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This work introduces a novel defect-engineering strategy in 2D bismuth-based halide perovskite-
inspired materials (Bi-PIMs) by deliberately incorporating iodine vacancies to create benign mid-
gap states in Cs;Bi,Br;ls, microcrystals (MCs). Unlike conventional approaches, which aim to
eliminate defects, we demonstrate that iodine vacancies can be harnessed to improve charge
transport and extend the photoresponse beyond the intrinsic bandgap. Interestingly, theoretical
models of lead halide perovskites suggest that iodine vacancies may not induce significant non-
radiative recombination, implying a potential for defect tolerance. However, the experimental
control and quantification of these vacancies in thin films remain challenging due to grain
boundaries and interface effects. Our study overcomes these challenges in 2D-Cs;Bi,Br;ls; MCs
by utilizing vacancy-induced mid-gap states to maintain efficient band-edge exciton behavior
while facilitating n-type doping, improving carrier mobility and reducing recombination losses.
This approach sets our work apart from existing research by demonstrating how vacancies can
actively tune the spectral response, enhancing performance in self-powered photodetectors across
a broad wavelength range (400-800 nm). This concept provides new insights into the relationship
between vacancy-induced mid-gap states and the quasi-direct bandgap nature of Bi-PIMs, opening
new pathways for creating efficient, lead-free, and low-toxicity optoelectronic devices such as

photodetectors and solar cells.
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Data Availability Statement

The data supporting the findings of this study are available within the manuscript and its
supplementary information files. Any additional raw data required to reproduce the findings can
be made available upon reasonable request from the corresponding author, Dr. K. D. Mallikarjuna

Rao, at saiskdmrao@iacs.res.in and mallik2arjun@gmail.com.
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Abstract: Lead halide perovskites are widely recognized for their exceptional defect tolerance,
setting the benchmark for high-performance optoelectronic applications. Conversely, low-toxicity
perovskite-inspired materials (PIMs) typically exhibit suboptimal optoelectronic performance,
primarily due to their intrinsic susceptibility to defects. In this study, we address this limitation by
exploring the effects of halide vacancies in PIMs through the synthesis of non-stoichiometric
Cs3Bi2Brsls 2 microcrystals (MCs) with a trigonal crystal structure, incorporating iodine vacancies.
Density Functional Theory simulations reveal that these iodine vacancies introduce benign mid-
gap states that facilitate charge transport without perturbing band-edge excitons. As a result, the
MCs exhibit sharp photoluminescence emission with a linewidth of 140 meV and a minimal Stokes
shift of 147 meV, indicative of efficient band-edge recombination. Transient absorption
measurements confirm photo induced mid-gap absorption. While Space charge limited current
measurements demonstrate low trap densities of 1.1 x 10'! cm™, despite the presence of iodine
vacancies. We further fabricated self-driven broadband photodetectors using 2D-Cs3;Bi2Brsls .2
MCs, achieving a high responsivity of 0.9 A/W with a photoresponse extending to 800 nm. While
ultrafast carrier localization remains a performance-limiting factor, the room-temperature carrier
mobility exceeds 1 cm?V-!s™!, positioning Cs-Bi-Br-I as a highly promising low-toxicity absorber
for advanced optoelectronic and light-harvesting applications.

Introduction:

Defect chemistry, precisely the nature and concentration of defects, plays a crucial role in
advancing cost-effective, solution-processed semiconductors for high-performance optoelectronic
devices. Lead halide perovskites (LHPs), distinguished by their ns? electronic configuration,
exhibit exceptional defect tolerance, primarily due to the antibonding interactions between Pb 6s

orbitals and halide p orbitals.!® This intrinsic tolerance has enabled LHPs to achieve power

Page 4 of 32



Page 5 of 32

54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

76

Materials Horizons

conversion efficiencies exceeding 26% in solar cells* and exhibit excellent light-emitting
properties,’ establishing them as leading materials in optoelectronics. However, as the halide
composition transitions from iodide to bromide and chloride, increasing ionicity and reduced
dielectric screening lead to diminished defect tolerance.®’ Despite the existence of deep defect
levels, the strong polarizability of Pb?" facilitates efficient dielectric screening, thereby preserving
the superior optoelectronic performance of LHPs. In contrast, bismuth(IIl) halide perovskite-
inspired materials (Bi-PIMs) provide environmentally sustainable alternatives yet often
demonstrate lower performance relative to LHPs.®!® The heavier Bi*" cation provides a high
dielectric constant, but its deeper s orbitals have minimal impact on the valence band edge,
resulting in suboptimal photovoltaic efficiency.®!!"!?> Moreover, strong carrier-phonon coupling
and self-trapping effects in Bi-PIMs frequently induce non-radiative recombination, further
diminishing device performance.!®!* These intrinsic limitations, particularly concerning defect
tolerance, band alignment, and charge carrier mobility, have hindered Bi-PIMs from reaching the
high efficiencies characteristic of LHPs despite their eco-friendly composition

Halide vacancies, particularly iodine and bromine, are commonly observed in Bi-PIMs due
to their polar nature and low formation energy (0.1 to 0.6 eV).!> These vacancies can introduce
deep mid-gap states that trap charge carriers, leading to increased non-radiative recombination,
which severely compromises device efficiency.'®!” Interestingly, theoretical models of lead halide
perovskites suggest that iodine vacancies may not induce significant non-radiative recombination,
implying a potential for defect tolerance.'® However, the experimental control and precise
quantification of these vacancies, particularly in thin films, remain challenging due to the presence
of grain boundaries and interface effects.!®?® Bulk single crystals provide a more controlled

environment for vacancy analysis, although their considerable thickness may hinder efficient
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charge extraction.?! Microcrystals (MCs), with their higher surface-to-volume ratios and enhanced
charge diffusion lengths, represent an optimal framework for investigating and mitigating the
adverse effects of halide vacancies. Additionally, facet-oriented growth in microcrystals enhances
charge transport, making them ideal for studying defect dynamics and improving material
performance.?!

