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The detailed balance (DB) efficiency limit serves as a fundamental framework for evaluating the potential
power conversion efficiency (PCE) of photovoltaic (PV) devices. While single-junction (1J) solar cells
exhibit a theoretical efficiency peak of ~30% under standard illumination conditions, multijunction
architectures such as tandem (2J) and triple-junction (3J) solar cells can exceed 44% and 50%,
respectively. This work systematically explores the DB efficiency limits of multijunction solar cells,
incorporating radiative coupling effects and optimizing bandgap partner selections. Our contour plot
analyses reveal the impact of bandgap partner choices on efficiency gains and highlight key design
trade-offs in junction count and sub-cell configuration. We find that while optimized 3J devices
theoretically outperform their 2J and 1J counterparts, experimental reports often fall short of these
theoretical limits due to suboptimal bandgap partner selection, particularly in all-perovskite systems. The

study underscores the importance of achieving at least a 5% efficiency gain per added junction to justify
Received 13th July 2025

Accepted 16th July 2025 increased complexity in 2J and 3J devices. Furthermore, we discuss how radiative coupling can enhance

multijunction device performance, particularly for tandem configurations below the optimal bandgap
DOI: 10.1039/d5€l00118h partner line. Our findings provide insights for optimizing PV device design, balancing efficiency

rsc.li/EESSolar improvements with practical material and fabrication constraints.

Broader context

As the photovoltaic field progresses toward increasingly complex multijunction architectures, one critical yet often underestimated factor is the selection of
optimal bandgap combinations across sub-cells. While significant effort is directed toward material development, interfacial engineering, and device stability,
many advanced tandem and triple-junction designs still face performance limitations due to suboptimal bandgap pairing. This study provides a clear theoretical
benchmark, based on detailed balance and radiative coupling analyses, to assess multijunction device designs. By recommending a practical empirical
threshold of >5% theoretical efficiency gain per added junction and systematically mapping optimal bandgap regions, this work offers a clear benchmark and
decision-making tool to guide early-stage material design choices, to address whether the added complexity is justified by a sufficient theoretical efficiency gain,
ultimately supporting more efficient and targeted innovation in next-generation photovoltaics. This study focuses on informing where to best direct devel-
opment efforts to avoid costly pursuits of inherently limited device architectures.

semiconductor absorber governs the two primary energy loss
mechanisms in the DB limit: the non-absorption of sub-
bandgap photons and the thermalization of above-bandgap
photons.?

1. Introduction

The detailed balance (DB) limit of power conversion efficiency
(PCE) of p-n homojunction solar cells* is one of the founda-

tional models? for evaluating the potential of photovoltaic (PV)
materials and devices. This model assumes an ideal scenario in
which no trap-assisted non-radiative recombination occurs,
allowing the device to behave as a perfect blackbody radiator. In
this context, the recombination of electrons and holes is solely
radiative and is temperature-dependent. However, in addition
to the cell temperature, the bandgap energy (Eg) of the
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Additional losses, such as the Boltzmann, Carnot* and
emission losses,”” are present, but optimizing E, remains the
most effective strategy for enhancing efficiency. A smaller E,
increases the absorption range leading to an improvement in
the photocurrent. However, this comes at the cost of reduced
photovoltage, creating a tradeoff that impacts the output power
density (Poyut). For single-junction (1]) solar cells under 1-sun
illumination, the PCE peaks at ~30% within the range 0.93 < E,
< 1.61 eV.® This implies that single-junction devices lose
approximately 70% of the incident power density (P;,), a frac-
tion that can be even higher for excitonic solar cells,® trans-
parent'>'" or color'” applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Such inefficiencies have driven research into advanced
photon management strategies, including intermediate
band,™" impurity PV effect,"” multiple exciton generation,
singlet fission'”*® and multijunction solar cells." Among these,
the multijunction approach stands out as the leading alterna-
tive due to its high PCE limit (see Table 1) and relatively
straightforward design. Experimental results have demon-
strated PCE values exceeding 30% for multijunction devices (see
Fig. 1a).2%**

The conventional multijunction design involves a planar
arrangement of single-junction solar cells with progressively
smaller bandgaps. This configuration minimizes losses from
sub-bandgap photon non-absorption and above-bandgap
photon thermalization. Fig. 1b provides experimental data on
the top sub-cell bandgap (Eg”) as a function of the bottom sub-
cell bandgap (Eg°*°™), with E¥P > Eg°"°™. Fig. 1c complements
this by illustrating the simplest tandem (two-junction, 2J) solar
cell design, detailing the absorbed and transmitted spectra,
radiative-coupling luminescence,'*** and equivalent circuit. For
the triple-junction (3]) devices, a middle sub-cell is considered
with an absorber material bandgap value (Eg"?) in between
those of the top and bottom sub-cells (EYP > Eg™d >
Eg°"°™). Moreover, several alternative multijunction struc-
tures® have been studied, including bifacial,>*?¢ step-cell,*”
edge-illumination,” PV mirrors,” area de-coupled double
tandem photovoltaic modules,* and hybrid parallel/series
devices.**

The highest reported PCE values for monolithic two-terminal
(2T) tandem and triple-junction (3]) devices (Fig. 1a) are
predominantly achieved with GaAs- and silicon-based solar
cells. This may appear unsurprising,*” given the technological
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maturity of these material technologies and the proximity of
their E2°™ values to the well-established absolute optimal
bandgap partner (OBP) values (see Table 1). Notably, silicon-
perovskite tandem solar cells have garnered significant atten-
tion in the literature for identifying OBP pairings within the
framework of the DB efficiency limit.***#*

However, Fig. 1a also highlights several of “record” PCE
values for multijunction devices with Eg°"™ similar to silicon,
yet these efficiencies remain below the best-performing single-
junction devices, and in some cases, even below the best
single-junction devices made from their respective absorber
materials. This disparity becomes even more pronounced for
multijunction designs with higher Eg°"°™ raising questions
about the rationale behind some proposed designs. It appears
that certain state-of-the-art multijunction reports may empha-
size material availability and fabrication expertise over a theo-
retical assessment of their optimization potential.

