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A B S T R A C T

To determine whether the incorporation of triiodide ions into Bi-based hybrid compounds can serve as a sub
stitute for iodoplumbates perovskites without diminishing photovoltaic efficiency, we analyzed the contributions 
of anions and triiodide ions to the absorption coefficients and conversion efficiencies across several compounds, 
both with and without triiodide ions. The electronic properties and absorption coefficients were obtained from 
first principles. To determine and quantify the key contributors to the optical gaps, the absorption coefficients 
and solar cell efficiencies are split as exact many-species expansions. The results reveal that while the triiodide 
contribution to the absorption coefficients and efficiencies is substantial, the primary distinction between 
compounds is attributed to the Bi-Bi interatomic distances. Nevertheless, the introduction of triiodide ions results 
in an increase in efficiency compared to the precursor compounds that lack triiodide ions.

1. Introduction

Organic–inorganic perovskites have attracted great attention for 
photovoltaic applications due to its high absorption coefficient, and 
consequently, a high photovoltaic conversion efficiency [1,2]. For 
example, methylammonium lead iodide CH3NH3PbI3 (MAPI) is a widely 
used iodoplumbate perovskite because of its relatively high-power 
conversion efficiencies exceeding 23 % and could compete with com
mercial polycrystalline silicon solar cells. Nevertheless, advances in 
composition engineering, defect passivation, and device architecture 
[3–5] have enabled an increase in efficiency to approximately 26 % 
[3,6,7]. However, the use of iodoplumbates is limited because of lead 
toxicity and its low stability in ambient conditions. For these reasons, 
the study of new lead-free semiconducting hybrids with strong light 
absorption is significant to both scientific research and commercial 
applications.

Other alternatives using perovskites have been studied, where lead is 
replaced by other metals with less toxicity. A possibility is exploring 
compounds containing atoms with an oxidation state of + 2 lead-like. 
These include elements from the same group in the periodic table, 
characterized by similar outer shell orbitals. Other examples with an 
oxidation state of + 2 are Sn and Ge [8–10], alkaline earth metals (Be, 
Mg [11], Ca [12], Sr [13], and Ba [14]), and other alternatives (V, Mn, 
Ni, Cd, Hg, Ga, and In [15]). Other possibility is to increase efficiency 
and stability with inverted perovskite solar cells through suppression of 

multiple defects [6]. In addition to the nature of cations, anion migra
tion plays a crucial role in the performance and stability of halide 
perovskite solar cells [16,17]. Specifically, the migration of iodine ions 
has been extensively analyzed in the literature [16]. Therefore, as we 
will discuss later, this study will employ compounds with different and 
more complex crystalline structures than those of halide perovskites.

Although compounds based on the perovskite structure are good 
absorbers of solar radiation, it is not necessary to have this crystalline 
structure for alternative candidate compounds [18]. Therefore, other 
alternative to the iodoplumbate perovskites is the Bismuth-based hybrid 
organic–inorganic halides [19–26] because of their low toxicity and 
high stability with respect to the iodoplumbate perovskites. The high 
stability and environmentally friendly feature make these compounds 
promising candidates as light-absorbing materials for the photovoltaic 
and optoelectronic applications. However, the conversion efficiency of 
the iodobismuthates is still lower than the Pb-based perovskites because 
the bandgap of iodobismuthates is usually larger than that of iodo
plumbates perovskites. A strategy to obtain a narrow bandgap close to 
that of iodoplumbate perovskites is to incorporate to the Bi-based hybrid 
perovskites other ions, such as triiodide ion.

Although the optical response of perovskite compounds is indirectly 
influenced by the organic cation, the primary component affecting their 
optoelectronic properties is the inorganic anion network [27], i.e. the 
Pb-I interactions [10] in the PbI6 octahedra [28]. In any case, to obtain 
good alternative solar radiation absorbing materials to perovskite-based 
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compounds, the absorption coefficients should be similar to those of 
iodoplumbed perovskites. This also involves having a similar bandgap 
since it corresponds to the absorption threshold. Therefore, the incor
poration of triiodide ions into Bi-based hybrid perovskites could be a 
strategy to achieve materials with high absorption like those of the 
iodoplumbate perovskites.

