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ABSTRACT

Multi-junction architectures are utilized in photovoltaic (PV) technology to widen spectral range, increase voltage and/or current, and
hence deliver higher overall power conversion efficiencies (PCEs). However, accurate approaches for simulating multi-junction PVs using
the electro-optical properties of real materials are somewhat scarce—particularly in the context of novel applications such as indoor PVs,
where the illumination spectrum differs from natural sunlight. Herein, we present a robust methodology—alongside an open-source simu-
lation tool—for modeling multi-junction PVs while accounting for intrinsic PV features, including sub-gap absorption, band-filling effects,
and radiative couplings between junctions. Although we primarily focus our investigation on perovskite-based multi-junction devices, our
approach is extendable to any class of PV material. We apply it in the context of indoor PVs by assuming the LED-B4 spectrum as a repre-
sentative light source. At a typical illuminance of 1000 lux, we find that PCEs above 60% are possible by combining a 2.1 eV wide-gap top cell
with a 1.0-2.0 eV narrow-gap bottom cell, meaning that a suitable wide-gap semiconductor could be coupled with almost any conventional
solar cell to achieve high performance. Using the spectral responses of real PV devices, we then predict optimal material configurations under
LED-B4 illumination, before probing the spectral versatility of these devices under a variety of indoor light sources and intensities. We find
that the maximum power point voltage is mostly independent of light source, while PCE is more sensitive due to changes in current density,
which provides insight into how laboratory-optimized devices may perform in realistic scenarios.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0266374
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. INTRODUCTION

Utilizing two or more semiconductor materials of varying
bandgap energy (E;), multi-junction photovoltaics (PVs) can har-
vest photons from a wider spectral range while reducing thermal-
ization losses when compared with single-junction PVs.'” This, in
turn, leads to improvements in open-circuit voltage (Voc), maxi-
mum power point voltage (Vmpp), and power conversion efficiency
(PCE).! However, these improvements come with a caveat: the total
current produced by the multi-junction device is limited by the
smallest current of any given junction when connected in series, so
these currents must be closely matched to avoid additional recom-
bination losses at the junction interface.”® This problem has a

non-trivial solution that is generally based on a delicate optimiza-
tion of the optical, electronic, and physical properties of each cell in
the multi-junction device. Several techniques are currently available
to optimize the design of multi-junction PVs, including analyti-
cal approaches,”” optical approaches,'” tunnel-junction models, ”
and multi-scale electro-optical device models such as Solcore and
SETFOS."” " While each approach has its merits, there is often a
trade-off between enhanced accuracy (arising from increased simu-
lation complexity) and computational expense/simulation time.'
Historically, multi-junction device modeling has mainly been
focused on devices composed of high-value and precisely engineered
I1I-V semiconductor materials,” " with an emphasis on space and
solar concentrator applications.”” >’ More recently, multi-junctions
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have been considered in the context of perovskite-based tandems
for terrestrial applications (i.e., under AM1.5 G illumination).”
Often (although not always), device models account for the emis-
sion and absorption of light between cells of the multi-junction
device—known as radiative coupling—although it is assumed to
occur unidirectionally from the top cell (which the incident light
hits first) to the bottom cell, as the former typically has the
wider bandgap.”* However, for systems with complex emission
and absorption properties, light emitted by the bottom cell could
also be absorbed by the top cell. These properties include sub-gap
absorption induced by trap states and energetic disorder,”’ " with
exponentially decaying sub-gap absorption—known as an Urbach
tail—being conspicuous near the bandgap in most semiconductor
materials, including perovskites, organics, and cadmium telluride
(CdTe).”"  Importantly, as the occupancies of these sub-gap states
change under an applied voltage bias through a process known as
band-filling, they can influence the V. and PCE of the device.””
Understanding the absorption properties of these states can there-
fore provide valuable insight into device performance, with mea-
surement techniques such as ultra-sensitive external quantum effi-
ciency (us-EQEpv), Fourier transform photocurrent spectroscopy,
and photothermal deflection spectroscopy (PDS) being particularly
useful.”

