted band
gaps may face additional challenges such as certain IlI-V materials
becoming indirect semiconductors or perovskites featuring low phase

stability.

85UL017 SUOWILLOD BAIERID 3|edt(dde ay) Aq peusenob a1e sejole O ‘8sn J0 S9N Joj Akeuq 18Ul UO 8|1 LD (SUONIPUOD-PUE-SWISIALIY A8 |1 AReiq | pUI|UO//:SANLY) SUONIPUOD PUe SWIS | 8L 89S * [1202/T0/yZ] Uo AriqiTautiuo AB]im ieiusD yolessay HAWD yoline wnnuezsbunydsiod Aq 50.€ 'did/Z00T 0T/10pALI0d A8 | Akeiq iUl juo//Sdny Wwols pepeojumoq ‘0T ‘€202 X6ST660T



PETERS ET AL

PHOTOVOLTAICS I TB A

FIGURE 3 Efficiency limit for a = 3 Junctions S 4o 4 Junctions
" . . 4.0 ’ .
multijunction solar cell with three to % P - % , 55
six junctions, if the lowest available g ! : 459 S 50%
. . [ O] — . =
band gap is given by the value on the T 35} b0 R | [® g 35F ||
. . . ®© i .
x-axis and the highest band gap is o I 4 B | s s g | e
. . = 50 J c ] qCJ
given by the value on the y-axis. 8 g K% S 30l -2
3.0 £ o Qo 40 a = @
Q , =
L 5 ua:> L 5]
£ ~ 2 | |35 £ 40 2| |»
g 25¢ i 35% = E 25p £ .
8 3 £ 8 ss%/ | =
. g :
ot L L L L 25
Uit} L 25
050 070 090 1.10 130 1.50 0.50 070 080 1.0 130 1.50
minimum bottom cell band gap [eV] minimum bottom cell band gap [eV]
I~ 5 Junctions N 6 Junctions
3, 4.0 3,
o 55 Q 55
® [
()]
5 | |s0 g | |50
c 3.5 é % oS,
g > Q 3 45
= 2 45 3 c
8 3.0 2 ot % 40
. (3] a 2
= 40 &=
g k5 2 2t
1S 2 | |ss E 2 £ ¥
=} = =
E 25 E E Hu
& = g g 5%
®© 0
1S

0.50 0.70

0.90

1.10

1.30

1.50

25

0.50

0.70

0.90

1.10

1.30

1.50

minimum bottom cell band gap [eV]

minimum bottom cell band gap [eV]

Figure 3 shows a detailed balance efficiency calculation for tan-
dem solar cells with between three and six junctions in which the
greatest and the smallest band gap are fixed to the values at the x-
and y-axes. The top cell band gap is varied between 2.0 eV and
4.0 eV and the bottom cell band gap between 0.5 eV and 1.5 eV.
We observe that in this range, the availability of a suitably low band
gap for the bottom cell is more significant than having a high band
gap for the top cell. For example, a detailed balance limit above
50% with less than six junctions is only possible, if a lower band
gap of 0.9 eV or less is available. For the band gap of the top cell,
even a band gap of 2 eV is sufficient to approach the efficiency
limit closely in all cases, though it requires a very small band gap of
the bottom cell. Band gaps above 2.5 eV reduce the sensitivity of
efficiency to the bottom cell band gap notably. If materials can be
chosen with band gaps between 0.9 eV (bottom cell) and 2.5 eV
(top cell), the limiting efficiencies for three to six junctions are
48.8% (97% of the limit), 51.2% (96%), 52.8% (94%) and 54.0%
(93%), respectively.

5 | SERIES CONNECTION AND SPECTRAL
VARIATIONS

As mentioned, all tandem architectures shown in Figure 1 can be
realized with a series connection of the used cells, either through
circuit interconnection or through monolithic integration. Series con-
nection entails a current limitation and design of a series connected

