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HIGHLIGHTS

e Combined experimental characterization and physics-based modelling of the certified 24.6% perovskite/CIGS tandem reveal CdS/

CIGS interfacial recombination and perovskite bulk defects induced by surface roughness.

e Stepwise optimization integrating calibrated simulations with a data-driven Shockley—Queisser analysis demonstrates an efficiency

potential exceeding 35% through targeted defect passivation and optical refinements.

e Controlled bandgap tuning further enhances both the achievable efficiency and annual energy yield, provided the material quality is

preserved across the full device stack.

ABSTRACT The global transition to a fossil-free energy system high-
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with scalability, durability, and flexibility. Monolithic perovskite/Cu(In,Ga) | ({§ m
Se, tandem solar cells (TSCs) are an attractive thin-film alternative to per- VE
ovskite/silicon TSCs, combining low-temperature processing, mechani- i |
cal flexibility, and radiation tolerance. However, their practical potential /7 Modelling P~ Efficiency Limit
remains constrained by coupled optical, electronic, and interfacial losses. ] '

This work develops a modelling approach integrating calibrated optical
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simulations, drift—diffusion device modelling, and a Shockley—Queisser > 12 Experimental 7" Tandem Solar Cell ' NG Device

= Results Defects

(SQ) formalism, which incorporates empirical non-radiative recombina-
tion factors extracted from an external database. Starting from a certified
24.6% Helmholtz-Zentrum Berlin fiir Materialien und Energie GmbH
TSC, the analysis identifies the dominant bottlenecks, quantifies the impact

of defect passivation, optical optimization, and bandgap tuning, and extends the assessment to annual energy yield across representative climates.
The results estimate practical efficiency limits above 35% and demonstrate significant energy-yield gains under real outdoor conditions, compared
with perovskite and Cu(In, Ga)Se, stand-alone devices, for both fixed-tilt and one-axis tracking configurations. At the same time, the database-
informed SQ formalism provides a realistic benchmark by linking empirical non-radiative recombination factors to device performance, support-
ing consistent assessment across tandem architectures. Overall, these findings position perovskite/CIGS tandems as credible high-performance

candidates within the landscape of next-generation photovoltaic technologies.
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1 Introduction

In the twenty-first century, global electricity demand is ris-
ing rapidly, driven by industrial growth and the electrifica-
tion of transport and residential heat [1]. At the same time,
the expansion of digital infrastructures, particularly data
centres and artificial intelligence platforms, is expected to
further increase electricity use, with projections indicating
that these sectors alone could account for up to 12% of US
demand within the next decade [2, 3]. Meeting this challenge
requires the swift decarbonization of power generation to
curb greenhouse-gas emissions and places renewable energy
technologies at the heart of climate strategies [4, 5]. Among
these, photovoltaics (PV) has emerged as the fastest growing
and most cost-effective technology, combining scalability,
versatility, and minimal environmental impact [6].

Within PV, perovskite (PVK)-based tandem solar cells
(TSC) have become one of the most promising routes to
surpass the single-junction efficiency limit [7, 8]. Recent
records, 34.85% power conversion efficiency (PCE, n) for
PVK/silicon, 30.1% for all-PVK [9], and 28% for PVK/CIGS
TSCs, highlight their competitiveness [10]. While silicon
remains the dominant bottom-cell material [11-13], PVK/
CIGS tandems provide a full thin-film alternative in which
both absorbers can be deposited at low temperature using
solution or vacuum processes [14—16].

A key strength of this architecture is the tunability of
the absorber bandgaps: wide-bandgap perovskites can be
tailored for the top cell, while CIGS offers a continuously
adjustable bandgap from 1.0 to 1.7 eV range through Ga/
(Ga+1In) (GGI) grading. This combination enables precise
bandgap matching, with CIGS uniquely capable of reach-
ing and demonstrating very low bandgaps (~ 1.0 eV), which
are difficult to achieve with stable perovskite compositions
[17], thereby maximizing solar spectrum utilization [18,
19]. The result is a thin-film tandem platform that can be
manufactured into lightweight, flexible, and mechanically
robust devices, ideally suited for applications where mass,
plasticity or durability are critical, including aerospace,
vehicle-integrated PV (VIPV), and building-integrated PV
(BIPV) [20-22].

Beyond these fabrication advantages, both perovskite and
CIGS absorbers show remarkable resilience to high-energy
particle irradiation, in contrast to crystalline silicon, making
them particularly attractive for space applications [23-25].

© The authors

In addition, tandem operation provides benefits that extend
well beyond Standard Test Conditions (STC): the low-tem-
perature coefficient of the perovskite top cell, combined with
the complementary spectral response of the CIGS bottom
cell, can deliver superior annual energy output compared to
single-junction CIGS, especially in hot or spectrally variable
climates [26-28].

Building on these technological and operational advan-
tages, this study focuses on a monolithic PVK/CIGS TSC
recently certified at 24.6% PCE by Helmholtz-Zentrum
Berlin fiir Materialien und Energie GmbH (HZB) [29].
Specifically, we address two central questions: (i) which
mechanisms currently limit device performance, and (ii)
how can targeted, physics-based optimizations unlock fur-
ther efficiency and energy-yield gains. To this end, we build
on earlier modelling work that has demonstrated the value of
calibrated frameworks in tandem photovoltaics. In perovs-
kite/silicon tandems, such models have proven essential to
disentangle optical and electronic losses and to define real-
istic efficiency potentials beyond the ideal Shockley—Queis-
ser (SQ) limit [30-32]. For PVK/CIGS tandems, Jost et al.
[33] reported a certified 24.2% efficient monolithic device
and identified photocurrent mismatch as a key performance
limitation, using optical simulations to derive bandgap- and
thickness-dependent guidelines for current matching and to
assess efficiency and energy-yield potential. In contrast, Pro-
cel et al. [34] analysed a heavily current-mismatched PVK/
CIGS tandem solar cell (PCE ~ 10%) using calibrated opto-
electrical simulations, demonstrating that energy alignment
and recombination at the tunnel recombination junction,
together with optical current mismatch, dominate the base-
line device performance. Building on previous modelling
approaches, we develop a framework that combines multi-
level analysis, ranging from physics-based device simula-
tions to a modified Shockley—Queisser limit informed by
the MaterialZone database [35] and energy-yield analysis,
and apply it to a certified state-of-the-art PVK/CIGS tandem
operating close to current-matching conditions.

From a device-physics perspective, this modelling frame-
work couples transfer-matrix or net-radiation methods and
ray-tracing optical simulations with drift—diffusion device
modelling in Sentaurus TCAD [36]. By incorporating
experimentally observed features such as the compositional
grading of CIGS (varying GGI ratio) and surface roughness,
and calibrating against the reference device, the framework
quantitatively reproduces the External Quantum Efficiency
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(EQE) and the Current-Density—Voltage (J — V) charac-
teristics of both stand-alone cells and the tandem device.
Building on this calibrated model, we establish a roadmap
that identifies the dominant loss channels and quantifies the
benefit of their progressive mitigation; first through physics-
based device simulations and then through a modified SQ
formalism that incorporates empirical non-radiative recom-
bination factors extracted from the MaterialZone database
[35]. This benchmarking step provides a realistic perfor-
mance ceiling and represents a key novelty of our approach.
Finally, the analysis is extended beyond STC through annual
energy-yield simulations, where variations in perovskite
bandgap and optimized layer thicknesses are explored to
derive design rules that balance peak efficiency with sta-
ble outdoor operation. A full description of the modelling
framework is provided in Supplementary Section S1.