In this work, we present a general method alongside an open-
source computational tool”® for simulating the performance of
multi-junction PVs under an arbitrary light source and intensity.
Utilizing the photovoltaic external quantum efficiency (EQEpvy)
and one-sun open-circuit voltage of individual cells of the multi-
junction device, our approach predicts power generation parameters
while accounting for band-filling, sub-gap absorption, non-radiative
open-circuit voltage losses, and realistic bidirectional radiative cou-
pling. We apply this analysis to a test case: perovskite-based multi-
junction devices for indoor PV applications. In recent years, a mul-
titude of wide-gap perovskites has been developed in the pursuit of
high-efficiency perovskite—perovskite and perovskite-silicon AM1.5
tandems,””*’ with a wealth of experimental measurements waiting
to be recontextualized for novel applications. Indeed, many of these
wider-gap systems may be well-suited to indoor PV applications."””’
Although we focused our investigation on perovskite-based indoor
PVs, the simulation approach is applicable to any semiconductor
material and illumination condition. We present simulations of the
performance of different combinations of perovskite-perovskite and
perovskite-inorganic PVs under conditions specified in indoor PV
testing standard IEC TS 62607-7-2:2023.”""* We conclude by con-
sidering how these same PVs perform under a variety of typical
indoor lighting conditions, which demonstrates that our approach
gives insight into how a testing standard-optimized device may per-
form in some of the diverse illumination conditions commonly
found indoors.

Il. RESULTS AND DISCUSSION

A. Thermodynamic limit of single-junction
photovoltaics

The current-voltage characteristics of a single-junction PV
device can be described using the ideal diode equation, which relates
the current density (J) to the applied voltage (V) through'

pubs.aip.org/aip/ape
\4 14
1) =i (E2) 1] 1w @

where g is the elementary charge, kg is the Boltzmann constant, T is
the temperature, and Ry, is the shunt resistance. A full list of symbols
and abbreviations is provided as supplementary material (Note 1).
The spectral response of the device enters Eq. (1) via the calculation
of the photocurrent density (]ph) and the dark saturation current
density (J,). The former can be calculated by combining the mea-
sured photovoltaic external quantum efficiency (EQEpy) with the
photon flux of the light source (®source) using™

o E-qV
Ton(V) =q fo EQEpy (E) tanh(ﬁ)@source(li) dE, ()

where E denotes the photon energy. The hyperbolic term in this
expression accounts for band-filling effects in materials with a dis-
ordered density-of-states.”® On the other hand, the dark saturation
current density can be defined through reciprocity in terms of the
electroluminescent external quantum efficiency (EQEEgr) as’>?

Jo(v) = -4 fo " EQEw (E)W(E, V) Ppianei(E) dE,  (3)

EQEgL

where @pjank (E) = i’;’—fj [exp (k%) - l] 1 is the photon flux of ther-
mal radiation for a cell at temperature T, with h and ¢ being the
Planck constant and the speed of light in vacuum, respectively. The
additional term (w) introduced in Eq. (3) is a correction factor that
accounts for the combined effects of band-filling and the chemical

potential of radiation;’*”* it may be written as*’

1
[1 +exp(%)]2.

We note that the series resistance of the device can also be incorpo-
rated into Eq. (1),' but its effect only becomes prominent at higher
light intensities and is minimal for the low current densities typical
of indoor PVs, as we discuss further in Sec. II E. The shunt resistance,
on the other hand, plays a more pivotal role under the low-intensity
illumination conditions found indoors.”

To demonstrate how Eqgs. (1)-(4) can be utilized to numerically
predict the PCE of a single-junction PV device, we now present a
case study using a double cation perovskite (DCP) device recently
published by Othman et al.*® Figure 1(a) shows the sensitive EQEpy
spectrum for this device, with the gray region indicating how the
measurement becomes limited by thermal noise at low photon ener-
gies.”’ The blue region indicates the absorption features of deep trap
states.”® Note that optical interference between incident and back-
reflected light within the thin-film device can affect the line shape
of the EQEpy spectrum in this region.”” ** Finally, the green region
above E; = 1.53 eV (identified from the maximal rate of change in
EQEpy) indicates where band-to-band transitions occur. Between
the blue and green regions, broadening of the band edges by ener-
getic disorder leads to the formation of an Urbach tail, in which the
sub-gap EQEpy grows exponentially.”””**" Generally, this sub-gap
EQEpv leads to alower PCE by reducing a device’s V. and Vinpp.”” It
can also lead to ideality factors greater than one (see supplementary
material - Note 2).%

