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Abstract
Intermediate band solar cells offer a promising avenue to surpass the Shockley–Queisser limit of
∼30% that constrains conventional single-junction devices, with the potential to approach an
efficiency limit of∼45% in terrestrial environments by incorporating a metallic band within the
valence-conduction gap. Yet, their practical realization is challenged by difficulties in developing
suitable intermediate band (IB) materials. Current approaches, which involve adding inclusions or
utilizing highly mismatched alloys, often degrade material quality or present significant
technological hurdles. A possible solution that remains underexplored, is to identify crystalline
materials that inherently possess an IB and fine-tune their properties. In this work, thousands of
crystalline chalcogenides are analyzed using a detailed balance model to quantitatively evaluate
their expected efficacy as IB materials. Notably, orthorhombic VB1VIA2 and IA4VIA6 compounds,
such as Ta1Se2 and Cs4S6, are projected to achieve maximum efficiencies exceeding 35%, that is,
surpassing the Shockley–Queisser limit. The interplay of IB filling and chemical substitution on the
properties of these systems is analyzed, to unravel the impact on performance. This study not only
identifies new material candidates for IB solar cells, but also provides insights into
efficiency-property relations, hence advancing the understanding of these systems.

1. Introduction

The intermediate band (IB) solar cell is a promising concept to surpass the theoretical efficiency limit of
single-junction devices based on the Shockley–Queisser model [1]. The latter rely on a conventional
semiconductor to convert sunlight into free charge carriers, by absorbing photons with energy greater than
the valence-conduction band gap. Because more carriers are photo-generated with a smaller band gap
(higher current), but more energy is available from each carrier with a larger one (higher voltage), a trade-off
exists that limits the maximum achievable power conversion efficiency to∼30% at 300K under one Sun [2].

In IB solar cells, electronic states are introduced between the valence and conduction band of the
photo-converting material [3], as shown in figure 1(a). These states serve as stepping stones, allowing valence
electrons to reach the conduction band not only by absorbing a single photon with energy greater than the
valence-conduction band gap, but also by sequentially absorbing two sub-gap photons. The first photon
promotes the electron from the valence band (VB) to the IB, while the second photon moves it from the IB to
the conduction band (CB). As a result, more charge carriers are photo-generated compared to conventional
semiconductors, each one capable of supplying an amount of energy still equal to the valence-conduction
band gap. Consequently, the current–voltage trade-off is significantly improved compared to
Shockley–Queisser solar cells, effectively mimicking the behavior of complex multi-junction devices [4], but
with a single material in the simple single-junction configuration.

Luque and Martí established the theoretical efficiency limit for IB solar cells using the principle of
detailed balance [5]. By examining the optical coupling between each pair of bands through the resolved
spectral absorbances Avi (valence-intermediate), Aic (intermediate-conduction), and Avc (valence-
conduction), they associated an electric current density with each band-to-band electronic transition. This
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Figure 1.Working principle of intermediate band solar cells: (a) Electronic structure of the photo-converting material. (b)
Equivalent circuit based on the principle of detailed balance.

includes currents induced by photon absorption (J(+)
vi , J(+)

ic , and J(+)
vc ), as well as those arising from the

reverse process of photon emission (J(−)
vi , J(−)

ic , and J(−)
vc ). The interplay between these currents is depicted in

the equivalent circuit [6] shown in figure 1(b), and determines the JV characteristic of the system.
With this model, the theoretical efficiency limit is∼45% at 300K under one Sun, which is achieved with

an infinitesimal IB width∆ϵi ≈ 0, a valence-intermediate band gap ϵvi ≈ 0.9eV, an intermediate-conduction
band gap ϵic ≈ 1.5eV, a valence-conduction band gap ϵvc ≈ 2.4eV, and no spectral overlap between the
aforementioned spectral absorbances. Additionally, the IB must be metallic, that is, the Fermi level ϵF must
reside within it, for both incoming and outgoing electronic transitions to occur [7]. If this condition is not
satisfied, one of the two sub-gap absorption channels is inhibited, causing complete compensation between
photon absorption and emission in the other one. Then, the IB does not contribute to the output current
and the device operates as a conventional Shockley–Queisser solar cell.

Unfortunately, the outstanding potential of IB solar cells remains largely untaped [8, 9]. With the highest
efficiency reported to date of 18.7% obtained with InAs quantum dots in a GaAs host [10], not even
conventional Shockley–Queisser devices have been outperformed. A large portion of the blame lies in the
significant challenges associated with obtaining IB materials that have optimal optoelectronic properties and
charge transport capabilities.

In fact, the fabrication of these materials typically involves the incorporation of quantum dots [11] or
dopant atoms [12, 13] into conventional semiconductors. GaAs is frequently employed as the host material;
however, it exhibits sub-optimal optical properties. Specifically, GaAs has a band gap of∼1.4eV [14], which
is significantly lower than the ideal valence-conduction band gap of∼2.4eV required for optimal IB
operation under one Sun illumination. Moreover, the intermediate states created by these inclusions
correspond to spatially localized electrons with energies situated near the midpoint of the
valence-conduction band gap. These states serve as centers for non-radiative Shockley–Read–Hall
recombination [15, 16], which can substantially diminish the performance of the device [17].

It has been argued that non-radiative Shockley–Read–Hall recombination can be inhibited by
delocalizing the wave function of the intermediate states [18]. One potential approach to achieve this
delocalization is through the Mott transition [19], which involves increasing the concentration of quantum
dots or dopant atoms beyond the critical threshold above which the transition occurs. Unfortunately, the
high concentrations needed to induce such transition typically lead to the formation of defects that degrade
charge transport, or to an excessive broadening of the IB that negatively impacts optical properties [20].

To address the challenges associated with high concentrations of inclusions, the band anti-crossing model
[21, 22] has been successively employed to create highly-mismatched alloys that feature an IB, such as
GaNxAs1−x. These have been utilized in device prototypes [23]. Unfortunately, the significant mismatch
between alloy components leads to large miscibility gaps that complicate both fabrication and property
optimization, and induces strain in the material that adversely affects charge transport properties.
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In the quest for materials featuring an IB of delocalized states with minimal degradation of
optoelectronic and charge transport properties, a promising yet underexplored strategy involves utilizing
intrinsic crystals that inherently possess an IB. This solution would ensure delocalization of the intermediate
states and absence of performance-degrading defects.