2 Device and Modelling
2.1 Device

Figure la illustrates the layer structure of the monolithic
perovskite/CIGS tandem solar cell recently certified at
24.6% PCE by HZB [29]. This device lies among the high-
est certified efficiency values reported for perovskite/CIGS
tandems and is therefore representative of the current state
of the art, providing a suitable reference for loss analysis
and device targeting [9]. Here the quoted thicknesses cor-
respond to the nominal values used in the device simula-
tions. The stack integrates a wide-bandgap (E, ~ 1.63 eV)
triple-cation mixed-halide perovskite, Csg o5(FA( g3
MA 17)0.05Pb( 33B1 17)5 (hereafter PVK-3C or PVK), as
the top absorber, with a compositionally graded Cu(In,Ga)
Se, bottom cell. The architecture comprises (Fig. 1a): a LiF
anti-reflective coating (100 nm); an IZO (40 nm) transparent
electrode; a SnO, (20 nm)/Cg, (23 nm) electron-transport
bilayer; the PVK-3C absorber (500 nm); a 2PACz self-
assembled monolayer (3 nm); a 15 nm-NiO,/Al-doped ZnO
(AZO, 60 nm) recombination junction; and the CIGS sub-
cell comprising an intrinsic ZnO window (i-ZnO, 40 nm),
a CdS buffer (50 nm), a graded CIGS absorber (2.2 um),
and a molybdenum back contact (800 nm). The Ga/(Ga+ In)
ratio in the CIGS increases from ~0.30 at the front to~0.65
at the rear, resulting in a bandgap widening from ~ 1.05
to~1.41 eV (Fig. S2a). This composition profile affects
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both optical absorption in the CIGS sub-cell and its electri-
cal behaviour. Atomic force microscopy (AFM) reveals a
root-mean-square roughness of ~ 147 nm (Fig. S2b), which
strongly influences both light scattering and interface qual-
ity. Additional experimental details are provided in Section
S1.4.

2.2 Modelling

Based on the device structure described above, optical and
electrical modelling parameters are assessed to reproduce
the device behaviour. Optical inputs, including the Ga/
(Ga+1In) profile, surface roughness, and the optical con-
stants n(A) and k(A) of the device layers, are provided in
Sections S1.1-S1.2, while electrical parameters governing
doping, transport, and recombination, consistent with the
deposition conditions of the reference cell (Section S1.4),
are summarized in Tables S2 and S3 (Section S1.3).

Figure 1b—d shows the simulated energy band diagram
obtained with Sentaurus TCAD, under dark conditions [36].
The perovskite sub-cell is modelled in a p—i—n configura-
tion, while the CIGSe exhibits the typical curvature of the
conduction and valence bands (CB and VB, respectively)
induced by Ga grading. In the electron-transport region
(Fig. 1c), the conduction-band minimum of IZO lies slightly
below that of SnO, (see Table S2), creating a favourable
alignment for electron extraction. IZO is treated as a highly
doped transparent conductive oxide [37-39], while SnO,
parameters are calibrated from ALD-deposited films at
80 °C [40-42]. Both the SnO,/Cg, and Cgyy/perovskite inter-
faces exhibit downward band bending towards the anode,
facilitating electron accumulation and extraction [41].

On the hole-transport side (Fig. 1d), a 3-nm-thick 2PACz
self-assembled monolayer at the perovskite/NiO, interface
improves energy-level alignment [42]. The subsequent
NiO4/AZO heterojunction (Fig. 1d) exhibits pronounced
band bending, induced by the high p* doping of NiO, and
the high n* doping of AZO (see Table S2 for electrical
parameters). This results in a narrow depletion region that
enables efficient inter-band tunnelling and carrier recom-
bination between the sub-cells [34, 43]. Consequently, the
NiO,/AZO stack forms the HTL/TCO recombination junc-
tion [43], which is modelled in TCAD Sentaurus through
a direct band-to-band (B2BT) tunnelling mechanism [34,
36] consistent with the favourable energy-level alignment

@ Springer
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Fig.1 The a Layer structure of the monolithic 2-terminal perovskite/CIGS tandem solar cell, comprising a wide-bandgap triple-cation per-
ovskite (PVK-3C, 1.63 eV) top absorber and a graded-bandgap Cu(In,Ga)Se, bottom cell. b Energy band diagram of the simulated monolithic
PVK/CIGS tandem device under equilibrium conditions (in the dark, V=0), showing the conduction band (blue), valence band (red), and quasi-
Fermi levels for electrons (green dashed) and holes (orange dashed). Under these conditions, the electron and hole quasi-Fermi levels coincide
and therefore appear as a single Fermi level. ¢ Zoomed-in view of the electron-transport-layer (ETL) region, including IZO, SnO,, Cy,, and the
perovskite absorber. d Zoomed-in view of the layers between the PVK and CIGS sub-cells. The complete list of electrical parameters used in the

simulations is provided in Tables S2 and S3

of the two materials. This configuration represents a further
advancement with respect to the PEDOT:PSS (or NiO,)/
SnO, recombination junction previously discussed by Procel
et al. [34].

With the device structure and its materials parameters
established, the behaviour of the tandem device is repro-
duced using a calibrated multiscale simulation framework
that integrates optical, electrical, and, when required, circuit-
level modelling into a unified scheme (Section S1).

On the optical side, simulations are performed in Gen-
Pro4 [44] using the net-radiation method combined with
ray tracing to account for light scattering induced by the
measured CIGSe roughness. The graded CIGSe absorber
is described directly from the experimentally determined
Ga/(Ga+ In) depth profile (Fig. S2a). Its depth-dependent

© The authors

optical constants are obtained through a custom interpola-
tion routine developed in this work (Section S1.2), which
extends the bandgap-shifting approach of Horantner and
Snaith [27] to CIGSe. In this method, reference extinction-
coefficient spectra are spectrally shifted to match the local
bandgap (ranging from ~ 1.05 eV at the front to~1.41 eV
at the back), while the corresponding refractive index is
derived via Kramers—Kronig transformation using the open-
source package pykk.py library. This procedure yields a con-
tinuous and physically consistent set of n(A) and k(\) values
across the graded absorber. The resulting wavelength- and
depth-resolved generation profiles are then used as input for
Poisson—drift—diffusion simulations in Sentaurus TCAD
[36], providing a calibrated description of carrier transport
and recombination dynamics. For the small-area reference

https://doi.org/10.1007/s40820-026-02141-8
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device considered here (active area~1 cm?), front-contact
losses associated with the metal grid are not explicitly mod-
elled, as a previously optimized grid design is employed
[29, 45] (see Fig. S7) and its impact on the overall device
performance will show up in scaled-up cells and mainly in
the fill factor. The device modelling therefore focuses on
intrinsic optoelectronic loss mechanisms.

3 Results and Discussion
3.1 Loss Analysis and Bottleneck Identification

Figure 2a shows the simulated photocurrent contributions
under AM1.5G illumination. Optical losses originate pri-
marily from parasitic absorption in non-active layers, which
account for more than 4% of the incident photon flux, and
from front-side reflection, responsible for a further 5.8%.
Accounting for the measured CIGS surface roughness (Fig.
S2b), enhanced light trapping in the bottom sub-cell con-
tributes ~ 1 mA cm™ to the simulated CIGS photocurrent,
while its influence on the perovskite top-cell current remains
negligible. As a result, the PVK and CIGS sub-cells generate
19.9 and 20.3 mA cm™2, respectively. A fraction of the CIGS
photocurrent originates from photons transmitted through
the perovskite at wavelengths close to its absorption edge.
Yet, while optical modelling predicts a CIGS photocurrent

above 20.3 mA cm ™2, EQE measurements give a lower value
of 19.9 mA cm~2 (Fig. 2b). This small discrepancy reflects
a combination of residual optical uncertainties near the
perovskite absorption edge and recombination losses at the
CdS/CIGS interface, which limit carrier collection in the
CIGS bottom cell (parameters reported in Table S3). Under
operating conditions, the CIGS junction therefore emerges
as the current limiting element of the device rather than the
perovskite.

