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Antimony/bismuth-based organic—inorganic hybrid halide perovskite-like compounds have generated
enormous research interest due to their excellent optical properties. Exploration of new compounds and
understanding of their structural stability and optoelectronic properties is of utmost importance for practi-
cal applications of these materials. We report two new OD perovskite-like compounds and their solid
solution, (CzH,NH=)4Bi;_,Sbylg, having propyl amine as the spacer cation and iodine as the halide ion. All
compounds crystallized in the space group C2/m at room temperature and undergo a phase transition
from C2/m to P2,/c at low temperature (90 K) as observed from the single-crystal study. A low-tempera-
ture (250 K, 180 K, 150 K and 90 K) single-crystal study shows that the (PA)4Bily compound retains the
monoclinic space group C2/m until 150 K and undergoes a phase transition to the P2,/c space group at
90 K. Further, it is observed that ordering, rearrangement and relaxation of the long-chain propyl amine
group are primarily responsible for the structural transition. The structure contains [(Bi/Sb)lg]*~ polyhedra
along with linear I3~ units, giving rise to the formula of (PA)s(Bi/Sb)le:(PA)ls. The I~ units interact poorly
while the [MIg]®~ (M = Bi, Sb) octahedral units interact significantly with spacer cations via the H-bond,
resulting in more distortion in these octahedral units. Theoretical calculations revealed that iodide ions
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have dual roles and contribute largely to both the valence band maxima and conduction band minima in
these compounds. From both experimental and theoretical calculations, it is observed that the pristine
compounds are of the indirect band gap-type and Sb substitution in (PA)4Bi;_,Sb,ly led to a gradual

rsc.li/dalton decrease in the band gap.
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Introduction

Organic-inorganic metal halide perovskites (OIMHPs) are
emerging as potential photovoltaic absorber materials because
of their excellent optoelectronic properties."® Some of their
unique properties, such as high absorption coefficient, long
carrier diffusion length, excellent charge transport, high
photoluminescence efficiencies and low deep level trap states,
make these compounds potential high-performance opto-
electronic devices, such as light-emitting diodes and solar
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cells.”* After the discovery of the primary compound, methyl
ammonium lead iodide (CH3;NH;Pbl;),"” substantial research
activity on CH3NH;PbI; and related compounds led to the
improvement of PCE from 3.8% '® to ~25% within a decade.®
However, the toxicity of lead as well as the poor stability
towards light, heat, and atmospheric moisture of these com-
pounds hinders their practical application in a large scale.'”"'
This scenario has led to search for alternate lead-free hybrid
halide perovskite-like compounds containing environmentally
friendly elements with enhanced stability.>'**' Among lead-
free halide perovskites, Sn/Ge-based halide perovskites®>*
and Bi/Sb-based defect ordered halide perovskites have been
studied the most.>*>® Bi**/Sb*", being isoelectronic with Pb>*
and having a 5s/6s lone pair, could be a better replacement for
lead.

In the past decade, continuous efforts have been made to
understand the structural aspects and chemistry behind the
Bi/Sb-based halide perovskites and related compounds
because of their structural diversity and unique optical
properties.>** "% During our recent study on the hybrid halide
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perovskites, (C,HsNH;)3Biy_5,Sby o, a structural transition
was observed from the 0D hexagonal phase containing isolated
dimeric units, [MyL,]>~ (M = Bi/Sb) to the 1D orthorhombic
phase via a new monoclinic phase with novel isolated trimeric
[M;1;,]*” units.”® Further exploration in the Bi/Sb-based hybrid
halide perovskite with varying A-site cation led to isolation of a
new series of  compounds with compositions
(C3H,NH;3),Bi;_,Sb,ls. The detailed structural, optical and
electronic properties of these compounds were studied.

Experimental section

Chemicals

CH3;CH,CH,NH, (>99%; Sigma-Aldrich), Bi,O3 (>99.5%j;
HiMedia), Sb,0; (>99.5%; HiMedia), and HI (Hi-AR grade;
Sigma-Aldrich) were purchased and used without further
purification.