For example, BiOI exhibits shallow iodine vacancy states, suggesting defect tolerance;
however, strong electron-phonon coupling in these materials restricts carrier lifetimes to less than
5 ns.?? Similarly, Cs>AgBiBre exhibits ultrafast carrier localization due to self-trapping, leading to
shortened diffusion lengths and complicating the verification of defect tolerance.”>%* Conversely,
bromine vacancies in Cs2AgT1Brs and Cs:AgBiBrs have been shown to significantly enhance
electrical conductivity through n-type doping, attributed to bromine degassing.?® Additionally,
Zheng et al. further demonstrated that Br™ vacancies in Cs3Bi2Bry induce impurity phase formation,
whereas Ag” cations effectively passivate these vacancies, improving structural stability.?” Despite

these advancements, most studies are based on computational models,'!

suggesting that defect
tolerance may be achievable, though experimental control remains a significant challenge.
Comprehensive experimental studies are required to elucidate the complex relationships between
defects and optoelectronic performance in Bi-PIMs. Furthermore, increasing the antimony content
in mixed Sb-Bi halide elpasolites (Cs2Ag(SbxBii«x)Brs) reduces defect tolerance by introducing
sub-bandgap or mid-gap states, which generate strain, energy disorder, and lower photovoltaic
efficiency.?® While sub-bandgap defect states have also been observed in Cu.AgBils, their
influence on Bi-PIM performance remains largely unexplored.? In lead halide perovskites, these

defect states are often attributed to point defects,” and in some cases, they can enhance

photodetection by extending the photosensitivity beyond the material's intrinsic bandgap.®
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Understanding the intricate interplay between defects and optoelectronic properties in Bi-PIMs is
essential for identifying materials with enhanced defect tolerance. Halide mixing with vacancy-
ordered Cs3Bizlo, with its two-dimensional structure and improved charge transport, emerges as a
promising Bi-PIM.3!? Defect calculations under iodine-deficient, bismuth-rich conditions reveal
that iodine vacancies dominate, forming deep donor levels near the conduction band minimum,
suggesting a low carrier capture cross-section!®® and emphasizing the importance of defect
engineering to optimize device performance.

This study examines the influence of halide vacancies on the optoelectronic properties of
Bi-PIMs, an area that remains underexplored due to the complexity of experimentally controlling
and quantifying these vacancies. We utilize an Ag-assisted synthesis method to fabricate two-
dimensional Cs3;Bi2Br3l52 microcrystals (MCs) with intentionally engineered iodine vacancies.
Through a modified hot-spin casting technique, we achieve facet-oriented growth of the MCs,
which plays a pivotal role in enhancing their optoelectronic behavior. Comprehensive structural
and electronic characterizations are conducted via single-crystal X-ray diffraction (SC-XRD),
charge density mapping, and Density Functional Theory (DFT) simulations. Additionally, the
photoluminescence (PL) properties, exciton binding energy, and electron-phonon coupling are
evaluated, offering deep insights into their potential for self-powered broadband photodetector
applications. The intentional iodine vacancy creation modifies the electronic structure, inducing
mid-gap states, confirmed by transient absorption spectroscopy (TAS), that facilitate charge
transport without triggering adverse recombination processes. Our results unfold the potential of
iodine vacancies as a tool for precise modulation of the spectral response, leading to significant

enhancements in the optoelectronic performance of Bi-PIMs.
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Results and discussion:

(@) )
o Cs
o Bi

»Cs2

o> Cs1

---» Cs2

Figure 1: Crystallographic characterization of 2D Cs3Bi2Br3ls 2> Single Crystals from single crystal
X-ray diffraction (SCXRD): (a) Unit cell representation of the crystal structure considering The
crystal structure on a large scale, illustrating the arrangement of atoms within the crystal lattice.
Blue and gray within the identical spheres represent iodine atoms, with gray indicating vacancies.
(b) A magnified view focusing on a connected octahedron, highlighting the Br-I-Br bond angle.
(c) An optical microscopy image showcasing a single microcrystal with a well-defined hexagonal
morphology. (scale bar 50 um).

Facet-oriented 2D-Cs3Bi2Br3ls.2 microcrystals (MCs) are synthesized using a modified hot-
spin casting method. Initially, a precursor solution is prepared by dissolving the raw materials as
Csl, BiBr3, and Bil; with a stoichiometric ratio (3:1:1) in addition to Agl in dimethyl sulfoxide
(DMSO) solvent at 70°C for 16 hours. UV-ozone-treated glass substrates are pre-heated at 150°C
for 8 minutes, then spin-coated with the precursor solution. Heat transfer during spin coating
generates heterogeneous nucleation centers,*® facilitating crystal growth (see Figure S1 and
Experimental section). Substrates undergo vacuum drying for 24 hours, promoting nucleation
center growth and forming facet-oriented 2D-Cs3;Bi1:Br3ls2 MCs. Vacuum drying is crucial for
perovskite MC formation and impurity phase mitigation. Slow solvent evaporation prolongs nuclei
center growth, yielding MCs with iodine vacancies by eliminating neutral iodine molecules
through I» degassing.?® The addition of silver ions provides structural stability by passivation of I

vacancies.?” The method presents precise control over crystal size and facet orientation, ensuring

impurity-free 2D-Cs3;Bi2Br31s.2 synthesis.
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Table 1: The crystal structure refinement of parameters of 2D-Cs3Bi,Br3ls 2 MC from SCXRD and
comparison with Cs3BixBrsls*!