To corroborate these findings, in Fig. 3a we compare
the J-V characteristics of the best-performing in-house
(n~26.8%/27.0% after 27/40 min light soaking), the certi-
fied reference (17 ~24.6%) [29], the simulated tandem, and
the corresponding stand-alone sub-cells. Because TSC effi-
ciency is ultimately determined by the behaviour of the indi-
vidual junctions, we first examined the stand-alone devices
and benchmarked them against literature data. In this regard,
the analysis was extended by plotting the open-circuit volt-
age (V) as a function of bandgap (Fig. 3b, ¢) and compar-
ing with reported perovskite data from the MaterialZone
database [35] and CIGS trends [46]. For clarity, iso-lines of
the non-radiative recombination factor (f,) were added [47].
This parameter, originally introduced within the Shockley-
Queisser framework [47], quantifies the ratio of radiative to
total recombination. It therefore provides a direct measure
of the deviation from the radiative limit (f,=1), where all
recombination processes are radiative. Plotting iso-lines of f,
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Fig.2 a From optical simulation: stacked bar plot showing the simulated photocurrent contributions from each component of the tandem
device under AM1.5G illumination. b From optoelectronic simulation: External Quantum Efficiency (EQE) of the perovskite (top) and CIGS
(bottom) sub-cells in tandem configuration (dotted lines from HZB measurements)
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helps visualize the voltage loss relative to the measured V_
and identify the junction that predominantly constrains the
tandem performance (see Section S1.5 for details).

Stand-alone perovskite top cells (i.e. single junction) in
both flat and rough surfaces reveal a strong dependence of
the V. on substrate morphology (Fig. 3b). Devices fabri-
cated on a flat surface Mo/ITO/glass stack, (orange marker
in Fig. 3b), reached 1.15 V after 5 min of light soaking (LS),
whereas those deposited on a rough surface Mo/CIGSe/glass
stack replicating the tandem’s bottom-cell morphology (see
cross-sectional SEM image in Section S1.4), exhibited a
markedly lower initial V. of 0.88 V, recovering only par-
tially to 1.03 V after 9 min of LS (black marker in Fig. 3b).

The ~ 120 mV deficit is attributed to the pronounced CIGS
roughness, which disrupts uniform perovskite crystalliza-
tion, increases interfacial defect density, and enhances non-
radiative recombination, consistent with previous reports
[48, 49]. Accordingly, in Fig. 3b the flat-substrate device
approaches the f, ~ 1073 contour, whereas roughness-induced
degradation shifts the V, closer to f.~ 107, indicating a sub-
stantial departure from the radiative limit due to interface-
related non-radiative losses. This establishes a direct link
between the CIGS surface roughness and the observed V,
and FF losses in the perovskite sub-cell and, consequently,
the performance of the monolithic tandem.

The CIGS bottom cell, in stand-alone configuration, also
exhibits non-negligible voltage penalties. Stand-alone AZO/
ZnO/CdS/CIGS devices (with E,=1.05 eV) (experimental
results in Section S1.4) show V, values around 0.60 V,
approximately 100 mV lower than the certified HZB CIGS
solar cells with 1.1 eV bandgap [50, 51].
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When integrated in the monolithic tandem solar cells, this
translates into an additional V, penalty of roughly 20 mV.
In Fig. 3c, the measured CIGS device lies close to the f, ~
1073 contour, signifying that non-radiative recombination
dominates, however performance remains relatively close
to the best reported for comparable bandgaps.

Building on these optical and electrical insights, we tuned
the electrical parameters of the simulated stand-alone sub-
cells to reproduce the tandem J-V response. Defect densi-
ties (Table S3) were assigned in accordance with the main
recombination mechanisms: bulk and interfacial defects in
the perovskite (PVK/LiF/Cy, and PVK/SAM interfaces), and
interface defects at the CdS/CIGS junction in the bottom
cell. The chosen values represent a compromise between
the measured stand-alone performance and the conditions
required to reproduce the behaviour of the integrated tan-
dem. The photovoltaic parameters of all simulated and meas-
ured devices are summarized in Table 1.

3.2 Practical Efficiency Potential of Perovskite/CIGS
Tandem Devices

Using the calibrated optoelectronic model, we analysed a
stepwise loss-mitigation pathway to quantify efficiency
gains from progressive defect reduction and targeted tech-
nological improvements, shown in Fig. 4. Starting from the
experimentally validated baseline (Case 1, n=26.3%), the
next two steps focus on mitigating defect-related losses. In
Case 2, passivation of interface states at the CdS/CIGSe
junction (Fig. 1d), recognized as a dominant recombination
site in CIGS absorbers [21, 34, 52], raises the bottom-cell

Keller2024
HZB - certified cell
HZB — meas. cell
Sim. cell SJ

l.bS 1.120

Fig. 3 a J-V curves of stand-alone perovskite (red), CIGS (blue), and tandem (black) simulated devices; dotted lines show certified and in-house
data (area=1.10 cm?). V. versus bandgap (E,) for b perovskite and ¢ CIGS sub-cells, with iso-lines of non-radiative recombination factor (f,)

© The authors
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V.. towards that of the certified stand-alone device, consist-
ent with recent monolithic tandem reports showing gains
of ~50-60 mV [21]. As a result, the efficiency thereby
increases to 28.9%. From a device-physics standpoint, such
a V. recovery can be practically targeted via alkali post-dep-
osition treatments and controlled Ga grading near the CdS/
CIGSe junction to passivate non-radiative recombination
pathways and optimize the conduction-band offset, while
ensuring a uniform, low-defect buffer/absorber interface
with limited parasitic absorption [53].

In Case 3, mitigating roughness-induced bulk defects
in the perovskite sub-cell [10] allows the perovskite V to
approach values measured on flat substrates, further boost-
ing efficiency to 31.4%. Consistent with these observations,
previous studies have shown that controlling CIGSe surface

morphology is crucial to achieve uniform perovskite crystal-
lization, suppress interfacial defects, and reduce non-radia-
tive recombination [21, 48, 54]. Notably, recent studies show
that engineering a controlled corrugated CIGSe intercon-
nection, i.e. a continuous concave—convex morphology can
mitigate tensile stress in the perovskite, thereby suppress-
ing non-radiative recombination and enhancing operational
stability, while also delivering a modest V. gain [10]. As
shown in Fig. 4a, Cases 2 and 3 progressively improve V,
and FF while keeping the short circuit current density (/)
nearly constant (Table 2), shifting the current-limiting sub-
cell from CIGSe (Case 1) to the perovskite (Case 2).
Beyond defect mitigation, Case 4 projects perfor-
mance towards state-of-the-art levels by adopting non-
radiative recombination factor f, representative of the best

Table 1 Photovoltaic parameters of simulated and experimental device [29]

Devices Jgc (mA cm™2) Voc (V) Ppp (MW) FF (%) PCE (%)
Stand-alone PVK cell sim 19.90 1.10 19.9 82.3 18.0
Stand-alone CIGS cell sim 37.85 0.65 21.7 80.4 19.6
Tandem sim 19.87 1.73 29.0 76.7 26.3
In-house 27 min LS 20.08 1.73 29.6 71.3 26.8
In-house 40 min LS 20.08 1.75 29.8 77.0 27.0
Fraunhofer ISE Cert (mean) 19.28 1.76 26.8 71.3 24.2
Fraunhofer ISE - - 27.2 - 24.6
(Steady state record)
a b
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B 35 ..5%
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Fig. 4 a Simulated J-V curves of the monolithic perovskite/CIGS tandem cell under different scenarios. b Corresponding efficiencies for base-
line and improved cases, compared with certified and in-house measurements as well as the SQ limit
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single-junction devices in the MaterialZone database [35],
within a Modified Shockley—Queisser (M-SQ) framework
(details in Section S1.5). This provides a conservative yet
realistic benchmark (33.3% efficiency), as comparable f, val-
ues have been achieved through interface engineering strate-
gies. For example, on the hole-transport side, NiO,-based
hole-transport layers can be improved with Cu doping or
surface treatments to improve band alignment and charge
extraction, thereby enhancing both V. and FF [21, 55]. On
the electron-transport side, further improvements may be
envisioned by substituting conventional ALD-deposited
SnO, with a fully physical, “dry” interlayer such as Sn-
doped In,0; deposited by evaporation. By tuning the Sn-
doping content in the interlayer, an improved energy-band
alignment between the ETL and the IZO electrode can be
achieved [38].