To the best of the author’s knowledge, only a limited number of studies have been published in the
literature that investigate this pathway by computational materials science methods. First, Tablero and
Wahnón [24] found that Ga3P4Ti crystals, obtained by substituting transition metals in super-cells of III–V
semiconductors, exhibit a metallic IB. Later on, Padilha et al [25] realized that Magnéli phases of titanium
dioxide (TinO2n−1) with well defined defect-free crystal structures form IBs by mimicking oxygen deficiency
in TiO2. Shortly after, Rasukkannu and coworkers [26–28] investigated a large number of ternary and
quaternary crystalline materials, some of which exhibit an IB, such as Ag2GeBaS4, Au2Cs2I6, and Ag2KSbS4.
While these generally contain costly elements, such as Ag and Au, Liu et al [29] realized that the CB of
kesterite I2–II–IV–VI4 quaternary chalcogenide semiconductors, already proposed as promising light
absorbers for thin film solar cells, and their wurtzite counterparts, is isolated and can be viewed as an IB.
Finally, Baquião and Dalpian [30] conducted a systematic screening of the AFLOWmaterials database [31].
They focused on crystalline materials and required for the IB to be not only present, but also metallic. This
contrasts with previous studies, where the majority of materials exhibited empty IBs. From their screening,
they identified Bi2Rh2O7, OsTb6I10, and Ca6FeN5 as promising candidates.

Unfortunately, all of these efforts primarily concentrated on identifying the presence of an IB in the
examined materials and assessing the proximity of the actual electronic band gaps and widths to their ideal
values, without offering numerical estimates of the potential efficiency of devices that could utilize these
materials.

In the work hereby presented, this knowledge gap is addressed by a quantitative assessment of the
potential performance of a large number of chalcogenide materials as photo-converting agents in IB solar
cells. Chalcogenide materials are very appealing for next generation photovoltaics because of their
outstanding property tunability [32], typically low fabrication costs and complexities [33], and consolidated
role in the current photovoltaics market [34]. The goal was to enhance the current understanding of intrinsic
IB chalcogenide materials and facilitate the identification of those that show promise as photo-converting
agents in IB solar cells.

The materials were analyzed by developing a simulation framework that relates the device power
conversion efficiency with the filling of the intermediate band, while requiring only prior knowledge of the
electron density of states. By considering the significant impact of such filling on the sub-gap spectral
absorbances Avi and Aic, the potential of each material could be assessed more equitably, through a system
ranking all potential candidates on the basis of the power conversion efficiency maximized not only with
respect to the voltage (maximum-power-point), but also with respect to the Fermi level (optimal electron
density). This appeared justified by the recognition that, in principle, the filling of the IB may be adjusted
without necessarily increasing non-radiative Shockley–Read–Hall recombination, for example through
shallow impurities [35]. At the same time, it guaranteed that no potentially high-performing materials were
overlooked, including those that might only need minor adjustments to maximize their efficacy.

In the following sections, a comprehensive description of the methodology employed is provided,
followed by a presentation of the results obtained from the aforementioned analysis:

(i) First, the final ranking of materials exhibiting the greatest potential is reported and discussed.
(ii) Next, a detailed analysis is conducted on two specific materials: orthorhombic Ta1Se2 (spacegroup

Fmm2) and orthorhombic Cs4S6 (spacegroup Cmc21). These materials are chosen due to their
exceptional predicted power conversion efficiency limits, exceeding 35%, identified during the materials
screening phase of this study. The impact of the Fermi level on their properties of interest and device
performance is quantitatively studied.

(iii) Finally, the effects of iso-electronic chemical substitutions on the properties and performance of these
two materials are examined. It is underscored that merely confirming the existence of an IB is
insufficient; understanding the specifics of optical coupling is essential for achieving the desired
performance.

2. Methods

2.1. Materials screening
In the first part of this study, the potential performance of a wide range of chalcogenide materials as
photo-converting agents in IB solar cells was quantitatively assessed starting from their electron density of
states.

3
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Figure 2. Overview of the methodology: (a) Workflow used to quantitatively assess the potential performance of each material.
(b) Resolution of the electron density of states into bands according to the role of each band in an intermediate band solar cell.

The Materials Project database [36] served as the source for the electron density of states data. All
available chalcogenide materials, that is, materials containing the elements sulfur S, selenium Se, or tellurium
Te, were considered. At that time, the database contained a total of 24548 chalcogenide materials, with
electron density of states data available for 13251 of them. Among these, 9498 materials featured an isolated
band near the Fermi level, surrounded by a filled band and an empty band, that is, an electron density of
states compatible with the electronic structure depicted in figure 1(a). The data was downloaded and
pre-processed using the Python library pymatgen [37, 38] before carrying out further analysis. In particular,
materials with an electron density of states spectrum exhibiting an energy resolution worse than 0.05eV, or
those showing inconsistent conduction types when derived from electronic band structure and electron
density of states data, were discarded; the threshold of 0.05eV was empirically established to obtain
converged results from the detailed balance calculations conducted at 300K. These precautions were taken to
mitigate risks related to data quality that could compromise the validity of the conclusions drawn from the
analysis.

Subsequently, the workflow illustrated in figure 2(a) was applied to each material to determine the power
conversion efficiency of the corresponding IB solar cell at the maximum-power-point, as a function of the
Fermi level and at optimal IB filling:

(i) First, the electron density of states was analyzed to identify energetically separated bands. These bands
were categorized based on their potential roles in IB solar cells, following the classification illustrated in
figure 1(a). In particular, a metallic band located between filled and empty bands was consistently
classified as the IB. Additionally, a filled band situated just below the Fermi level or an empty band just
above it—each surrounded by at least one additional filled band below and one additional empty band
above—was also designated as an IB. Once the IB was identified, the filled bands below it were
classified as VBs, while the empty bands above were categorized as CBs. This classification algorithm is
depicted in figure 2(b).

(ii) Starting from the analysis above, the resolved spectral absorbances were determined as a function the
Fermi level, according to the model outlined in section 2.2.

(iii) Then, the resolved spectral absorbances as a function of the Fermi level were utilized to calculate the
dependence of the IB solar cell power conversion efficiency at maximum-power-point on the Fermi
level itself. This was done by means of the detailed-balance model illustrated in section 2.3.

(iv) Finally, the Fermi level was optimized in order to maximize the power conversion efficiency at
maximum-power-point of the IB solar cell.

4
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The first two steps were conducted using the Python library madman (MAterial DataMining and
ANalysis), while the third step utilized the scambio library (Solar Cell AnalysisMade by Balancing photon
Input and Output). Both libraries were developed by the author of this article and are accessible on Zenodo
[39, 40]. In contrast, the final step involved optimization, which was performed using the scipy library [41].
All simulations were performed at 300K, under one Sun illumination.

2.2. Resolved spectral absorbances
The spectral absorbances for the intermediate-intermediate (Aii), valence-intermediate (Avi), intermediate-
conduction (Aic), and valence-conduction (Avc) electronic transitions were calculated based on the electron
density of states (DOSx) for the valence (x= v), intermediate (x= i), and conduction (x= c) bands.