Synthesis

The phase pure crystals of the (C;H;NH3),Bi;_,Sb,I, series were
synthesized by a solution method. Reactants were added to a
single-neck round-bottom flask and stirred at 100 °C for 60 min
until the formation of a clear solution. Initially, the stoichiometric
amount of Bi,0;/Sb,0; was taken, followed by the addition of
8 ml of concentrated HI and propyl amine (164 pL) to the round-
bottom flask with continuous stirring and heating. A deep-red
clear solution was obtained after stirring and heating. It should
be noted that Sb-based compounds are soluble at a slightly
higher temperature (~100 °C) than Bi compounds (~80 °C). The
clear solutions of the synthesized materials were kept in a Petri
dish at room temperature for slow evaporation. After 5-10 days,
brick-shaped crystals were obtained (Fig. S1 in ESIT) and collected
from the solvent for further characterizations.

Characterization techniques

The large deep-red crystals were cut into small pieces. Single-
crystal diffraction data were collected at room temperature and
low temperature with 0.3° scans in @ and 10 s per frame
exposures using a Rigaku XtaLAB Synergy PRO II X-ray diffract-
ometer equipped with a micro-focus sealed X-ray tube Mo-Ka
(A = 0.71073 A) source and HyPix3000 (CCD plate) detector.
CrysAlisPro software was used for data acquisition and data
extraction. Empirical absorption corrections were employed
using the Scale3 Abspack. The Olex’ software package associ-
ated with the SHELXT program was employed for solving the
structure using the intrinsic phasing method. Structure refine-
ment was carried out with the ShelXL software package using
least square minimisation. For mixed Bi/Sb compounds, equal
displacement parameter (EADP) and equal coordinate (EXYZ)
constraints were used, indicating that both atoms share the
same crystallographic site. Anisotropic thermal parameters
were refined for all the atoms except H atoms. During refine-
ment, lighter elements such as C, N and H showed positional
disorder due to larger thermal vibration. In order to solve this
issue, these atoms were split into two fragments considering
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the position of residual electron density (Q peaks). Further,
restraints such as RIGU and SIMU were applied on the entire
disordered molecule (both the fragments) to fix its position,
followed by anisotropic refinement of the whole fragment. The
hydrogen atoms of ~-CHj, -CH, and [-NH;]" groups were gener-
ated and fixed geometrically by the appropriate instructions
(AFIX 33, and AFIX 23) and refined isotropically with a
“riding” model. Detailed crystallographic data and structural
refinement parameters are summarized in Tables S1-S47.}

The structural characterization was carried out by powder
X-ray diffraction (PXRD) using a Rigaku ULTIMA-IV powder
X-ray diffractometer equipped with a Cu-Ka source (4 =
1.5406 A). The data were collected in the 20 range of 5°-60°
with a step size of 0.02 and scan rate of 3° min™".

Raman spectra were collected with a confocal micro-Raman
spectrometer (Renishaw Invia) using a laser excitation wave-
length of 785 nm in a backscattering configuration employing
a longworking objective lens (50%, NA = 0.45). The temperature
dependent Raman spectra were acquired using a heating-
cooling stage (Linkam THMS 600). The laser power on the
sample was kept low to avoid local heating. The laser exposure
time on the sample was kept fixed for 10 s with two accumu-
lations. Field emission scanning electron microscopy (FESEM)
images were acquired using a NOVA NANO SEM/FEI 450
system. The elemental composition was calculated from
energy dispersive X-ray (EDX) analysis. For the optical study, a
JASCO V-750  spectrophotometer  (wavelength  range:
200-900 nm) was used. BaSO, was used as the reference to
record the diffuse reflectance spectra (DRS). The band gap was
calculated using the Kubelka-Munk equation.>