Case 5 finally incorporates ideal optical conditions by
eliminating front-surface reflection and parasitic absorption,
allowing the photocurrent to approach the Shockley—Queis-
ser limit for the chosen bandgaps. Combined with the volt-
age improvements of Case 4, this raises the projected tandem
efficiency to 35.5%. From an optical standpoint, a minimal
yet effective improvement for our device would be a reduc-
tion in the Cg, thickness, which constitutes a non-negligible
source of parasitic absorption (1.3 mA ¢m~2) and could
therefore help the device approach this efficiency limit.

Figure 4b illustrates that sequential interface passivation
and morphological control can elevate efficiency from ~26%
to above 31%, and that with state-of-the-art material quality
and optical optimization, values beyond 35% are realistically
attainable under AM1.5G illumination.

Annual energy-yield (EY) simulations confirm these
trends under realistic spectral and thermal conditions
(Fig. 5). The calculations were performed using the multi-
scale simulation workflow described in Fig. S1 and employ
typical meteorological year (TMY) spectral data from NREL
[56]. Three representative climates were analysed, Mojave

Table 2 Photovoltaic parameters of simulated devices

(desert, high irradiance), Golden (temperate), and Seattle
(diffuse-light dominated), under both fixed and one-axis
tracking configurations, consistent with established bench-
marks [27].

Across all locations, the cumulative improvements
from Case 1 to Case 5 result in a steady increase in
energy yield (EY, kWh m~2) (Fig. 5). Relative gains are
most pronounced in low-irradiance or spectrally variable
climates, where enhanced optical management (Case 5)
maximizes photon harvesting. One-axis tracking provides
an additional 8%—14% boost, further amplifying the ben-
efits of the mitigation steps. These EY gains closely align
with previous modelling of perovskite/CIGS tandems [26,
33], which highlighted the need to co-optimize J . and V
for robust outdoor operation.

Moreover, the annual energy yield normalized to the
STC peak power (EY, kWh/kW ) was used to quantify
field performance. Using Case 3 as an example (Fig. 6),
both stand-alone cells exhibit higher values across all
locations, while the tandem shows a marginal ~2%—5%
reduction, reflecting current-matching limitations under
spectro-thermal variability.

Overall, the stepwise optimization pathway shows that
targeted mitigation of electrical and optical losses yields
substantial gains in both efficiency and energy yield,
strengthening the competitiveness of perovskite/CIGS
tandems across diverse deployment scenarios.

3.3 Bandgap Engineering

Tuning the perovskite bandgap (E,) is a well-established
strategy to enhance tandem-cell performance. Modelling
studies indicate that values in the 1.65-1.75 eV range
maximize annual energy yield by combining higher open-
circuit voltage with sufficient near-infrared transmission
to the CIGS bottom cell [22]. Guided by these insights, we

Cases Jgc (mA cm™?) Voc (V) Jinpp (MA cm™?) Vinpp (V) FF (%) PCE (%)
(€)) 19.87 1.73 17.7 1.5 76.6 26.3

2) 19.9 1.79 18.8 1.5 80.6 28.9

3) 19.9 1.86 18.9 1.7 84.7 314

“ 19.9 1.91 19.3 1.7 87.8 333

) 20.5 1.91 20.2 1.8 90.5 35.5

© The authors https://doi.org/10.1007/s40820-026-02141-8
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Fig. 5 Annual energy yield (EY, kWh m™2) for the five step-cases in Mojave, Golden, and Seattle, under fixed-tilt and one-axis tracking con-

figurations

explored a higher-bandgap configuration by increasing E,
from the baseline 1.63-1.68 eV, while keeping the CIGS
absorber unchanged (i.e. 1.05 eV). To preserve current
matching, the perovskite thickness was increased from
500 nm (previous case, 1.63 eV) to 800 nm (new case,
1.68 eV), which we identified as optimal for the new stack;
otherwise, the CIGS bottom cell would deliver excess cur-
rent, exacerbating the current mismatch.

From a theoretical perspective, widening the bandgap
provides two complementary advantages: (i) a higher
attainable V,

> and (ii) improved spectral allocation by

transmitting more near-infrared photons to the CIGS
sub-cell, thereby enhancing its photocurrent. These ben-
efits, however, can only be realized if material quality
is preserved, since wide-bandgap perovskites are par-
ticularly prone to phase segregation and non-radiative
recombination.

Figure 7a shows the efficiency and V. of the tandem cell
as a function of the pvk top sub-cell non-radiative recom-
bination factor f,, comparing two modelling approaches:
(i) physics-based optical simulation of the full stack com-
bined with the M-SQ model, accounting for f, (Case 4,
Sect. 3.2), and (ii) the M-SQ model with ideal optics (Case

SHANGHAI JIAO TONG UNIVERSITY PRESS

5, Sect. 3.2). This provides a direct evaluation of perfor-
mance as a function of material quality and establishes a
reference for comparison with the baseline 1.63 eV configu-
ration, which, as reported in Sect. 3.2, reaches 33.3% (Case
4) and 35.5% (Case 5). To ensure consistency, the 1.68 eV
configuration was then evaluated using both its best Materi-
alZone Database (M.Z.D) value (! ln(;giv ~ 9 x 1074, purple
point in Fig. 7a) and the best available value reported for E,
= 1.63 eV (f!93V ~ 4 x 1073 green point in Fig. 7a).

Although wide-bandgap perovskites are more prone to
non-radiative losses, which limit the attainable V., the
1.68 eV device still achieves 34%-35% efficiency (see
Fig. 7a) under the two f, assumptions, and approaches 38%
when optical improvements are included, thus outperform-
ing the 1.63 eV reference in all cases.

These efficiency gains translate directly into an improved
annual energy yield (Fig. 7b). Across all simulated climates
(Mojave, Golden, Seattle), the higher-bandgap configuration
systematically outperforms the 1.63 eV when high mate-
rial quality is assumed. However, when the less favourable
f188¢V is applied (Case 4), the energy yield falls below that
of the 1.63 eV reference, underscoring that the benefits
of bandgap widening are strongly contingent on material

@ Springer



312 Page 10 of 14 Nano-Micro Lett. (2026) 18:312

I PVK SJ [ CIGS filtered I CIGS SJ I Tandem

2840

3000 2905 0. 2889
2101 51552088

B00; 2
2 17721820 1775
1500
1000
500 -
0

Mojave Mojave Golden Golden Seattle Seattle
fixed one-axis fixed one-axis fixed one-axis

2038

[\
(=3
(=1
(=]
1

1811

17671800 144

1562
1481 1331 1487

Energy Yield [kWh/kWp]

Fig. 6 Energy Yield (EY, kWh/kW) for Mojave, Golden, and Seattle under fixed and one-axis tracking, Case 3. Comparison among perovskite
SJ, CIGS SJ, CIGS-filtered (bottom sub-cell), and the PVK/CIGS tandem

a b

45.0 =205 Fixed tilt One-axis
ey 1100 —e— Eg=1.63 eV, fc max=4.de-3
42.5¢ SQ Eff =43.6%, Voc,s0 =2.19V 5 —— Eg=1.68 eV, fo,max=8.9¢-4
m —— E4=1.68 ¢V, fe max=4.4¢-3
| off = 38.6% x 1000 ¢ P ocmex
40.0 off = 37.7% L*”’ 11.95
<375+ o e E
s 3. Pl =R 4190 7 = 900
= s Voo,pvk = 125V g =
2350} x” > =
k5 -~ 1185 € = 800
Q - 3 .9;’\
= -
o 325> off=34.0%, 41.80 & 0 === Cased
Voc,puk = 121V = 5 700 Case 5
30.0F =@— with Jsc from Optical Sim. LS
m |== with/s from SQ 1.75
275k @ from M.Z.D (Eq=1.68¢V) f, max=8.9¢-04 600
: @ from M.Z.D (Eg=1.63¢V) fe, max=4.4¢-03 | 1.70
= B Vo (V)
25.0 1(;76 10_4 10,2 500 -
Mojave Golden Seattle Mojave Golden Seattle

fc (PVK top sub-cell)