Empirical formula Cs3Bi2Brsle | Cs3Bi2Brsls.2
Crystal system Trigonal Trigonal
Space group P-3ml P-3ml
a/A 8.3605(5) 8.2207(12)
b/A 8.3605(5) 8.2207(12)
c/A 10.2747(5) 10.104(2)
o/° 90 90
pB/° 90 90
v/° 120 120
Volume/A3 621.97 591.3(2)
Octahedral Volume/A® - 33.5601
Z 1 1
Density (calculated) g/cm? 4.853 4.827
Absorption coefficient (p)/mm! - 31.266

The structural characterization of 2D-Cs3Bi2Brsls 2 MCs was performed using single-crystal X-ray
diffraction (SC-XRD). The crystal structure was determined, revealing a trigonal lattice with space
group P-3m1 and lattice parameters a =b = 8.2207(12) A, ¢ = 10.104(2) A, a = =90°, y = 120°,
Z =1, and volume = 591.3(2) A3 (see Figure 1a, Table 1 and Table S1). In Table S2-S5, the
lattice parameters are meticulously detailed. The 2D-Cs3Bi,Br3ls unit cell exhibits a smaller
volume (AV = 30 A®) compared to the reported Cs3BixBrsls crystal lattice, attributed to iodine
vacancies.’! Within the crystal lattice, Csl and Cs2 designate distinct Cs atoms. Csl, located at
Wyckoff site 1b, segregates neighbouring octahedra, while Cs2, situated at Wyckoff site 2d,
occupies the octahedral voids (see Figure 1a). The corner-sharing of two [BiXs]* octahedra via
Br atoms results in a Bi-Br bond length (3.0079(4) A) slightly greater than the Bi-I bond length
(2.8590(6) A), reflecting the smaller ionic radius of Br (1.96 A) compared to 1 (2.06 A).

Additionally, the Bi-Br-Bi and 1-Bi-Br bond angles of 2D-Cs3Bi2Br3ls.2 are found to be 180(0)°
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160 and 174.9(19)°, respectively (see Figure 1b), indicating strong orbital overlap that reduces the
161  effective carrier mass and enhances carrier mobility across inter-octahedral connections.®
162  However, the reduced bond angle in intra-octahedral connections, attributed to iodine vacancies,

163  leads to charge localization near the uncoordinated Bi atom (vide infra).

a Bi(s) — Br(p) b Bi(s) — Br(p)
— Bi(p) — I(p) — Bi(p) — I(p
= =
> >
g g
< <
f
-2 -1
c

L .

164  Figure 2: The element-projected Density of States (DOS) results for optimized geometry of (a)
165  pristine Cs3Bi:Br3ls and (b) Cs3BixBrsls. Alphabets within the DOS plots correspond to charge
166  density plots labelled below as (c-g). Charge density plots illustrate (c) VBM and (d) CBM states
167  of pristine Cs3Bi:Br3ls. Similarly, (e), (f), and (g) represent VBM, mid-gap Bi-states, and CBM,
168  respectively. Calculations are performed using the hybrid HSE06 functional with spin-orbit
169  coupling. The Fermi energy of Cs3BixBrsls and Cs3Bi2Brsls materials are scaled to 0 eV. Key:
170  Cyan: Cs, Olive: Bi, Red: Br, Blue: [; Yellow-colored iso-surface represents the spatial distribution
171 ofelectron density.

172

173 Powder X-ray diffraction (XRD) analysis verifies the facet-oriented nature of 2D-

174  Cs3Bi2Brsls» crystals along the {001} plane (see Figure S2a), aligning with simulated XRD
175  patterns. Moreover, time-dependent XRD data presented in Figure S3 illustrates the enduring
176  stability of 2D-Cs3;BizBrslso MCs, exhibiting no impurity peaks even after prolonged
177  environmental exposure. Transmission electron microscopy (TEM) further validates the crystal

178  structure of 2D-Cs3Bi2Br3ls.2 microcrystals (MCs). The selected area electron diffraction (SAED)
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patterns (see Figure S2b) reveal distinct and intense spots corresponding to the (003) and (006)
planes, confirming the crystalline structure.

To elucidate the atomistic characteristics of 2D-Cs3Bi2Br3ls.2, we conducted highly accurate
Density Functional Theory-based (DFT) simulations (see computational methodology section in
SI). For computational modelling of the Cs3Bi,Br3ls» surface, we initially utilized the pristine
Cs3Bi2Brsle structure, introducing an I-vacancy within the pristine unit cell to obtain Cs3Bi2Br3ls
(see Figure S4-S5). The structural integrity of the I-vacancy configuration was confirmed through
geometric optimization at the electronic ground state. The partial density of states (pDOS) plot in
Figure 2a-b and S6 illustrates that pristine Cs3Bi2Brsls lacks defect-induced trap states within the
band gap. The calculated indirect band gap, employing computationally intensive HSE06
exchange-correlation functionals with consideration for spin-orbit coupling (Figure 2a), is
determined to be 1.90 eV (with a direct gap of 1.99 eV). Examination of pDOS and charge densities
at the band edge states elucidates that the VBM state primarily originates from the 4p(5p) orbitals
of Br(I), while the CBM state is predominantly composed of the 6p orbitals of Bi, along with the
4p(5p) orbitals of Br(I).