Theoretical study

All theoretical calculations were performed using first-prin-
ciple density functional theory (DFT) as implemented in the
Vienna Ab initio Simulation Package (VASP 6.2.0).>*° We used
the projector augmented wave (PAW)*' method potentials to
describe the interaction between the ion core and valence elec-
trons (electron-ion interactions).>"**> All calculations were per-
formed using the exchange-correlation potential of Perdew-
Burke-Ernzerhof (PBE) parameterization under generalized
gradient approximation (GGA).>*** For the calculations, the
conjugate gradient algorithm with an energy convergence cri-
teria of 107 eV and forces on each atom set at <0.01 eV A™%,
respectively, were taken into account. The plane-wave basis set
energy cut off was set to be 600 eV. The Brillouin zone was
sampled with Monkhorst-Pack k-point meshes of 16 x 16 x 16
for the density of states (DOS) calculation. In addition, we
used the tetrahedron smearing method with a smearing width
of 0.2 eV for all DOS calculations.

Results and discussion
Structural description (room-temperature phase)

PA,Bil,. The compound (PA),Bil, was initially isolated while
attempting to synthesize PABil, in a solution method.

Dalton Trans., 2024, 53,13628-13637 | 13629
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Fig. 1 (a) Crystal structure of PA4Bil at RT phase. (b) Isolated [Bilg]*~ and [Is]~ fragments showing Bi—I and I-I bond distances as ry, r», rs, 4 and |-

Bi—1 bond angles as ¢ and a.

Subsequently, the pure phase was synthesized starting from the
stoichiometric amount of reactants. Brick-shaped crystals of
(PA),Bil, were isolated and picked for single crystal X-ray diffrac-
tion (SCXRD) study. From the SCXRD study, it was found that
the compound was crystalized in a monoclinic space group: C2/
m (Fig. 1). The lattice parameters were found to be a = 12.0472
(4) A, b = 12.4245(5) A and ¢ = 12.7142(5) A. Detail crystallo-
graphic information has been provided in Tables S1, S4, S8, S12
and S16 in the ESI.f The structure contains one crystallographic
position of Bi (2c¢) and five crystallographic positions for iodine
(three 4i, one 4h and one 2b). The basic building units in the
structure are isolated [Bilg]’~ octahedra as observed in 0D
halide perovskites and isolated [I3]” linear fragments (Fig. 1). In
(PA),Bil,, propyl amine was a monovalent cation, so the formula
could be written as [(PA);Bilg]-PAI;. It may be noted that propyl
amine units have a positional disorder, having different occu-
pancies (e.g., 0.7 and 0.3 for C, H and N) in PA,Bil, (Fig. S27).
However, the disordered units are not shown in Fig. 1, and the
position of C, N and H with higher occupancy are shown only
for the sake of clarity.

The Bi-I bond distance varies from 3.079(1) A to 3.087(1) A
in the Bilg polyhedra, and the I-I distance was 2.939(1) A in
the linear I3~ fragments (Table 1). The cis I-Bi-I bond angle
was slightly distorted in the ac plane and varied from 88.3° to
91.7° (Table 2) while it has an ideal value (90°) in other planes
of the [Bils] polyhedra. The distortion of the cis I-Bi-I angle in
the ac plane was attributed to the weak H-bonding
(2.74-3.58 A) of NH; protons with the iodide ion of the Bilg
unit (N-H---I) [Fig. 2(a)].