tandem will aim for current matching to maximize efficiency. In

outdoor operation, the spectrum changes over the course of a day
and with seasons?® due to variations of air mass, atmospheric com-
position and albedo scattering.?” The list of papers discussing spec-
tral effects for tandem (and single junction) solar cells is too long
for this bibliography. A few noteworthy papers are provided.?84’
Deviations from the design spectrum, typically AM1.5g, result in
some junctions producing greater currents and other junctions pro-
ducing smaller currents. The greater the number of junctions, the
higher the probability that one junction will produce a significantly
lower current than under reference conditions and will, hence,
reduce the efficiency of the tandem. Spectral impacts on multi-
junction solar cells are well established both theoretically and
experimentally. 2231 We have calculated the limiting harvesting effi-
ciency (i.e., the quotient of yield and total incoming power) for the
year 2018 for the band gap combinations shown in Figure 2A using
spectra from Singapore®? and Denver.>® Spectra were measured
once per minute over the entire time the sun was
up. Measurements in Singapore cover a spectral range from 300 nm
to 1050 nm and in Denver from 280 nm to 1660 nm. Spectra in
either location were supplemented with a scaled AM1.5g spectrum
for greater wavelengths. Calculations were configured such that
junctions absorbing in the range not covered by measurements
were not limiting current. Note that this calculation does not include
photon coupling between junctions. Depending on luminescent effi-
ciency, position of the limiting junction, and refractive index, photon
coupling could noticeably reduce mismatch losses. Calculations also
do not include variations in temperature, just spectral effects. A rep-

etition of the calculation for Denver at 350 K for ideal grey body
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light. The calculations for Denver were carried out for then band-gap combination shown in Figure 2A. For Singapore, two calculations were
carried out, one for the band gap combination in Figure 2A (solid lines) and one for a band gap combination that was optimized for the spectral

conditions in Singapore (dotted lines). More information in Appendix S1.

semiconductors revealed that neither the set of ideal band gaps nor
the position of the efficiency maximum changed.

The AM1.5 spectrum does not match average conditions in
Singapore well. Consequently, a tandem optimized for this spectrum
suffers high mismatch losses that increase with the number of junc-
tions. The mismatch also manifests itself in a strong oscillation as dif-
ferent junction combinations become randomly more or less suited to
Singapore conditions. Mismatch losses are reduced if the band gap
combination is adjusted to match current generation under the aver-
age spectrum in Singapore for the investigated period.>* This optimi-
zation is shown in Figure 4B with dotted lines. Harvesting efficiencies
increase, and oscillations reduce. We expect that an adjustment for
band gaps in Denver for the predominant spectrum in 2018 would
have a similar effect.

For all cases, Denver and Singapore, band gaps optimized or
not, mismatch losses increase with the number of junctions. A con-
sequence of these losses is that efficiency no longer increases
monotonically with the number of junctions, but converges and
even decreases, leading to the formation of a maximum. In Denver,
the maximum emerges for eight junctions with harvesting efficien-
cies of 53% and 70% for concentrated light. In Singapore, the maxi-
mum is very flat. After nine junctions, no further significant
increase appears, and after 15 junctions, a decrease is notable.
Maximum harvesting efficiencies are 58% and 74% for concen-
trated light.

In the radiative limit, temperature does not affect the ideal combi-
nation of band gaps. Physical properties of non-ideal semiconductors,
including the band gap, are affected by temperature, though. Hence,
temperature variations may result in mismatch losses similar to those
caused by spectrum variations and an optimization of band gaps for a
particular tandem architecture should consider the operating tempera-

ture of the junctions.

6 | INDEPENDENT OPERATION AND
OPTICAL EFFICIENCY

Current matching is no concern if cells are operated and contacted
individually. Yet, independent operation requires the introduction of
optically active elements. For the architectures shown in
Figure 1B-D, these elements are the optical splitter and filters. Yet
even in the stacking architecture, contacts and a transparent insulat-
ing layer are required to separate cells electrically in a 2N-terminal
configuration. These optical elements will never work with perfect
optical efficiency. Optical losses will affect tandem efficiency and will
be greater for tandems with a greater number of junctions. In the fol-
lowing, we discuss how optical losses will affect the different tandem

architectures:

6.1 | Splitting

Optical splitting requires an element to distribute the spectrum onto
the various solar cells (Figure 1B). The efficiency of this optical ele-
ment is defined by how accurately the spectrum is distributed spa-
tially, which can be determined by the divergence of the transmitted
beam. This divergence will create an error that will affect each junc-

tion. Consequently, losses will increase with the number of junctions:

1
Ho(N)=1——g——
w1

1)

In this equation, N is the number of junctions, and 7, is the optical
efficiency of the element for a single junction application. The impact
of optical losses on the limiting efficiency is shown in Figure 5 on
the left.