If theoretical optimization were the primary driver, one
might expect clustering within “bandgap partners” maps
around optimal values. Yet, as shown in Fig. 1c, a wide range of
EthP values, spanning up to ~400 meV, is observed for certain
Eg°"™ values. This inconsistency is particularly stark for
perovskite-based triple-junction and organic multijunction
solar cells,* which significantly underperform compared to
their tandem and single-junction counterparts.

These observations prompt critical questions: Do the lower
efficiencies in multijunction devices stem from fabrication
challenges that could be resolved with further research, or are
they rooted in fundamental design flaws, such as poor bandgap
partner selection? Moreover, to what extent it is advantageous
to increase the number of junctions based solely on the

Table 1 Literature values of maximum power conversion efficiency under 1 sun AM1.5G illumination for monolithic (2 terminal) multijunction

solar cells

EROtom (ev) EP' (eV) EXP (eV) PCE (%) Comments Ref.

0.94 — 1.64 44.1 (44.3)* 2J; 1996 19

0.94 — 1.61 45.3 2J; 300 K; 2002 33

0.94 — 1.60 45.7 2]; 2008 34

0.95 — 1.61 45.7 2],300K; 0.5 < E2°™™ < 1.2 €V; 1.2 < EXP < 16
2.4 eV; 2010

0.90 — 1.60 44.0 2J; 0.5 < Eg°™™ < 1.2 €V; 1.2 < EXP < 35
2.0 eV; 2019

0.95 — 1.60 45.5 2], 298.15 K; no radiative coupling; 0.8 < 36
EROUO™ < 1.3 eV; 1.4 < EXP < 2.0 eV; Joo =
25.5 mA cm™%; V. = 2.029 V; 2021

0.96 — 1.61 44.9 2]; 300 K, 2025 This work

0.71 1.16 1.83 49.7 (50.1)" 3J; 1996 19

0.93 1.37 1.91 51.2 3J; 300 K; 2002 33

0.94 1.37 1.90 51.8 3J; 2008 34

0.93 1.36 1.90 51.4 3J; 300 K; Eg°"°™ = 0.93 €V; 1.1 < Eg'd < 16
1.5 eV; 1.5 < EgP < 2.3 eV; 2010

0.93 1.37 1.91 51.3 3]; 300 K; 0.4 < E2°"°™ < 1.3 eV; 1.0 < 31
Egid <1.6 €V; 1.7 < EgP < 2.1 eV; 2013

0.93 1.37 1.91 51.6% 3J; Eg°"°™ = 0.93 €V; 1.15 < Eg'd < 1.8 eV, 32
1.8 < EgP < 2.4 eV; 2018

0.93 1.36 1.90 51.4 3]; 2024 16

0.93 1.36 1.91 50.4 3J; 300 K, 2025 This work

¢ No radiative couple, i.e., assuming reflectors at the interfaces preventing the luminescent radiation to be absorbed by the partner sub-cell(s).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Monolithic multijunction solar cells: (a) experimental efficiency values and (b) corresponding top- and bottom-sub-cell bandgaps for
single, tandem and triple junction devices. Panel (c), schemes the tandem solar cell operating principle and corresponding equivalent circuit
specifying the photogenerated current densities (Jypn), recombination resistances (R,ec) and voltages (V) at the top and the bottom sub-cells, and
with/without electroluminescent (EL) contribution due to radiative coupling. The process includes: (1) incidence of a photon flux spectrum at top
sub-cell; (2) absorption of photons with energies >E5® for charge carrier extraction as photocurrent Js* and recombination due to resistance
RSP at the top sub-cell; (3) transmission of photons with energies <E§f’p and emission of luminescent radiation whose half could be reflected at
the interface for reabsorption at the top sub-cell, or transmitted for absorption at the bottom sub-cell; (4) absorption of all the photons with
energies >£5°"°™ at the bottom sub-cell for extraction of charge carriers as electroluminescent photocurrent Jgi, and/or photocurrent
Jgg*wm due to incident photon flux and the recombination resistance REotomM: and (5) emission of luminescent radiation whose half could be
reflected at the interface for reabsorption at the bottom sub-cell, or transmitted along with the photons with smaller energies. The symbol colors

in (@ and b) scale with the efficiency value. The data and legend notation in (a and b) are adapted with permission from Almora et al.?* under a CC

BY-NC-ND 4.0 DEED license.

criterion of EfP > E;°"°™2 A more nuanced approach to device
design may be required to address these issues.

In this work, the DB efficiency limit is calculated within
relevant ranges of absorber material bandgap energies of the
bottom, middle (in 3]) and top sub-cells for single-junction,
tandem and triple-junction solar cells. Not only the optimal
bandgap partners are illustrated for each multijunction struc-
ture, but also a comparison is offered concerning different
junction counts, number of terminals, and management of
radiative coupling."** In addition, practical analyses of other
parameters such as the short-circuit current (/) and the open-
circuit voltage (V,.) are also provided for device performance
assessment and comparison of the relative efficiency gain per
increase of the number of junctions. Our analyses in contour
plot representation allow a more realistic approach to the
available semiconductor materials for PV applications and lead
to a recommendation in the minimum efficiency gain per
junction for the bandgap partner design of multijunction
devices.