Fig. 7 a Simulated tandem efficiency and V. as a function of the perovskite top-cell non-radiative recombination factor (f,). Solid lines corre-
spond to the optical TMM-RT case, while dotted lines indicate the ideal absorption limit. b Annual energy yield for both bandgaps across three
climatic conditions under fixed-tilt and single-axis tracking configurations. M.Z.D. denotes the MaterialZone Database

© The authors https://doi.org/10.1007/s40820-026-02141-8



Nano-Micro Lett. (2026) 18:312

Page 11 of 14 312

quality. The absolute advantage is greatest under high-irradi-
ance conditions with tracking, while relative improvements
are still evident in diffuse-light environments such as Seattle,
confirming that bandgap widening provides a robust path-
way to higher energy yield, provided non-radiative losses are
adequately controlled.

In summary, modest increases in perovskite bandgap can
yield tangible improvements in both efficiency and annual
energy yield, but only if high material quality is preserved
at wider E,. Since a higher E, reduces top-cell absorption,
the perovskite thickness must be increased (from ~ 500
to~800 nm in our case) to sustain current matching. Meet-
ing this requirement will demand progress in stability and
defect mitigation, which remain critical challenges for wide-
bandgap perovskites.

4 Conclusions

This work presents a comprehensive numerical analysis of
perovskite/CIGS tandem solar cells, combining state-of-
the-art experiments with calibrated optoelectronic mod-
elling. Starting from a certified 24.6% PCE device from
HZB as reference, we identified the dominant loss mecha-
nisms by explicitly incorporating measured CIGS grad-
ing and surface roughness, and validated our simulations
against experimental EQE and J — V data. A key aspect of
this work is the integration of a modified Shockley—Queis-
ser framework that incorporates empirical non-radiative
recombination factors derived from the MaterialZone
database.

The stepwise mitigation pathway demonstrates that sup-
pressing recombination at the CdS/CIGSe interface and
controlling CIGSe surface morphology can lift the potential
efficiency of perovskite/CIGS tandems from ~26% to above
31%. Building on these insights, our analysis indicates that
reaching efficiencies beyond 35% under AM1.5G illumina-
tion in principle requires state-of-the-art material quality
combined with advanced transport-layer interface engineer-
ing and targeted optical optimization to minimize residual
parasitic losses. Annual energy-yield simulations confirm
that these gains are robust across diverse climates, with rel-
ative improvements particularly relevant under spectrally
variable and low-irradiance conditions. Bandgap engineer-
ing of the perovskite top cell, by increasing E, from 1.63 to
1.68 eV, can deliver efficiency gains of up to 3 percentage

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

points and consistent improvements in annual energy yield.
However, these benefits are strongly dependent on maintain-
ing high material quality, as non-radiative losses can other-
wise offset the advantages of a wider bandgap. In addition,
increasing the top-cell thickness is required to sustain cur-
rent matching, highlighting the need for parallel progress in
stability and defect passivation to fully exploit the potential
of wide-bandgap perovskites when combined with advanced
light-management strategies.

Overall, our results draw a roadmap of performance
improvements that are both technologically realistic and
anchored in empirical material-quality data. Importantly,
adapting the Shockley—Queisser framework with database-
derived recombination factors shifts the analysis from ide-
alized limits to realistic performance benchmarks based on
fabricated cells. This data-oriented approach not only refines
practical efficiency predictions but also provides a rapid and
transferable tool for identifying optimal bandgaps and design
priorities, complementing detailed physical modelling.

Looking ahead, efficiencies beyond 35% point to the
considerable untapped potential of perovskite/CIGS tan-
dem solar cells as a thin-film alternative to two-terminal
(2T) perovskite/silicon devices. Further gains could come
from three-terminal [57, 58] or four-terminal architectures
[59, 60], which relax current-matching constraints and open
additional performance pathways. Although, these archi-
tectures are still less mature than 2T tandem solar cells,
and only marginally explored for perovskite/CIGS, they
represent a promising direction for future research. At the
same time, recent studies have demonstrated that thermo-
mechanical stress at the perovskite/CIGS interconnection
[10], originating from thermal expansion mismatch, resid-
ual processing-induced strain, and contact morphology, can
critically impair operational stability under elevated tem-
perature operation and thermal cycling by promoting defect
formation, ion migration, and interfacial degradation [61,
62]. These findings highlight the importance of interfacial
stress management through both material-level strategies,
such as contact and interface engineering aimed at reducing
residual tensile stress and strain localization [10, 61, 63], and
system-level design choices that mitigate thermo-mechanical
constraints at the device and module level [23]. With contin-
ued progress in wide-bandgap perovskite interface control
and stability, together with appropriate mechanical and sys-
tem-level design, perovskite/CIGS tandem solar cells could
realistically approach 40% PCE, reinforcing their promise as
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lightweight, flexible, and versatile photovoltaic technologies
for both terrestrial and space applications.

Acknowledgement This research has received funding from
the European Union Horizon Europe Energy program, project
101122288—SolMates. The authors thank the PVcomB staff and
Dr. Alexandros Cruz for the processing and characterization of
the AZO layer used in the reference devices. A part of the simula-
tions was performed at the Berlin Joint Lab for Optical Simulations
for Energy Research (BerOSE) of Helmholtz-Zentrum Berlin fiir
Materialien und Energie, Zuse Institute Berlin, and Freie Univer-
sitédt Berlin.

Author Contributions Conceptualization: G.G., G.F.B., K.J.,
C.AK., and A.D.C.; methodology: G.G.; optical simulations: G.G.
and K.J.; electrical simulations and data analysis: G.G.; experimen-
tal fabrication and characterization: G.F.B., T.M., and C.A.K.; writ-
ing—original draft preparation: G.G.; writing—review and edit-
ing: G.G., G.F.B,,K.J., C.A K., and A.D.C.; supervision: A.D.C.;
funding acquisition: A.D.C. All authors have read and agreed to
the published version of the manuscript.

Declarations

Conflict of interest The authors declare no conflict of interest. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-026-02141-8.

References

1. IEA, World energy outlook 2022. (2022) https://www.iea.org/
reports/world-energy-outlook-2022

2. R.R. Ahrabi, A. Mousavi, E. Mohammadi, R. Wu, A K. Chen,
Al-driven data center energy profile, power quality, sustain-
able sitting, and energy management: a comprehensive sur-
vey. 2025 IEEE Conference on Technologies for Sustainability

© The authors

10.

11.

12.

13.

14.