To model realistic Cs3Bi,Br3ls.2, we introduce an iodine vacancy (V7) along the edge of the
layered structure, resulting in Cs3;Bi:Brsls (Figure S4a).® The vacancy formation energy is
calculated at 1.59 eV per formula unit, comparable to halide vacancy formation energy in
MAPDI;.** The optimized geometry depicts that Bismuth (Bi), situated adjacent to the iodine
defect, forms bonds with two iodines (excluding one dangling bond) and three bromines (b),
sharing octahedra with nearby Bi in a Fac-Mer fashion. After introducing the iodine vacancy, no

significant distortions in the intra-octahedral Bi-I or Bi-Br bond lengths, nor changes in the Br-Bi-
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201  Br/I-Bi-I bond angles, are observed. However, the inter-octahedral Bi-Br-Bi angle shifts

202  significantly from 180.6° to 160.6°,

Abs.
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203  Figure 3. Optical and morphological characterization of 2D Cs3Bi2Br3ls2 MCs. (a) UV-visible
204  absorption spectra, steady-state PL spectra, and corresponding PLE spectra of 2D Cs3B1:Brsls»
205 MCs. (b) Time-resolved PL decay of Cs3BixBrils» MCs, (c) Elemental mapping (EDX) of
206  Cs3Bi12Br3lso MCs (scale bar 50 um), (d) core level X-ray photoelectron spectra (XPS) of Ag 3d
207  element in Cs3Bi2Br3ls2 MCs, (e) electronic band diagram of Cs3Bi2Br3ls.2 MCs, estimated through
208  ultraviolet photoelectron spectroscopy (UPS).

10
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indicating inter-octahedral tilting due to the iodine vacancy. Thus, the iodine vacancy causes minor
distortions in local geometry due to the uncoordinated Bi. The Bi-I bond opposite the dangling
bond elongates by 0.13 A from the pristine structure during structural relaxation after introducing
V1. Perturbations in nearby bond lengths and angles are detailed in Tables S6 and S7 in the
supporting information. The absence of major structural modifications with iodine vacancy also
suggests the preserved structural stability of Cs3BixBr3ls, which matches our experimental
observations well. The calculated indirect bandgap for Cs3BixBrsls is 1.90 eV, with Bi-states
emerging as mid-gap states, 0.61 eV below the CBM (Figure 2b and Figure S6-S7). The band
structure plot (Figure S6) confirms the indirect nature of the bandgap for both pristine and I-
vacancy materials. The orbital contributions of the VBM and CBM states for Cs3;Bi2Brsls are
similar to the pristine counterpart. Figures 2c¢-2f display charge density plots for pristine
Cs3Bi2Br3ls and Cs3Bi2Br3ls with iodine vacancy. In Cs3Bi2Brsls (Figures 2¢-2d), the charge is
delocalized at the band edges with no significant defect states. In contrast, Cs3Bi2Brsls (Figure 2f)
with an iodine vacancy shows highly localized Bi-states, attributed to an uncoordinated
electropositive Bi atom. Further, we employ ab initio molecular dynamics simulation to explore
the thermal stability of pristine and vacancy-dominated materials at 300 K (see computational
methodology in SI for details). The potential energy, temperature, and root mean square
fluctuations (RMSFs) in Video S1-S2, Figure S8-S11 and Section S1 depict the structural stability

of pristine Cs3Bi2Br3ls and Cs3BixBrsls.

Figure 3a presents the UV-visible absorption, photoluminescence (PL), and
photoluminescence excitation (PLE) spectra of Cs3Bi2Br3ls2 MCs. Notably, the absorption spectra
lack the excitonic peak at 490 nm present in 0D-Cs3Bixlo, suggesting enhanced band edge

absorption and improved optoelectronic performance.’* The indirect and direct bandgaps of

11
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Cs3Bi2Brsls 2 MCs are estimated to be 2.03 eV and 2.12 eV, respectively, indicating a quasi-direct
band transition (Figure S12 and Section S2). This bandgap closely matches those of 0D-Cs3Bixlo
and 2D-Cs3Bi2Br3ls 2, prompting further examination of the electronic structure and optoelectronic
properties.!** However-due to the low (~10%) fill factor of the large microcrystals (20-300 pm
in size) on the substrate and low density mid gap states, as shown in the inset of Figure S13a, it is
challenging to distinguish mid-gap absorption characteristics from scattering effects below the
band edge energy.

The photoluminescence (PL) spectrum of 2D-Cs3Bi2Br3ls2 MCs reveals a sharp emission
peak at 605 nm, with a linewidth of 140 meV, closely matching the absorption edge and
photoluminescence excitation (PLE) spectra (see Figure 3a). This suggests that the emission
predominantly arises from band-edge recombination, with a minimal Stokes shift of 147 meV,
which is significantly lower than those observed in Cs3Bi;Bry (237 meV) and Cs3Sbaly (520
meV).*!*2 Notably, no strong broad defect-related or self-trapped exciton (STE) emission,
typically observed in Bi-PIMs, was detected.** This is likely due to the suppression caused by the
dominant and narrow band-edge recombination. However, the PL spectrum shows an asymmetry
skewed towards lower energies (see Figure S13b), with a closer look at 1.7-1.9 eV revealing a
slight but noticeable PL emission instead of a sharp decay. This extended PL can be attributed to
trap-state recombination, which is consistent with other metal halide perovskites.***** Choi et al.
observed similar low-intensity PL peaks below the band edge in 2D-BA:PbBr; single crystals due
to trap-assisted recombination,*® while mid-gap state photodetection studies in perovskites confirm
low-energy PL emissions from trap states.>®* In the case of Cs3BixBrsls2 MCs, the intensity of

the defect-related PL peak is only about 6% of the band-edge PL peak intensity. This suggests

12
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minimal trap-assisted recombination and indicates that carrier’s recombination mainly occurs
between the band-edges, highlighting the benign nature of the mid-gap states.