w(E, V) = 4)
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FIG. 1. Evaluating single-junction PV
performance using photovoltaic external
quantum efficiency (EQEpy) measure-
ments. (a) EQEpy spectrum of a double
cation perovskite (DCP) device,® with
the noise-limited, trap-limited, and
above-gap regions indicated in gray,
blue, and green, respectively. Between
the blue and green regions, EQEpy
1 grows exponentially through an Urbach
tail. (b) Photon flux (®source) OFf typical
LEDs, plotted at an illuminance of
1000 lux as a function of the photon
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By combining its EQEpy spectrum with a known photon flux,
the performance of the DCP device (or indeed any PV device)
can be simulated under any set of illumination conditions using
Egs. (1)-(4). Figure 1(b) shows the photon fluxes of exemplary LED
light sources with a variety of color temperatures, with the green line
indicating the (CIE standard illuminant) LED-B4 spectrum specified
in indoor PV testing standard IEC TS 62607-7-2:2023.”" As this
investigation was focused on indoor applications of multi-junction
PVs, an irradiance of 0.3132 mW cm ™ (corresponding to an illu-
minance of 1000 lux) was assumed as representative of a well-lit
room,”’ with all spectra in Fig. 1(b) being scaled to 1000 lux by
combining the photon flux in the visible region with the photopic
response of the human eye (see supplementary material - Note 3
for more details).®’ For reference, a version of the AM1.5 G
solar spectrum scaled to 1000 lux (or, equally, an irradiance of
0.865 mW cmfz) is also included, which is broader and redshifted
relative to any of the LED spectra.

As not all features in the EQEpy spectrum obey reciprocity
or contribute to the thermodynamic limit,”” the lower end of the
EQEpy spectrum must be truncated by introducing a lower bound
(Elower > 0) into the integrals of Egs. (2) and (3). Figure 1(c) shows
the results of this analysis, with the open-circuit voltage in the radia-
tive limit (V%) simulated under AM1.5 G conditions being plotted
against the lower bound. Note that EQEg., = 1 is assumed in Eq. (3)
to give the radiative limit, while a cell temperature T = 293.15 K
is assumed throughout this work. As Ejoyer decreases, more of the
photon flux and device response are captured until the radiative

illumination (black diamond), plotted
alongside PCEs and losses vs bandgap
(Eg) in the Shockley-Queisser model.

1.5 2.0 2.5 3.0
E, (eV)

open-circuit voltage (Vgid) reaches a plateau. As Ejoyer is further
reduced, V™ continues to decrease due to the presence of deep trap
states, ultimately dropping below the experimentally observed open-
circuit voltage (VE =1.02 V; measured under AM1.5 G or one-sun
conditions), which is indicated by the dashed line.”® This non-
physical result is due to deep trap states not being in thermodynamic
equilibrium with charge-generating states, with their luminescence
not being considered in the standard reciprocity theory and thus
not contributing to the radiative thermodynamic limit.” So, in this
case, EQEpy below Ejower = 1.24 €V is removed. If a photovoltaic
device’s EQEpy spectrum was not truncated in this way, then its
simulated PCE would (incorrectly) be lower than its experimentally
determined PCE.

By comparing Vid with VO at the plateau in Fig. 1(c),
the device’s non-radiative open-circuit voltage loss can be esti-
mated from measurements made under AM1.5 G conditions
through AV » ved _yo 023 V. Assuming this value holds
as a realistic estimate of the non-radiative loss under any set
of illumination c:onditions,‘7 then EQEgL can be estimated using

EQEEL = exXp (
strated in the suppluncnt(u} material (Note 4).

With EQEgp evaluated using the method described above,
an upper estimate of the performance of the DCP device can be
obtained under LED-B4 illumination. Figure 1(d) shows the resul-
tant PCE of 24.1% alongside simulated Shockley—Queisser (SQ)
limits. In the SQ model, EQEpy is modeled as a step function—such

) The validity of this assumption is demon-
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that all photons of energy E > Eg are collected as electron-hole pairs
(while photons of energy E < E; are not)—while recombination only
occurs radiatively, giving EQEgr = 1 and AV = 0. The SQ model
predicts a maximum PCE of around 54% under 1000 lux LED-B4
illumination, although this value can vary from one light source
to another.” " For reference, the various loss pathways in the SQ
model are illustrated, including losses from non-absorbed carriers
(gray region), carrier thermalization (blue region), and radiative
losses/energy transfer losses (yellow region);” see supplementary
material (Note 5) for further details. By transitioning from single-
junction to multi-junction devices, carrier thermalization losses can
be reduced through the use of multiple bandgaps, whereas radiative
losses can be reduced through radiative coupling between sub-cells,
which effectively recycles emitted light.