(SusTech)., 1-8. IEEE (2025). https://doi.org/10.1109/SusTe
ch63138.2025.11025802

. N. Jones, How to stop data centres from gobbling up the

world’s electricity. Nature 561(7722), 163—166 (2018). https://
doi.org/10.1038/d41586-018-06610-y

K. Riahi, R. Schaeffer, J. Arango, K. Calvin, C. Guivarch, T.
Hasegawa, K. Jiang, E. Kriegler, R. Matthews, G.P. Peters,
and others, Mitigation pathways compatible with long-term
goals (chapter 3). IPCC 2022: Climate Change 2022: Mitiga-
tion of Climate Change. Contribution of Working Group III to
the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change, 295-408 (2023). https://doi.org/10.1017/
9781009157926.005

Q. Hassan, P. Viktor, T.J. Al-Musawi, B.M. Ali, S. Algburi
et al., The renewable energy role in the global energy trans-
formations. Renew. Energy Focus 48, 100545 (2024). https://
doi.org/10.1016/j.ref.2024.100545

C. Breyer, D. Bogdanov, A. Gulagi, A. Aghahosseini, L.S.N.S. Bar-
bosa et al., On the role of solar photovoltaics in global energy
transition scenarios. Prog. Photovolt. Res. Appl. 25(8), 727-745
(2017). https://doi.org/10.1002/pip.2885

. R.K. Ratnesh, R. Kumar, S. Singh, R. Chandra, J. Singh,

Recent advances in solar cell technology: addressing tech-
nological challenges, scenarios, and environmental implica-
tions in the development of sustainable energy solutions.
New J. Chem. 49(17), 6861-6887 (2025). https://doi.org/
10.1039/d5nj00719d

A.W.Y. Ho-Baillie, J. Zheng, M.A. Mahmud, F.-J. Ma, D.R.
McKenzie et al., Recent progress and future prospects of
perovskite tandem solar cells. Appl. Phys. Rev. 8(4), 041307
(2021). https://doi.org/10.1063/5.0061483

National Renewable Energy Laboratory, Best research cell
efficiency chart. (2025) https://www.nrel.gov/pv/cell-effic
iency.html

F. Pei, S. Lin, J. Tang, X. Huang, Y. Han et al., Perovskite/
CIGS tandem solar cells with over 1000 h operational stabil-
ity through interconnection stress relief. J. Am. Chem. Soc.
147(40), 36815-36824 (2025). https://doi.org/10.1021/jacs.
5¢13264

S. Albrecht, M. Saliba, J.P.C. Baena, F. Lang, L. Kegelmann
et al., Monolithic perovskite/silicon-heterojunction tandem
solar cells processed at low temperature. Energy Environ.
Sci. 9(1), 81-88 (2016). https://doi.org/10.1039/c5ee02965a

K. Yoshikawa, H. Kawasaki, W. Yoshida, T. Irie, K. Konishi
et al., Silicon heterojunction solar cell with interdigitated
back contacts for a photoconversion efficiency over 26%.
Nat. Energy 2(5), 17032 (2017). https://doi.org/10.1038/
nenergy.2017.32

E. Magliano, F. Di Giacomo, H.R. Sathy, S.M. Pourmotlagh, G.
Giliberti et al., Solution-processed metal-oxide nanoparticles to
prevent the sputtering damage in perovskite/silicon tandem solar
cells. ACS Appl. Mater. Interfaces 17(11), 17599-17610 (2025).
https://doi.org/10.1021/acsami.5c00090

J.X. Zhai, L. Xie, S. Shafian, Advancements in perovskite/
CIGS tandem solar cells: material synergies, device con-
figurations, and economic viability for sustainable energy.

https://doi.org/10.1007/s40820-026-02141-8


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-026-02141-8
https://doi.org/10.1007/s40820-026-02141-8
https://www.iea.org/reports/world-energy-outlook-2022
https://www.iea.org/reports/world-energy-outlook-2022
https://doi.org/10.1109/SusTech63138.2025.11025802
https://doi.org/10.1109/SusTech63138.2025.11025802
https://doi.org/10.1038/d41586-018-06610-y
https://doi.org/10.1038/d41586-018-06610-y
https://doi.org/10.1017/9781009157926.005
https://doi.org/10.1017/9781009157926.005
https://doi.org/10.1016/j.ref.2024.100545
https://doi.org/10.1016/j.ref.2024.100545
https://doi.org/10.1002/pip.2885
https://doi.org/10.1039/d5nj00719d
https://doi.org/10.1039/d5nj00719d
https://doi.org/10.1063/5.0061483
https://www.nrel.gov/pv/cell-efficiency.html
https://www.nrel.gov/pv/cell-efficiency.html
https://doi.org/10.1021/jacs.5c13264
https://doi.org/10.1021/jacs.5c13264
https://doi.org/10.1039/c5ee02965a
https://doi.org/10.1038/nenergy.2017.32
https://doi.org/10.1038/nenergy.2017.32
https://doi.org/10.1021/acsami.5c00090

Nano-Micro Lett.

(2026) 18:312

Page 13 0of 14 312

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Nanotechnol. Rev. 14, 20250196 (2025). https://doi.org/10.
1515/ntrev-2025-0196

M. Lee, S.J. Park, Y.J. Hwang, Y. Jun, B.K. Min, Tandem
architecture of perovskite and Cu(In, Ga)(S, Se), created by
solution processes for solar cells. Adv. Opt. Mater. 4(12),
2102-2108 (2016). https://doi.org/10.1002/adom.201600373

S. Lee, Y.S. Yoon, S. Shafian, J.Y. Kim, K. Kim, Sequential
co-deposition of perovskite film: an effective way of tailoring
bandgap in all vacuum processed perovskite solar cells. Small
Methods 9(8), €2500104 (2025). https://doi.org/10.1002/smtd.
202500104

J.Zhang, Z. Ma, Y. Zhang, X. Liu, R. Li et al., Highly efficient
narrow bandgap Cu(In, Ga)Se, solar cells with enhanced open
circuit voltage for tandem application. Nat. Commun. 15(1),
10365 (2024). https://doi.org/10.1038/s41467-024-54818-6
A. Morales-Acevedo, A simple model of graded band-gap
CulnGaSe, solar cells. Energy Procedia 2(1), 169-176
(2010). https://doi.org/10.1016/j.egypro.2010.07.024

E. Aydin, T.G. Allen, M. De Bastiani, A. Razzaq, L. Xu
et al., Pathways toward commercial perovskite/silicon tan-
dem photovoltaics. Science 383(6679), eadh3849 (2024).
https://doi.org/10.1126/science.adh3849

F. Fu, T. Feurer, T. Jager, E. Avancini, B. Bissig et al., Low-tem-
perature-processed efficient semi-transparent planar perovskite
solar cells for bifacial and tandem applications. Nat. Commun.
6, 8932 (2015). https://doi.org/10.1038/ncomms9932

L. Zeng, L. Tang, Z. Luo, J. Gong, J. Li et al., A review
of perovskite/copper indium gallium selenide tandem solar
cells. Solar RRL 8(21), 2301059 (2024). https://doi.org/10.
1002/s01r.202301059

Y. Xiong, Z. Yi, W. Zhang, Y. Huang, Z. Zhang et al., Recent
advances in perovskite/Cu(In, Ga)Se, tandem solar cells.
Mater. Today Electron. 7, 100086 (2024). https://doi.org/
10.1016/j.mtelec.2023.100086

I. Jeong, T.K. Lee, H. Van Tran, . Hwang, J. Hwang et al.,
Flexible and lightweight perovskite/Cu(In, Ga)Se, tandem
solar cells. Joule 9(3), 101794 (2025). https://doi.org/10.
1016/j.joule.2024.11.011

F. Lang, M. Jost, K. Frohna, E. Kohnen, A. Al-Ashouri et al.,
Proton radiation hardness of perovskite tandem photovolta-
ics. Joule 4(5), 1054-1069 (2020). https://doi.org/10.1016/j.
joule.2020.03.006

H. Li, F. Qu, H. Luo, X. Niu, J. Chen et al., Engineering
CIGS grains qualities to achieve high efficiency in ultrathin
Cu(In,Ga,_,)Se, solar cells with a single-gradient band gap
profile. Results Phys. 12, 704-711 (2019). https://doi.org/
10.1016/j.rinp.2018.12.043

M. Langenhorst, B. Sautter, R. Schmager, J. Lehr, E. Ahl-
swede et al., Energy yield of all thin-film perovskite/CIGS
tandem solar modules. Prog. Photovolt. Res. Appl. 27(4),
290-298 (2019). https://doi.org/10.1002/pip.3091

