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Temperature-Dependent Excitonic Band Gap in Lead-Free
Bismuth Halide Low-Dimensional Perovskite Single Crystals

Salvatore Valastro, Stevan Gavranovic,* loannis Deretzis, Martin Vala, Emanuele Smecca,
Antonino La Magna, Alessandra Alberti, Klara Castkova, and Giovanni Mannino

In this study, the optical behavior of lead-free Bi-based low-dimensional
perovskite single crystals (Cs;Bi,Cly, Cs;Bi,Br,, Cs;Bi,ly, and

MA;Bi, l,) is investigated by spectroscopic ellipsometry, supported by X-ray
diffraction and density functional theory calculations. All materials exhibit

a strong excitonic peak resulting from photogenerated electron-hole Coulomb
interactions, whereas the threshold of continuous absorption is found at
higher energies. The resonances of the excitonic and continuous bands, along
with exciton binding energies, are extracted through Critical Point Analysis of
the ellipsometric data over a wide temperature range (from —90 °C to 90 °C),
revealing subtle variations in the optical characteristics for each single crystal.
These materials can be applied in optoelectronics as photodetectors because of
their high stability and lower toxicity compared to their Pb-based perovskites.

1. Introduction

In recent years, halide perovskites have demonstrated outstand-
ing potential in the field of optoelectronics where they have been
employed as active materials in diverse applications including
solar cells,l!l light-emitting diodes (LEDs),[?! photodetectors,!?]
memristors*>] and more. The extensively studied perovskite ma-
terials predominantly feature the lead cation (Pb**).[%! One ap-
proach to prevent its leakage and environmental contamination
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involves designing an adsorbing layer ca-
pable of accumulating leaked material
in the event of breaks and mechanical
failures.l” The alternative is to substitute
Pb?* in the crystalline lattice of halide
perovskites. This approach aims to re-
place Pb?* with an environmentally ac-
ceptable counterpart while retaining the
properties of lead halide perovskites (large
optical absorption coefficient,l®!l tunable
band gap,!'213] low trap densities,['*1¢] high
charge carrier mobilities,'”®! long diffu-
sion lengths!*! and lifetimes!?’)) and en-
hancing their moisture stability.[?!] There
are essentially two alternatives for lead
replacement:!?2l homovalent substitutions
where every Pb** is replaced with a diva-
lent cation, and heterovalent substitution
where every two Pb?* cations are replaced by either ion-splitting
(e.g., substitution by one monovalent and one trivalent cation, or
mixed chalcogen and halogen elements) or vacancy-ordered for-
mation using post-transition metals. Homovalent metal cation
substitution (e.g., with Ge?* or Sn?*) typically leads to the for-
mation of lattice distortion for ABX; perovskites (A = Cs*, MA™,
FA*, B =Pb?", Sn?**, Ge?* and X = Cl~, Br~ or I"). The formation
of vacancies and the distortion of the ASnX; perovskite struc-
ture mainly occur due to the oxidation tendency of Sn (Sn’*—
Sn**) caused by the unstable high-energy-lying 5s? states.[2>24]
Therefore, Sn-based perovskites exhibit low stability in air and
moisture.[?] On the contrary, the origin of lattice distortion of
Ge-based perovskites lies in a significant ionic radius differ-
ence between Ge?* (0.73 A) and Pb** (1.19 A), due to which
Ge?* cannot form stable Gel*~ octahedra.[?®) Heterovalent sub-
stitution by ion-splitting and vacancy-ordered formation offers a
wide diversity of stable perovskite and perovskite-like structures
(e.g., A,BTB3*X 2721 A 1B+, X,,13%] where [] represents the
vacancy).

The non-toxic bismuth cation (Bi**) emerged as one of the
most suitable lead counterparts for heterovalent substitution.
This is primarily because Bi** shares the same 6s26p° electronic
structure as the Pb?* cation and has a similar effective ionic ra-
dius (1.03 A).3!l Additionally, Bi-based perovskites have shown
superior moisture and thermal stability.3?) One of the promis-
ing Bi-based perovskite structures is the A,Bi,X,, formed by
hexagonal or cubic packing of A and X cations. Whereas the
trivalent Bi** cations occupy only two-thirds of the octahedral
cavities BiX4.**] Unlike the 3D framework made up of corner-
sharing PbX, octahedra present in APbXj;, the crystalline lattice
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of A;Bi, X, Bi-based alternatives is determined by various stack-
ings of trigonal AB; layers.