B. Modeling multi-junction photovoltaics

We next consider the performance limits of a two-junction
(or tandem) device. In practice, this approach is scalable to
multi-junction devices with an arbitrary number of cells (see
supplementary material - Note 6), but we limit our focus to two
cells in the context of indoor PV as the relevant photon fluxes are
spectrally narrow compared to the solar spectrum. Figure 2 shows a
schematic of our approach (and analysis flow chart) to treating the
two-junction architecture, with the absorption and emission of light
by the two cells shown in Fig. 2(a). Notably, the two cells are con-
nected in series, with the top cell’s bandgap (Eé) usually being larger

than the bottom cell’s bandgap (Eé). In general, the current densities
generated by each cell can be expressed as a modified form of Eq. (1),

Ji(V1) :]0,1(V1)[exp(m) _ 1] + 4!

kBT Rsh,l
—Joh,1 (V1) = Ja1(V1, Vem2)s (5a)

_ &) _ ] Va

L(V,) = fo,z(Vz)[CXp ( kT 1|+ Ras
—Joh2(V2) = Jis2(Vem,1s V2). (5b)

Here, a 1 (2) in the sub-script indicates that the quantity is assigned
to the top (bottom) cell. In these equations, the quantities J,_,, and
J»_1 are the additional photocurrents generated in the bottom cell
and top cell, respectively, due to emission from the other cell. These
photocurrents arise due to radiative coupling and depend on the
carrier densities under the relevant illumination conditions, which
we approximate through the reciprocity principle using effective
emission voltages Vem,1 and Vem,2, as we explore shortly. As before,
a cell's EQEpy spectrum enters these equations through the eval-
uation of the photocurrent and dark saturation current densities,
which are determined using Eqs. (2) and (3), respectively. Each cell’s
EQEpy spectrum is truncated using the technique described for a
single-junction device in Sec. IT A.

While the light incident on the top cell is simply given by
@1 (E) = Osource (E), only a fraction of this light will be transmitted
through the top cell and onto the bottom cell. Neglecting reflective
losses, the light incident on the bottom cell can be written as

E - qu
4kg T

@, (E) = [1 — EQEpy,1 (E) tanh ( )](Dsource(E). (6)
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FIG. 2. (a) Schematic of the photon fluxes relevant to the modeling of a
two-junction PV device. The light from the source is incident on the top cell
(@4 = Dsource), While the light transmitted through it and onto the bottom cell (©;)
can be calculated using Eqg. (6). In addition, the photon flux of thermal radiation
(Dpianck) Will also be absorbed by the device, leading to the thermal generation
of charge carriers. Charge carriers undergo radiative recombination in both cells,
leading to the emission of a photon flux from the top cell (®em,1) and the bottom cell
(Dem_2), which are calculated using Eq. (7). (b) Process flow chart for the iterative
loop used to evaluate the total current J produced under voltage V while allowing
for radiative coupling between cells, experimental EQEpy spectra, non-radiative
losses, band-filling effects, etc. Here, k denotes the iteration number and ¢ the
convergence criterion.

Note that a near-unity internal quantum efficiency (IQE) has
been assumed in the top cell, such that EQEpv,; approximates its
absorbance. If the top cell’s EQEpy, is reduced, it absorbs less
light, leading to a larger @, incident on the bottom cell. This has
implications for power generation, as we explore in Sec. II C.
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To our knowledge, while unidirectional radiative coupling in
the presence of sub-gap absorption has been explored in the past,”*
most approaches to model the thermodynamics of multi-junction
PVs neglect radiative coupling from the narrower Eg bottom cell to
the wider E; top cell. This can be a reasonable assumption under
solar conditions where the optimal bandgap configurations are ener-
getically separated. However, as previously mentioned, this assump-
tion neglects the absorption of sub-gap states, which are universally
present in disordered semiconductor materials and contribute to
the photocurrent.”””® Accounting for bidirectional couplings also
becomes more important under indoor illumination conditions as
the narrower illumination spectra demand configurations of top and
bottom cell materials that can be similar in Eg, as we explore in
Sec. I1 C.

To quantify the radiative coupling between the cells of the
multi-junction device, we utilize the reciprocity principle of a lone
cell to evaluate its electroluminescent emission under given illumi-
nation conditions. First, the current density is evaluated utilizing
Eq. (1); then, the effective voltage of emission required to drive the
cell to the equivalent current density in the dark is evaluated—for
cell m, this is labeled Vem,m. Following this, the electroluminescence
spectrum of cell m can be evaluated through™

Dem,m (E) Vemm ) = EQEpv,m (E) W(E> Vemm )

X Dplanck (E) [exp (q‘k/;%) - 1]- (7)

The additional photocurrent arising from radiative coupling
between cells may then be written as

Ji2(Vem,1, V2) = gfo EQEpv2(E)
E - qu

x tanh ( 4T

)(Dem,l (E) Vem,l) dE; (8a)
et (Vi Vema) = 1 fo EQEpy, (E)