For a given Fermi level ϵF and temperature T, the spectral densities of electrons and holes in band x were
respectively expressed as [42]:

nx (ϵ;ϵF,T) = DOSx (ϵ) fFD (ϵ;ϵF,T) (1)

px (ϵ;ϵF,T) = DOSx (ϵ) [1− fFD (ϵ;ϵF,T)] (2)

where fFD is the Fermi–Dirac distribution, given by:

fFD (ϵ;ϵF,T) =
1

exp ϵ−ϵF
kB T

+ 1
. (3)

These were utilized to obtain the total density of electrons and holes:

n(ϵF,T) =
∑

x∈{v,i,c}

ˆ +∞

−∞
dϵnx (ϵ;ϵF,T) (4)

p(ϵF,T) =
∑

x∈{v,i,c}

ˆ +∞

−∞
dϵpx (ϵ;ϵF,T) . (5)

Additionally, the joint density of states between bands x and y was defined as [43, 44]:

JDOSxy (h̄ω;ϵF,T) =

ˆ +∞

−∞
dϵnx (ϵ;ϵF,T) py (ϵ+ h̄ω;ϵF,T) (6)

with xy ∈ {ii,vi, ic,vc} and h̄ω ≥ 0.
With this definition, the joint density of states incorporates the occupation of electronic states. To be

non-zero, it requires not only the presence of pairs of states with an energy difference equal to h̄ω, but also
that the lower energy states are occupied while the higher energy states are unoccupied. Consequently, the
joint density of states quantifies the likelihood that a photon of energy h̄ω is going to be absorbed by the
material through an electronic transition.

Based on these considerations, the absorption coefficient between bands x and y was approximated
as [45]:

αxy (h̄ω;ϵF,T) =M JDOSxy (h̄ω;ϵF,T) (7)

withM corresponding to an effective optical matrix element independent from xy.
The total joint density of states and absorption coefficient are simply [46]:

JDOS(h̄ω;ϵF,T) =
∑

xy∈{ii,vi,ic,vc}

JDOSxy (h̄ω;ϵF,T) (8)

α(h̄ω;ϵF,T) =
∑

xy∈{ii,vi,ic,vc}

αxy (h̄ω;ϵF,T) . (9)

Finally, the resolved spectral absorbances were calculated as [47]:

Axy (h̄ω;ϵF,T) =
αxy (h̄ω;ϵF,T)

α(h̄ω;ϵF,T)
A(h̄ω;ϵF,T)

=
JDOSxy (h̄ω;ϵF,T)

JDOS(h̄ω;ϵF,T)
A(h̄ω;ϵF,T) (10)

5



J. Phys. Energy 7 (2025) 045010 M Cagnoni

where A(h̄ω;ϵF,T) is the total spectral absorbance at zero reflectance in the thick slab limit [48]:

A(h̄ω;ϵF,T) = lim
d→+∞

{1− exp [α(h̄ω;ϵF,T) d]} . (11)

For the absorption channel xy, the absorption onset and offset were defined as the minimum and

maximum photon energies h̄ω(on)
xy (ϵF,T) and h̄ω

(off)
xy (ϵF,T), respectively, for which the corresponding

spectral absorbance Axy is non-zero.
Furthermore, each absorption channel was assigned a spectral weight and a spectral selectivity,

respectively defined as:

Wxy (ϵF,T) =

´ +∞
0 d(h̄ω) Axy (h̄ω;ϵF,T)´ +∞
0 d(h̄ω) A(h̄ω;ϵF,T)

(12)

Sxy (ϵF,T) = 1−
´ +∞
0 d(h̄ω) Axy (h̄ω;ϵF,T)

(
A−Axy

)
(h̄ω;ϵF,T)√´ +∞

0 d(h̄ω) A2
xy (h̄ω;ϵF,T)

´ +∞
0 d(h̄ω)

(
A−Axy

)2
(h̄ω;ϵF,T)

. (13)

These quantities quantify, respectively, the fraction of photons absorbed by the absorption channel in
comparison with others, and the extent to which the absorption channel spectrally overlaps with others.

2.3. Power conversion efficiency
The maximum-power-point efficiency of IB solar cells utilizing the material under study was determined
using the principle of detailed balance, along with the resolved spectral absorbances introduced in
section 2.2. It was assumed that these absorbances, obtained for the material at the equilibrium, are not
significantly affected by changes in the charge carrier population within each band during operation. This
assumption was justified by the focus on unconcentrated sunlight, for which it holds true, as discussed in the
previously published literature [49].

The model employed is a slight generalization of the framework proposed by Levy and Honsberg [50],
which builds upon the foundational work of Luque and Martí (discussed in section 1) by incorporating an IB
with a finite width (∆ϵi > 0). This consideration is particularly important for crystalline materials, where the
IB consists of delocalized states. Such states are expected to undergo broadening due to chemical bonding,
making the inclusion of a finite width essential for accurately modeling the material’s performance.

Levy and Honsberg associated an optical absorption onset and offset with each absorption channel, as
defined in section 2.2. In cases where competing channels exist at a given photon energy, they assumed that
the channel with the highest onset dominates, which implies no spectral overlap between different absorption
channels. Consequently, they assigned a spectral absorbance of 1 to the dominant active channel and a value
of 0 to the others, resulting in a resolved absorption spectrum similar to that shown in Figure 3(a).

Their study provides valuable insights into optimizing IB materials for solar cells, which can be extracted

from figure 3(b). For h̄ω(on)
vc < 3eV, an infinitesimal IB is expected to yield optimal performance, as

hypothesized by Luque and Martí. Because of the infinitesimal IB width, the optical absorption onsets and

offsets coincide with the electronic band gaps. As h̄ω(on)
vc increases, a wider IB helps protect against

performance degradation. Ultimately, for h̄ω(on)
vc > 4eV, the IB should be maximally wide; its optimum

might even exceed h̄ω(on)
vi in models allowing spectral overlap. At 300K under one Sun, the best efficiency is

achieved when h̄ω(off)
ii = 0, h̄ω(on)

vi = 0.9eV, h̄ω(on)
ic = 1.5eV, and h̄ω(on)

vc = 2.4eV.
In this work, the resolved spectral absorbances from Levy and Honsberg were replaced with those defined

in section 2.2. This approach offers some advantages over the original model:

• It lifts the condition of no spectral overlap between different channels.
• It explicitly accounts for the spectral weight of each channel.
• It explicitly considers the impact of the Fermi level and temperature.

These adjustments allowed for a more accurate assessment of each material’s potential to meet the IB
paradigm, enabling fairer comparisons among materials without relying on computationally intensive
methods.