13630 | Dalton Trans., 2024, 53, 13628-13637

Table 1 (Bi/Sb)-I bond length of (CsH;NHz)4Bi;_,Sbylg compounds at
room temperature and low temperature

Bond length (A)

X r Iy rs Iy

RT phase 0 3.087(1)  3.079(1)  3.079(1)  2.939(1)
0.23  3.075(1)  3.069(1)  3.068(1)  2.939(1)
0.62  3.055(1) 3.048(1)  3.044(1)  2.938(1)
1 3.035(1)  3.027(1)  3.024(1)  2.939(1)

LT (90 K) phase 0 3.078(1)  3.064(1)  3.076(1)  2.939(1)
0.22  3.068(1) 3.049(1)  3.063(1)  2.938(1)
0.73  3.038(1)  3.022(1)  3.038(1)  2.940(1)
1 3.023(1)  3.004(1)  3.024(1)  2.938(1)

PA,Sbl,. In a similar way, the pristine Sb analogue PA,Sbl,
was synthesized. It was crystalized in the same monoclinic
space group (C2/m) as that of (PA),Bily. The lattice parameters
were found to be a = 12.0079(7) A, b = 12.3595(8) A and ¢ =
12.7066(8) A which, as expected, were smaller than the Bi-ana-
logue compound. Detailed crystallographic information has
been provided in Tables S1, S7, S11, S15 and S19.} This also
has a similar structure as PA,Bily, and contains [I;]” and
[SbI¢]>~ units along with propyl amine as the spacer cation.
The Sb-1 bond varied from 3.024(1) A to 3.035(1) A in the Sbl,
unit, and the I-1 distance was 2.939(1) A in the linear frag-
ments I3 (Table 1). The Sbl, polyhedra were slightly distorted
in the ac plane because of weak H-bonding (2.79-3.52 A)
between the NH; protons of the propyl amine with the iodide

This journal is © The Royal Society of Chemistry 2024
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Table 2 1-(Bi/Sb)-I bond angle of (CsH;NH3)4Bi;_,Sb,lg compounds at room temperature and low temperature
Bond angle (degree)
x £13—(Bi/Sb)-11 (6/a) £13—(Bi/Sb)-12 (0/a) £11-(Bi/Sb)-12 (0/a)
RT phase 0 90/90 91.72(2)/88.28(2) 90/90
0.23 90/90 91.69(1)/88.31(1) 90/90
0.62 90/90 91.60(1)/88.40(1) 90/90
1 90/90 91.59(2)/88.41(2) 90/90
LT (90 K) phase 0 90.26(1)/89.74(1) 91.11(1)/88.89(1) 90.05(1)/89.95(1)
0.22 90.25(1)/89.75(1) 91.08(1)/88.92(1) 90.02(1)/89.98(1)
0.73 90.21(1)/89.79(1) 90.96(2)/89.04(2) 90.01(2)/89.99(2)
1 90.20(1)/89.80(1) 90.88(1)/89.12(1) 90.02(1)/89.98(1)
(a) (b)
RT Phase RT Phase

a

Fig. 2 Crystal structure showing H-bond distances in (a) PA4Bily (RT phase) and (b) PA4Sblg (RT phase).

ion of the Sblg unit (N-H---I) [Fig. 2(b)]. However, the distor-
tion was less in the Sb compound as compared with that in
the Bi analogue, as observed from the £I-(Bi/Sb)-I bond angle
(Table 2). The bond angle was 91.72°/88.28° for PA,Bil, in the
ac plane and 91.59°/88.41° for PA,Sbl,. The weak distortion in
the Sb compound could be attributed to the relatively weaker
H-bonding in PA,Sbl, (2.79 A) than in PA,Bil, (2.74 A) [Fig. 2(a
and b)]. It may be noted that the I-I bond distance in the
linear [I3]” unit remained unaltered for both Sb and Bi com-
pounds [Fig. 2(b)].

PA,Bi,_,Sb,I,. Antimony substitution in PA,;Bi;_,Sb,I, with
x = 0.25 and 0.75 resulted in composition (refined) of
PA,Biy.77Sbg 31 and PA,Big 35Sbg 6,1. In PA,Bi;_,Sb,I,, all the
compositions have a similar structure, like the pristine phases,

This journal is © The Royal Society of Chemistry 2024

and no phase transition was observed with Sb substitution.
The crystallographic details have been provided in ESI Tables
S1, S5, S6, S9, S10, S13, S14, S17 and S18.f The MX, (M = Bi/
Sb) polyhedra remain distorted because of hydrogen bonding
(N-H---I) in the whole solid solution. We observed that the
polyhedral distortion gradually decreased with Sb substitution
at the Bi site in PA;Bi;_,Sb,Is. The «I-(Bi/Sb)-1 bond angle
(Table 2) continuously decreased with Sb substitution, which
could be attributed to weakening of the H-bond (N-H---I).