E - qu
4kgT

v tanh( )(Dem,z(E, Vema)dE. (8b)

The pre-factor of one-half in these expressions is assigned as approx-
imately half of the top cell’s photon flux is assumed to be emitted
in the direction of the bottom cell, and vice versa, as illustrated in
Fig. 2(a). We note that, in principle, the radiative couplings between
the cells can be influenced by the refractive indices of the cells and
any additional layers between them, including transport layers and
electrodes.”” In addition, the angular-range of emission is limited
by the refractive indices of the respective layers, with total inter-
nal reflection leading to some reduction in the radiative coupling
factors.”'”*° Equation (8) therefore provides a reasonable upper esti-
mate on the radiative couplings in the thermodynamic limit, which
are likely to be lower in practice.

As the cells of the two-junction device can be connected inde-
pendently or serially, Egs. (5)-(8) may be solved in two ways. In this
work, we focus on the serially connected or “two-terminal” case,
with the independently connected or “four-terminal” case being
considered in supplementary material (Note 7). In the two-terminal
case, the total current density J produced under applied voltage
bias V satisfies J1 (Vi) = J2(V2) =J(V), as per Kirchhoff’s current
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law, while the voltage drops across each cell satisty Vi + V, = V.
Of course, the radiative couplings described in Egs. (7) and (8) will
influence these current densities, although these are assumed to be
a second-order contribution that can be incorporated via an itera-
tive loop. For a given voltage (V), the total current density (J) can be
determined by iteratively solving Egs. (5)-(8) using the process illus-
trated in Fig. 2(b), where radiative coupling is assumed negligible in
the first iteration (Vem,1 ~ 0 and Vem2 ~ 0), and the current densi-
ties are equated to deduce V. This voltage is used to evaluate the
current density (J), which in turn is used to evaluate each cell’s emis-
sion voltage in the dark (Vem,1 and Vem2; see supplementary material
- Note 8), so the process is repeated until the absolute change in cur-
rent density between iterations is smaller than some convergence
criterion, &. In this work, we took & = 107™° to ensure six signifi-
cant figure precision in the simulation result, allowing us to draw
conclusions while minimizing numerical inaccuracies arising from a
nonconvergent iterative process.

By varying the voltage, V, and determining the resultant cur-
rent density, J, produced by the multi-junction device using this
iterative process, performance metrics of any combination of cells
can be determined while also accounting for realistic radiative cou-
plings between them. We note that this analysis can be utilized for
both ideal direct bandgaps in the SQ model and experimentally
determined EQEpv spectra, although Eqgs. (5)-(8) simplify greatly in
the SQ model, as described in the supplementary material (Note 6),
with the effects of band-filling becoming negligible for all voltages of
interest.”’

C. Multi-junctions for indoor photovoltaic
applications

Using the general approach described in Sec. II B, the ther-
modynamic performance limits of multi-junction PV devices were
simulated under indoor illumination conditions by assuming LED-
B4 at 1000 lux as a light source. First, the PCE was calculated in
the idealized SQ model as a function of the top cell’s bandgap (Eg,1)
and the bottom cell’s bandgap (Eg.). In the SQ model, the shunt
resistance of both devices is assumed infinite, with Rg,; — oo and
Rihp — o0 in Eq. (5). The resultant PCEs were calculated with and
without radiative couplings, with the results illustrated in Figs. 3(a)
and 3(b), respectively. Complementary figures considering the max-
imum power point voltage (Vmpp) and current density (/i) are
provided as supplementary material (Note 6). We find that a maxi-
mum PCE of around 61% is obtained in the case without radiative
coupling, which increases to 77% when radiative couplings between
both cells are incorporated. In both cases, the optimal bandgap con-
figuration is Eg1 ~ 2.2 eV and Eg, ~ 1.7 eV. Interestingly, a wide-gap
top cell with Eg1 ~ 2.1 eV could be combined with any narrow-gap
bottom cell with Eg, between 1.0 and 2.0 eV to yield a PCE in excess
of 60%, with many semiconductor materials possessing bandgaps
in this range. In other words, high-efficiency indoor multi-junction
PVs can be realized by coupling a suitably selected wide-gap top
cell with a bottom cell based on almost any state-of-the-art material
optimized under AM1.5 G conditions. This is a new insight and not
necessarily intuitive.