The foundation of every detailed-balance model is the photon flux density per unit energy emitted by a
blackbody at temperature T and radiation chemical potential µ, given by the generalized Planck’s law [51]:

ṅBB (h̄ω;µ,T) =
2π

c2 h3
(h̄ω)2 fBE (h̄ω;µ,T) (14)

6
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Figure 3.Model of Levy and Honsberg: (a) Resolved spectral absorbances. (b) Optimized power conversion efficiency,
valence-intermediate optical absorption onset, and intermediate-intermediate optical absorption offset as a function of the
valence-conduction optical absorption onset, at 300K under one Sun.

where fBE is the Bose–Einstein distribution:

fBE (h̄ω;µ,T) =
1

exp
(

h̄ω−µ
kB T

)
− 1

. (15)

By modeling the Sun as a blackbody at temperature TSun = 6000K and radiation chemical potential
µSun = 0, the photon flux density absorbed by the IB material through the xy absorption channel was
calculated as:

Ṅ(+)
xy (ϵF,T) = CcellCSun

ˆ +∞

0
d(h̄ω) Axy (h̄ω;ϵF,T) ṅBB (h̄ω;µSun,TSun) (16)

where CSun = (RSun/a.u.)
2 ≈ 46000−1 is sunlight’s attenuation factor at Earth’s surface, Ccell (= 1 for

unconcentrated sunlight) is the solar cell concentration factor [52], and ϵF and T are the equilibrium Fermi
level and operating temperature of the IB material.

At the same time, since the spectral emissivity equals the spectral absorbance according to Kirchhoff ’s law
of radiation [53], the photon flux density emitted by the IB material through the xy channel was
computed as:

Ṅ(−)
xy

(
µxy;ϵF,T

)
=

ˆ +∞

0
d(h̄ω) Axy (h̄ω;ϵF,T) ṅBB

(
h̄ω;µxy,T

)
(17)

where µxy is the radiation chemical potential of the xy electronic transitions.
These photon flux densities were directly related to the electric current densities depicted in the

equivalent circuit of figure 1(b) according to:

Jxy
(
µxy;ϵF,T

)
= J(+)

xy (ϵF,T)− J(−)
xy

(
µxy;ϵF,T

)
= qṄ(+)

xy (ϵF,T)− qṄ(−)
xy

(
µxy;ϵF,T

)
(18)

where q is the elementary charge.
Then, the solar cell current density J was determined as a function of the voltage V by calculating the

radiation chemical potentials associated with each photon exchange channel.
First, due to the design of the IB being electrically insulated, the electric current densities corresponding

to valence-intermediate and intermediate-conduction electronic transitions must be equal:

Jvi (µvi (V) ;ϵF,T) = Jic (qV−µvi (V) ;ϵF,T) . (19)

7
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In this equation, the intermediate-conduction radiation chemical potential µic is expressed as qV−µvi. This
relationship arises from the fact that the conduction and valence bands serve as the respective contacts for
extracting photo-generated electrons and re-injecting them into the device upon energy transfer to the end
user. Thus, qV= µvc = µvi +µic.

After determining µvi(V), the solar cell current density was simply obtained as:

J(V;ϵF,T) = Jvc (qV;ϵF,T)+ Jvi (µvi (V) ;ϵF,T) (20)

Finally, the solar cell maximum-power-point efficiency was evaluated as:

η (ϵF,T) =
100

PSun
max
V

{J(V;ϵF,T) V} (21)

where PSun = CSunσT4
Sun, with σ equal to Stefan Boltzmann’s constant.

The analysis presented offered an evaluation of the potential efficiency of an IB solar cell, determined
solely from the material’s electron density of states as a function of the equilibrium Fermi level ϵF and
temperature T. By optimizing the efficiency with respect to the Fermi level, the maximum achievable
efficiency was identified for each material, independent of extrinsic effects such as sub-optimal doping. This
approach revealed the true potential of each material, along with the optimal values for quantities such as
electron density and spectral absorbances.

2.4. DFT calculations
Following the completion of the screening phase, during which many materials were evaluated for their
potential performance in IB solar cells, a detailed analysis was conducted on orthorhombic Ta1Se2
(spacegroup Fmm2) and orthorhombic Cs4S6 (spacegroup Cmc21), along with iso-structural and
iso-electronic materials. This analysis aimed to enhance the understanding of the interplay between IB filling
and relevant properties, as well as how these properties can be tuned through chemical substitution.

For these materials, the electron density of states was recalculated to improve data quality. Specifically,
the following steps were undertaken for each material:

(i) Data from the Materials Project was utilized for the initial atomic structure.
(ii) The atomic structure was relaxed to its equilibrium configuration by minimizing the total energy with

respect to atomic coordinates and unit cell vectors.
(iii) The corresponding ground state electron density was calculated.
(iv) Starting from the ground state electron density, the electronic band structure and electron density of

states were computed, including a sufficient number of empty bands, to verify the presence of an
intermediate band and assess its conducting nature (metallic or insulating).

These calculations were performed using density functional theory (DFT) [54] in conjunction with the
Projector Augmented Wave (PAW) method [55]. The Atomistic Simulation Environment (ase) [56] was
employed alongside gpaw [57] for the calculations. gpaw’s pseudo-potentials were used to model the
electron-nuclei interactions, while the Perdew–Burke–Ernzerhof (PBE) functional [58] was applied for
exchange and correlation. Single-electron wave functions were expanded using a plane wave basis set, with a
small smearing applied to metallic systems to enhance convergence. Convergence with respect to the plane
wave energy cutoff and the density of the k-point grid was verified under strict criteria. Structural relaxation
was performed until all forces were reduced to below 0.01eV Å−1.

The routines employed in these calculations were included in the aforementioned Python library madman.

3. Results and discussion

3.1. Materials screening
Table 1 reports the top candidates as photo-converting materials in IB solar cells at 300K under one Sun,
based on the materials screening campaign conducted. In particular, it displays Materials Project identifier

(MPID), unit cell chemical formula, lattice system, IB filling at the intrinsic Fermi Level ϵ(0)F ,
valence-conduction band gap ϵvc, IB width∆ϵi and maximum-power-point efficiency η at the optimal Fermi
level ϵ∗F . To ensure clarity and focus on the most promising solutions, the full dataset, which is going to be
made available on Zenodo [59] and may be the first one to systematically report a quantitative evaluation of
the power conversion efficiency limit of several materials for IB solar cells, was filtered according to the
following criteria:
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Table 1.Materials Project identifier, unit cell chemical formula, lattice system, intermediate band filling at the intrinsic Fermi Level,
valence-conduction band gap, intermediate band width and maximum-power-point efficiency at the optimal Fermi level of the top
candidates as photo-converting materials in intermediate band solar cells at 300K under one Sun.