Structural analysis of PA,Bil, at different temperatures

In order to understand the phase stability at low temperature,
single-crystal data were collected for PA,Bil, compound at four
temperatures (i.e., 250 K, 180 K, 150 K and 90 K) and the

Dalton Trans., 2024, 53,13628-13637 | 13631
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RT Phase

LT Phase

Fig. 3 Crystal structure of PA4Bily (a) at room temperature (which crystallizes in the C2/m space group) and (b) at low temperature (90 K) (which

crystallizes in the P2,/c space group).

refined crystallographic data are provided in ESI Tables S3, S4,
S8, S12, S16 and S20-S31.f From refinement of the single-
crystal structure, we observed that the compound was crystal-
ized in the same space group (C2/m) as that of RT phase at
temperatures of 250 K, 180 K and 150 K. However, all the
lattice parameters decreased with a reduction in temperature
due to lattice contraction at low temperature. Similarly, the C,
N and H atoms of the propyl amine group were disordered at
all three temperatures, having an occupancy of 0.49(1)/0.51(1)
for 250 K, 0.47(1)/0.53(1) for 180 K and 0.47(1)/0.53(1) for
150 K. When the temperature was decreased further, from
150 K to 90 K, a structural phase transition from C2/m to P2,/c
was observed. Hence, for all the solid solutions of
(C3H,NH;3),Bi;_,Sb,ly, the low-temperature single-crystal data
were collected at 90 K to observe the phase transition. The
details of the low-temperature phase (90 K) for the
(C3H,;NHj3),Bi;_,Sb,Iy compounds are discussed below.

Low-temperature (LT) phase (90 K)

The compound PA,Bil, undergoes a structural phase transition
from C2/m to P2/c at low temperature (90 K) (Fig. 3). The
lattice parameters were found to be a = 12.5880(4) A, b =
12.1462(3) A and ¢ = 11.9457(3) A. Detailed crystallographic
information has been provided in Tables S3, S32, S36, S40 and
S44 in ESI.7 All the compounds in PA,Bi;_,Sb,Iy also undergo
a phase transition from C2/m to P2,/c at low temperature
(90 K), similar to PA,Bil, (Tables S3 and S31-S477). It may be
noted that at low temperature the C-centring lattice was trans-
formed to a primitive lattice type. However, similar to its RT
phase, Bi has one crystallographic position (i.e., Bil (2b)) and
iodine has five positions (one 2c¢ and four 4e each) and pos-
sesses the same basic building units. The Bil, polyhedra were
more distorted than the corresponding RT phase. The I3~ unit
was linear, having a I-I-I bond angle of 180°. The Bi-I bond
length of the Bilg octahedra ranged from 3.064(1) A to 3.078(1)

13632 | Dalton Trans.,, 2024, 53, 13628-13637

A, and the I-1 bond length was 2.939(1) A in the I; linear unit
(Table 1). Similarly, the cis I-Bi-I bond angles of the Bils unit
vary from 88.89(1)° to 91.11(1)° (Table 2). The (Bi/Sb)Is polyhe-
dra were more distorted in the LT phase compared with that in
the RT phase, as observed from the I-(Bi/Sb)-I bond angle
(Table 2). All the I-(Bi/Sb)-I bond angles deviated from the
ideal value in the LT phase (Table 2). This phenomenon was
due to the formation of relatively stronger H-bonds (Fig. 2) in
the LT phase because of the ordering of the organic cation.
Further, with Sb substitution in the low-temperature (90 K)
phase of PA,;Bi; ,Sb,ls, the distortion (Table 2) gradually