To showcase the relevance of our approach for model-
ing multi-junction PVs, we simulated the performance of sev-
eral perovskite-perovskite and perovskite-inorganic combinations
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FIG. 3. Optimal bandgap configurations
for multi-junction PVs under LED-B4 illu-
mination (at an illuminance of 1000 lux).
(@) Without and (b) with radiative cou-
plings between cells, power conversion
efficiencies are plotted in the SQ model
as a function of top cell bandgap (Eg 1)
and bottom cell bandgap (Eg2), giv-
ing a peak efficiency of around 77% at
Egq1 ~22 eV and Egp ~ 1.7 €V. The
dotted horizontal line and dashed ver-
tical line indicate slices made for fixed
Eg1/varied Eg» and vice versa, respec-
tively, which correspond to the widest-
gap systems considered in (c) and (d).
In (c), the top cell has been fixed and
the bottom cell is varied, while in (d),
the bottom cell is fixed and the top cell
is varied. For reference, the PCE has
been simulated in a modified SQ model
(using a variety of top cell EQEay 1) with
fixed Eq¢ = 2.14 €V in (c) and with fixed
Ego =1.72€Vin (d).

0.0 — 0.0

using their experimentally determined EQEpy spectra and V& mea-
surements. These spectra need not be as sensitive as the EQEpy
spectrum for the DCP device considered in Fig. 1(a)—a couple of
orders of magnitude below saturation is usually sufficient. Note
that the combinations considered in this investigation are not fully
optimized; they do, however, illustrate how the large library of
materials optimized under solar conditions can be reconsidered
for indoor applications. Herein, the various perovskite systems are
labeled according to their bandgap (Eg) in electronvolts as Pr, (see
supplementary material - Note 9 for all material details and EQEpy
spectra). Figure 3(c) shows the resultant multi-junction PCEs for
various perovskite-perovskite devices, where perovskite top cells
with 1.81,%” 1.94,°% and 2.14 eV®’ bandgaps were combined with a
variety of perovskite bottom cells.”””""** Note that the shunt resis-
tance of each cell in the multi-junction device is assumed infinite in
these thermodynamic limit calculations; we explore the effect of par-
asitic resistances in Sec. IT E. As predicted from Figs. 3(a) and 3(b), a
wide range of bottom cell bandgaps can perform well for a given top
cell material. For example, P;.14 exhibits a PCE of around 27% with
both P;39 and Py 79. On the other hand, when the top cell has a nar-
rower bandgap than the bottom cell, the PCE of the multi-junction
device drops to near-zero due to reduced photocurrent generation
in the latter.

Similarly, Fig. 3(d) illustrates the resultant PCE when the bot-
tom cell material was fixed while the top cell material was varied.
In this case, one perovskite and two inorganic bottom cells were
used, namely, a crystalline-silicon (c-Si) device with Eg, ~ 1.24 A
a selenium-doped CdTe device with Egs ~1.39 eV,* and a

perovskite device with Eg; =172 eV.® As expected, high-
performance multi-junctions can be achieved using bottom cells
with fairly narrow bandgaps. In all cases, the optimal top cell has
a bandgap Eg; ~ 2.1 eV, with the PCE decreasing either side of
this maximum. Upon studying Fig. 3 carefully, it becomes appar-
ent that some of the PCEs evaluated using experimentally deter-
mined EQEpy spectra seemingly surpass the limits predicted by the
SQ model. This, however, is a consequence of the top cell’s above-
gap EQEpy being less than unity for most of the perovskites (see
supplementary material - Note 9). As the model assumes a near-
unity IQE, the surplus high energy light that is not absorbed by the
top cell gets transmitted through to the bottom cell. This effect is
explored in Fig. 3 by reducing the top junction’s above-gap EQEpy
from EQEmax = 1 to EQEmax = 0.7, with the results illustrated for
a fixed Eg; =2.14 eV top cell by the dotted curves in Fig. 3(c)
and for a fixed Eg, = 1.72 eV bottom cell by the dashed curves in
Fig. 3(d). From these curves—which correspond to horizontal and
vertical sweeps across Fig. 3(b), respectively—it is clear that a reduc-
tion (increase) in the top cell’s absorbance (transmittance) can relax
restrictions on the bottom cell’s bandgap, enabling higher perfor-
mance for some bandgap combinations than predicted by the SQ
model.

From Fig. 3, it is clear that multi-junction approaches can gen-
erate more power than single junctions, provided that the bandgap
and absorbances of each cell are optimized to achieve suitable cur-
rent matching. This, however, is a non-trivial process that closely
depends on the selected materials. While all combinations presented
in Figs. 3(c) and 3(d) offer higher Vipp values than obtainable by
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single cells—which is ideal for indoor PV applications—this does
not always translate to high power generation (see supplementary
material - Note 10). Generally, multi-junction approaches offer
higher PCEs when Eg; ~ 2.1 eV and Eg, lies between 1.0 and 1.8 V.
It is important to note, however, that as indoor PVs are often used
in energy-harvesting systems that employ a harvest-store-use archi-
tecture,®® where energy is stored in a supercapacitor or battery by an
intermediary energy-harvesting board, then the voltage generated by
the PV device is a key design parameter.”’