Figure 3b illustrates the time-resolved PL (TRPL) decay curve of 2D-Cs3Bi,Br3ls2 MCs,
fitted with a tri-exponential decay function, yielding fast decay lifetimes of 1 and 8 ns alongside a
slow decay component of 49 ns. The prolonged slow decay component, exceeding 10 ns, highlights
the suitability of the 2D-Cs3Bi2Br3ls > for efficient charge separation in device applications, such
as photodetectors and solar cells.!!**¢ Moreover, 2D-Cs3Bi>Br3ls2 MCs exhibit a high tolerance to
elevated temperatures up to 430°C, consistent with the properties of Cs3BixBrsls, making them
viable for practical applications (see Figure S14).! Energy Dispersive X-ray (EDX) mapping of
2D-Cs3Bi2Br3ls 2 confirms the homogeneous distribution of Cs, Bi, Br, I, and Ag across the MC
surface (Figure 3c¢). This observation is supported by X-ray photoelectron spectroscopy (XPS)
survey and core-level spectra (Figure 3d and Figures S15-S16), which confirm the presence and
valence states of Cs", Bi*", Br, I', and Ag". The elemental ratio (Cs:Bi:Br:I = 2.3:2:3:5.3) closely
aligns with the experimental stoichiometry (Table S8). Halide vacancies, particularly iodine
vacancies, influence charge transport in low-dimensional halide perovskites. 2*#” To address iodine
deficiency in 2D-Cs3Bi:Br3ls2, Ag™ cations were introduced via Agl. EDX and XPS confirm Ag*
at vacancy sites (Figures 3¢, 3d), though single-crystal XRD showed no Ag in the lattice,
indicating possible interstitial or surface incorporation. Zhang et al. reported AgBr passivates
bromine vacancies in Cs3BixBro, preventing oxidation.”” Anupam et al. found Ag at interstitial
sites in Cs3Bi2Bry, inducing bound excitons.* Similarly, Agl in 2D-Cs3BixBrsls likely stabilizes
the structure, mitigating iodine vacancy effects and enhancing material stability.

Ultraviolet photoelectron spectroscopy (UPS) analysis of 2D-Cs3;Bi,Br3ls > reveals a Fermi

level at -5.38 eV, determined from the UPS cut-off region, with the valence band maximum (VBM)

13
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extracted the UPS tail onset (Figure S17). The conduction band minimum (CBM) is estimated by
adding the bandgap from the Tauc plot to the VBM (Figure S17¢). The band diagram of 2D-
Cs3Bi2Br3ls.2 (Figure 3e, Table S9) confirms its n-type semiconducting behaviour, consistent with
the DFT-calculated pDOS plot (Figure 2b), which shows a donor level below the CBM. The n-
type characteristics of Cs3Bi:Br3ls2 MCs stem from iodine vacancies (Vi), which introduce
additional electrons. This aligns with prior studies where iodine degassing induced n-type doping
in Cs2Snls*” and bromine vacancies enhanced n-type doping in CsoAgTIBre.?° Similarly, donor
levels ~0.52 eV and ~0.40 eV below the CBM were observed in iodine-deficient Cs2Snls,*® and
(MA),Pb(SCN)al,,* respectively. Moreover, our theoretical calculations on Cs3BixBrsls reveal
that iodine vacancies increase electron density near bismuth atoms, tilting the Bi—-Br—Bi bond angle
from 180.6° to 160.6°. These electron-rich bismuth states create mid-gap states ~0.61 eV below
the CBM, as confirmed by UPS), which places them below the Fermi level (0.35 eV from the
CBM). Combined UPS analysis and analyses confirm that iodine vacancy-induced mid-gap states

are the primary source of n-type behaviour.

PIA2 PIA1 MAA

180 195 210 ) 17 18 19 20 21 22
Energy (eV) Energy (eV)

Figure 4. (a) Contour plot of the room temperature transient absorption (TA) spectra of
Cs3Bi2Br3ls2 under 400 nm pump at a fluence of 1000 puJ/cm?. (b) Cross section of the contour
plots at selected pump-probe delay times, highlighting the band-edge and mid-gap states at two
different probe energies.
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Figure 5. Temperature-dependent Photoluminescence spectra of 2D Cs3BixBrils2 MCs. (a)
Changes in PL spectra with varying temperature ranges from 93 K to 273 K. (d) Integrated PL area
vs 1/T plot for the estimation of exciton binding energy (%> = 0.987). (¢) Least square fitting of
full-width half maxima (FWHM) vs. temperature using Rudin’s model (green line) to estimate
effective phonon contribution (¥*> = 0.994) and (d) Toyozaya model (red line) to calculate the
Huang—Rhys electron-phonon coupling parameter (S) and associated phonon energy (%> = 0.990).
Here, the symbols and solid lines resemble the raw and fitted data, respectively.

The ultrafast transient absorption spectroscopy (TAS) was studied using an above-bandgap
3.1 eV pump pulse with a fluence of 1000 pJ/cm?, while the probe energy was varied from 1.7 to
2.25 eV to explore sub-bandgap absorption dynamics. The contour plot of the TA data and the
slices of the spectrum at different pump-probe time delays (Figure 4a-4b) reveal two distinct

photoinduced absorption features. The first feature, a photoinduced absorption peak (PIA1), is

centered at 2.1 eV with a full width at half maximum (FWHM) of approximately 160 meV in the

15



309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

Materials Horizons

bandgap region, resembling band-edge absorption commonly observed in perovskite materials.?>>°

The second feature is a broad sub-bandgap absorption (PIA2) spanning 1.7-1.95 eV.