(CH,CH,CHNH,) Bi, Sb]1,

Simulated Pattern

L.l H“Il...n sl e,

’ |JI ul

. x=1
=

<

~ x=0.62
>,

=

a x=023
(]

—

= x=0

Simulated Pattern

10 20 30 40 50 60
26 (degree)

Fig. 4 PXRD pattern of (CsH;NHz)4Bi;_,Sbylg (x = 0, 0.23, 0.62, 1). The
bottom and top patterns are the simulated PXRD patterns obtained from
the SCXRD structure solution of PA4Bilyg and PA4Sblg, respectively.

This journal is © The Royal Society of Chemistry 2024
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decreased similar to that seen in the RT phase, which could be
attributed to a decrease in the strength of H-bonding. In the
LT phase (90 K), the propyl amine unit became ordered and
resulted in removal of mirror symmetry along the ac plane,
which was present in the RT phase (Fig. 2). It may be noted
that mirror symmetry was present between two different indi-
vidual propyl ammonium units in the RT phase, which was
removed in the LT phase. Unlike the RT phase, which contains
one type of propyl amine unit, the low-temperature phase
(90 K) contains two types of propyl amine units. In the RT
phase, these units were disordered, having different occu-
pancies (e.g., 0.7 and 0.3 for C, H and N in PA,Bily), while
these were ordered in the LT phase (90 K) (Fig. S2 in ESIf).

Intensity (a.u.)

50 100 150 200

250
- -1
Raman Shift (cm™)
Fig. 5 Room-temperature Raman spectroscopy bands of

(CsH7NH3)4Biy_,Sbylg (x = 0, 0.62, 1.0).
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However, for clarity, the disordered units of the RT phase are
not shown in Fig. 1-3.

In PA,MI, (M = Bi, Sb), the structural phase transition at
low temperature (90 K) was primarily due to the ordering,
rearrangement and relaxation of the long-chain propyl amine
group. The generation of new crystallographic sites for propyl
amine units because of the ordering of the long-chain alkyl
amine group could be the reason for the structural transition
from C2/m to P2,/c at low temperature (90 K) in PA,MI,; (M =
Bi, Sb) compounds.

PXRD study

All the compounds of the (C;H,NHj;),Bi;_,Sb,Iy (x = 0, 0.23,
0.62, 1) series were also characterized by powder X-ray diffrac-
tion (PXRD) and are shown in Fig. 4. The PXRD data were very
well matched with the SCXRD data, confirming the formation
of required phases. Further, these compounds were very stable
in the ambient condition. To check the stability of the syn-
thesized compounds, PXRD was carried out for all compounds
after four months of air exposure, and are shown in Fig. S3 in
ESIL.T The PXRD data confirmed the retention of the phase and
higher stability of the compounds.

Raman spectroscopy

In order to wunderstand the bonding properties in
(CsH,NH3),Bi; _,Sb,I,, Raman spectroscopy study was carried
out (Fig. 5 and S47). At room temperature, the samples were
scanned from 50 to 3800 cm™', but the metal-halide bands
were observed only within 300 cm™. For all compounds, one
prominent band was visible (a highly intense band) and
another one was a  low-intensity  band. In
(C3H,NH3),Bi; _,Sb,Io, the M-I bond lengths of Ml octahedra
have a very small variation (3.024-3.087 A) and there are one
type of I-I bond distance in the I;~ unit. The band at around
115 cm™" could be assigned to the symmetric stretching mode

(b)

(khv) 12

18 19 20 21 22 23
Energy (eV)

24 14 16 18 20 22 24

Energy (eV)

Fig. 6 Tauc plot of (PA)4Bii_,Sbylg (x = 0, 0.23, 0.62, 1) showing values of the (a) direct band gap and (b) indirect band gap by extrapolating the

slope.
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of vibration of the M-I bond of MI, octahedra.?” The lower fre-
quency mode at ~100 cm™" could be assigned as I; -type
elementary blocks, as reported previously.>® Further, from the
low-temperature Raman spectroscopy data (collected from
83 K to 298 K) of the pristine Bi compound (Fig. S4 in ESI}),
we observed that the prominent band gradually shifted to
higher frequency, indicating the contraction of the unit cell
with a decrease in temperature.