85UL017 SUOWILLOD BAIERID 3|edt(dde ay) Aq peusenob a1e sejole O ‘8sn J0 S9N Joj Akeuq 18Ul UO 8|1 LD (SUONIPUOD-PUE-SWISIALIY A8 |1 AReiq | pUI|UO//:SANLY) SUONIPUOD PUe SWIS | 8L 89S * [1202/T0/yZ] Uo AriqiTautiuo AB]im ieiusD yolessay HAWD yoline wnnuezsbunydsiod Aq 50.€ 'did/Z00T 0T/10pALI0d A8 | Akeiq iUl juo//Sdny Wwols pepeojumoq ‘0T ‘€202 X6ST660T



PETERS ET AL

(A) efficiency @ 99% optical efficiency

= optical splitting d lecti lecti
80l | random. selection| geom. selection |

+—

é —=—one sun

= 70l _-\ | —=—concen. |

- h

g o,

@ 60r | + 7 1

S5 : \\H

HIONIANN

g |

@

©

m 30 1 L 1 1 1 1 1 ' L L L

= 0 10 20 30 0 10 20 300 10 20 30

number of junctions

FIGURE 5

PHOTOVOLTAICS I I S

(B) ideal number of junctions

07—
optical splitting |random. selection | geom.
— selection =
[
Q 0
€ 5 20f 1 1 ]
£ 2
ES
E s 10l 1 1 )
= O 10
o
(@]
—=— one sun
—=®—concen.

0 9‘7 9I8 99 100 9I7 9I8 99 100 9I7 9‘8 99 100
optical efficiency [%]

Limiting efficiency for the different configurations with separate cell connections in Figure 1. Figure 5A shows the limiting

efficiency for an optical efficiency of 99%, Figure 5B shows the ideal number of junctions as a function of optical efficiency. All shown results

utilize the band-gap combination shown in Figure 2A.

6.2 | Randomized spectral selection

In this configuration, there are three contributions to optical effi-
ciency: reflectance of the side walls, unwanted reflectance of the
selective filter in the range where it should be translucent and
unwanted transmission through the filter were it reflects. For simplic-
ity, we use the same optical efficiency value for all these mechanisms,
which could also be viewed as a lumped efficiency. Absorption on the
sidewalls reduces light intensity overall; reflection of the filters pre-
vents light from entering the solar cell. The optical efficiency in this

configuration is calculated iteratively. In each step holds

RN = R4+ Rer-2)+ (13 ) @)
Res(N)= (Ruses +Resoa)-(1-10) 15 3
HesN) = (R 1 +Res 1) o @)
noN)= 3", 5)

In these equations, Ry, is the weighted reflectance of the walls
during the ith path (Rwo=1), Rc; is the weighted reflectance of the
light on the area covered with the targeted cell (Rco=1) and #5¢; is
the absorptance of light by the targeted on the ith path, Ac is the total
area covered with solar cells and A is the total inner surface of the
sphere. In the calculated example (Figure 5, centre), half the body is
covered with cells (3¢ =0.5).

6.3 | Geometric selection/stacking

In these configurations (Figure 1A,D), light encounters multiple optical

elements or layers on its path to the different solar cells. In the

stacking architecture, optical efficiency is determined by the transmis-
sion through each junction, in the geometric selection architecture by
transmittance and reflectance through the filter. Optical losses
increase exponentially as the light beam interacts with more optical

elements on its path:
17,(N) = 'IoN (6)

Losses are calculated separately for each junction, and efficiencies
are summed up in the end. For the geometric selection architecture, it
may be possible to reduce losses by realigning band gaps. We have
not succeeded in finding a combination that increases the efficiency,
though.

Note that in all cases, optical losses affect primarily current, though
a reduced current also results in a slight reduction of the produced
voltage. This change in voltage was neglected in all calculations and
results in a small overestimation of the shown efficiencies. Figure 5A
plots the radiative efficiency limit as a function of the number of
junctions N for a single-path optical efficiency ,=0.99 for concen-
trated and non-concentrated light. Figure 5B plots the ideal number
of junctions as a function of #,. Tandems are sensitive to optical
losses, especially as the number of junctions goes up. Even an optical
efficiency of 99% will result in no further efficiency gains after about
seven junctions in the splitting and randomized selection configura-
tion. The geometric selection configuration is less sensitive because
optical losses only accumulate at later cells. The ideal number of junc-

tions drops to less than 10, if the optical efficiency is below 97%.