The asymmetric nature of PIA1 is attributed to the combined effects of mid-gap states. As
shown in Figure 4b, PIA1 exhibits a significantly slower decay compared to PIA2, likely due to
hot carrier decay dynamics and polaron formation, which localizes excitons through electron-
phonon coupling via the deformation potential.>*>!"? Similar behavior has been observed in
several low-dimensional Bi-based perovskites.?>!*> In contrast, PIA2 demonstrates a faster
decay, indicating distinct decay mechanisms. The differing decay dynamics of PIA1 and PIA2
confirm their distinct origins and contributions to transient absorbance at different energy regions.

For a better understanding of thermal quenching behavior in 2D-Cs3Bi2Brsls2 MCs,
temperature-dependent steady-state PL has been studied, as depicted in Figure 5a. A gradual
decrease in PL intensity is observed with increasing temperature. This behavior can be explained
by PL quenching due to thermal energy, which enhances non-radiative recombination at higher

temperatures.”> > The exciton binding energy is determined by fitting the integrated PL area plot

against temperature (Figure 5b) using the Arrhenius equation 1.
I
IMN=———x-—-—————-—-—-———— (D
[1+A exp(—kabTﬂ

Where /(7) is the integrated PL area at temperature 7, /(0) is the int PL area at temperature
OK, E» is the exciton binding energy, and ks is the Boltzmann’s constant. The exciton binding
energy for 2D-Cs3Bi2Br3ls2 MCs is estimated to be 92 meV, which is lower than that of other
halide perovskites such as Rb3Sbols, K3Sbolg, Cs3Sbols, Cs3Bizlo, and MA3Bialy.>*3¢5Lower
excitonic binding energy contributes to improved charge carrier generation and extraction in

optoelectronic devices. >
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The temperature-dependent PL linewidth is fitted with Rudin’s model (Figure 5c) to
determine the effective phonon interactions. The equation can be written as,
I'(T)y= Iy + e+ Iho

Yro
= I+ Y, T+ ——........ 2
0 ac exp (ig?"_l) ( )

Where (7)) represents the total linewidth broadening at 7' temperature, Iy the temperature-
independent broadening due to lattice disorder.>*® I, and I.o denote the broadening
contributions from electron coupling with acoustic phonons and Frohlich scattering of LO
phonons, while yz0 and y.. are corresponding coupling constants, respectively. The estimated LO
phonon energy (Ero) is found to be 19.8 + 5.2 meV (159.67 cm™), well aligns well with the
strongest Raman mode A, (see Figure S18 and Table S10). The corresponding LO phonon
coupling constant yzois 81.1 £ 27.6 meV, significantly lower than in other halide perovskites. This
suggests reduced self-trapped exciton (STE) formation, leading to enhanced charge carrier
transport.*>~?

Furthermore, the Huang—Rhys (S) parameter, quantifying electron-phonon coupling

strength due to distortion, is estimated for 2D-Cs3Bi,Br3ls2 MCs using the temperature-dependent

FWHM plot (Figure 5d) by fitting to the Toyazowa model with the equation 2. 35>

w(T) = 2.36\/§Eph[coth(;‘;hT)]1/2 )

Where w(T) represents the FWHM at temperature T, and Ep; is the phonon energy. The
Huang—Rhys (S) parameter and the associated phonon energy for 2D-Cs3Bi;Br3ls. MCs are
estimated to be 10 = 1.7 and 7.6 £ 1.2 meV, respectively. Notably, the phonon energy closely
aligns the Raman scattering peak at 57.7 cm ™! of 2D-Cs3Bi>Brsls» MCs (Figure S18 and Table
S10), originating from the Bi-I bending mode. The coupling parameter S is lower than those

observed in 2D-Rb3Sbaly (21.2), 2D-Cs3Sbaly (42.7), 2D-Cs3Bi2l6Clz (212), and 0D-Cs3Bizlo
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354 (79.5).3%°° The lower yLo and S-value are attributed to the formation of the layered structure, which
355 allows for greater distortion tolerance compared to 0D halide perovskites.> Additionally, the
356  quasi-direct bandgap nature reduces phonon interaction, resulting in lower electron-phonon

357  coupling in 2D-Cs3Bi2Br3ls2 MCs, even with mid-gap states arising from iodine vacancies.
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358  Figure 6: (a) Space Charge Limited Current (SCLC) model fitting of dark current-voltage curves
359  for 2D-Cs3BixBr3ls2 MCs. (b) Voltage-dependent photocurrent density plot for 2D-Cs3Bi2Br3ls .2
360 MCs, fitted with Hecht's equation. Solid spheres show experimental data, and colored curves
361  represent the fitted model. (c) Power-law fitting of mobility-lifetime product versus light intensity.
362

363 The electronic properties of 2D-Cs3Bi2Brsls2 MCs are analysed using space charge limited
364  current (SCLC) analysis in the dark (Figure 6a). The SCLC analysis identified three regimes
365  characterized by the power factor (n) in the equation / a V.61 In the first regime (light orange),
366 the current increases linearly, indicating the ohmic region (n = 1). The second regime (light grey)
367 represents the trap-filled limited region (n > 3), where injected carriers fill trap states. The
368 transition voltage from the ohmic to the trap-filled region is defined as the trap-filled limited

369  voltage (VrrL), and the trap density (144p) is calculated using equation 3 (Section $3).61°63

370 Ntrap =

371 where ¢, €, ¢, and L are free space permittivity, relative dielectric constant, elementary
372 charge, and MC length, respectively. The V7 value for 2D-Cs3BixBr3ls2 MC is 0.27 V (Figure
373 6a), with a corresponding trap density (1) is ~1.1 x 10! ecm™. This trap density is five orders of
374  magnitude lower than that of reported perovskite thin films but slightly higher than in single
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crystals, likely due to iodine vacancy defects.®% In the third regime (light green), the current
follows the Mott-Gurney law(n = 2, Child’s regime), enabling the calculation of carrier mobility
(1), which is found to be 1.12 cm?V-'S™! (Section S$3).6>%