In this work is examined whether iodoplumbate perovskites can be 
replaced by less toxic Bismuth-Based hybrid compounds without 
compromising their the solar radiation absorption capacity. The main 
optical properties are analyzed and compared with existing literature. 
This information is crucial, as a significant change in the optical prop
erties due to the substitution of Pb with Bi, and the change to more 
complex crystalline structure, could drastically alter the main parame
ters of the solar cell. One key property determining the efficiency of solar 
energy conversion is the absorption coefficient. In this work a theoret
ical methodology of general interest is employed, where the absorption 
coefficients and photovoltaic efficiencies are split into contributions 
through exact many-species expansions. The results of this work allow: 
(i) To quantify the main contribution to the absorption capacity as a 
function of photon energy, because the absorption coefficients are 
decomposed into contributions involving atomic species. (ii) To eval
uate the impact of triiodide ion incorporation on the optical energy gap, 
absorption, and photovoltaic efficiency. (iii) To relate the absorption 
and solar cell efficiency to the composition and structure. (iv) To assess 
the potential of substituting lead with other elements to maintain high 
absorption capacity and reduce toxicity.

One possible strategy is to introduce triiodide ions I−3 into Bi-based 
hybrid precursor compounds Z1 and K1, with chemical formulas 
(C6H14N)3Bi2I9 and (C8H22N2O)Bi2I8 respectively, to obtain the com
pounds Z2 and K2, with chemical formulas (C6H14N)4(BiI6⋅I3) and 
(C8H22N2O)6(Bi3I14⋅I3)2 respectively (Table 1). For the growth of Z2 
crystals, Z1 was re-dissolved in an oxidized hydroiodic acid solution, 
and after slow evaporation in a few days Z2 crystals were obtained [29]. 
Crystals of the K1 and K2 compounds can be grown by solution vola
tilization at room temperature [30].

The (Z1|Z2) and (K1|K2) experimental bandgaps are (2.02|1.58) eV 
[29] and (1.91|1.59) eV [30] respectively (Table 2). Therefore, the 
intercalated triiodide ions have an important role in the electronic and 
optical properties. In both cases, the insertion of the triiodide ions leads 
to a reduction of the optical gap with respect to the precursor com
pounds. This indicate that the intercalated triiodide ion could increase 
the light absorption capability of the compounds because the Z2 and K2 
gaps are close to that of MAPI (~1.5 eV).

In this work we analyze the properties of the precursor compounds 
Z1 and K1 (without triiodide ions I−3 ), comparing them with those of the 
compounds Z2 and K2 obtained from the previous precursors by inter
calating triiodide ions I−3 . It’s important to note that the composition of 
these iodobismutates is significantly more intricate than that of halide 
perovskites. This complexity is evident in the crystalline structures 
(Table 1). Consequently, the analysis will include both the influence of 
iodine linkers and the characteristics of the crystalline structures.

In order to analyze the electronic and optical properties, along with 
their structural origins, first principles calculations will be employed. 
Furthermore, the optical properties and solar efficiencies will be split 
into species contributions using exact many-body expansions [27,28]. 

This approach allows for the identification and quantification of the 
most fundamental factors influencing absorption coefficients and solar 
cell efficiencies, thus linking optoelectronic properties to the structure. 
Of particular interest is the analysis of the impact of triiodide ions on 
these properties. Such an analysis is significant because any alteration in 
optical properties due to structural changes could substantially diminish 
the efficiency of these materials as solar radiation absorbers. Finally, the 
results will be compared with experimental data from the literature. 
From results, the optical properties and solar cell efficiencies are pri
marily dominated by the anionic fragment of these compounds.

2. Methodology

Electronic structure and optical properties calculations were 
accomplished using Density Functional Theory (DFT) [31] with periodic 
boundary conditions and a customized version of the SIESTA code [32]. 
The exchange–correlation potential was computed employing the 
Perdew-Burke-Ernzerhof [33] (PBE)functional within the framework of 
the Generalized Gradient Approximation (GGA). For modeling the inner 
electron shells, we employed the Troullier–Martins [34] pseudopoten
tials expressed in the Kleinman–Bylander [35,36] form. Additionally, 
the outer electron shell states were described using a localized pseu
doatomic double-zeta and triple-zeta with polarization orbital basis set 
[37]. To sample the Brillouin zone of the (Z1|Z2|K1|K2) compounds 
(60|60|20|18) k-point grids have been used respectively.