FESEM and EDX study

The FESEM micrographs of selected compositions from
PA,Bi;_,Sb,I; are shown in Fig. S5 of ESL.{ Irregularly shaped
grains were observed for all compositions. The elemental com-
position of some selected compounds from the PA,Bi;_,Sb,Io
series was determined using FESEM-EDX (Fig. S6-S9t). The
elemental mapping is provided in Fig. S6-S9 in ESL.t The com-
position obtained from FESEM-EDX was well matched with
the refined single-crystal composition for each selected
compound.

UV-visible diffuse reflectance study

The optical band gap of the synthesized compounds was
studied using UV-visible diffuse reflectance study. The DR
study was carried out on powder samples of
(C3H,NH;),Bi;_,Sb,Iy (x = 0, 0.23, 0.62, 1) (Fig. 6). The
Kubelka-Munk equation [k = (1 — R)*/2R, where R is the reflec-
tance and k is the absorption coefficient] is used to calculate
the pseudo absorbance spectra from reflectance spectra. To
calculate the direct and indirect band gap of a material, the
equation (khv)"" = C(hv — E,) (where & is Planck’s constant, C
is the proportionality constant, v is the frequency of light, E, is
the band gap, and 7 is 2 or 1, expressing the indirect or direct
band gap of the substance, respectively) is used. Fig. 6(a) and
(b) show a plot of (khv)"™ vs. hv with n = 2 and 1, from which
the indirect and direct band gap of the material can be
obtained. We observed that the indirect band gap was lower as

5 e ——— e
4 (a) PA Bil,
3 = |
2 “““““““““““ /-—( “““““
e
< 5 s
B3
= -1
F -2
3 —
-4
-5
r 2 D B T A E ZC2Y2T
k- points

Fig. 8 Band structure of (a) PA4Bilg (b) PA4Sbls.
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compared with the direct band gap values for (PA),Bi;_,Sb,I,,
which suggests that all the compounds are of the indirect type
of band gap. These data corroborated the theoretical data (see
Theoretical section).

Furthermore, the indirect band gap of (PA),Bil, is 1.71 eV,
which decreases with Sb substitution, and the pristine Sb com-
pound has a band gap of 1.60 eV. The variation of band gap
with Sb substitution is rationalized in the Theoretical section.

Theoretical study

In order to understand the electronic properties of these com-
pounds, a theoretical study was carried out using VASP.
Density of state (DOS) calculations were performed on the
ordered low-temperature phase of PAJMI, (M = Bi, Sb). The
total and atom decomposed DOS for PA,MI, (M = Bi, Sb) are
shown in Fig. 7. Both compounds showed similar features.
Two unique features of these compounds were observed from
the DOS analysis. First, the valence band of PA,MI; com-
pounds was contributed largely from the I-p bands of Bils/Sbl,
fragments, I-p bands of I3~ units and Bi/Sb-s band, whereas
the conduction band was largely contributed from the I-p
bands of I3~ units. Second, the octahedral iodine was more
dispersed due to strong interaction with Sb/Bi, whereas the
linear iodine had comparatively localized bands showing a
weak interacting nature. It may be noted that, in most Bi/Sb-
based halide perovskite-like compounds, the valence band is
largely contributed from filled halide-p states, while the con-
duction band is contributed from the empty (Sb/Bi)-p
state.”>*® However, in PA,MI, (M = Bi, Sb), both the valence
band and conduction band are largely contributed from the
I-p states.