MPID Formula Lattice Filling(i) ϵvc/eV ∆ϵi/eV η(ϵ∗F)/%

mp-8954 Ta1Se2 orthorhombic metallic 3.0 1.2 37.4
mp-558 762 K1Sn1S2 trigonal metallic 3.1 1.1 35.0
mp-999 267 Rb1Sn1S2 trigonal metallic 3.0 1.2 34.6
mp-7795 Rb1Sn1S2 trigonal metallic 3.1 1.2 34.5
mp-7794 K1Sn1S2 trigonal metallic 3.2 1.1 34.0
mp-1874 Nb1S2 hexagonal metallic 2.9 1.2 33.0
mp-1072 712 Nb2S4 hexagonal metallic 2.8 1.3 32.8
mp-1013 525 V2S4 hexagonal metallic 2.0 1.1 32.6
mp-571 016 K2Sn2Se4 tetragonal metallic 2.6 1.6 32.4
mp-27 682 Na1Sn1S2 trigonal metallic 3.3 1.5 31.9
mp-1072 086 Ta2S4 hexagonal metallic 3.3 1.5 31.2
mp-8719 K4Mn2Te4 orthorhombic metallic 2.7 1.5 30.9
mp-1984 Ta2S4 hexagonal metallic 3.1 1.8 30.9
mp-1411 Ta1S2 orthorhombic metallic 3.3 1.4 30.8
mp-10 014 Ta1S2 trigonal metallic 3.1 1.8 30.7
mp-573 947 Cs4Mn2Se4 orthorhombic metallic 2.6 1.5 30.0
mp-1079 600 Cs4S6 orthorhombic filled 2.4 0.3 41.1
mp-239 Ba2S6 tetragonal filled 2.5 0.8 40.8
mp-7446 Rb4S6 orthorhombic filled 2.3 0.4 37.8
mp-7667 K4S6 orthorhombic filled 2.2 0.5 36.8
mp-7547 Ba2Se4 monoclinic filled 2.4 1.3 33.9
mp-505 634 Cs4Te6 orthorhombic filled 2.4 1.4 31.5
mp-7447 Rb4Se6 orthorhombic filled 3.3 1.6 30.5
mp-570 589 Se4Br4 orthorhombic empty 3.0 1.2 40.5
mp-8361 Cs4Te4 orthorhombic empty 2.2 0.6 34.8
mp-1170 Sn1S2 trigonal empty 3.8 1.4 33.2
mp-665 Sn1Se2 trigonal empty 3.0 1.6 32.9
mp-8360 Rb4Te4 orthorhombic empty 2.1 0.8 32.8
mp-28 099 S4Br4 orthorhombic empty 4.3 0.6 32.0

• Only materials exceeding the Shockley–Queisser limit of∼30% are reported.
• The valence-conduction band gap was restricted to values between 1 and 6eV, where the Shockley–Queisser
limit is surpassed in the model by Levy and Honsberg (figure 3(b)).

• For the same reason, the valence-intermediate band gap was limited to values greater than 0.2eV. Because
of the symmetry of the model of Levy and Honsberg with respect to the exchange of valence-intermediate
and intermediate-conduction, the same restriction was applied to the intermediate-conduction band gap.

• Materials with simpler structures were favored by limiting the number of elements and atoms per unit cells,
because: 1) fewer elements reduce the possible combinations of decomposition products, thereby decreasing
the likelihood of instability; 2) simpler materials, with fewer atoms per unit cell, are easier to study, model,
and optimize. This restriction is anticipated to facilitate the identification of stable, high-quality IBmaterials
that can be reliably fabricated and fine-tuned, hence increasing the likelihood of successful outcomes in
future experimental research. This was translated into restricting the attention tomaterials with amaximum
of three distinct elements if the IB wasmetallic, a maximum of two distinct elements if the IB was insulating,
and a maximum of ten atoms per unit cell in both cases.

• Onlymaterials that are either thermodynamically stable or experimentally observed were included to ensure
that practical realization is feasible.

Table 1 indicates that only a limited number of sufficiently simple materials can surpass the Shockley–
Queisser limit. Merely possessing an IB is not enough; if the corresponding absorption properties cannot be
optimized to approach the archetype established by Levy and Honsberg (figure 3(a)), the overall
performance will remain low even with adjustments to the Fermi level. However, this should not be
discouraging, as the practical realization of high-performing IB solar cells—an innovation that could be truly
transformative for the next generation of solar technologies—requires only one functioning material.

Notably, all top candidates possess hexagonal, orthorhombic, or trigonal crystal structures, suggesting
that these configurations may be favorable for achieving an optimal IB electronic structure. The leading
materials are consistently orthorhombic, regardless of the intrinsic IB filling. This observation may serve as a
new guideline for the identification of new IB materials.
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Table 2.Materials Project identifier, unit cell chemical formula, and valence-intermediate and intermediate-conduction absorption
onsets and spectral selectivities, at the optimal Fermi level, of the top candidates as photo-converting materials in intermediate band
solar cells at 300K under one Sun.

MPID Formula h̄ω(on)
vi (ϵ∗F)/eV h̄ω(on)

ic (ϵ∗F)/eV Sii(ϵ
∗
F) Svi(ϵ

∗
F) Sic(ϵ

∗
F) Svc(ϵ

∗
F)

mp-8954 Ta1Se2 0.97 1.42 1.00 0.92 0.71 0.81
mp-558 762 K1Sn1S2 1.11 1.22 1.00 0.77 0.55 0.80
mp-999 267 Rb1Sn1S2 1.12 1.11 1.00 0.78 0.57 0.82
mp-7795 Rb1Sn1S2 1.11 1.12 1.00 0.78 0.58 0.83
mp-7794 K1Sn1S2 1.11 1.17 1.00 0.77 0.56 0.81
mp-1874 Nb1S2 1.01 1.23 1.00 0.88 0.67 0.80
mp-1072 712 Nb2S4 0.98 1.12 1.00 0.86 0.74 0.86
mp-1013 525 V2S4 0.45 0.77 0.99 0.83 0.61 0.75
mp-571 016 K2Sn2Se4 1.01 0.96 1.00 0.69 0.46 0.82
mp-27 682 Na1Sn1S2 1.31 1.27 1.00 0.73 0.61 0.86
mp-1072 086 Ta2S4 1.24 1.32 1.00 0.83 0.73 0.86
mp-8719 K4Mn2Te4 1.25 0.86 0.99 0.78 0.49 0.74
mp-1984 Ta2S4 1.08 1.31 0.99 0.83 0.74 0.86
mp-1411 Ta1S2 1.25 1.36 1.00 0.84 0.67 0.81
mp-10 014 Ta1S2 1.05 1.30 0.99 0.82 0.67 0.80
mp-573 947 Cs4Mn2Se4 1.26 0.86 1.00 0.69 0.43 0.67
mp-1079 600 Cs4S6 0.81 1.34 1.00 0.96 0.72 0.78
mp-239 Ba2S6 0.60 1.44 1.00 0.97 0.74 0.79
mp-7446 Rb4S6 0.60 1.34 1.00 0.96 0.67 0.75
mp-7667 K4S6 0.42 1.31 1.00 0.96 0.64 0.73
mp-7547 Ba2Se4 0.95 0.81 1.00 0.77 0.50 0.69
mp-505 634 Cs4Te6 0.96 0.82 0.99 0.62 0.56 0.58
mp-7447 Rb4Se6 1.34 1.30 1.00 0.70 0.49 0.61
mp-570 589 Se4Br4 1.52 0.94 1.00 0.75 0.91 0.79
mp-8361 Cs4Te4 0.99 0.63 1.00 0.85 0.82 0.94
mp-1170 Sn1S2 1.57 1.30 1.00 0.75 0.73 0.84
mp-665 Sn1Se2 1.33 0.96 0.99 0.70 0.53 0.80
mp-8360 Rb4Te4 0.83 0.61 1.00 0.78 0.75 0.91
mp-28 099 S4Br4 2.23 1.48 1.00 0.85 0.91 0.85