In principle, there are three types of stackings present in
these structures: h, hcc, and ¢.®*¥ The hexagonal (h), stacking
leads to the formation of rhombohedral structures with a 0D
framework of face-sharing Bi-X octahedra, i.e., the framework
of isolated bi-octahedral B,X,*~ anions. When stacked in cubic
(c) mode, they form trigonal structures, where BiX, octahedra
share cis-vertices with the other three octahedra and thus create
the 2D corrugated layers. The (hcc), stacking leads to the for-
mation of hexagonal and orthorhombic structures, where both
kinds of octahedron bonding, i.e., both 0D and 2D structures are
possible.3334]

Previous reports show that Cs;Bi,1, and MA,Bi, 1, crystallize
in hexagonal structure (P6,/mmc)!*-37] with the 0D motive of bi-
octahedra, while Cs,Bi,Br, crystallizes in trigonal (P3m1)383]
and Cs;Bi,Cl, in either orthorhombic (Pnma)l**#!l or trigonal
(P31¢)*2) crystal systems (space groups), with the 2D motive
of BiBr, and BiCl; octahedra, respectively. Due to the reduced
dimensionality, A;Bi,X, perovskites have relatively large band
gap (1.94-3.02 eV)B36*142] and extremely low ionic migration.
The thin films of Cs;Bi,I, and MA,Bi,I, have been used as
photoactive layers in solar cells while Cs;Bi,Br, and Cs;Bi,Cl,
were not used in solar devices due to the too-wide electronic
band gap.[*}] However, these Bi-based perovskites exhibit low
dark current noise (at pA level) and high resistivity (up to
102 Q c¢m)®*®] both very desirable properties for the construc-
tion of highly sensitive photodetectors. Additionally, these non-
toxic materials showed outstanding thermal stability, fast re-
sponse speeds (in milliseconds) and high signal-to-noise (on—
off) ratio. Li et. al,**) presented the vertical ITO/Cs;Bi,l,/Au
photodetectors with an exceptional on-off ratio of 11 000, mea-
sured under —2 V bias and a white LED of 100 mW c¢m~2 light
intensity. Moreover, these devices showed great long-term sta-
bility, preserving more than 90% of their initial response af-
ter 1000 h of exposure to humid air (50% RH). MA,Bi, I, also
proved to be a suitable material for efficient photodetection. Hus-
sain et. al.[*] fabricated Ag/MA,Bi,l,/FTO photodetector with
high detectivity (1.3 x 10'? Jones) and a fast response speed
of (26.81/41.98 ms) under 0 V bias and low white light inten-
sity of 10 pW cm~2. Furthermore, Cs;Bi,l, demonstrated great
potential for X-ray detection.[*! Zhang et. al.*’] reported X-
ray detectors based on centimeter-sized Cs;Bi, I, single crystals,
which exhibited a high sensitivity of 1652.3 uC Gy,, *cm~2 and
a very low detection limit of 130 nGy,, s! ~4 times higher
than a-Se detectors and ~40 times lower than required for
medical diagnostics. Additionally, these single crystals showed
outstanding operational stability, even at a higher temperature
0f 100 °C.

Unlike their iodide counterparts, Cs;Bi, I, and MA;Bi,I,, the
research on the detection potential of Cs,Bi, Br, and Cs;Bi,Cl, is
still in its infancy. Liu et. al.*8] demonstrated the detecting capa-
bility of a self-powered FTO/NiO, /Cs,Bi, Br,/Au UV photodetec-
tor, with a fast response speed of 3.04/4.65 ms, the responsivity
of 4.33 mA W' and detectivity of 1.3 x 10" Jones (measured
under week UV light of 15 mW c¢m ™2, 405 nm). Tailor et al.*!) re-
ported the first Ag/Cs,Bi,Cl,/Ag detectors with a responsivity of
17 mA W~ and detectivity as high as 6.63 x 10" Jones. Although
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these materials show significant response to incident photons,
the relationship between their optical properties and device per-
formance is not fully explained.

Before contemplating their potential application in optoelec-
tronics (photodetectors, scintillators, solar cells etc.), it is cru-
cial to comprehend how the optical properties of these materials
evolve concerning temperature, chemical composition, dimen-
sionality, and how such changes could impact the performance
of future A,Bi,Xy-based devices. In this work, we report an ex-
tensive multi-material study of the band gap change for inor-
ganic and hybrid A;Bi,X, perovskite single crystals (Cs;Bi,Cl,,
Cs,Bi,Br,, Cs;Bi,1,, and MA,Bi,ly) using spectroscopic ellip-
sometry (SE), supported by x-ray diffraction and density func-
tional theory (DFT) calculations. We identified the interband
transition energies by applying a Critical Point (CP) Analysis on
the absorption spectra, to gain a comprehensive understanding
of the excitonic processes in the 1-5 eV energy range, considering
temperature variations that span from —90 °C to 90 °C. Within
this framework, we discuss exciton and continuous band absorp-
tion, phase changes and fine differences in the optical properties
arising from the chemical and structural differences of the stud-
ied materials.