The current-voltage characteristic under light illumination of 2D-Cs3Bix2Br3ls2 MC is
evaluated using the modified Hecht equation to extract the uz product (Figure 6a, details in
Section S4).3!%* The estimated u7 product is 3.8 x 107 cm™?V"!, comparable to other 2D halide
perovskites.?® Additionally, the diffusion length (Lp) of MC is estimated to be 3.08 pm (details in
Section S4), indicating efficient charge carrier transport with minimal scattering. The combination
of a relatively high u7 product and long diffusion length demonstrates the efficient charge carrier
transport of 2D-Cs3;Bi2Br3ls2 MCs, as shown in Table 2, despite the presence of iodine vacancies.
Further, photocurrent-voltage measurements under varying white light intensities (0.18 to 2.64
mW/cm?) (see Figure S19) showed an increase in photocurrent with intensity. However, the uz
product decreased significantly with increasing intensity (see Figure 6c¢), as determined using the
modified Hecht equation. Power-law fitting produced a factor of -0.85, indicating that the
reduction in ur is due to trap-assisted monomolecular recombination and carrier-carrier
scattering.”® These findings highlight the interplay between charge transport efficiency and
recombination mechanisms in 2D- Cs3;Bi2Br3l52 MCs.

Table 2: Carrier dynamics parameters of 2D Cs3Bi2Br3ls2 MCs

Material VrrL Hirap u ur Lp
%) (em?d) (em?V-1sT) (ecm2V1) (um)
Cs3Bi2Brsls2 0.27 1.1 x10" 1.12 3.8x 10 3.08
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Figure 7. (a) Photocurrent and dark current (semi-logarithmic scale) of 2D-Cs3Bi;Brils» MC-
based photodetectors as a function of voltage. Inset: Schematic diagram of the 2D-Cs3Bi,Br3ls.2
MC photodetector device. (b) Responsivity and detectivity of the 2D-Cs3BiBrilso; MC
photodetector. (¢) External quantum efficiency (EQE) versus wavelength for the photodetector at
0 V applied bias. (d) Noise equivalent power (NEP) as a function of incident light wavelength
(400900 nm) for the self-powered photodetector. (e) Transient photocurrent stability of the

photodetector under 824 on-off cycles at 0.3 Hz with 450 nm light illumination (12 pW/cm?).

The photodetector characteristics were evaluated using an asymmetric electrode configuration

(ITO/MC/Au). Here, a single MC was placed on pre-fabricated electrodes via micro imprint
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lithography (see Experimental section). The 2D-Cs3Bi:Br3ls» MC demonstrated self-powered
behavior under white light illumination (1.72 mW/cm?), achieving a photo-switching ratio (SR) of
54 at 0 V bias (Figure 7a). This self-powered characteristic is attributed to the differing work
functions of the asymmetric electrodes.”®’! All performance parameters of the photodetector were
calculated as outlined in Section S5. The highest responsivity (R) was 0.9 A/W at 500 nm,
decreasing to 0.2 A/W at 760 nm (Figure 7b), significantly surpassing the responsivity of other
halide perovskite-based photodetectors (see Table S11). The Cs3BiBrsls» MC exhibited dual
photoresponse over the 400 to 800 nm wavelength range (Figure 7b and Figure S20). In the 400-
600 nm region, enhanced photo-response is attributed to band-edge absorption, while in the 600-
800 nm range, it corresponds to mid-gap states originating from iodine vacancies, supported by
single crystal XRD, XPS, PL spectra, TAS and DFT calculations. The Cs3BixBr3ls> MC-based
photodetector demonstrated consistent detectivity (D) of ~10'? Jones within the bandgap edge
(400-600 nm) and ~ 10'! Jones up to 800 nm, extending beyond the bandgap (see Figure 7b). The
external quantum efficiency (EQE) of 2D-Cs3Bi2Br3ls.2 MC was estimated to be 205 % at 560 nm
(see Figure 7¢). Additionally, the noise-equivalent power (NEP) for these MCs varied from 9.3 to
188 pW/Hz"? across the 400-800 nm wavelength range (see Figure 7d). The enhanced NEP value
of the 2D-Cs3Bi2Br3ls2 MC is ascribed to low dark current and heightened sensitivity, enabling
efficient detection of small light signals up to 104 nW/cm?>.”> Moreover, the transient photocurrent
stability, shown in Figure 7e and Figure S21-S22, demonstrated robust performance over 824 on-
off cycles at 0.3 Hz under illumination with 650 nm (mid-gap excitation) and 450 nm (above-
bandgap excitation) of light. Remarkably, the 2D-Cs3Bi2Br3;ls2 MC-based photodetector exhibits
superior self-driven performance compared to other A3;Bizlo-type halide perovskites (Table S11).

Rather than degrading performance, iodine vacancies act as a tuneable element, modifying the
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427  spectral response. The synergy between low exciton binding energy and high carrier mobility,
428  facilitated by band alignment due to n-type doping from iodine vacancies, drives the enhanced
429  photoresponse of the device.?®

430 Table 3: Key Performance Metrics for 2D-Cs3;Bi2Br3ls.» Microcrystal Photodetectors

Material SROV Ra) b) EQE S00mm NEP S00nm LDR Bise/ fall
S00nm 500nm (%) 05 | (dB) | time (ms)
(A/W) | (Jones) ° (pW/Hz )
Cs3Bi2Brslso | 54.2 09 1.5x 10'2 | 205 10.5 79.8 100/258

431  R*=Responsivity, D® = Detectivity

b @ 650 nm
@ 450nm
— Fit

) a=0.77

Norm. Current (a.u.)