While Fermi level optimization in metallic systems can benefit from the presence of an already metallic
IB, the wider IBs in these systems may lead to performance degradation at optimal valence-conduction band
gaps. The best-performing metals notably exhibit valence-conduction band gaps that exceed the ideal value
of 2.4eV, corresponding to the region in the plot based on the model by Levy and Honsberg (figure 3(b)),
where wider IBs are associated with higher solar cell efficiency. The scarcity of narrow band metals is
consistent with the tendency of such materials to transition to an insulating state due to Coulomb repulsion
among electrons. This phenomenon results in the splitting of the metallic band into two insulating
bands—one filled and one empty—consistent with the Mott-Hubbard metal–insulator transition model
[60]. Consequently, finding materials that are both intrinsically metallic and narrow band may prove to be
quite challenging. Among the selected materials, only one exceeded 35.0% efficiency: orthorhombic Ta1Se2
with spacegroup Fmm2.

As a result, insulating systems that can be converted to metallic states through reasonable doping with
shallow impurities—without significantly increasing non-radiative Shockley–Read–Hall recombination—
may be better suited to match ideal absorption properties and achieve ultra-high performance; this partly
differs from the requirement of intrinsically metallic IB adopted by Baquião and Dalpian in their
computational screening study [30]. This is supported by the observation that the highest efficiencies
(⩾40%) are found in materials with either filled or empty IBs. These insulating materials exhibit
significantly narrower IBs, aligning the optimal valence-conduction band gap region with the maximum
achievable efficiency predicted by Luque and Martí. The best ones exhibit a valence-conduction band gap
very close the ideal
value of 2.4eV.

Additional considerations can be made by considering the optical absorption onsets and spectral
selectivities introduced in section 2.2 reported in table 2 for optimal Fermi level values. h̄ωoff

ii (ϵ
∗
F) and

h̄ωon
vc (ϵ

∗
F) are not reported, because they basically coincide with∆ϵi and ϵvc at 300K under one Sun; these are

already displayed in table 1.
As expected, the best-performing materials are those that closely approach the ideal values of not only the

previously discussed ϵvc (2.4eV) and∆ϵi (0), but also h̄ωon
vi (0.9eV) and h̄ωon

ic (1.5eV). Additionally, they are
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the ones with spectral selectivity values closer to 1, indicating minimal spectral overlap between different
absorption channels. This reinforces the significance of the spectral selectivity quantifier.

Among the reported materials, orthorhombic Ta1Se2 (spacegroup Fmm2) and orthorhombic Cs4S6
(spacegroup Cmc21) emerged as particularly promising candidates based on their respective maximum
efficiencies of 37.4% and 41.1%, and ideal representatives of metallic and insulating systems for a more in
depth analysis. To the best of the author’s knowledge, this is the first time that they are proposed as IB
materials for solar cells, and, beside the aforementioned Magnéli phases derived from titanium dioxide [25],
may represent the first examples of very promising binary compounds. The impact of the IB filling on their
properties and performance is discussed in the next section.

According to the Materials Project, both materials have been experimentally observed. Notably,
orthorhombic Cs4S6 is predicted to be thermodynamically stable and was successfully fabricated through the
reaction of pure Cs with S [61]. In contrast, orthorhombic Ta1Se2 is not predicted to be thermodynamically
stable, and its experimental realization necessitated the intercalation of misfit layers [62, 63]. For practical
applications, it will be essential to also address the air stability of these materials, which, if missing, could be
achieved by compositional tuning or barrier layers, as done for perovskites for solar cells [64].

These experimental challenges are deemed worth pursuing, as the predicted efficiency limits above 35%
are significantly higher than the current record efficiency of 18.7% [10] reported for intermediate band solar
cells. This suggests that the potential of this technology remains largely unexplored. Additionally, these
materials could serve as archetypes to elucidate the structure-property relationships that lead to IB behavior,
thereby facilitating the identification of new promising materials.

3.2. Impact of IB filling: orthorhombic Ta1Se2 and Cs4S6
Figure 4 displays the electronic band structures and electron densities of states of orthorhombic Ta1Se2
(spacegroup Fmm2) and orthorhombic Cs4S6 (spacegroup Cmc21), computed with high accuracy as
outlined in section 2.4.

As already discussed, Ta1Se2 is intrinsically metallic, with the Fermi level crossing the relatively wide IB.
In contrast, Cs4S6 is intrinsically insulating. The highest group of filled bands was identified as the IB
following the algorithm outlined in section 2.1 and illustrated in figure 2(b). This IB is significantly narrower
than that of Ta1Se2, which is expected to facilitate a closer alignment with the ideal absorption properties
defined by Luque and Martí and corroborated by Levy and Honsberg.

The resolved spectral absorbances as a function of the Fermi level were computed for both materials
according to the methodology presented in section 2.2. The results for intrinsic and optimized values of the
Fermi level are displayed in figure 5, and compared with the ideal optical absorption onsets and offsets
defined by Levy and Honsberg.

In its intrinsic state, Cs4S6 is unable to exchange photons through electronic transitions between the
intermediate and conduction bands, or via intra-band transitions within the IB, due to the complete filling of

the IB (see figure 5(b)). Consequently, the intermediate-conduction current densities, J(+)
ic and J(−)

ic , are both
zero. As discussed in section 1, the continuity of electric current density, combined with the intentional
electrical insulation of the IB, leads to a situation where the photon absorption and emission processes

between the valence and IBs fully compensate each other. Thus, J(+)
vi = J(−)

vi , and the device operates as a
conventional Shockley–Queisser solar cell, relying solely on electronic transitions between the valence and
conduction bands. As a result, the maximum-power-point efficiency is expected to be low.

In contrast, Ta1Se2 features a metallic intermediate band in its intrinsic state. With the IB being partially
filled, all photon exchange channels are active, allowing the cell to function as an IB solar cell (see
figure 5(a)). However, the relatively broad IB results in the optical absorption onsets and offsets being
significantly displaced from the ideal values, as indicated by the dashed lines in the figures. Therefore, while
the maximum-power-point efficiency can be anticipated to be somewhat higher than that of intrinsic Cs4S6,
it remains low.