2. Results and Discussion

Figure 1a,d shows the optical photograph of the as-prepared sin-
gle crystals. Figure 1e,h displays the X-Ray Diffraction (XRD) pat-
terns acquired in 9—29 configuration at room temperature (RT)
along with the relative 2D lattice scheme in the inset for all four
Bi-based perovskite single crystals. The Cs;Bi,Cl, XRD pattern
shows three peaks at 9.4°, 18.9° and 28.7° ascribed to (200), (400),
(600) planes of a “quasi 1D-structure” orthorhombic phasel*!]
(Figure 1le; Table S2, Supporting Information). The Cs;Bi,Br,
XRD pattern is characterised by five peaks at 12.8°, 15.6°, 25.8°,
27.3°, and 31.6° ascribed to (100), (101), (200), (201) and (202)
planes, respectively, identifying a “quasi 2D-structure” trigonal
phase (Figure 1f; Table S2, Supporting Information). The XRD
patterns of the two crystals having iodine as anion (Cs;Bi,I, and
MA;Bi,I,) share similar features with 2 peaks at 16.6° and 25.2°
indicating the (004) and (006) planes of a “quasi 0D-structure”
hexagonal phase (Figure 1gh; Table S2, Supporting Informa-
tion). Experimental lattice parameters of Cs;Bi,Cl, (a), Cs;Bi,Br,
(b), Cs;Bi, 1, (c), and MA,Bi, I, single crystal compared to theo-
retical values are reported in Table S3 and Figure S6 (Supporting
Information).

We point out that, although the Cs,;Bi,Br, sample presents
more than one set of planes, only the most intense set was se-
lected for SE measurements. On the other hand, we attempted
to use a more refined optical model that take into account the
anisotropy without obtaining a fitting improvement, very likely
due to the very low contribution (i.e., intensity) of other planes to
the optical response.

To investigate the optical properties of Bi-based crystals, we
performed SE measurements at room temperature (RT) and in
air on all the as-prepared samples. The experimental data fit and
the extracted dielectric function, as discussed in the experimen-
tal section, are shown in Figure S7 (Supporting Information).
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Figure 1. a—d) Optical photograph of Cs;Bi,Clg (a), Cs3Bi,Brg (b), Cs3Biylg (c), MA3Bi,lq (d) single crystals. e-h) XRD patterns acquired in symmetrical
9-29 configuration at RT and the relative 2D-scheme of the lattice as an inset for Cs3Bi,Clg (€), Cs3Bi,Brg (f), Cs3Biylg (g), MA;3Biylg (h). Color for
atoms/molecules: pink=Bi, purple=Cs, green=Cl, red=Br, white=MA, yellow=l. i-l) Absorption coefficient of Cs;Bi,Cly (i), Cs3Bi,Brq (j), Cs3Bi,lq (k),

MA;Bi,lq (I) measured by spectroscopic ellipsometry.

Figure 1i,] shows the absorption coefficient calculated from the
real (¢;) and the imaginary (e,) parts of the dielectric function
using equation:!*]

where E is the energy, c is the speed of light in vacuum and
h is the Planck constant. The absorption coefficient increases
abruptly at a certain energy value that, when excitons are absent,
or too weakly bounded, corresponds to the onset of the continu-
ous band and characterizes the band gap (E,,,) of the system. In
materials where bound excitons are present, the difference be-
tween the exciton energy (E,,) and the E,,, defines the exciton
binding energy Ej = E,,, - E,,.**! In all Pb-based perovskite ma-
terials like MAPDI,, >l MAPbBr;,!! CsPbl, 2 CsPbBr;,!! E,, is
hardly distinguishable from E_, due to low exciton binding en-
ergies (25-50 meV(>3)). In these materials (bulk or thin layers),
the exciton is easily separated in free charges, making them good
candidates for solar cell devices.** On the contrary, in all studied
Bi-based materials, we observe an isolated and narrow excitonic
peak, indicated as E,, in Figure 1i,1. This peak is more prominent
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for the Cs;Bi,Br, and Cs;Bi,Cl, systems with respect to the two
iodides (Cs;Bi,I, and MA,Bi,1,). We argue that this peak arises
from electron-hole interactions and reflects a bound exciton ow-
ing to a large binding energy at RT,>*>¢! while E,, is located at
higher energy (Figure 1i,1). For this reason, if the material’'s band
gap is set to the excitonic absorption onset, its value is by far un-
derestimated. This feature was previously reported in the litera-
ture for Cs;Bi, 11>’} and MA,Bi,1,[°®! single crystals, but only for
Cs,Bi, Cl,[*1#>5%] and Cs,Bi,Br[®-] nanosystems. For the two
latter materials, it is possible to find optical characterizations in
the literature that refer to nanocrystals or nanoplatelets, where
quantum confinement effects and surface-related phenomena
might affect the data with respect to the large single crystals used
here.[®4]