D. Sensitivity to changes in light source

In the analyses presented so far, LED-B4 illumination has
been assumed to comply with indoor PV testing standard IEC TS
62607-7-2:2023.”""" While testing standards are vital for reliable
intercomparisons between laboratories and research groups, along-
side the accurate verification of commercial product performance,
the use of a single spectrum does not capture the diverse range
of light sources that will be found in many indoor settings, with
LEDs, fluorescent (FL) lamps, or even some combination of arti-
ficial light and daylight being commonly found.*® For this reason,
we considered the performance of some of the optimized multi-
junction devices discussed in Figs. 3(c) and 3(d) under a variety of
light sources commonly found in indoor settings. Figure 4 shows
the PCE, Vmpp, and maximum power point current density (J mpp)
of selected cells under a variety of indoor light sources (with each
having an irradiance of 0.3132 mW cm ™2, corresponding to an illu-
minance of 1000 lux under LED-B4 illumination). In addition, the
performance of the devices is also considered under the AM0, AM1,
and AM1.5 G photon fluxes at their usual irradiances. The LED-B4
spectrum that the multi-junction combinations were optimized
under is indicated by the vertical dashed lines, with a color tem-
perature approximating that of a 5000 K LED. For reference, the
performance of a single junction device in the SQ model was also
simulated using the optimal bandgap (under LED-B4 illumination)
of Eg = 1.83 eV, with the results plotted as stars connected by dotted
lines.

Generally, the PCE [Fig. 4(a)] of the multi-junction devices is
more sensitive to changes in light source, with these variations pre-
dominantly being due to variations in photocurrent generation and
radiative coupling with light source, as illustrated by the changes
in Jppp [Fig. 4(b)]. On the other hand, Vimpp [Fig. 4(c)] is more
robust, changing by less than 100 mV for the considered indoor light
sources. This is an important observation as the voltage output by
the indoor PV device will be similar under many different sources
of artificial light, not just the light source specified in a test standard.
Moreover, the Vinpp of all the multi-junction devices (which are not
fully optimized) surpasses that of the single-junction device under all
light sources, meaning that multi-junction PVs can provide a larger
potential difference than single junctions under indoor lighting con-
ditions, making them more desirable for energy harvesting, remote
sensing, and other Internet-of-things applications.®”-"

E. Effect of parasitic resistances and changes in light
intensity

In the preceding discussions, parasitic resistances were
assumed negligible. However, at the low-light intensities typical of
indoor environments, a low shunt resistance can severely impact
device performance, while the series resistance has little effect.”
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FIG. 4. Probing the sensitivity of (a) the PCE, (b) the absolute value of the max-
imum power point current density (Jmpp), and (c) the Vimpp of a few exemplary
multi-junction combinations to changes in light source. Note that an irradiance
of 0.3132 mW cm=2 was used for the LED and fluorescent (FL) sources (cor-
responding to an illuminance of 1000 lux under LED-B4), while the solar spectra
hold their usual intensities, which are AMO: 135.3 mW cm=2; AM1: 104 mW cm~2;
and AM1.5 G: 100 mW cm—2. The photon fluxes of the considered light sources
are available in the supplementary material (Note 3).2% Note that the LED-B4 light
source under which the multi-junction devices were optimized is indicated by the
vertical dashed line.

Alternatively, at the high intensities typical of solar cell operating
conditions, a high series resistance (including the sheet resistance
of any transparent electrodes) will instead lead to losses in device
performance.”””> To demonstrate how the simulation approach
described in this work can consider both extremes of operating con-
ditions while incorporating parasitic resistances, the performance
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FIG. 5. Applying the multi-junction simulation approach (including bidirectional
radiative coupling) to a variety of lighting conditions while accounting for parasitic
resistances. The power conversion efficiency (PCE) of a Py 99:P47, multi-junction
device was simulated under LED-B4 illumination for irradiances <1 mW cm—2
and under scaled AM1.5 G illumination for irradiances >1 mW cm~2. The device
has area A = 10 cm?, with both cells having series resistance Rst1 =Rs2=50Q,
whereas the top and bottom cells have shunt resistances Rgnq = 108 Q cm?
and Rgno = 107 Q cm?, respectively. Note that the dashed lines indicate the
thermodynamic limit, in which Rs 1 = Rs2 = 0 and Rgh 1 = Rsp2 — oo.