M.T. Horantner, H.J. Snaith, Predicting and optimising the
energy yield of perovskite-on-silicon tandem solar cells
under real world conditions. Energy Environ. Sci. 10(9),
1983-1993 (2017). https://doi.org/10.1039/c7ee01232b

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

G.A. Farias-Basulto, M. Riedel, M. Khenkin, R. Schlat-
mann, R. Klenk et al., Solar spectra datasets at optimum
and vertical installation angles in Central Europe (Berlin)
during 2020, 2021 and 2022. Data Brief 48, 109273 (2023).
https://doi.org/10.1016/j.dib.2023.109273

G. Farias-Basulto, T. Mehlhop, N.J. Otto, T. Bertram, K.
Jdger et al., Improving perovskite/CIGS tandem solar cells
for higher power conversion efficiency through light man-
agement and bandgap engineering. ACS Appl. Mater. Inter-
faces 17(40), 56250-56255 (2025). https://doi.org/10.1021/
acsami.5c15458

0. Er-raji, C. Messmer, A.J. Bett, O. Fischer, S.K. Reich-
muth et al., Loss analysis of fully-textured perovskite silicon
tandem solar cells: characterization methods and simulation
toward the practical efficiency potential. Solar RRL 7(24),
2300659 (2023). https://doi.org/10.1002/s01r.202300659

M.H. Futscher, B. Ehrler, Modeling the performance limita-
tions and prospects of perovskite/Si tandem solar cells under
realistic operating conditions. ACS Energy Lett. 2(9), 2089—
2095 (2017). https://doi.org/10.1021/acsenergylett.7b00596
1. Almansouri, A. Ho-Baillie, M.A. Green, Ultimate efficiency
limit of single-junction perovskite and dual-junction perovs-
kite/silicon two-terminal devices. Jpn. J. Appl. Phys. 54(8S51),
08KDO04 (2015). https://doi.org/10.7567/jjap.54.08kd04

M. Jost, E. Kohnen, A. Al-Ashouri, T. Bertram, S Tomsi¢
et al., Perovskite/CIGS tandem solar cells: from certified
24.2% toward 30% and beyond. ACS Energy Lett. 7(4), 1298—
1307 (2022). https://doi.org/10.1021/acsenergylett.2c00274

P. Procel, J. Knobbe, N. Rezaei, V. Zardetto, N. Phung et al.,
Opto-electrical modelling and roadmap for 2T monolithic
perovskite/CIGS tandem solar cells. Sol. Energy Mater. Sol.
Cells 274, 112975 (2024). https://doi.org/10.1016/j.solmat.
2024.112975

T.J. Jacobsson, A. Hultqvist, A. Garcia-Fernandez, A. Anand,
A. Al-Ashouri et al., An open-access database and analysis
tool for perovskite solar cells based on the FAIR data prin-
ciples. Nat. Energy 7(1), 107-115 (2022). https://doi.org/10.
1038/s41560-021-00941-3

Synopsys Inc., Sentaurus Device (Synopsys Inc., 2017).

A. Al-Ashouri, E. Koéhnen, B. Li, A. Magomedov, H. Hempel
et al., Monolithic perovskite/silicon tandem solar cell with
>29% efficiency by enhanced hole extraction. Science
370(6522), 1300-1309 (2020). https://doi.org/10.1126/scien
ce.abd4016

Y. Jin, H. Feng, Z. Fang, H. Zhang, L. Yang et al., Efficient and
stable monolithic perovskite/silicon tandem solar cells ena-
bled by contact-resistance-tunable indium tin oxide interlayer.
Adv. Mater. 36(35), €2404010 (2024). https://doi.org/10.1002/
adma.202404010

N. Shrivastav, J. Madan, R. Pandey, A.E. Shalan, Investiga-
tions aimed at producing 33% efficient perovskite—silicon tan-
dem solar cells through device simulations. RSC Adv. 11(59),
37366-37374 (2021). https://doi.org/10.1039/D1RA06250F
A. Al-Ashouri, A. Magomedov, M. Ro8}, M. Jost, M. Talaikis
et al., Conformal monolayer contacts with lossless interfaces
for perovskite single junction and monolithic tandem solar

@ Springer


https://doi.org/10.1515/ntrev-2025-0196
https://doi.org/10.1515/ntrev-2025-0196
https://doi.org/10.1002/adom.201600373
https://doi.org/10.1002/smtd.202500104
https://doi.org/10.1002/smtd.202500104
https://doi.org/10.1038/s41467-024-54818-6
https://doi.org/10.1016/j.egypro.2010.07.024
https://doi.org/10.1126/science.adh3849
https://doi.org/10.1038/ncomms9932
https://doi.org/10.1002/solr.202301059
https://doi.org/10.1002/solr.202301059
https://doi.org/10.1016/j.mtelec.2023.100086
https://doi.org/10.1016/j.mtelec.2023.100086
https://doi.org/10.1016/j.joule.2024.11.011
https://doi.org/10.1016/j.joule.2024.11.011
https://doi.org/10.1016/j.joule.2020.03.006
https://doi.org/10.1016/j.joule.2020.03.006
https://doi.org/10.1016/j.rinp.2018.12.043
https://doi.org/10.1016/j.rinp.2018.12.043
https://doi.org/10.1002/pip.3091
https://doi.org/10.1039/c7ee01232b
https://doi.org/10.1016/j.dib.2023.109273
https://doi.org/10.1021/acsami.5c15458
https://doi.org/10.1021/acsami.5c15458
https://doi.org/10.1002/solr.202300659
https://doi.org/10.1021/acsenergylett.7b00596
https://doi.org/10.7567/jjap.54.08kd04
https://doi.org/10.1021/acsenergylett.2c00274
https://doi.org/10.1016/j.solmat.2024.112975
https://doi.org/10.1016/j.solmat.2024.112975
https://doi.org/10.1038/s41560-021-00941-3
https://doi.org/10.1038/s41560-021-00941-3
https://doi.org/10.1126/science.abd4016
https://doi.org/10.1126/science.abd4016
https://doi.org/10.1002/adma.202404010
https://doi.org/10.1002/adma.202404010
https://doi.org/10.1039/D1RA06250F

312

Page 14 of 14

Nano-Micro Lett. (2026) 18:312

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

cells. Energy Environ. Sci. 12(11), 3356-3369 (2019). https:/
doi.org/10.1039/c9ee02268f

H.M. Pham, S.D.H. Naqvi, H. Tran, H. Van Tran, J. Delda
et al., Effects of the electrical properties of SnO, and C60 on
the carrier transport characteristics of p—i—n-structured semi-

transparent perovskite solar cells. Nanomaterials 13(24), 3091
(2023). https://doi.org/10.3390/nano13243091

D. Wang, Z. Liu, Y. Qiao, Z. Jiang, P. Zhu et al., Rigid mol-
ecules anchoring on NiO, enable >26% efficiency perovskite
solar cells. Joule 9(3), 101815 (2025). https://doi.org/10.
1016/j.joule.2024.101815

M. De Bastiani, A.S. Subbiah, E. Aydin, F.H. Isikgor, T.G.
Allen et al., Recombination junctions for efficient monolithic
perovskite-based tandem solar cells: physical principles, prop-
erties, processing and prospects. Mater. Horiz. 7(11), 2791—
2809 (2020). https://doi.org/10.1039/DOMH00990C

R. Santbergen, T. Meguro, T. Suezaki, G. Koizumi, K. Yama-
moto et al., GenPro4 optical model for solar cell simulation
and its application to multijunction solar cells. IEEE J. Pho-
tovolt. 7(3), 919-926 (2017). https://doi.org/10.1109/JPHOT
0OV.2017.2669640

S. Mariotti, E. Kohnen, F. Scheler, K. Sveinbjornsson, L. Zim-
mermann et al., Interface engineering for high-performance,
triple-halide perovskite-silicon tandem solar cells. Science
381(6653), 63-69 (2023). https://doi.org/10.1126/science.
adf5872