2. Model

In the multi-junction structure, all sub-cells are assumed to be
radiatively coupled to their near neighbors at room temperature
(7). The structure is arranged so that the sub-cell bandgaps form

556 | £ES Sol, 2025, 1, 554-566

a decreasing series (EYP = Eg'¢ = E2°"°™). Our calculations are
based on the following assumptions." (i) The incident irradi-
ance corresponds to that of the standard solar concentration of
1 sun. (ii) All the sub-cells are considered as black bodies at
room temperature. (iii) Each photon with energy greater than
that of the material bandgap produces one electron-hole pair.
(iv) The device material(s) has (have) infinite carrier mobility. (v)
The only electrical loss mechanism considered is the radiative
recombination. Our modeling follows similar strategies to those
presented in the previous works.?*3%

The current density (J;) through the i-th sub-cell as a function
of the corresponding voltage V; is given by

qVi
Ji=Je=J° -1},
Ponfeelir] )

where kg is the Boltzmann constant, g is the elementary charge,
and i = 1 for the top sub-cell, i = 2 for the bottom and middle
sub-cells in the 2] and 3] devices, respectively, and i = 3 for the
bottom sub-cell in the 3] cells. The equilibrium black body
radiative recombination current J{ is given by

(1)

J? = 2q¢; (2)

where g is the elementary electron charge, and the black body
photon flux is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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—2—71:]00 ?( ex LN 7ldv (3)
®; = C2 Egl/hv p kBT )

where v is the photon frequency, the emission from both the
rear and front faces of the sub-cells is considered, c is the speed
of light in vacuum, # is the Planck's constant, and E,, is the
bandgap of the i-th sub-cell. An arbitrary sub-cell is irradiated by
a fraction of the solar spectrum, as well as the photon fluxes
emitted by the preceding and the following sub-cell. The
photocurrent, or short-circuit current for the i-th sub-cell with
two neighboring sub-cells is given by**

sc qui—l:| |:quH~l:|)
I =g & + ¢, exp|it—=| + @, X , 4
l q( ®; p{kBT Pi1SXP | (4)

where @; is the photon flux incident to the i-th sub-cell from
the sun

By [h
¢i:CJ I; (v)d—; (5)

n
Eq [l v

i

where I';,(v) is the solar spectrum AM1.5G. Note that the first
(top) sub-cell is illuminated by the sun, and the light emitted by
the second (bottom in 2] and middle in 3]) sub-cell, therefore
the second term in eqn (4) is discarded. Also, the integration in

)
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eqn (5) is made over energies greater than E,. On the other
hand, the last (bottom) sub-cell of the structure, is not illumi-
nated by any following sub-cell therefore the third term in eqn
(4), is discarded.

The total electric power density P generated by the structure
is given by

N
P=> Vi (6)
i=1

and is maximum for dP/dJ; = 0 for i from 1 up to the number of
junctions N (i = 1, 2, 3 in this work). The (v}, J;) solutions for i =
1, 2, 3 of this set of equations determines the working points at
which the sub-cells have to be operated to extract a maximum of
power from the multi-junction structure. Note that for a mono-
lithic multi-junction solar cell, the operating current for all sub-
cells is the same (J; = Jiq1 = J), therefore, the above set of
equations simplifies to a single one.

3. Results and conclusions

3.1. Efficiency and radiative coupling in tandem solar cells

The DB efficiency limits for single, tandem and triple junction
solar cells are presented in Fig. 2a as a function of the absorber

GaAs/GalnP
All-Pvk
Si/Pvk

CIGS/Pvk

gAd

o

[m]

O OPV/Pvk
<

O
5

10+F . . B . All-OPV
0.5 1.0 1.5 2.0 2.5 1.0 1. 2.0 1.0 15 2.0
-bot tt tt
(d) Eg or Ego tom (eV) Ega om (eV) Ega om (eV)
APCE e yorc (%) () APCE,, (%) (f) APCE,,;,(%)
20 of
2.0 2.0 10 20 10
15
318 3 1800 318k
5. s, 8o
Ly W 5 Ly 5
16 5 16f 1.6
0 0 0
1.0 1.2 1.4 1.6 1.0 1.2 1.4 1.6 1.0 1.2 1.4 16

Egattam (eV)

Eganam (eV)

Elgmzmm (eV)

Fig.2 Radiative coupling analysis between the DB efficiency limits of tandem and single junction solar cells (monolithic, two-terminal). Absolute
highest efficiency values as functions of: (a) the bottom sub-cell bandgap for single, two- and triple-junction devices; and the top and bottom
sub-cell bandgaps of tandem cells (b) without and (c) with radiative coupling. Difference between the highest efficiencies (d) with—without
radiative coupling, and tandem-single junction (e) without and (f) with radiative coupling. Solid lines in (b and c) indicate the optimal bandgap
partner configuration corresponding to the highest efficiency values for tandem devices in (a). Symbols correspond to the data in Fig. 1a.
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material's bandgap for single-junction devices and the bottom
sub-cell's bandgap for tandem and triple-junction solar cells.
For tandem (2]) and triple-junction (3]) cells, the maximum
efficiencies exceed 44% and 50%, respectively, with optimal
bottom sub-cell bandgap values around 0.97 eV and 0.93 eV, as
shown in Table 1. Importantly, for each bottom bandgap value
multijunction cells outperform their single-junction counter-
parts in terms of PCE. While this trend suggests that adding
more junctions can increase efficiency, such a conclusion can
be misleading.

Fig. 2b provides a contour plot of the DB efficiency limits for
monolithic tandem devices, illustrating efficiency (PCEyorc) as
a function of the bandgaps of the top and bottom sub-cells
without radiative coupling (RC).'***> The solid line in the plot
identifies the fully optimized bandgap partner combinations
(Eg°"°™, EfP) that yield maximum efficiency values, as depicted
in Fig. 1a. Experimental data points are overlaid on this plot,
showing that only the GaAs/GaInP tandem device aligns with
the OBP line, achieving the highest experimental PCE for
tandem solar cells. Other tandem configurations, such as
silicon-perovskite (Si/Pvk), organic-perovskite (OPV/Pvk), and
Culn; ,Ga,Se,-perovskite (CIGS/Pvk), are relatively close to the
OBP line and fall within the DB efficiency limit region above
40% (red area in Fig. 2b).