The absorption coefficient provides also information about
defects. In particular, the Cs;Bi,Cl, (Figure 1a) and Cs;Bi,Br,
(Figure 1b) and to a very lesser extent also MA,Bi, 1, (d) have de-
fects inside the gap attested by the broad band at energies just
below the excitonic peak. We also calculated the Urbach tail at the
band edge according to the following equation a = «, exp(E/E,))
where «, is a constant, E is the energy and E, is the Urbach
energy. The values of E, are 33 meV for Cs,;Bi,Cly, 20 meV for
Cs;Bi,Br,, 96 meV for Cs;Bi, Iy, and 34 meV for MA,Bi, [,.
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Table 1. Energy values of E,,, Eg,, and E; at RT extracted through the Crit-
ical Points analysis for Cs3Bi,Clg, Cs3Bi,Brg, Cs3Bi,lg, and MA;Bi,lg. Eg

(the exciton binding energy) is calculated as Eg,, — Eqy.

Chemical formula E., [eV] Egap [eV] E, [eV] Eg [meV]
Cs3BiyCla 3.277+0.001  4.42 +0.03 N 1143
Cs3Bi,Bry 2.836£0.001  4.26 + 0.03 N 1424
Cs3Bi,l 2538 £0.001  2.87+0.01  3.83+0.03 334
MA,Bi, 251040004  281+002  3.68+0.02 303

In Table 1, we report the energy values of E,, E,, and the

first interband transition (E;) common to all the Bi-based crystals
at RT extracted through the Critical Point (CP) Analysis of the
SE data as reported by Cardona and co-workers.[®~72] The CPs,
which depend on the densities of states in the electronic bands,
and their parameters (energy position E, amplitude A, broaden-
ing I', and phase @) are extracted from the simultaneous fit of the
real and imaginary parts of the dielectric function (€) through the
following equation:

2
% =n(n—1)Aé®(w— E +in"? (2)
where n is —1/2 for 1D, 0 for 2D, or ¥ for 3D critical points and
—1 when describing excitonic transitions. The E,, and E,,, val-
ues calculated for Cs;Bi,Cl, and Cs;Bi,Br,, have not been yet
reported in the literature and are respectively: 3.27 and 4.42 eV
for Cs;Bi,Cly, and 2.84 and 4.26 eV for Cs;Bi,Br,. On the other
hand, E,, and E,,, values for Cs;Bi,I, and MA,Bi,I, confirm
the values reported by Machulin et al.l’’l (Cs;Bi,l,, calculated
by reflection spectra at RT, 2.578 and 2.857 eV) and by Kawai
et al.’®] (MA,Bi,],, calculated by absorption spectra at RT, 2.49
and 2.9 eV).

Cs;Bi,Cly and Cs;Bi,Br, exhibit a large E; of 1143 meV and
1424 meV, respectively. The value obtained for Cs;Bi,Br, is
higher than those reported by Bass et al.[**! from UV-vis absorp-
tion measurements performed on powder (940 meV) and by Wu
et al. from similar measurements on nanoplatelets (148 meV),/”?!
indicating a strong dependence of the optical properties of the
material from the characteristics of the crystal structure.

The exciton binding energies for Cs;Bi,I, (334 meV) and
MA,Bi,I, (303 meV) are close to those already reported.>’>]
These high values of E; (not efficient charge separation resulting
in low J17*), along with the wide electronic band gap (low op-
tical absorption) and high Urbach energy (=50 meV, resulting in
high nonradiative recombination losses!”}), are the main reasons

Table 2. Energy values of E,,, Eg at RT extracted through the Elliot Analy-
sis for Cs3Bi,Clg, Cs3Bi,Brg, Cs3Biylg, and MA;Bi,lg. The E,, (the exciton
energy) is calculated as Eg,, — Eg.

Chemical formula E.. [eV] Egop [eV] Eg [meV]
Cs, Bi,Cly 332 +0.02 4.40 +0.02 1080
Cs,Bi,Br, 2.88 + 0.01 426 +0.01 1380
Cs3Biylg 2.44 £0.01 2.77 £ 0.01 340
MA;Bi; g 2.49 +0.01 2.79 +0.01 310
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for the low values of photo-conversion efficiency reached using
Cs;Bi, 1, and MA,Bi, I, as active materials in solar cells (record
of 3.6%!7°) and 3.17%,”7] respectively).