J. Keller, K. Kiselman, O. Donzel-Gargand, N.M. Martin, M.
Babucci et al. High-concentration silver alloying and steep
back-contact gallium grading enabling copper indium gallium
selenide solar cell with 23.6% efficiency. Nat. Energy 9(4),
467-478 (2024). https://doi.org/10.1038/541560-024-01472-3

W. Shockley, H.J. Queisser, Detailed balance limit of effi-
ciency of p-n Junction solar cells. J. Appl. Phys. 32(3), 510-
519 (1961). https://doi.org/10.1063/1.1736034

Q. Han, Y.-T. Hsieh, L. Meng, J.-L. Wu, P. Sun et al., High-
performance perovskite/Cu(In, Ga)Se, monolithic tandem
solar cells. Science 361(6405), 904-908 (2018). https://doi.
org/10.1126/science.aat5055

J. Zhou, E. Bi, W. Tian, S. Zhang, C. Deger et al. 2025,
Homogenizing hole-selective contacts for centimeter-square
flexible perovskite/Cu(In, Ga)Se, tandems. Sci. Adv. 11(44),
eadz2781 https://doi.org/10.1126/sciadv.adz2781

T. Kodalle, M.D. Heinemann, D. Greiner, H.A. Yetkin, M.
Klupsch et al., Elucidating the mechanism of an RbF post
deposition treatment in CIGS thin film solar cells. Sol. RRL
2, 1800156 (2018). https://doi.org/10.1002/s01r.201800156
M. Heinemann, R. Mainz, F. Osterle, D. Greiner, C.A. Kauf-
mann et al., Evolution of opto-electronic properties during
film formation of complex semiconductors. Sci. Rep. 7, 45463
(2017). https://doi.org/10.1038/srep45463

M. Richter, I. Riedel, C. Schubbert, P. Eraerds, J. Parisi et al.,
Simulation study of the impact of interface roughness and
void inclusions on Cu(In, Ga)(Se, S), solar cells: impact of

© The authors

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

interface roughness and void inclusions on Cu(In, Ga)(Se, S),
solar cells. Phys. Status Solidi A Appl. Mater. Sci. 212(2),
298-306 (2015). https://doi.org/10.1002/pssa.201431224

S.M. Sivasankar, C. de Oliveira Amorim, A.F. da Cunha,
Progress in thin-film photovoltaics: a review of key strate-
gies to enhance the efficiency of CIGS, CdTe, and CZTSSe
solar cells. J. Compos. Sci. 9(3), 143 (2025). https://doi.org/
10.3390/jcs9030143

C. Geng, K. Zhang, C. Wang, C.H. Wu, J. Jiang et al., Crystal-
lization modulation and holistic passivation enables efficient
two-terminal perovskite/Culn(Ga)Se, tandem solar cells.
Nano-Micro Lett. 17(1), 8 (2024). https://doi.org/10.1007/
s40820-024-01514-1

X. Shi, K. Xu, Y. He, Z. Peng, X. Meng et al., Strategies for
enhancing energy-level matching in perovskite solar cells: an
energy flow perspective. Nano-Micro Lett. 17(1), 313 (2025).
https://doi.org/10.1007/s40820-025-01815-z

National Renewable Energy Laboratory, National solar radia-
tion database (NSRDB). (2017) https://nsrdb.nrel.gov/

G. Giliberti, M. Cagnoni, F. Cappelluti, Monolithic 3-terminal
perovskite/silicon HBT-based tandem compatible with both-
side contact silicon cells: a theoretical study. EPJ Photovolt.
14, 37 (2023). https://doi.org/10.1051/epjpv/2023024

F. Gota, M. Langenhorst, R. Schmager, J. Lehr, U.W. Paetzold,
Energy yield advantages of three-terminal perovskite-silicon
tandem photovoltaics. Joule 4(11), 2387-2403 (2020). https://
doi.org/10.1016/j.joule.2020.08.021

T. Feeney, .M. Hossain, S. Gharibzadeh, F. Gota, R. Singh
et al., Four-terminal perovskite/copper indium gallium sele-
nide tandem solar cells: unveiling the path to > 27% in power
conversion efficiency. Sol. RRL 6(12), 2200662 (2022).
https://doi.org/10.1002/s01r.202200662

J. Luo, L. Tang, S. Wang, H. Yan, W. Wang et al., Manipulat-
ing Ga growth profile enables all-flexible high-performance
single-junction CIGS and 4 T perovskite/CIGS tandem solar
cells. Chem. Eng. J. 455, 140960 (2023). https://doi.org/10.
1016/j.cej.2022.140960

W. Meng, K. Zhang, A. Osvet, J. Zhang, W. Gruber et al.,
Revealing the strain-associated physical mechanisms impact-
ing the performance and stability of perovskite solar cells.
Joule 6(2), 458-475 (2022). https://doi.org/10.1016/j.joule.
2022.01.011

N. Rolston, K.A. Bush, A.D. Printz, A. Gold-Parker, Y. Ding
et al., Engineering stress in perovskite solar cells to improve
stability. Adv. Energy Mater. 8(29), 1802139 (2018). https://
doi.org/10.1002/aenm.201802139

C. Zhu, X. Niu, Y. Fu, N. Li, C. Hu et al., Strain engineering
in perovskite solar cells and its impacts on carrier dynamics.
Nat. Commun. 10(1), 815 (2019). https://doi.org/10.1038/
s41467-019-08507-4

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s40820-026-02141-8


https://doi.org/10.1039/c9ee02268f
https://doi.org/10.1039/c9ee02268f
https://doi.org/10.3390/nano13243091
https://doi.org/10.1016/j.joule.2024.101815
https://doi.org/10.1016/j.joule.2024.101815
https://doi.org/10.1039/D0MH00990C
https://doi.org/10.1109/JPHOTOV.2017.2669640
https://doi.org/10.1109/JPHOTOV.2017.2669640
https://doi.org/10.1126/science.adf5872
https://doi.org/10.1126/science.adf5872
https://doi.org/10.1038/s41560-024-01472-3
https://doi.org/10.1063/1.1736034
https://doi.org/10.1126/science.aat5055
https://doi.org/10.1126/science.aat5055
https://doi.org/10.1126/sciadv.adz2781
https://doi.org/10.1002/solr.201800156
https://doi.org/10.1038/srep45463
https://doi.org/10.1002/pssa.201431224
https://doi.org/10.3390/jcs9030143
https://doi.org/10.3390/jcs9030143
https://doi.org/10.1007/s40820-024-01514-1
https://doi.org/10.1007/s40820-024-01514-1
https://doi.org/10.1007/s40820-025-01815-z
https://nsrdb.nrel.gov/
https://doi.org/10.1051/epjpv/2023024
https://doi.org/10.1016/j.joule.2020.08.021
https://doi.org/10.1016/j.joule.2020.08.021
https://doi.org/10.1002/solr.202200662
https://doi.org/10.1016/j.cej.2022.140960
https://doi.org/10.1016/j.cej.2022.140960
https://doi.org/10.1016/j.joule.2022.01.011
https://doi.org/10.1016/j.joule.2022.01.011
https://doi.org/10.1002/aenm.201802139
https://doi.org/10.1002/aenm.201802139
https://doi.org/10.1038/s41467-019-08507-4
https://doi.org/10.1038/s41467-019-08507-4

	Assessment and Optimization of 2T PerovskiteCIGS Tandems via Data-Driven and Optoelectronic Modelling
	Highlights
	Abstract 
	1 Introduction
	2 Device and Modelling
	2.1 Device
	2.2 Modelling

	3 Results and Discussion
	3.1 Loss Analysis and Bottleneck Identification
	3.2 Practical Efficiency Potential of PerovskiteCIGS Tandem Devices
	3.3 Bandgap Engineering

	4 Conclusions
	Acknowledgement 
	References