However, many devices, including OPV/Pvk, all-perovskite,
all-organic, and some Si/Pvk and CIGS/Pvk tandems, were
designed with sub-cell bandgap partners that could only ach-
ieve efficiencies between 20% and 33% (green-yellow area in
Fig. 2b). These efficiencies are lower than those of the best
single-junction devices, indicating that sub-OBP design signif-
icantly contributes to the poor performance of these tandem
solar cells, whose top PCE values range from 15% to 30%
(Fig. 1a).

The calculations in Fig. 2b assume perfect radiative decou-
pling (NoRC) between sub-cells, meaning all excess radiative
recombination caused by current matching is reabsorbed
within the same sub-cell which emitted. This is illustrated in
Fig. 1c, where the mirrors within the structure and the
“switched off” electroluminescence photocurrent (/o 51) in the
equivalent circuit prevents the device from operating when
E°M°™ = EPP_In this scenario, receives neither transmitted
light nor luminescent irradiance, effectively halting its contri-
bution to the device's overall performance. However, real-world
devices often feature a transparent recombination layer at the
interface between sub-cells, rather than Lambertian reflectors,*
which could further affect the efficiency of multijunction solar
cells.’??

Fig. 2c provides a contour plot of the DB efficiency limits
analogous to Fig. 2b, but now incorporating the effect of radi-
ative coupling (RC). Interestingly, the inclusion of RC results in
no significant changes along the OBP line (solid line in Fig. 2c),
as evidenced by the solid/dashed line comparison of the top
efficiency limits with and without RC in Fig. 2a. However, two
key differences emerge when comparing the DB efficiency limits
with and without RC.

First, for Eg values above the OBP line, the efficiency limit
remains largely unchanged. In this region, luminescent

558 | EES Sol, 2025, 1, 554-566
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recombination occurs in the bottom sub-cell, and its radiation
cannot be absorbed by the top sub-cell because EgP >
ER°"°™_ Conversely, for Eg ., below the OBP line, the efficiency
limit increases significantly, enhancing the regions of favorable
bandgap partners. Notably, when Eg® = Eg°"°™, RC enables the
bottom sub-cell to generate current from the absorption of
radiative recombination from the top sub-cell. This results in
DB efficiency limits approximately 10% lower than those of
a standalone single-junction device with E, = ES°°™. This
beneficial effect can improve tandem device designs, such as
certain all-perovskite 2] cells, which transition from outside the
PCE > 40% region without RC to within it when RC is consid-
ered (Fig. 2b and c, respectively).

The differences between the DB efficiency limits with and
without RC (APCEgrc-norc) are depicted in Fig. 2d, as a function
of the top and bottom sub-cell bandgaps. In this contour plot,
the region above the OBP line (purple area) shows negligible or
zero differences, while below the OBP line, the difference
increases significantly. Moreover, it is shown that most of the
reported tandem solar cell efficiencies correspond to bandgap
partner designs where optimizing the transparency of the
recombination layer between sub-cells could enhance PCE by
up to 10%. Additionally, the arrows in Fig. 2d suggest potential
routes for reducing dependency on RC by increasing Eg ¢op OF
decreasing Eg bottom-

Finally, Fig. 2e and f present the difference in DB efficiency
limits (APCE,;_,j) between tandem solar cells and their corre-
sponding single-junction counterparts with E, = Eg°*°™. Both
configurations share the same absorption threshold, making
this a consistent basis for comparison. Notably, using the
single-junction cell with E, = Eg’® as a reference can introduce
artefacts, particularly in the range E; > 1.1 eV where it typically
yields lower efficiencies than the bottom-cell counterpart
leading to unrealistically high differences (e.g., APCE,;_4; > 12%
at OBP line). Positive values of APCE,;_,; indicate that the
tandem devices achieve higher efficiencies than the single-
junction cells, and vice versa. In these contour plots, the green
regions represent tandem devices with efficiencies up to 10%
higher than their single-junction counterparts, which aligns
with most experimental designs reported in the literature.
However, some devices, such as all-organic tandems, approach
the 0% difference level or even fall into the cyan-blue regions,
where single-junction devices outperform tandem cells with the
same bottom sub-cell bandgap. This discrepancy is more
pronounced without RC, where all-organic tandem devices
show efficiency differences of approximately —10% compared to
single-junction devices, whereas this improves to near 0%
with RC.

Additionally, we calculated the DB efficiency limit for
tandem solar cells with radiative coupling in a four-terminal
(4T) configuration, which eliminates the requirement for
current matching. Note that the RC in 4T configuration only
refer to the blackbody radiation of the sub-cells, since no extra
recombination is required in the absence of current matching.
The results are presented in the contour plot of Fig. 3a, showing
the PCE limit as a function of the top and bottom sub-cell
bandgaps. The 4T configuration achieves comparable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Four terminal tandem solar cells: (a) DB efficiency limit with
radiative coupling and corresponding (b) efficiency difference with
respect to the monolithic two-terminal design as a function of the top
and bottom sub-cells bandgap. The solid line in (a) corresponds to the
optimal bandgap partners in four-terminal configuration. The solid
lines and the symbols in (b) correspond to the optimal bandgap partner
and experimental reports in the literature for monolithic tandem cells,
as presented in Fig. 1b and 2b.

maximum PCE values above 40%, similar to those observed in
the two-terminal (2T) configuration. However, achieving these
peak efficiencies requires top sub-cell bandgap values near or
above 2.0 eV and bottom sub-cell bandgaps below 1.1 eV. These
constraints pose significant challenges due to the current
limitations in material availability for PV applications.