These results can be compared to those calculated with the El-
liot modell’-81 used to simulate the absorption near the band
edge with the equation:

Abs(E) = A, - (1 +erf (7” (E_ Egap)))

_(E—Egap+%>2 o

o2

where E,, is the electronic band gap, Ej, is the exciton binding

energy (i. e. Ey = E,,,—E,, where E, is the energy of the exciton),
A, B, v, o are the scaling factors. The first term describes the
continuum state absorption and the second term accounts for
multiple excitonic states. We neglect the excitonic transition with
n>3 because the excitonic peak is well separated from continuous
and the oscillator strength decreases as n®. The cumulative fit is
in good agreement with experimental data as shown in Figure
S8 (Supporting Information). The values obtained from fitting
are reported in Table 2.

To further investigate the optical behavior of Bi-based crystals
as a function of the temperature, being aware that other per-
ovskitic materials are very sensitive to external factors like hu-
midity that affect their properties, we have performed SE mea-
surements in a pure N, environment, to avoid possible sample
degradation.!8?®] Repeated measurements have demonstrated
that all samples are stable in N, for several weeks. The measure-
ments were performed in the range of —90 °C to 90 °C, to cover
all the possible application fields, from x-ray and gamma detec-
tors, which can work at low temperatures to minimize the dark
current to LED and solar cells that can reach high working tem-
peratures under sunlight.[34]

The variation of the absorption coefficient as a function of tem-

perature is reported in Figure S9 (Supporting Information).
The E,, and E,,, temperature dependence of Cs;Bi,I, and
MA;Bi, I, that have a smaller E; were monitored with a step of
3 °C while for Cs;Bi,Cl, and Cs;Bi,Br, the step was 15 °C. This
type of study was previously conducted with a similar approach
for the band gap of lead bromide perovskite single crystals./11:%]
In these works, we demonstrated that a lattice phase transition
is detectable through SE measurements when a change of slope
appears in the energy versus temperature plot of the critical point
at the lowest energy.

Figure 2 shows the variation of the second derivative of the
real (¢;) and imaginary (e,) parts of the dielectric function from
which the CPs can be extracted in the range —90 °C to 90 °C (with
30 °C temperature step) for Cs;Bi,Br, (Figure 2a,b) and Cs;Bi, I,
(Figure 2c,d).

As qualitative evidence, Cs;Bi,Cl, behaves similarly to
Cs;Bi,Br, (Figure S10, Supporting Information), whereas
Cs;Bi, I, behaves similarly to MA;Bi, I, (Figure S10, Supporting
Information).

By lowering the temperature, it is possible to identify a general
trend for all Bi-based materials: the E,, peak amplitude (A) in-
creases (y-axis) and the E,, broadening (I') decreases (x-axis) (see
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Figure 2. a,b) Second derivative of the real (¢;) and imaginary (e,) part of the dielectric function across the temperature range from —90 °C to 90 °C

(AT =30 °C) for Cs3Bi,Brg and c,d) Cs;Bi,lg

also Figures S11-S13, Supporting Information). These findings
are consistent with expectations, as exciton—phonon interactions
are smaller at lower temperatures, leading to a higher energetic
localization of the excitons. Furthermore, the E,, position does
not vary significantly with the temperature, in contrast with the
E,,, position which undergoes significant shifts. Quantifying
numerically all these observations is possible through the CP
analysis.

Figure 3 shows, within the CP analysis, the temperature de-
pendence of the energy position of E,, and E,,, with the EB for
Cs3Bi2Cl9 (a—c), Cs3Bi2Br9 (d—f), Cs3Bi2I9 (g—i), and MA3Bi2I9
(-1). The other CP parameters (A, I, @) trend versus tem-
perature are reported in the Supporting Information (Figures
S11-S13, Supporting Information). We observed that Cs3Bi2Cl9
and Cs3Bi2Br9 samples exhibit similar behavior, notwithstand-
ing the differences in their crystal structure. Specifically, E,,, and
E,., have a linear dependence in the whole temperature range
(Figure 3a,d). In agreement with our previous work,!'!! we argue
that a linear dependence of the energy with the temperature in-
dicates that no phase transitions occur within the studied tem-
perature interval. Measurements done by differential scanning
calorimetry for Cs3Bi2Br9 report a phase transition from hexag-
onal toward monoclinic phase at —178 °C, which is outside the
temperature range here investigated.[86-5]

The temperature dependence of E,, and E,, in both I-based
crystals (Cs;Bi, I, and MA,;Bi, 1) differs from above and it is more
complex. For Cs;Bi,l,, the E,, curve slope starts to slowly de-
crease at 45 °C going toward lower temperature and, at x—50 °C,
there is a net change in the curve slope that we associate with
a reversible phase transition (Figure 3g) from the hexagonal to
the monoclinic lattice at —53 °C.’”#% In addition, a second ex-
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citonic peak (E.,, in Figure 2e,f) emerges at ~2.68 eV at the
same temperature. The E,,, linearly decreases with temperature
(Figure 3h), in good agreement with the literature.’821 Con-
sequently, E; decreases linearly, differently from the two previ-
ous crystals (Figure 3i). This finding suggests that better perfor-
mances could be achieved for Cs; Bi, I,-based solar cells at the typ-
ical operating temperature of 45-85 °Cl°"! due to the narrowing of
the electronic band gap resulting in improved optical absorption
and the decrease of E, causing an improved charge extraction.