The optical properties are obtained using the Kramers-Kronig re
lationships [38] from the imaginary part of dielectric function. The 
absorption coefficients are split into species contributions using an exact 
many-species expansion [27,28]. This expansion arises when the optical 
transition probabilities, which are proportional to the square of the el
ements of the momentum matrix, are decomposed into inter-species 
contributions. With the absorption coefficients divided into species 
contributions (αT =

∑
iαi), the total efficiency ηT can also be split as an 

exact many-species expansions (ηT =
∑

iηi) [10].

3. Results and discussion

The Z1 compound (Table 1), with chemical formula (C6H14N)3Bi2I9, 
adopts a zero-dimensional (0D) perovskite-like structure. The anionic 
structure consists of isolated face-sharing octahedra [Bi2I9]

3− (Fig. 1a). 
The Z2 semiconductor (C6H14N)4BiI9 was obtained by intercalating 
triiodide ions I−3 into the Z1 compound. After inserting I−3 ions, the 
crystal structure changes notably. The Z2 compound has an anion 
structure [BiI9]

4− . This structure consists of isolated (BiI6)3− ions sepa

rated by triiodide ions I−3 (Fig. 1b), i.e. [BiI9]
4−

=
[
(BiI6)3− ⋅I−3

]
. In the 

Figures the iodine atoms have been divided into 3 groups: atoms bonded 

Table 1 
Main Crystallographic data of the compounds analyzed.

Label Z1 Z2 K1 K2

Chemical formula (C6H14N)3Bi2I9 (C6H14N)4(BiI6⋅I3) (C8H22N2O)Bi2I8 (C8H22N2O)6(Bi3I14⋅I3)2
Spacegroup Pnma (n◦ 62) P1(n◦ 2) P21/c (n◦ 14) P21/c (n◦ 14)
Lattice parameters 

(a|b|c) (Å)
(30.15|8.60|16.12) (8.53|10.20|14.07) (10.49|24.89|12.33) (20.15|22.79|14.99)

Lattice parameters 
(α|β|γ) (0)

(90.00|90.00|90.00) (91.02|102.75|100.40) (90.00|113.34|90.00) (90.00|91.47|90.00)

Table 2 
Bandgaps (eV) for the Z1, Z2, K1, K2 compounds obtained experimentally, 
theoretically, and those obtained in this work.

Z1 Z2 K1 K2

Experimental 2.02 [29] 1.58 [29] 1.91 [30] 1.59 [30]
Theoretical 2.66 [29] 2.15 [29] 2.51 [30] 2.00 [30]
This work 1.98 1.50 1.90 1.28
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to a single Bi, bridge linker atoms bonded to two Bi simultaneously (Il), 
and atoms not directly bonded to bismuth (Ii). The Ii atoms correspond 
to the triiodide ion I−3 , i.e.I−3 ≡ (Ii)−3 .

The K1 compound (Table 1), with chemical formula 
(C8H22N2O)Bi2I8, also adopts a 0D perovskite-like structure. The anion 
part [Bi4I16]4- (Fig. 2a) is composed of corner-sharing BiI6 octahedral, in 

which the central bismuth atom coordinates with six iodine atoms. The 
crystal K2 was formed after inserting triiodide ions into the K1 com
pound. The K2 semiconductor has the chemical formula 
(C8H22N2O)6Bi6I34. The K2 anion structure [Bi6I34]

12− consists of 

[Bi3I14]
5− and triiodide ion (Fig. 2b), i.e. [Bi6I34]

12−
= 2

{
[Bi3I14]

5− ⋅I−3
}

.

The experimental optical gaps for the different compounds, extrap
olated from Tauc plots from of absorbance and diffuse reflectance 
spectra data, and the theoretical results in from the bibliography are 
shown in Table 2, together with those obtained in this work.