This issue is further clarified in the contour plot in Fig. 3b,
which illustrates the difference (APCE,r_,y) in tandem effi-
ciency limits between the 4T configuration and the monolithic
2T configuration. Positive values of APCE,r_,r indicate that the
4T device archives higher efficiency limit than the correspond-
ing 2T cell, and vice versa. The plot also includes the OBP line
and representative experimental data from the literature on
monolithic cells. Notably, all reported monolithic cells corre-
spond to bandgap partner designs that achieve higher effi-
ciencies in the 2T configuration compared to the 4T

© 2025 The Author(s). Published by the Royal Society of Chemistry
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configuration. Specifically, most experimental reports indicate
efficiency limits approximately 5% higher for 2T designs relative
to 4T designs. This underscores the relevance of monolithic
tandem research, particularly for bandgap partners below the
OBP line.

However, it is also important to consider the role of radiative
coupling and the OBP line in 2T efficiency limits, as shown in
Fig. 2. While certain strategies to mitigate losses or optimize
devices might suggest selecting bandgap partners above the
OBP line, caution is needed. Increasing the top sub-cell
bandgap can lead to scenarios where the 4T configuration
outperforms the 2T configuration. This highlights the nuanced
trade-offs in tandem device design and the importance of
balancing efficiency gains against material and practical
constraints.

Several strategies to optimize radiative coupling in multi-
junction solar cells have been explored, though the topic
remains largely addressed in theoretical studies and early-stage
experiments. Intermediate mirrors, such as air-gap reflectors
with antireflection coatings, can selectively reflect luminescent
photons while transmitting sub-bandgap light. Ganapati et al.*’
reported up to 6% theoretical efficiency gains using this
method, though it is generally incompatible with monolithic 2T
thin-film devices like perovskite or organic tandems, it has been
proven experimentally effective in 4T configurations.*® Kim
et al* experimentally assessed nanophotonic intermediate
mirrors in Si/perovskite tandems, finding limited performance
benefits. Conversely, Nguyen et al*® measured luminescent
coupling with non-destructive photon counting techniques in
Si/perovskite tandems suggesting an effective contribution to
the current matching. Other approaches include light-trapping
and surface texturing, as simulations by Zhu et al.>* showed
improved luminescent coupling in triple-junction cells using
nanostructured front surfaces. Nevertheless, Zeder et al.** eval-
uated texturing to have a minimal effect on RC in perovskite
tandems. Moreover, Strandberg® proposed transfer coefficients
to describe radiative coupling under real conditions, and
Bowman et al.** also developed non-destructive spectroscopic
techniques, including cross-sectional luminescence imaging, to
evaluate coupling in all-perovskite tandem devices.

3.2. Photocurrent and photovoltage in tandem solar cells

Analyzing performance parameters such as the short-circuit
current density (Js) and the open-circuit voltage (V,.) as func-
tions of sub-cell bandgap energies complements the discussion
on efficiency limits (Fig. 2) and provides valuable tools for
performance optimization. In Fig. 4a, the solid lines represent
the photocurrent values corresponding to the DB efficiency
limits in Fig. 2a as a function of the bandgap for single-junction
devices and for the bottom sub-cell in tandem and triple-
junction devices under the OBP configuration. The symbols
indicate illustrative experimental data from the literature.”
Devices with fewer junctions exhibit higher current levels, and
most top-performing devices reported in the literature achieve
photocurrents near their theoretical limits. However, single-
junction devices are closer to their theoretical limits than
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Fig. 4 Photocurrent and photovoltage in the DB efficiency limit for monolithic tandem solar cells with radiative coupling. Panel (a) shows the
short-circuit current as a function of the bottom sub-cell bandgap, with the top and middle sub-cells optimized, for single-junction, tandem, and
triple-junction devices, as illustrated in Fig. 2a. Panel (b) presents a contour plot of absolute photocurrent values as functions of the top and
bottom sub-cell bandgaps, while panel (c) depicts the ratio of the photocurrent with respect to the short-circuit current of the single-junction
device. Panel (d) shows the open-circuit voltage as a function of the bottom sub-cell bandgap, with the top and middle sub-cells optimized,
again comparing single-junction, tandem, and triple-junction devices as in Fig. 2a. Panel (e) provides a contour plot of absolute photovoltage
values as functions of the top and bottom sub-cell bandgaps. Finally, panel (f) illustrates the radiative losses resulting from the energy difference

between the sum of sub-cell bandgaps and the DB efficiency limit.

multijunction devices, raising questions about whether this
discrepancy is due to suboptimal bandgap partner designs or
fabrication challenges.

It is important to note that while the Ji. limits for multi-
junction devices in Fig. 4a represent the maximum achievable
photocurrent for each design, they do not reflect the absolute
limit for every set of bandgap partners. Fig. 4b provides further
insights by presenting the photocurrent as a function of the top
and bottom sub-cell bandgaps in the DB efficiency limit for
a monolithic tandem solar cell, considering radiative coupling
(see PCE limits in Fig. 2c). Above the OBP line (solid line in
Fig. 4b), the J,. contour plot exhibits horizontal patterns, as the
current is solely determined by the top sub-cell bandgap
(/o). In this regime, radiative recombination in the bottom sub-
cell cannot be absorbed by the top sub-cell since EgP >
E°"°™. Consequently, tandem designs with (EfP(EZ"™) =
EJPP(ER°"°™)) for a given Ep°"°™ will share the same J. limit
shown in Fig. 4a.

Below the OBP line, the Ji. value depends on both top and
bottom sub-cell bandgaps. In this case, the bottom sub-cell
generates the lower photocurrent (J57*°™), enabling radiative
recombination from the top sub-cell to be reabsorbed by the
bottom sub-cell. This interaction creates diagonal patterns in
the contour plot, where a decrease in Eg’p reduces the J. limit

560 | EES Sol, 2025, 1, 554-566

for a given EZ°"°™, as illustrated by the downward vertical arrow
in Fig. 4b. This behavior is particularly relevant for optimizing
tandem designs, as currently available materials for PV appli-
cations may not align with the OBP line. Using an overestimated
Jsc limit could result in inaccurate performance predictions.