The behavior of MA;Bi, [, E,, exhibits an even higher degree of
complexity. The E_, value shows a linear increase in the range of
temperature 90-25 °C (Figure 3j). However, as the sample is fur-
ther cooled from 25 °C to #—50 °C, the slope gradually decreases
down to —90 °C. Similarly to the Cs,Bi, I, sample, we could iden-
tify at —50 °C a slope change. This is in good agreement with
Jakubas et al.®!l who report a second-order phase transition oc-
curring at —50 °C. We note that Kamminga et al.®?] report that
the MA,Bi, I, crystal structure gradually evolves from a hexago-
nal phase to a monoclinic phase by decreasing the temperature
from 27 °C to —113 °C through the alignment of the methy-
lammonium cations along the b lattice direction. The trend of
E,., With respect to temperature exhibits similarity to the trend
of E., (Figure 3k) and therefore Ej increases with temperature
(Figure 31) as for Cs;Bi,Br,, and Cs;Bi,Cl,. We note here that
notwithstanding MA,Bi, I, shares similar structural character-
istics with Cs;Bi,l,, their optical properties present some fine
differences. An E,,, peak is absent from MA,Bi,I, below the
phase transition temperature, whereas the exciton binding ener-
gies have different temperature trends. We hypothesize the pres-
ence of weakly bound excitons at the conduction band edge that
may be responsible for these differences.
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Figure 3. a—c) Energy position of E., and Eg,, with Eg=E,,, — E,, vs temperature for Cs3Bi,Clg, d—f) Cs3Bi,Brg, g-i) Cs3Bi,lg, and j-I) MA;Bi, .

To better interpret the experimental measurements of the op-
tical constants, we performed density functional theory (DFT)
calculations for all the experimentally studied systems in their
RT phases and post-processed the obtained electronic structure
within the Bethe—Salpeter equation (BSE)[?*4] for the calculation
of the real and imaginary parts of the dielectric function. We note
that the BSE allows for the calculation of the absorption proper-
ties considering the interaction between electrons and holes in
the excited electronic spectrum, which is important when strong
excitonic features are present. A specific requirement for the
studied Bi-based materials was the consideration of spin-orbit
coupling effects within the calculation scheme, due to their im-
pact on the description of the conduction band of these systems.
(Figure S14, Supporting Information).>%! Specifically, in the
case of Cs;Bi,I,, spin-orbit interactions split the lower conduc-
tion band into two sub-bands (see Cs;Bi, I, Figure S14a, Support-
ing Information) whereas for Cs, Bi, Br, they “mix” low-dispersed
sub-bands in a single band (see Cs;Bi,Br, in Figure S14b, Sup-
porting Information). In both cases, the qualitative differences in
the conduction band introduced by spin-orbit interactions cannot
be neglected when evaluating the optical transitions of these ma-
terials. Moreover, It is interesting to note that all systems share
some common characteristics regarding the main orbital projec-
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tions in their electronic structure (Figure S15, Supporting Infor-
mation): conduction bands are strongly characterized by Bi p or-
bitals (with a total angular momentum | = 1/2 for lower ener-
gies and | = 3/2 for higher energies), whereas the valence band
maxima are mainly shaped by halide p-orbital contributions. The
two iodide systems (Cs;Bi, I, and MA;Bi, I,) present very similar
electronic properties (Figure S16, Supporting Information) aris-
ing from the similarity in their structural configuration for a wide
range of temperatures. Hereon, only the optical properties of in-
organic halides will be discussed. Figure 4 shows the imaginary
part of the dielectric function (¢,) calculated within the BSE the-
ory for the Cs;Bi,1,, Cs;Bi,Bry and Cs;Bi,Cl, systems and com-
pares the results with experimental measurements at RT.