For all the compounds considered, the theoretical optical gaps from 
this work align well with the experimental results in the literature. Ac
cording with these results, in Z2 and K2 compounds, the triiodide ion 
has a significant effect on the electronic properties with respect to Z1 
and K1 precursor compounds.

From a study of the projected density of states (PDOS), the valence 
band (VB) edge states of the Z1 and K1 precursor compounds mainly 
result from the p(I) states, while the conduction band (CB) states come 
mainly from the p(Bi) and p(I) states. It indicates that the inorganic Z1 
and K1 anion ([Bi2I9]3− and [Bi2I8]2− respectively) states mainly deter
mine the states close to the band edges. In contrast, the Z2 and K2 
electronic structure displays drastic changes with respect to Z1 and K1 
compounds after intercalating the triiodide ion. The upper part of VB 
states consists of the p(I) orbitals, and for slightly lower energy of the p 
(Ii) orbitals of the triiodide ion atoms. However, the CB minimum states 
came from the p(Ii) orbitals and for slightly larger energy of the p(Bi) 
and p(I) orbitals. These results are similar to those in the literature 
[29,30]. Then the intercalated triiodide orbitals play an important role 
and behave as a new CB minimum. This analysis also indicates that the 

inorganic Z2 and K2 anions ([BiI9]
4−

=
[
(BiI6)

3− ⋅I−3
]

and [Bi6I34]
12−

=

2
{
[Bi3I14]

5−
+ I−3

}
respectively) are mainly responsible of the elec

tronic structure near the gap. In particular, the I−3 ion is the cause of the 
Z2 and K2 gap reduction with respect to Z1 and K1.

Therefore, the influence of the anion states for all compounds on the 
absorption coefficients and conversion efficiency is decisive. This is like 
what happens with the organic lead iodine perovskites where the most 
important contributions to the states close to the band edges are 

Fig. 1. Crystalline structure of the anionic fragment of the (a) Z1 and (b) Z2 
compounds. Atoms are drawn as Bi (green), I (violet, iodine atoms bonded to 
bismuth), Il (blue, iodine bridging linkers atoms bonded to two bismuth 
simultaneously), and Ii (red, iodine atoms not directly bonded to bismuth). (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 2. Same legend as that in Fig. 1, but for the (a) K1 and (b) K2 compounds.

C. Tablero-Crespo                                                                                                                                                                                                                               Materials Science & Engineering B 314 (2025) 118007 

3 



determined mainly by the inorganic anion states [10,27,28]. Later it will 
be justified that the Z1, Z2, K1 and K2 anion states also determine the 
optical properties.

In order to analyze and explore the correlation between absorption 
coefficients and crystalline structures, it is essential to consider the 
partitioning of absorption coefficients into contributions from various 
species. The more significant contributions are shown in Fig. 3 for the Z1 
and Z2 compounds, and in Fig. 4 for the K1 and K2 compounds 
respectively. They correspond to the one- (intra-specie αA - A) and two- 
specie contributions (inter-specie αA - B). Note that intra-specie αA - A 
contributions include intra-atomic (transitions between atomic states of 
the same atom A) and inter-atomic (transitions between states of atoms 
of the same specie A located at different sites) contributions. The inter- 
specie contributions αA - B include only inter-atomic transitions. As 
mentioned above, in the Figures the iodine atoms have been divided into 
3 groups: atoms bonded to a single Bi (I), bridge linker atoms bonded to 
two Bi simultaneously (Il), and atoms not directly bonded to bismuth 
(Ii). The Ii atoms correspond to the triiodide ion I−3 atoms.

For these compounds the combinations involving Bi, I, Il, and Ii are 
the largest for the relevant energies of the solar radiation spectrum 
(lower than 3.5 eV). This highlights that the optical properties are pre
dominantly influenced by the anionic part of the structure across all 
compounds. The contributions from cationic atoms are negligible 
compared to those from anionic atoms, particularly for energies near the 
optical gap. The significant contribution from organic cation atoms oc
curs at higher energies, similar to the behavior observed in organic lead 
iodine perovskite solar cells. For a specific type of anionic structure, the 
optical properties near the gap are minimally dependent on the organic 
cation [27,28], i.e. the most large contributions come from the anionic 
fragment.