of a Py:P17; multi-junction device was simulated. In this anal-
ysis, the top and bottom cells were assumed to have shunt resis-
tances Ry 1 = 10° Q cm? and Rgs = 107 Q cm?, respectively. Both
cells were assumed to have series resistance Ry; = Rs2 =5 Q and
cross-sectional area A = 10 cm?, with these resistances included as
described in the supplementary material (Note 6). We note that the
selected values are by no means optimal but were instead selected to
illustrate how device performance becomes limited at different light
intensities, The simulation results are plotted as a function of irradi-
ancein Fig. 5, where LED-B4 illumination is assumed for irradiances
below 1 mW cm ™2 (or 5000 lux), and scaled AM1.5 G illumination
is assumed for irradiances above this value.

From the indoor light intensity (blue) region of Fig. 5, it is
clear that as the light intensity is reduced, the top cell first limits
device performance due to its lower Ry, ;. As the irradiance is further
decreased, the top cell acts as a photoresistor (see supplementary
material - Note 11) and the PCE reduces to a value expected
for the bottom cell under @, illumination. At irradiances below
0.001 mW cm 2 (or illuminances below 30 lux), the shunt resistance
of the bottom cell dominates, ultimately causing the PCE to drop to
zero. Alternatively, in the outdoor light intensity (yellow) region of
Fig. 5 (where scaled AM1.5 G illumination is used), the combined
series resistance of the two cells leads to Ohmic losses that almost
halve the PCE at one-sun irradiances (100 mW cm™2) compared to
the thermodynamic limit.

l1l. CONCLUSION

To conclude, we have presented an approach for optimizing
the design of multi-junction PVs while accounting for intrinsic pro-
cesses in real devices, including sub-gap absorption, band-filling,
non-radiative open-circuit voltage losses, and radiative couplings
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between junctions. The approach uses each cell’s experimental
EQEpy and V(?C measurements to predict absorption, emission, and
transmission of light in the multi-junction device, enabling the
evaluation of the PV figures-of-merit under any light source.

Using this approach, a case study was presented on the
performance of perovskite-based multi-junctions for indoor PV
applications. In the SQ model, optimal bandgap configurations
were determined under LED-B4 illumination, with a wider-gap
Eg1 ~ 2.1 eV and a narrow-gap E;, between 1.0 and 2.0 eV, yielding
PCEs higher than 60%. In other words, high-efficiency, high-Vipp
indoor PVs can be achieved by pairing a suitably selected wide-gap
top cell with a bottom cell based on almost any conventional solar
cell material. Moreover, by reducing the absorbance of the top cell
to allow more high-energy light to be transmitted into the bottom
cell, it was found that moderate performance could be achieved for
combinations of bandgaps that are deemed poor by the SQ model.

Following this, optimal configurations of real PV materials for
high-performance multi-junctions were identified using their exper-
imentally determined EQEpy spectra and inferred EQEg; values.
The sensitivity of these optimized devices to changes in illumina-
tion conditions was probed by considering their performance under
a variety of light sources and intensities commonly found indoors,
thus paving the way from optimization under testing standard con-
ditions to versatility in real-world deployment locations. It was
found that the PCE and J,,,, are more sensitive to changes in light
source, while Vimpp is @ more robust metric, with non-optimized
multi-junctions providing a larger Vimpp than can be generated by
a single junction device.

Future techno-economic and life-cycle analyses employing the
approach described in this work could consider many more com-
binations of the vast library of semiconductor materials to identify
optimal systems for use under a broad variety of light sources,
including, but not limited to, sources of artificial light, AM1.5 G
illumination, and even AMO illumination for space applications.
These investigations need not be limited to one type of photovoltaic
material and could compare the power output of inorganic, per-
ovskite, and organic photovoltaics alongside other metrics such as
cost, material risk (e.g., lead in perovskites), embodied energy vs
longevity, and more. Future enhancements that could be made to
the tool include adding spectrally dependent and angularly depen-
dent reflections between cells, which could improve the accuracy
of the simulation approach at the cost of additional complexity and
increased data requirements (with the optical constants of each layer
in the device being required).

SUPPLEMENTARY MATERIAL

Additional figures and notes are available as supplementary
material, including a list of symbols and abbreviations, the four-
terminal limits of a multi-junction device under LED-B4 illumina-
tion, the scaling of the simulation approach to an arbitrary number
of junctions, shunt-dependent simulations, and the EQEpy spectra
and AV;: values of all devices considered in this work.
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