7 | BOTTOM-UP COST MODEL

Yet another limitation for tandem solar cells comes from costs
required for their fabrication. The fabrication of a tandem always
requires additional steps compared to a single junction solar cell.

Exempilarily, this is shown for a double junction perovskite solar cell in
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FIGURE 6 Fabrication sequence used to model the cost of a single junction (A), monolithic multijunction (B) and spatially separated
multijunction (C) solar cell. The process is based on the fabrication process of a perovskite solar cell published in Sofia et al.>> The abbreviation
TCO stands for transparent conductive oxide, HTL stands for hole transport layer, ETL for electron transport layer and JB stands for junction box.
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FIGURE 7 Techno-economic analysis of tandem solar cells. (A) Summary of literature data for the fabrication cost of a single-junction and a
monolithically integrated double-junction perovskite solar cell. (B) Projected fabrication cost of a monolithic (blue) and separated (red)
multijunction solar cell (bottom) and the calculated module cost per Watt with the assumption that modules operate at 75% of the detailed
balance limit (top). (C) System cost as a function of BOS costs and costs normalized to the lowest value for each BOS cost. As BOS costs increase,
efficiency gains in value and a greater number of junctions becomes attractive. The dashed line describes the discrete number of junctions with
the lowest system costs; the solid lines mark the 2% range above the minimum in the corresponding 2D Kernel density.

Figure 6. Monolithic integration (Figure 6B) requires fewer additional
steps and material compared to independent operation (Figure 6C), in
which fabrication is doubled. The transition from 2 to N junctions is
made by repeating the additional steps marked in brown. Note that
we consider only solar cell fabrication here. System costs beyond
cables as well as the optical elements needed for some concepts with
independent cell operation are not included here. The reason we con-
centrate on cell fabrication is that a wide variety of possibilities exists

for system integration that vary greatly in the corresponding cost.

Module integration in a voltage-matching configuration was shown to
offer high vield at low cost, for example,3¢ for double junction solar
cells. Note that the calculation does not include optical elements
needed for spectral distribution. As shown above, even elements with
very good optical efficiency can generate notable losses. Generating
optical elements of sufficient quality at low cost is a challenge for all
concepts relying on them.

A literature search of cost numbers published between 2018 and

2022 for the fabrication of single-junction and tandem perovskite
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solar cell suggests a minimum sustainable price of 38 + 2 $/m? for a
perovskite single junction solar cell and 54 + 3 $/m? for a monolithi-
cally integrated double-junction solar cell (Figure 7A).3>%7-4° Note
that we consider these to be aggressive cost targets for perovskite
solar cells, given that silicon PV modules are at about 60 $/m? and
CdTe at 50 $/m?. In a simple model, we extrapolate the cost of a
monolithically  integrated multijunction solar cell to be
38+(N-1)-16 $/m? and the cost of separately operated solar cells
to be N-38 $/m2. The minimum sustainable price (MSP)*! as a func-
tion of the number of junctions up to 10 is shown in Figure 7B on top.
Note that for the subsequent calculations, we only use the numbers
for monolithic integration. From MSP and efficiency, the $/W5 cost of
a module can be calculated. These are shown in Figure 7B on the bot-
tom for illumination without concentration. Fabrication costs out-
weigh efficiency increases, resulting in tandems with more junctions
having a greater $/W; cost, which is consistent with modelling for
double junction solar cells.*?

The true value of a tandem is only revealed in a system. Efficiency
is the more valuable the higher balance of system (BOS) costs are. To
give an impression of the economically ideal number of junctions, we
calculate system costs as module costs + BOS costs (given in $/m?)
as a function of the number of junctions and of BOS costs, and we
normalize the result to the lowest system cost value for each BOS
cost. The result of this calculation is shown in Figure 7C. The figure
shows which number of junctions produces the lowest installed $/Wp
cost for a range of applications. BOS costs for utility, commercial and
residential installations in the United States were taken from Horo-
witz et al.*® For vehicle integrated photovoltaics (VIPV), we used the
costs for the, now discontinued, Sono Sion solar powered car, of
29.900 € (7 June 2022),** which has around 6 m? of solar cells inte-
grated (resulting in “BOS” costs of 5000 €/m?, though we agree of
course that this approach is debatable). BOS costs for space applica-
tions were guessed. Space launches tend to be so expensive that effi-
ciency improvement is worthwhile at costs much beyond the ones
considered here. We observe that the economically ideal number of
junctions increases slowly with BOS costs and remains below five up
until BOS costs of 5000 $/m2. We also note that the minimum
becomes broader; less than four junctions are sufficient to stay within
2% of the lowest system costs for the entire range of BOS costs
covered.