The symbols in Fig. 4b highlight experimental reports on
tandem cells, with bandgap coordinates primarily located below
the OBP line, showing J,. limits ranging from 15 mA cm ™2 to 25
mA cm > Interestingly, for bandgap partners below the OBP
line, the ratio of the short-circuit current for tandem cells (]SCZJ)
to single-junction cells (J;.") is relatively consistent. This ratio,
shown in Fig. 4c, ranges from 1.9 at the OBP line to 2.2 below it
and increases as Ey approaches Eg°"°™, rarely exceeding 3.0.
Above the OBP line, this ratio increases as J;.) decreases, with
higher EgP values causing the top sub-cell to bottleneck
photocurrent generation. However, higher EgP also leads to
greater photovoltage.

Fig. 4d depicts the open-circuit voltage limits (V,.) as func-
tions of the bandgap for single-junction devices and the bottom
sub-cell bandgap for tandem and triple-junction devices, with
optimized top and middle sub-cells under radiative coupling.
These limits, corresponding to the OBP line in the DB model,
are shown as solid lines, while symbols represent experimental
data from the literature. Similar to Jg., the reported V,. values

© 2025 The Author(s). Published by the Royal Society of Chemistry
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align closely with theoretical limits, with single-junction cells
achieving the closest reports. Unlike Ji. limits, however, the V.
lines in Fig. 4d do not represent the maximum achievable
values for multijunction devices; they only relate to the
OBP line.

This is better illustrated in Fig. 4e, which shows the V,, limit
for tandem cells as increasing with the bandgaps of either the
top or bottom sub-cells, regardless of whether the bandgap
partner coordinates lie above or below the OBP line. Experi-
mental data in this figure suggest photovoltage limits ranging
from 2.0 Vto 2.7 V.

Lastly, Fig. 4f illustrates the radiative losses in V,,, calculated
as the difference between the sum of the bandgaps of the top
and bottom sub-cells (B = EXP + E2°°™) and the quasi-Fermi
level splitting at open-circuit conditions (gV,.) in the DB effi-
ciency limit. While these losses generally resemble the V,,. limit
trends in Fig. 4e, they also highlight the distinct influence of
bandgap partner domains above and below the OBP line,
particularly for high E;°™™ values, where the impact of
Eg® diminishes.

3.3. Efficiency, photocurrent and photovoltage in triple-
junction solar cells

Triple-junction solar cells introduce a middle sub-cell that
enhances the absorption of incident photon flux while also
increasing the number of interfaces and necessitating higher
bandgap materials for the top sub-cell. In monolithic devices,
considering RC, the bottom sub-cell can absorb radiative
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recombination from the middle sub-cell, and the middle sub-
cell, in turn, can absorb radiative recombination from the top
sub-cell.

Fig. 5a illustrates the DB efficiency limit as a function of the
top and bottom sub-cell bandgaps for monolithic 3] solar cells
with RC, assuming the middle sub-cell bandgap is fully opti-
mized. This middle sub-cell bandgap optimization is further
depicted in the contour plot of Fig. 5b. In other words, any 3]
device with Eg‘id different than that of Fig. 5b as a function of
the corresponding Eg°"*™ and EyP values would have a smaller
DB efficiency limit than the one in Fig. 5a. The solid line in
Fig. 5a represents the optimal bandgap partner (OBP) configu-
ration for the efficiency limit, also shown in Fig. 2a, while the
symbols correspond to representative literature reports.

Examining experimental results, the highest reported PCE
values, with above 39% for InGaAs/GaAs/InGaP devices (see
Fig. 1a), correspond to designs with well-matched bandgap
partners, which allow efficiency limits exceeding 50% in Fig. 5a.
Conversely, the lowest experimental efficiencies among all-
perovskite 3] solar cells correspond to bandgap partner
designs that permit efficiency limits below 35%. Although these
designs theoretically outperform their 1] counterparts (where
the 1J cell's bandgap matches the bottom sub-cell of the 3]
device), a critical question arises: to what extent can they ach-
ieve efficiencies surpassing those of tandem devices with the
same top and bottom sub-cell bandgaps?

Fig. 5c presents a comparative contour plot displaying the
DB efficiency limit difference (APCE3j_q;) between 3] devices and
1] cells whose bandgap matches that of the bottom sub-cell in

=
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Fig. 5 Triple-junction solar cell DB efficiency limit with radiative coupling as function of top and bottom sub-cell bandgaps: (a) efficiency with
optimized middle sub-cell bandgap, (b) optimal middle sub-cell bandgap for efficiency limit in (a), and comparative difference in efficiency limits
with respect to those of (c) the single-junction and (d) the monolithic tandem devices. The solid lines in (a) and (d) correspond to the optimal
bandgap partners design for the DB efficiency limit in Fig. 2a for 3J (a and d) and 2J (d). Symbols indicate illustrative experimental reports from the

literature.®
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the 3] cell. A positive APCEj3y_5 value indicates that the 3] device
has a higher PCE limit than the 1] cell, and vice versa. The plot
reveals that all reported monolithic 3] solar cells (symbols in
Fig. 5¢) outperform their 1J counterparts. However, while top-
efficiency 3] cells with well-optimized bandgap partners
exhibit PCE limits exceeding 20% compared to their single-
junction equivalents, all-perovskite 3] solar cells achieve only
1% to 10% higher values. This suggests that while perovskite-
based 3] devices theoretically surpass 1] devices, their
bandgap partner designs are suboptimal. Two key factors
contribute to this: (i) the experimental middle sub-cell bandg-
aps deviate from their theoretical optimal values (Fig. 5b), and
(ii) the suboptimal Eg°"°™ and E design for the all-perovskite
3] solar cells leads to APCEzj_45 < 10% in most of the cases.
Consequently, our analysis suggests that poor optimization in
bandgap partner design is a major reason why perovskite-based
3] solar cells exhibit lower experimental efficiencies than top-
performing single-junction devices and achieve only marginal
(less than 3%) efficiency gains over the best 1] perovskite solar
cells with matching bottom sub-cell bandgaps.