1 _ ,10
Intensity (uW/cm®)

mid-gap
states
\

Au

ITO

: Au
Light ~
432 Figure 8. (a) Normalized photoresponse curves to estimate the rise and decay times of the device
433 under illumination with 450 nm and 650 nm light sources. (b) Power-law fitting of photocurrent
434 as afunction of incident light intensity for 450 nm and 650 nm illumination. Schematic of the band

435  diagram for the transportation of charge carriers in (c) dark, d) with illumination at 0 V bias.
436

Dark
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To study the photo-absorption mechanism for mid-gap states, the Cs3BiBrsls»-based
photodetector was tested under band edge (450 nm) and mid-gap excitation (650 nm). The device
exhibited faster response times for 650 nm light (T: = 144 ms, Tq = 163 ms) compared to 450 nm
(Tr=238 ms, Ta¢= 248 ms) (Figure 8a and Table S12). Photocurrent versus light intensity analysis
(reduced > = 0.98) revealed power factors of 0.77 (sublinear) for 450 nm and 1.06 (linear) for 650
nm (Figure 8b). The sublinear behaviour at 450 nm is attributed to monomolecular trapping and
carrier-carrier scattering due to the high absorption coefficient.®”® While the absence of
significant recombination centers and the lower absorption coefficient for 650 nm light result in
negligible scattering and a linear photocurrent response (o = 1.06). This also explains the faster
response under 650 nm illumination compared to 450 nm, as shown in Figure 8a. Here, two-

),’375 was ruled out due

photon absorption (TPA), which generates quadratic photocurrent (o = 2
to the observed linear response. Instead, the photo-assisted Shockley-Read-Hall (SRH) mechanism
explains the linear behavior, where mid-gap photons excite carriers from deep levels into the CBM
or VBM. %76 This mechanism, supported by the low absorption coefficient and electron-donating
mid-gap states from iodine vacancies, aligns with the observed mid-gap photodetection in
Cs3BixBrsls ..

The mechanism of the self-driven nature of 2D-Cs3Bi;Brsls 2 MC-based photodetectors is
illustrated in the band diagrams shown in Figures 8c to 8d. This mechanism is driven by the built-
in potential, which arises due to the mismatch in work functions between the two different
metal/MC junctions (ITO and Au). When illuminated, this built-in potential facilitates the
separation of photogenerated charge carriers without the need for an external bias. The effective

band alignment enables the free transfer of these charges to the neighbouring electrode,

significantly enhancing the photoresponse.’® This self-driven photoresponse is attributed to the
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asymmetric electrode configuration and presence of iodine vacancies in 2D-Cs3BixBr3ls2 MCs,
which is crucial for ultra-low-power light detection applications. In metal halide perovskites, mid-
gap states play a role in phonon-to-electrical energy conversion through either electron transitions
from the valence band (Er) to mid-gap states (hole transition to Ey) or from mid-gap states to the
conduction band (E¢).>*””8 For 2D-Cs3Bi2Br3ls2, the latter mechanism dominates due to its n-
type behaviour. Additionally, these mid-gap states become optically active, generating a
photoresponse in self-bias mode under the influence of the internal electric field. The benign mid-
gap states induced by iodine vacancies thus play a crucial role in improving the photophysical
properties, making these MCs highly effective for advanced optoelectronic applications.
Conclusions

In conclusion, we have successfully synthesized facet-oriented 2D-Cs3Bi2Brsls.2 MCs with iodine
vacancies using an Ag-assisted modified hot-spin casting method. Structural analysis (SC-XRD)
confirmed that these MCs crystallize in a trigonal crystal structure (P-3m1 space group), with
iodine vacancies leading to a reduced unit cell volume compared to Cs3BizBrsls. Charge density
analysis revealed that iodine vacancies originate localized states around Bi atoms, significantly
affecting the electronic properties. DFT analysis further confirmed that these vacancies introduce
mid-gap states. The 2D-Cs3;Bi2Br3ls2 MCs exhibited an indirect bandgap of 2.03 eV, with no
evidence of an excitonic absorption peak. The PL spectra showed a narrow emission peak at 605
nm with an insignificant Stokes shift, indicating emission predominantly from band edges. The
corresponding lifetime extends into the nanosecond scale. The low exciton binding energy (92
meV) and reduced electron-phonon coupling (S=10) compared to other halide PIMs contribute to
efficient charge carrier transport. SCLC analysis revealed low to moderate trap densities of 5x10'!

cm™ and carrier mobility of 1.12 cm?V-!s™!. Under light illumination, the 2D-Cs3Bi>Brsls> MCs
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demonstrated promising self-driven photodetector characteristics with a responsivity of 0.9 A/W,
highlighting their potential for high-performance optoelectronic devices. Notably, iodine
vacancies do not degrade band-edge excitons but instead extend the spectral response beyond the
bandgap. The mid-gap photodetection follows a photo-assisted Shockley-Read-Hall (SRH)
mechanism, where mid-gap photons excite electrons from deep donor levels into the conduction
band. These findings highlight the role of defect engineering in tuning optoelectronic properties in
halide Bi-based perovskite-inspired materials (Bi-PIMs). The iodine vacancies provide a
controlled way to modulate spectral response while maintaining stability and efficient charge
transport. This work further emphasizes the potential of low-toxicity, vacancy-engineered PIMs
for high-performance and environmentally sustainable light-harvesting applications.
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