All curves show strong excitonic characteristics when
electron-hole interactions are considered (red lines) with respect
to optical calculations that do not account for excitonic effects
(blue lines). The Cs;Bi, I, system is characterized by a main exci-
tonic peak having a slightly higher binding energy compared to
the experiment. Additionally, the curve is red-shifted with respect
to the one calculated without electron-hole interactions. The
case of Cs;Bi,Br, is more particular, as between the dominant
excitonic peak and the second optical peak of the experimental
curve, intermediate peaks (with the most prominent at ~3.15 eV)

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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lines) for a) Cs;3Bi,lg, b) Cs3Bi,Brg, and c) Cs;3Bi, Cly. Experimental data (green dots) correspond to measurements using SE at RT.

appear only in the calculated spectrum. Similar features have
been experimentally observed only in Cs;Bi,Br, nanocrystals
at certain crystallographic directions,® but are absent from
crystals of bigger dimensions. This aspect indicates a rather
strong influence of the optical characteristics in this system,
either from structural characteristics that are not captured in
the simple trigonal model used for our calculations, or from
local characteristics that are only present at the nanoscale. Nev-
ertheless, our calculations indicate that these intermediate peaks
should be intrinsic to the bulk material and independent of
surface-related phenomena. It is also interesting to note that the
second peak of the experimental optical spectrum in Cs;Bi,Br,
practically coincides with the first peak of the €, curve in the
independent particle approximation (i.e., without considering
electron-hole interactions in the calculation scheme). Finally, an
almost excellent agreement between theoretical and experimen-
tal data is obtained in the case of Cs,;Bi,Cl,, showing a strongly
redshifted spectrum with respect to the independent particle
approximation and a main excitonic peak at ~3.32 eV. Some di-
vergences between the experimental and theoretical data appear
only for higher energy values, reflecting the limited number of
bands considered for the calculation of the static dielectric matri-
ces (see the Experimental section) with respect to the extremely
dense electronic states that are present in the valence band of
the material (Figure S12, Supporting Information). Overall, the
BSE level of theory appears necessary for the proper estimation
of the optical properties of Bi-based halide perovskites.

3. Conclusion

Our multiparameter analysis provides a comprehensive outlook
on the behavior of the excitonic band gap and the continuous ab-
sorption onset for A,Bi, X, single crystals depending on the tem-
perature. This is crucial for various optoelectronic applications.
In particular, we investigated the structural and optical proper-
ties of four Bismuth halide single crystals, namely Cs;Bi,Cl,,
Cs;Bi,Bry, Cs;Bi,ly, and MA;Bi,I,. XRD measurements un-
veiled their crystalline structure, revealing a quasi 1D orthorhom-
bic structure for Cs;Bi,Cl, a quasi 2D trigonal structure for
Cs;Bi,Br, and a quasi 0D hexagonal structure for Cs;Bi, I, and
MA,;Bi,I,. Strong excitonic features were observed for all mate-
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rials with distinct characteristics, based on the chemical com-
position of both anions and cations. Ey values for Cs;Bi,Cl,,
Cs,Bi,Br, and MA,Bi, I, increased with temperature, while for
the Cs;Bi, I, the trend was diametrically opposite. We identified
a phase transition from the hexagonal to the monoclinic lattice at
—53 °C for Cs;Bi,I,, and at —50 °C for MA,;Bi, I,. The wide elec-
tronic band gap of MA,Bi, 1, (2.81 eV) and of Cs;Bi,I, (2.87 eV)
and the high exciton binding energies (%300 meV) are the main
reasons for the low-efficiency values of solar cells, suggesting that
focused strategies are required to improve the performances.!”*!
On the other hand, all Bismuth halide single crystals have a great
potential for application as highly efficient photodetectors.

4. Experimental Section

Chemicals and Reagents: ~ Cesium chloride (>99.999% CsCl, trace met-
als basis), cesium bromide (99.999% CsBr, trace metals basis), cesium io-
dide (AnhydroBeads, 99.999% Csl, perovskite grade), bismuth (l11) chlo-
ride (anhydrous, 99.998% BiCl;, trace metals basis), bismuth (lll) bro-
mide (anhydrous, 99.998% BiBr; trace metals basis), bismuth (l11) iodide
(>99.998% Bil;, trace metals basis), hydrochloric acid (Suprapur, 36%
HCl), hydrobromide acid (ACS reagent, 48% HBr), and hydroiodic acid
(EMPLURA, 57% HI) were purchased from Sigma—Aldrich. All chemicals
were used without further purification.