The efficiency gap becomes even more pronounced when
comparing 3] devices to tandem cells. Fig. 5d displays the DB
efficiency limit difference (APCE;;_,;) between 3] devices and
tandem cells with the same bottom sub-cell bandgap. A positive
APCEj3j_5; value signifies that the 3] device has a higher PCE
limit than the 2] cell, and vice versa. The majority of reported
monolithic 3] cells (symbols in Fig. 5d) outperform their 2]
counterparts and fall within the range between the optimal
bandgap partner lines for triple-junction (3]-OBP) and tandem
(2J-OBP) devices. However, while high-efficiency 3] cells with
well-optimized bandgap partners exhibit PCE limits at least
10% higher than their tandem counterparts, all-perovskite 3]
cells achieve at most a 5% improvement.

The above analysis highlights a consistent pattern among
the highest-performing experimental tandem and triple-
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junction devices, particularly those developed through system-
atic optimization: their DB efficiency limits exceed those of
comparable single-junction cells by at least 5% and 10%,
respectively. From a practical standpoint, this suggests an
empirical guideline: multijunction solar cells are recommended
to deliver a minimum of 5% DB efficiency gain per added
junction relative to a device with fewer junctions. This naturally
prompts a critical question: do the efficiency gains justify the
added complexity and cost? Factors such as the need for
optimal bandgap alignment, more intricate fabrication
processes (e.g., additional layers and interfaces), and increased
material usage must be carefully weighed when evaluating the
real-world value of multijunction architectures.

The empirical rule of achieving a >5% gain in DB efficiency
limit, while consistent 2] and 3] devices, requires careful anal-
ysis for generalization, especially as the number of junctions
increases. The higher the number of sub-cells, the smaller the
DB efficiency gain. To formalize this, consider a single junction
solar cell with experimental power conversion efficiency
PCES}? and detailed balance efficiency limit PCEf}". This single-
junction configuration serves as the bottom sub-cell in a multi-
junction device with N sub-cells, whose experimental and DB
efficiencies are PCE{}® and PCER;, respectively. The experi-
mental junction gain is defined as

n§®) = PCEQY — PCESY (?7)

and the detailed balance efficiency limit theoretical junction
gain is:

1 = PCERS — PCER” (8)

Assuming a correlation between the losses in the multi-
junction device and those in the single-junction cell (with E; =
Eg°"°™), we define a proportionality factor y, which captures the

Table 2 Junction gain and loss analysis on illustrative top-efficiency multijunction literature report, following definitions in equations from (7) to

(12) and the DB efficiency limits including radiative coupling

Bottom sub-cell Si CIGS OPV Pvk OPV Pvk Si
Middle/Top sub-cell Pvk®® Pvk®® Pvk®’ Pvk®® oPV>° Pvk/Pkv®® Pvk/Pvk®!
N 2 2 2 2 2 3 3
EROtom (ev) 1.10 1.09 1.38 1.25 1.37 1.25 1.11
Egid (ev) — — — — — 1.61 1.58
EgP (eV) 1.68 1.64 1.87 1.80 1.77 1.97 1.92
PCES (%) 25.0° 23.6 19.0 23.4 18.9 22.0° 25.5
PCERY (%) 34.9 24.6 25.8 29.1 20.6 25.1 27.1
PCEY} (%) 32.2 31.9 32.8 32.1 33.0 32.1 32.4
PCER} (%) 43.4 42.0 39.7 41.2 37.0 39.9 37.7
L, (%) 9.90 1.00 6.82 5.70 1.70 3.10 1.56
o2y (%) 11.2 10.1 6.90 9.10 4.00 7.80 5.30
On_1 (%) 1.30 9.10 0.08 3.40 2.30 4.70 3.74
v (au.) 0.44 0.80 0.42 0.54 0.52 0.39 0.44
nRe, (%) 11.2 10.1 6.90 9.10 4.00 3.90 2.65
N-1

¢ Approximated values considering record 1J PCE reports in the literature.?!
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cumulative losses in the additional N — 1 sub-cells and the
device as a whole. This yields the relation:

 PCERY _ N(l - PCEﬂP)
PCE} PCE;?

)

Assuming current matching between the 1J and the multi-
junction device, a proportionality can be approximated as y «
> ((AVi/AVpottom) — 1) where AVpoom and AV; are the voltage
losses at the bottom and ith subsequent sub-cells, respectively.
Therefore, the higher the value of v the higher the photovoltage
losses at the top and intermediate sub-cells compared to those
at the bottom one. Moreover, rewriting eqn (1) leads to

PCE;
PCE} = (1 - yN(l - PCE};B»PCE][;}*
I

(10)

Subtracting PCES}” and PCE}}” in both sides of eqn (10), and
regrouping terms gives:

exp __ . DB
NNCL =NN-1 — On-1

(1)

where dy_; represents the junction-increase efficiency loss,
defined as:

(12)

PCESY
oy-1 = (YN PCEy} — PCE}DP) (1 _ PCE, )

PCE?

This formulation provides a quantitative means to evaluate
how much of the theoretical efficiency gain is lost due to
cumulative imperfections in real world multijunction integra-
tion. As an illustration, Table 2 presents the results of the
junction gain and loss analysis, based on the formalism out-
lined in eqn (7)-(12), applied to a representative set of high-
performance multijunction devices reported in the literature.
These include emerging technologies such as perovskite and
organic sub-cells. Importantly, the previously discussed >5%
minimum gain per added junction is quantitatively captured by
the metric ny°;/(N — 1), which exceeds 5% in the best-
performing devices and falls below this threshold in the
lowest-performing ones. Notably, all of these highest-efficiency
perovskite-based 3] solar cells fall into the latter category.