The main anionic contributions correspond to transitions from VB to 

CB states. For all compounds the VB states consists of the p(I) orbitals 
and the CB states come mainly from the p(Bi) and p(I) states. Therefore, 
the Bi-Bi, I-I and Bi-I contributions (αBi - Bi,αI - I, and αBi - I) are among 
the most important. Additionally, for Z2 and K2 the p(Ii) orbitals 
contribute to the VB and CB edges. Therefore, the Ii-Ii contribution 
(αIi - Ii ) is very important for energies close to the optical gap. Other 
contributions such as iodine bridge linker atoms αIl - Il are much less 
important. As a conclusion, the inclusion of triiodide ion results in a 
reduction of the energy optical gap approximating it to the optimum for 
maximum efficiency (~ 1.3 eV [39–41]). Thus, the potential of Z2 and 
K2 as absorbing materials for solar radiation increases.

Z2 and K2 compounds present an absorption peak around 2.6 eV due 
to the αIi - Ii contributions. The αIi - Ii contributions for Z2 and K2 
compounds are similar. However, the effect of the triiodide ion is more 
important for the Z2 compound (Fig. 3b), where the main contribution 
for this energy range is αIi - Ii, whereas for the K2 compound the αIi - Ii 

contributions are similar to the αBi - Bi contributions. This can be justi
fied according to the structure. The Z2 and K2 inorganic anion structures 

are [BiI9]
4−

=
[
(BiI6)3− ⋅I−3

]
(Fig. 1b) and [Bi3I17]

6−
= [Bi3I14]

5− ⋅I−3 

(Fig. 2b) respectively. The smallest Ii-Ii interatomic distance is compa
rable in both compounds (~2.9 Å). For this reason, the inter-atomic 
transitions involved in αIi - Ii are similar. The difference between Z2 
and K2 is the inter-atomic transitions involved in αBi - Bi. These inter- 
atomic transitions implicate bicentric integrals, which decrease with 
the inter-atomic distance between the centers (atoms). The shortest Bi-Bi 
interatomic distances are 4.16 Å and 8.53 Å for compounds K2 and Z2 
respectively. Therefore, the K2 αBi - Bi contribution is much larger than 
that of Z2 compound. In addition, there is another very important result 
that will be showed below when the efficiencies are analyzed. For the Z2 
compound, and for energies from the optical gap to 3 eV, the most 
important contribution is from Ii-Ii. However, for the K2 compound the 

Fig. 3. Total absorption coefficient αT (right y-axis) and absorption coefficient 
split into species contributions αAB (left y-axis) as functions of the photon en
ergy for the (a) Z1 and (b) Z2 compound anionic part.

Fig. 4. Same legend as that in Fig. 3, but for the (a) K1 and (b) K2 compounds.
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Bi-Bi contribution is slightly more important than the Ii-Ii contribution.
Using the absorption coefficients previously obtained and the solar 

radiation spectrum, the efficiencies can be calculated [10]. The total 
efficiency ηT as a function of cell thickness w using the AM1.5G spectra 
[42] is shown on the right-hand y-axis in Fig. 5 for the Z1 and Z2 
compounds, and Fig. 6 for the K1 and K2 compounds respectively. In the 
left-hand y-axis in Fig.s 5 and 6, the most important contributions of the 
many-body expansion of species contributions to the efficiencies are 
represented. These contributions are in agreement with that of the ab
sorption coefficients in Fig.s 3 and 4. Comparing the total efficiency ηT of 
the Z2 and K2 compounds for larger w (~30.7 % and ~ 33.1 % 
respectively) with respect to the precursors Z1 and K1 (~23.2 % and ~ 
25.0 % respectively), the triiodide ion insertion increases the efficiency 
ηT with respect to the precursor compounds (ΔηT~7.5 % and ~ 8.1 % for 
Z2 and K2 with respect to Z1 and K1 respectively).