Upon optimizing the Fermi level, the spectral absorbance of Ta1Se2 can be adjusted to better align with
the ideal targets, as illustrated by the comparison between figures 5(a) and (c). Unfortunately, the absorbance
still does not reach the ideal targets, and although the maximum-power-point efficiency improves, it is
unlikely to fully realize the potential of IB solar cells.

Conversely, in the case of Cs4S6, the optical absorption onsets and offsets become remarkably close to the
ideal targets following Fermi level optimization, suggesting a significantly improved maximum-power-point
efficiency.

Unfortunately, in both materials, there exists substantial spectral overlap between the intermediate-
conduction and valence-conduction absorbances. This overlap is a critical performance detractor, preventing
the efficiency from reaching the ideal value of 45% predicted for perfect spectral separation, even for Cs4S6.
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Figure 4. Electronic properties of orthorhombic Ta1Se2 and Cs4S6: (a)–(b) Electronic band structures. (c)–(d) Electron densities
of states.

These observations are substantiated in figure 6, where the maximum-power-point efficiency η and

electron density variation∆n(ϵF) = n(ϵF,T)− n(ϵ(0)F ,T) are plotted as a function of the Fermi level variation

∆ϵF = ϵF − ϵ
(0)
F for both materials.

Interestingly, the electron density adjustment required in Ta1Se2,∆n(ϵ∗F)≈ 7.18× 1021 cm−3, is greater
than that needed in Cs4S6,∆n(ϵ∗F)≈−5.80× 1020 cm−3, to optimize the Fermi level. This diminishes the
advantage of Ta1Se2, which features a metallic IB in its intrinsic state, compared to Cs4S6, which exhibits a
filled IB in its intrinsic state, and further supports the counter-intuitive statement made above that
intrinsically metallic systems might not be the best option. Because its optimal Fermi level lies very close to
the upper edge of the IB, achieving the desired electron density in Cs4S6 may necessitate a slight reduction in
the number of electrons to transition it into a degenerate semiconductor. Similar electron densities have been
observed in other chalcogenide materials, such as the ones used in thermoelectric applications, often due to
the spontaneous formation of cation vacancies [65]. For these, also adjustments in carrier concentration
through dopant atoms, as opposed to vacancies, have been extensively studied in the literature [66]. This
systematic understanding may facilitate the development of effective doping strategies also for IB
chalcogenide materials to achieve the desired spectral absorbance characteristics.

As noted, the optimal Fermi level of Cs4S6 is situated very close to the band edge. This proximity arises
from the energy difference between the VB maximum and the IB maximum, which closely aligns with the
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Figure 5. Optical absorption properties of orthorhombic Ta1Se2 and Cs4S6: (a)–(b) Intrinsic resolved spectral absorbances.
(c)–(d) Optimized resolved spectral absorbances. These are compared with the ideal values for the optical absorption onsets,
which are marked by dashed vertical lines.

ideal onset for valence-intermediate optical absorption. Consequently, facilitating transitions from the VB to
just the upper edge of the IB promotes a closer approach to this ideal valence-intermediate absorption onset.

It is important to remark that detailed balance models do not incorporate charge transport properties
such as carrier mobility (assumed infinite). Based on the electronic band structures reported in figures 4(a)
and (b), the effective masses of VB holes and CB electrons are not expected to be particularly light for both
Ta1Se2 and Cs4S6. This indicates that extraction of photo-generated charge carriers may be inefficient for a
very thick absorbing layer [67]. This could be circumvented by utilizing thin films of these materials, which
would in turn require preservation of high absorbance by intrinsically strong optical absorption or light
trapping strategies that increase the effective optical absorption length [68].

Regarding the recombination of photo-generated charge carriers, the detailed balance model presented
operates under the radiative limit, considering only radiative recombination processes. This approach is
justified by the delocalization of IB states, which is a characteristic feature of crystalline materials possessing
intrinsic IBs. This delocalization effectively suppresses Shockley–Read–Hall non-radiative recombination
[18], a process that typically leads to significant degradation of charge transport properties in solar cells
where the IB is formed through the incorporation of localized electronic states. Consequently, non-radiative
recombination was assumed to be negligible.
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Figure 6.Maximum-power-point efficiency calculated at 300K under one Sun, and electron density variation, as a function of the
Fermi level: (a) Ta1Se2. (b) Cs4S6.

Table 3. Unit cell chemical formula, maximum-power-point efficiency, valence-conduction band gap, intermediate band width,
valence-intermediate and intermediate-conduction absorption onsets, and spectral selectivities, at the optimal Fermi level, of the
orthorhombic VB1VIA2 and IA4VIA6 compounds studied, calculated at 300K under one Sun.

Formula η(ϵ∗F)/% ϵvc/eV ∆ϵi/eV h̄ω(on)
vi (ϵ∗F)/eV h̄ω(on)

ic (ϵ∗F)/eV Sii(ϵ
∗
F) Svi(ϵ

∗
F) Sic(ϵ

∗
F) Svc(ϵ

∗
F)

Ta1Se2 35.8 2.9 1.2 1.0 1.4 1.0 0.9 0.8 0.9
Nb1S2 32.0 2.8 1.2 1.0 1.2 1.0 0.8 0.8 0.9
Ta1S2 30.7 3.3 1.4 1.2 1.3 1.0 0.8 0.8 0.9
Nb1Se2 – – – – – – – – –
Cs4S6 39.0 2.4 0.3 0.8 1.3 1.0 1.0 0.8 0.8
Rb4S6 36.4 2.2 0.3 0.6 1.3 1.0 1.0 0.8 0.8
Cs4Te6 30.3 2.4 1.4 1.0 0.8 1.0 0.7 0.6 0.8
Cs4Se6 28.6 1.4 0.3 0.3 0.8 1.0 0.9 0.8 0.8
K4Se6 28.1 3.2 1.8 1.4 1.2 1.0 0.7 0.6 0.8
K4S6 27.5 2.1 0.4 0.4 1.3 1.0 0.9 0.8 0.9
Rb4Se6 20.5 1.1 0.4 0.0 0.7 1.0 0.9 0.6 0.8

3.3. Impact of electronic band structure: orthorhombic VB1VIA2 and IA4VIA6 compounds
Finally, the impact of iso-electronic chemical substitution on the properties and performance of Ta1Se2 and
Cs4S6 was examined by investigating other orthorhombic VB1VIA2 and IA4VIA6 compounds using the
previously discussed methodology. This approach allowed for a comprehensive assessment of how the
electronic band structure affects properties and performance at optimal Fermi levels, while also exploring
potential enhancements through techniques such as alloying.