Preparation of A3Bi,Xo Single Crystals: A3;Bi,Xq single crystals were
prepared using the hydrothermal method. The 0.05 m perovskite solutions
were prepared by dissolving the precursors CsX and BiX (molar ratio 3:2)
in 20 mL of hydrohalic acids (CsCl and BiCl in HCl, etc.) in hydrother-
mal autoclave reactor. For detailed precursor masses, see Table S1 and
Figure ST (Supporting Information). The solutions were then heated to
200 °C and kept at constant temperature for 2 h to ensure the complete
dissolution of the precursors. In the next step, the solutions were cooled
down from 200 °C to 25 °C (temperature gradient 1°C h~') after which
millimetre-sized single crystals were obtained. The obtained crystals were
then extracted from the solution and separated based on their size and
geometry. Samples with the most suitable geometry were used as seeds
for further growth. The seeds were placed in the previously filtered per-
ovskite solutions previously filtered (PTFE 0.45 pm) and heated to 50 °C,
after which they were slowly cooled down (1°C h~1) to 25 °C. The obtained
Bi-based perovskite single crystals had exceptionally flat surfaces that were
crucial for the optical characterization that they underwent. Microscopic
photos including SEM images and a detailed scheme of the synthetic pro-
cedure are presented in Figures S2-S5 (Supporting Information). It is im-
portant to observe that excitonic bands function as chromophores, ex-
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plaining the crystal’s color (white for Cs;Bi,Clg, yellow for Cs;Bi,Brq, and
reddish for Cs;Bi,lq and MA;Bi, lg).

Spectroscopic Ellipsometry: ~ Spectroscopic Ellipsometry (SE) was per-
formed by using a V-VASE, J.A. Woollam equipped with an autoretarder.
The measurements have been performed at three angles, 50°, 60°, and
70° below and above the Brewster angle, over a wide range of wavelengths
245-1240 nm (1-5 eV) with steps of 10 nm or less depending on the curve
steepness. A wide temperature range of —90 to 90 °C was explored, vary-
ing the temperature with an Instec MK100 heater/cooler system with an
accuracy of 0.1 °C. Each sample, once aligned, was left in the same po-
sition for the whole set of measurements at any temperature to ensure
the highest measurement reproducibility. Furthermore, as the sample was
transparent in the sub-band gap spectral region, possible backside reflec-
tion was avoided by rear surface roughening via sandblasting. This strat-
egy switches off any interference effect that affects optical measurements
in the case of transparent substrates. A Kramers—Kronig consistent optical
model was built based on multiple critical points parabolic band (CPPB)
oscillators to fit experimental data (¥ and A) and determine the real and
imaginary parts of the dielectric function (¢, and ¢,). Measurements were
collected using a slightly over-pressurized N,-filled chamber to prevent
sample degradation in the air.

X-ray Diffraction: XRD patterns were collected using a SmartLab
(Rigaku) diffractometer equipped with a 9 kW rotating anode Cu x-ray
source (operating at 45 kV and 200 mA) and HyPix-3000 detector. The
step size for pattern recording was 0.01° with an acquisition speed of
0.1° min~".

Density Functional Theory: The density functional (DFT) theory was
used as implemented in the plane-wave Quantum Espresso codel®’] to
study the electronic and optical properties of hybrid and inorganic bismuth
halide crystals. The trigonal phase of Cs;Bi,Brq (space group: P3m1)[%8]
was considered, the hexagonal phase of Cs;Bi,lg and MA;Bi,lq (space
group: P6;/mmc),[47:9%1%0] and the orthorhombic phase of Cs;Bi,Clg
(space group: Pnma),[*"] which are all found experimentally at room tem-
perature. Unit cell calculations were performed with the Perdew—Burke—
Ernzerhof (PBE) exchange-correlation functionall™l along with fully rel-
ativistic optimized norm-conserving Vanderbilt pseudopotentials!’9?] to
account for spin-orbit coupling effects that are prominent in bismuth
halides.[%>%%] Convergence was achieved with a plane-wave cutoff kinetic
energy of 50 Ry and an augmented charge density cutoff of 500 Ry, along
with a T-centered 4 x 4 X 2 Monkhorst—Pack gridl1%! for the sampling of
the Brillouin zone in the case of Cs3Bi,lq (MA3Biylg), an 8 x 8 X 6 grid in
the case of Cs3Bi,Brg and a 1 x 3 X 2 grid for Cs;Bi,Clg. Both atoms and
lattice parameters were allowed to fully relax. The complex dielectric func-
tion of the two materials was calculated within the Bethe-Salpeter equa-
tion using the YAMBO code.['%4105] The static dielectric matrices were
calculated using 32 bands for Cs;3Bi,Brg, 78 bands for Cs3Bi,lg, and 148
bands for Cs;Bi,Clg, while the damping coefficient was set to 0.1 eV for
all materials. The PBE Kohn—Sham wave functions were considered for the
optical calculations, whereas the obtained e, data were rigidly blue-shifted
until the onset of the experimental data, to cancel the differences between
the experimental and the DFT band gap value. The BSE kernel was built
with an energy cutoff of 10 Ry for the components of Hartree potential and
6 Ry for the screened interaction block size.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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