The absorption of solar radiation depends on the thickness w and on 
the energy of the photons. The penetration depth of photons is inversely 
proportional to the absorption coefficient (α− 1

T (E)). Therefore, for high 
energies where absorption coefficients are usually higher, the penetra
tion depth is small. These high-energy photons are absorbed in a small 
thickness of the material. On the other hand, for energies close to the 
optical gap where the absorption coefficients are lower, the absorbing 
material needs to be very thick so that photons of these energies are 
absorbed. Therefore, the number of absorbed photons increases with 
thickness. For large thicknesses all photons in the solar spectrum are 
absorbed. Then, the total efficiency ηT and split efficiencies ηA - B in
crease with increasing thickness w. Above a certain thickness w, all the 
photons of the solar spectrum are absorbed and therefore the efficiency 
does not increase further. Fig.s 5 and 6 show that this fact occurs above 
thicknesses greater than ~ 1 μm, except for compound Z1 where the 
thickness is somewhat greater (~10 μm).

Similarly to what happened with the split absorption coefficients, the 
Bi-Bi, I-I and Bi-I contributions to ηT (ηBi - Bi,ηI - I, and ηBi - I) are among 

the most important for all compounds. For Z2 and K2 the Ii-Ii contri
bution ηIi - Ii 

is also very important. For the Z2 compound the main 
contribution is ηIi - Ii . However, for the K2 compound is ηBi - Bi. This is 
because the most important contribution to the Z2 absorption coefficient 
(Fig. 3b) in a wide range of energies from the optical gap energy to 
3.0–3.5 eV corresponds to αIi - Ii , while in the case of the K2 corresponds 
to αBi - Bi(Fig. 4b).

This fact could lead to the assumption that the Ii-Ii contribution to the 
efficiency is not very large in the K2 compound. Nevertheless, according 
to the methodology section, the maximum efficiency depends on the 
absorption coefficients. The absorption threshold is the optical gap. A 
decrease in the optical gap therefore modifies the absorption coefficient, 
allowing more photons from the solar spectrum to be absorbed. There
fore, two types of contributions should be distinguished: (i) Explicit 
contribution for energies above the optical gap, shown in Figs. 5 and 6; 
(ii) implicit contribution, which is because of the optical gap reduction 
by the insertion of Ii atoms. For very thick solar cells, the reduction of the 
optical gap is the most significant factor. As mentioned above, the 
triiodide ion insertion leads to an efficiency increase ofΔηT ~ 7.5 % for 
Z2 and ~ 8.1 % for K2 with respect to Z1 and K1 respectively.

4. Conclusions

This study explores the potential of several Bi-based hybrid com
pounds, both with (Z2 and K2) and without (Z1 and K1) triiodide ions, as 
absorbers of solar radiation. The electronic and optical properties were 
determined using first principles. Additionally, the absorption co
efficients were split into an exact many-species expansion. With the split 
absorption coefficients, and using the AM1.5G spectra, efficiencies as a 
function of cell thickness were calculated as an exact many-species 
expansion.

In these compounds, only the states of the anion atoms contribute to 

Fig. 5. Total efficiency ηT (right-hand y axis) and two-specie contributions ηAB 
(left-hand y axis) as a function of the cell thickness w decimal logarithm, using 
the AM1.5G spectra, for the (a) Z1 and (b) Z2 compounds.

Fig. 6. Same legend as that in Fig. 5, but for the (a) K1 and (b) K2 compounds.
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both the VB and CB edge states. As a consequence, the contribution 
below 4 eV to the absorption coefficients is primarily due to the anion 
atoms. Furthermore, the inclusion of triiodide ions into the Z2 and K2 
compounds leads to a reduction of the optical energy gap and an in
crease in absorption. It increases the potential of these compounds as 
photovoltaic absorbing materials.

Although the Ii-Ii contribution to the absorption coefficients and ef
ficiencies is larger, the main difference between Z2 and K2 compounds is 
the Bi-Bi contribution. This is because the shortest Bi-Bi inter-atomic 
distances for Z2 are larger than for K2. This leads to the Bi-Bi contri
butions to the absorption coefficients and efficiencies for the K2 com
pound being more significant than for the Z2 compound, although in 
both cases there is an increment on the efficiency with respect to the 
precursor compounds Z1 and K1.

This work reinforces that halide anion incorporation can be a po
tential venue in making lead-free absorber materials competitive.
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