Table 3 presents the unit cell chemical formula, maximum-power-point efficiency, valence-conduction
band gap, IB width, valence-intermediate and intermediate-conduction absorption onsets, and spectral
selectivities, at the optimal Fermi level, for the orthorhombic VB1VIA2 and IA4VIA6 compounds studied. As
before, these values were calculated at 300K under one Sun. The ones for Ta1Se2 and Cs4S6 differ slightly
from those reported in tables 1 and 2, as the latter were derived from the electron densities of states available
in the Materials Project database, while the former are based on DFT calculations conducted in this study.

Ta1Se2 and Cs4S6 were confirmed as the best candidates within their respective material classes.
Interestingly, despite the optimization of the Fermi level, performance can significantly degrade in other
compositions. For instance, Cs4Se6, K4Se6, K4S6, and Rb4Se6, although iso-electronic and iso-structural to
Cs4S6, exhibit maximum-power-point efficiencies below 30% at the optimal Fermi level. A similar trend is
observed in VB1VIA2 compounds, where a more drastic effect occurs: in Nb1Se2, the IB overlaps with the
VBs, resulting in the loss of the IB electronic structure. Consequently, no quantitative data is reported for this
material in table 3. This behavior can be attributed to increasing deviations from ideal optical absorption
onsets and reduced spectral selectivities in materials projected to have poorer performance. These
observations confirm that, in addition to the critical role of IB filling discussed in section 3.2, the specific
features of the electronic band structure - particularly the position and width of the bands—are crucial in
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Figure 7.Maximum-power-point efficiency at the optimal Fermi level as a function of the material’s ionicity and metallicity,
calculated at 300K under one Sun.

determining the final performance. Therefore, it is insufficient to merely confirm the presence of an IB, and
at least a quantitative assessment using detailed balance methods is warranted due to its efficiency.

To effectively visualize the performance degradation induced by iso-electronic substitutions, figure 7
displays the maximum-power-point efficiency at the optimal Fermi level as a function of the material’s
metallicity and ionicity, calculated at 300K under one Sun. As for table 3, Nb1Se2 is not displayed because it
does not feature an IB electronic structure.

Such material maps are valuable tools for illustrating the interplay between properties and atomic
structure or chemical bond properties, and for identifying systematics, as discussed in previous works on
other material systems [69–73]. Therefore, they can assist in finding optimal alloys or new materials.

The ionicity and metallicity of a XmYn compound were defined as [74, 75]:

Ionicity =
∣∣∣χX−χY

χX+χY

∣∣∣ (22)

Metallicity = 2
χX+χY

(23)

where χX and χY are the Mulliken’s electronegativities [76] of the constituent elements X and Y, derived
from pymatgen’s data.

Clearly, only a limited number of compositions achieve a maximum-power-point efficiency above 35%
at the optimal Fermi level, namely Ta1Se2, Cs4S6, and Rb4S6. This highlights the significance of not only
adjusting electron density but also finely tuning the electronic band structure to fully leverage the potential
of the IB paradigm.

4. Conclusion and outlook

Chalcogenides are attractive for next-generation photovoltaics due to their tunable properties, low
fabrication costs, and established market presence. Furthermore, materials with intrinsic IBs could address
challenges associated with current solutions, which are based on inclusions or atomic-mismatch that degrade
material quality or create technological hurdles. Therefore, thousands of crystalline chalcogenide materials
from the Materials Project database were analyzed for their potential as photo-converting materials in IB
solar cells.

A methodological improvement was made in screening intrinsic IB materials, by focusing on quantifying
the potential efficiency rather than merely identifying the presence of an IB. By explicitly accounting for the
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impact of the IB filling on the optical absorption properties, and for the spectral weights and selectivities of
the different absorption channels, a more accurate assessment of the potential of each material was enabled.
This ensured that no potentially high-performing materials were overlooked, especially those that may
require minor adjustments for optimal efficacy.

Several promising material classes for the IB paradigm were identified, such as orthorhombic VB1VIA2

and IA4VIA6 compounds. Within these, Ta1Se2 and Cs4S6 were projected to exceed a 35%maximum
efficiency at 300K under one Sun, surpassing the Shockley–Queisser limit. Cs4S6 is particularly noteworthy,
as it may approach a 40% efficiency limit, with its elements being Earth abundant [77]. Given their potential,
these two classes were studied more in detail, with focus on the interplay of materials properties and
performance with IB filling and chemical substitution.

More generally, the systematic study revealed that all promising materials with simple structures exhibit
hexagonal, orthorhombic, or trigonal configurations, with the best performers consistently being
orthorhombic. At the same time, it was concluded that an intrinsically metallic IB is not necessarily
advantageous; for instance, the electron density adjustment required for optimal performance was higher in
the metallic Ta1Se2 compared to the insulating Cs4S6. Additionally, top-performing metallic systems were
observed to have broader IBs, while promising insulating materials were associated with narrower bands,
warranting further investigation into the optimal pathways to approach the ideal target of a metallic IB of
infinitesimal width. Finally, the relatively low fraction of IB materials actually exceeding a 30% efficiency
limit underscored the importance of closely matching the electronic structure and optical absorption targets
defined by Luque and Martí, and by Levy and Honsberg, through their respective detailed balance models.
The limited number of promising materials should not pose a concern, as only one effective solution is
needed for IB solar cells. However, integration into device architecture will necessitate optimization of
various additional aspects, such as contacts and anti-reflection coatings, alongside potential challenges
related to the materials themselves.

The adoption of the PBE exchange-correlation functional is a notable limitation of this study, because it
systematically underestimates material band gaps [78]. Furthermore, estimation of the spectral weights of
different absorption channels based solely on the joint density of states may lead to inaccuracies.
Unfortunately, more precise methods, such as hybrid functionals or GW for the electronic band structure,
and the Bethe–Salpeter equation for the absorption coefficients [79], would have required extensive
recalculations of too many materials, which was computationally prohibitive within this work; for example,
the computational cost of a GW calculation was estimated to be on average 1000 times greater than that of
the corresponding PBE calculation [80]. Nevertheless, previous computational studies on IB materials
showed that the PBE exchange-correlation functional is qualitatively reliable for the identification of IBs,
because it preserves the overall band structure except for band gap sizes [26, 29]. Fortunately, the ability to
tune properties through alloying is expected to enable compensation for computational systematic errors at
the experimental level. Furthermore, this study aimed to provide insights rather than definitive material
recipes, particularly through the identification of promising material classes and their common traits, and a
general quantification of the impact of IB filling and electronic structure details on the potential solar cell
performance. Thus, the adopted methodology was deemed adequate for its intended purpose.

It is hoped that this study will inspire further research to validate the findings, explore better materials, or
propose novel high-performing devices, leveraging the potential of chalcogenide materials to realize the
intermediate band solar cell concept.
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