While cost numbers for perovskite solar cells are necessarily
hypothetical because commercial production is still in its infancy,
commercial experience exists for |1lI-V solar cells. Because
manufacturing has concentrated on specialized markets like space
applications and concentrator photovoltaics, published cost numbers
vary, yet a few studies from NREL have looked into cost scenarios
for mass-market applications. Published cost numbers for GaninP/
GaAs and GaAS/Si double-junction solar cells are between 1300 and
1500 $/m? at 30% efficiency with long-term prospects at 230 $/m?
at 35%.%>%¢ The Sion is a cancelled electric car developed by Sono
motors. The concept envisioned the integration of solar cells on all
surfaces of the car. The project was cancelled in February 2023

(during the review process of this paper) as sufficient funding could

PHOTOVOLTAICS I T A

not be secured. The last published cost estimate for the Sion was
29.900 €.%° With these cost numbers, a meaningful estimate about
the economically ideal number of junctions for given applications
could not be made. For space or high-concentration applications,
maximizing efficiency for any number of junctions appears to be a
valid strategy.

8 | SUMMARY AND CONCLUSIONS

In this study, we explored how practical limitations affect the limiting
efficiency and the ideal number of junctions in a tandem solar cell. For
this purpose, we explored four tandem architectures based on optical
considerations (Figure 1). Each of the shown architectures is capable
of realizing highest efficiencies, yet each is affected by different prin-
ciple loss mechanisms. In the absence of these losses, efficiencies
monotonically increase with the number of junctions and approach
the limit of the infinite tandem. Because some loss mechanisms affect
a configuration with a greater number of junctions more than one
with a smaller number, introducing them disrupts the monotonic
increase and shifts the ideal number of junctions forward. One such
loss mechanism is the variation of spectra for a series-connected tan-
dem solar cell in outdoor operation. This variation results in current
losses, as different junctions become limiting with varying spectrum.
Calculations for 1 year in Singapore and Denver suggest that spec-
trum variations limit the achievable efficiency to below 75% (90% of
the infinite tandem limit) and that no further harvesting efficiency
improvements are possible after about nine junctions.

While independent cell operation is not affected by spectral vari-
ations in this way, the introduction of optical elements necessary for
spectral selection and cell isolation induces a similar effect. Imperfec-
tions of the optical elements introduce losses that are greater for
configurations with more junctions. How a non-ideal optical efficiency
affects efficiency depends on the tandem architecture, yet in most
cases, we find that an optical efficiency of 99% reduces the ideal num-
ber of junctions to below 10 and reduces achievable efficiencies by
more than 10% compared to the infinite tandem limit.

For these results, we have assumed that the band gaps of all
involved materials can be chosen freely. Yet for fundamental as well
as for practical reasons, choices may not be entirely free. For IlI-V
solar cell stacks, band gaps are typically between 0.6 eV and 2.45 eV;
highly efficient perovskites can be varied between 1.24 eV and
2.3 eV. Exploring the impact of band gap limitations, we find that the
availability of a low band-gap semiconductor with a band gap of
0.9 eV or below is expedient for realizing high efficiencies. Achievable
efficiencies are more sensitive to low band gaps in the bottom cell
than to high band gaps (above 2 eV) in the top cell. We note that a
range between 0.9 eV and 2.5 eV is sufficient to approach configura-
tions that are very close to the ideal ones, at least for up to six
junctions.

A final limitation we explored is of economic nature. Introducing
more junctions increases the cost for fabricating a tandem. Provided

the utilized material is similar across junctions, a linear increase in cost
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with numbers of junctions can be assumed. This linear increase stands
against a diminishing efficiency increase for every new junction. At
one point, this diminishing increase in efficiency will result in addi-
tional junctions becoming economically unfavourable. The position of
this point depends on the balance of system costs associated for the
tandem application. The greater these BOS costs are, the more effi-
ciency is valuable,*” and the more junctions are economically desir-
able. Looking at the example of an ideal all-perovskite tandem, we
find that the economically ideal number of junctions is five are below
for BOS costs up to 5000 $/m2. With a 2% margin, we find no situa-
tion, except maybe space applications, in which more than four junc-
tions are needed.
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