The band gap was observed to decrease with Sb substitution
in (PA),Bi;_,Sb,I, (Fig. 6). As mentioned in an earlier section,
the valence band is largely contributed from the p-states of
iodine and (to a lesser extent) s-states of Bi/Sb, while the con-
duction band is purely from the p-states of iodine from the I3~

> = -
4 PA,Sbl,
ND)
2
S 1 S
>
|
Q
8 -2
_3 -
-4
-5
r  np B I A E ZC2Y2T

k- points
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fragment. Hence, there was no change in the conduction band
with Sb substitution in (PA),Bi;_,Sb,I,. The change in band
gap value was purely due to changes in the valence band with
Sb substitution in (PA),Bi;_,Sb,lo.

It may be noted that, unlike other Bi/Sb-based halide com-
pounds, in which the conduction band is largely contributed
from the p-states of Bi/Sb, in (PA),Bi;_,Sb,I; compounds, the
conduction band is purely from the p-states of iodine from
linear I;~. Further, in most Bi/Sb-based halide perovskite-
related compounds, the decrease in band gap for the Sb com-
pound is attributed to the low-lying Sb-p states as compared
with Bi-p states at the conduction band.*® However, in these
(PA),Bi; _,Sb,Iy compounds, the reason for the decrease in the
band gap with Sb substitution was different than the usual
case. From the DOS analysis it was observed that in (PA),Sbl,
there was a significant contribution of the Sb-s state towards
the valence band as compared with the Bi-s state of the corres-
ponding Bi-analogue (Fig. 7b and f). Hence, the significant
contribution of Sb-s states at the Fermi was responsible for the
decrease in band gap in Sb compound.

The band-structure analysis of PA,Bil, indicated the valence
band maximum was at the I" point and the conduction band
minimum was at the E point, indicating materials of an indir-
ect band gap-type [Fig. 8(a)] and corroborated the observed
indirect band gap-type from the UV-visible DR study. Similar
behaviour of the DOS and band structure were also observed
in the case of PA,Sbl, [Fig. 8(b)], making both the Bi and Sb
analogues as indirect band gap-type material.

The theoretical band gap values of PA;Bily and PA,Sbl,
were 1.86 eV and 1.48 eV, respectively, which were very close to
the experimentally observed band gap of the corresponding
compounds (1.71 eV and 1.60 eV for PA,Bil, and PA,Sbl,,
respectively). Further, for both compounds, a nearly flat band
was observed (Fig. 8), which was attributed to the isolated
nature of the inorganic moieties. The flat bands in these com-
pounds resulted in substantially larger carrier effective mass.

Conclusions

In summary, we synthesized two new halide perovskite-like
compounds, (PA);MI, (M = Bi/Sb), and their solid solution con-
taining isolated [MIs]>~ octahedra and I~ linear units. The
molecular formula could be written as (PA);MlIg-(PA)L;.
Analysis of single-crystal data on (PA),Bil, compound (at
250 K, 180 K, 150 K and 90 K) indicated that the compound
retained the monoclinic C2/m space group until 150 K, and a
structural phase transition was observed from space group C2/
m to P2,/c at 90 K. Further, all compounds in (PA),Bi;_,Sb,I,
showed a structural phase transition from space group C2/m to
P2,/c at 90 K as evident from the single-crystal study.
Theoretical calculations revealed that iodide ions had dual
roles and contributed largely to both the valence band maxima
(I-p states of the [MI4]>~ octahedra) and almost completely to
the conduction band minima (I-p states of the [I;]” linear frag-
ment) in these compounds. From the calculations of electronic
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band structure, it was observed that both compounds were of
the indirect band gap-type. Substitution of Sb in
(PA),Bi;_,Sb,I, led to a reduction in the band gap, which was
attributed to the significant contribution of the Sb-s state in
addition to the I-p states of [SbI]>~ towards the valence band
maximum.
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