The values of y presented in Table 2 range from 0.39 to 0.8,
which likely indicates significant photovoltage losses in the
perovskite layers over silicon and CIGS bottom sub-cells.
However, we emphasize that y alone should be interpreted
with caution. While it can serve as a comparative metric for
devices with identical bandgap configurations and current-
matching conditions, it is not suitable for direct comparisons
across different architectures or materials, such as those listed
in Table 2. A more robust and physically meaningful interpre-
tation of y requires a systematic, sub-cell-resolved analysis of
photovoltage losses. For example, the approach demonstrated
by Thiesbrummel et al>* offers a valuable reference by
combining electroluminescence, photoluminescence, and drift-
diffusion simulations to quantify sub-cell contributions to
overall voltage deficits.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Importantly, the formalism presented in eqn (7)-(12) is not
restricted to the idealized case of fully opaque multijunction
devices, with or without radiative coupling. The proposed
methodology for junction gain analysis using ny°; remains
applicable to architectures where material or operational limi-
tations prevent complete opacity of the absorber layers, suitable
bandgap materials near the OBP line are unavailable, or para-
sitic absorption occurs in interfacial layers. In such scenarios,
alternative strategies, such as incorporating semitransparent
absorbers or adopting horizontal layouts, may be employed to
optimize current matching. These configurations can be
accommodated by recalculating the DB efficiency limits under
revised assumptions, thereby enabling meaningful estimations
of ny2, within the same analytical framework for each case
study.

Fig. 6a presents the photocurrent contour plot as a function
of the top and bottom sub-cell bandgaps (provided optimal

3J, 2T, with RC

P S I S S S

15
Egottom (eV)

(eV)

EZ’OP

3J, 2T, with RC
[

L L L L
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Fig. 6 Short-circuit current density (a) and open-circuit voltage (b) as
functions of the bandgaps of the top and bottom sub-cells of
a monolithic triple-junction solar cell in the DB efficiency limit
considering radiative coupling and optimized middle sub-cell bandgap
(see Fig. 5). The solid line in (a) correspond to the optimal bandgap
partners design for the DB efficiency limit in Fig. 2a for 3J. Symbols
indicate illustrative experimental reports from the literature.®
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middle bandgap) for the monolithic 3] solar cells in the DB
efficiency limit with RC. Similarly to the tandem case in Fig. 4a,
a distinction is evident between the cases where the bandgap of
the top sub-cell is higher and lower than that of the OBP line, for
the same bottom sub-cell bandgap. Above the OBP line the
current only depends on Eg°*°™ and below the OBP line both
Eg°™™ and Ey® influence the current matching and thus the
highest possible photocurrent. Illustrative experimental
bandgap partners from the literature are also represented with
symbols in Fig. 6a, indicating photocurrent limits between 12
mA cm 2 and 17 mA cm 2. Moreover, Fig. 6b presents the
analogue photovoltage contour plot for the 3] cells in the DB
efficiency limit. In that graph, the same experimental reports
from the literature result in photovoltage limits between 3.5 V
and nearly 4.0 V, assuming optimal middle sub-cell bandgap
values.

The above analysis of the DB radiative limit not only offers
a systematic methodology for evaluating optimal bandgap
matching in multijunction solar cell designs, but also provides
an operational framework for assessing losses due to subop-
timal absorption and non-radiative recombination. These are
two key factors that prevent experimental devices from reaching
their theoretical limits. The differences between experimental
and DB efficiency values, as well as the junction gain nx°; and
loss factor dy_; introduced in this work, can serve as upper-
bound indicators of combined losses. Depending on the avail-
able data and system under study, these metrics may help
isolate the contribution of non-radiative recombination from
that of limited absorption.

4. Conclusions

This study evaluates the detailed balance efficiency limits of
single-junction, tandem, and triple-junction solar cells,
emphasizing the role of optimal bandgap partner selection and
radiative coupling effects. Our findings confirm that while
multijunction architectures can theoretically achieve higher
efficiencies, many experimental designs fall short due to
suboptimal bandgap configurations. The highest efficiency
values are observed for devices that align closely with the
optimal bandgap partner line, whereas many reported
perovskite-based multijunction solar cells deviate from these
optimal configurations, resulting in limited efficiency gains.
Radiative coupling plays a significant role in efficiency
improvements, particularly for tandem solar cells below the
OBP line, where reabsorption of radiative recombination
enhances performance. Our results show that considering RC
can shift some all-perovskite tandem devices into with subop-
timal bandgap matching to the >40% PCE efficiency range,
highlighting its importance in device optimization. However,
despite the theoretical advantages of adding junctions, many
reported 3] perovskite solar cells perform similar or worse that
their tandem and single-junction counterparts, raising ques-
tions about the practical viability of additional junctions. These
findings highlight the need for a more strategic approach to
multijunction device design, balancing the theoretical
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efficiency benefits with practical constraints related to fabrica-
tion complexity, material availability, and cost-effectiveness.

Based on current material availability and performance
trends, we propose an empirical recommendation of
a minimum 5% theoretical efficiency gain per added junction,
particularly for devices with up to three junctions. This
threshold, derived from DB modeling and consistent with
leading lab-scale results, serves as an academic guideline to
assess whether the added complexity of multijunction archi-
tectures is justified. However, it does not encompass the
broader considerations of cost-effectiveness, long-term
stability, or manufacturability required for commercial
deployment. These factors are context-specific and beyond the
scope of this study. Nonetheless, the >5% gain benchmark may
be useful for guiding early-stage research and screening prom-
ising multijunction designs.
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