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Abstract 
Pnictogen-based solar absorbers have gained prominence as promising nontoxic and stable 

alternatives to lead-halide perovskites (LHPs), but are severely limited by carrier localization, 

preventing their performance from approaching those of LHPs. Recent efforts have uncovered 

routes to overcome carrier localization, but these early efforts only considered intrinsic factors. 

Herein, we push beyond these limited early efforts, examining the role of defects, not only on 

cold carriers but also hot carriers. Focusing on the structurally one-dimensional pnictogen 

chalcohalide BiSBr, we find that whilst this material intrinsically does not exhibit carrier 

localization, vacancies introduced during synthesis or post-treatment lead to pronounced 

extrinsic self-trapping via the formation of defect-bound hot polarons—excited charge-carriers 

strongly coupled to local defect-induced vibrational modes. These above-gap defect states 

divert hot carriers from cooling to the band edge, thus depleting the mobile carrier population. 

Our findings establish the key role of defect-bound hot polarons in mediating extrinsic 

localization and offer new mechanistic insights into the interplay between defects, lattice 

coupling, and excited-state charge-carrier transport, which are critical to designing efficient 

perovskite-inspired solar absorbers. 
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Main 

The rapid rise of lead-halide perovskites (LHPs) in photovoltaics has prompted a substantial 

effort to develop solar absorbers capable of replicating the performance of these materials, 

whilst overcoming their toxicity and stability limitations1,2. These perovskite-inspired 

materials (PIMs) have heavily focussed on compounds based on heavy pnictogen cations (Bi3+, 

Sb3+), which share key features of the electronic structure of LHPs at band extrema that are 

conducive towards defect tolerance2,3. Although many pnictogen-based PIMs exhibit greater 

environmental and thermal stability than LHPs, and are fully free from toxic, regulated 

elements, their performance in photovoltaics has fallen well short of LHP solar cells2. A critical 

limiting factor is the low charge-carrier mobilities of these PIMs, which restricts the diffusion 

lengths and charge-collection efficiency of these materials in devices4-7. This is caused by 

carrier localization, which has been so widely found in heavy pnictogen-based PIMs, that it is 

being labelled a hallmark of these materials8-13.  

Carrier localization occurs when the wavefunction of an electron, hole or exciton is constrained 

to within a unit cell, forming a small polaron or self-trapped exciton with severely reduced 

charge-carrier mobility. This arises from strong coupling between charge-carriers and 

longitudinal optical (LO) phonons (Fröhlich coupling) or acoustic phonons, and is 

characterized by a rapid decrease in charge-carrier mobility on the order of a picosecond after 

photoexcitation14,15. Some of the underlying causes behind the wide occurrence of carrier 

localization among heavy pnictogen-based PIMs are their low electronic dimensionality (e.g. 

NaBiS216,17), as well as high acoustic deformation potential (e.g., for Cs2AgSbBr6 and 

Cs2AgBiBr67,9). Recently, the field started to find exceptions to this prevalence of carrier 

localization among pnictogen-based PIMs. An early example was BiOI, where we found 

delocalized charge-carriers through both computations and experiment18,19, followed by 

CuSbSe2, where we also found polarons to be large20. In the latter case, we rationalized that 

this deviation from the norm for PIMs arises due to 1) regular free volume in the structure (i.e., 

gaps between slabs of material in this layered compound) relaxing distortions from the 

propagation of acoustic waves, thus lowering deformation potentials, 2) quasi-bonding 

between layers leading to increased electronic dimensionality, and 3) low ionic contributions 

to the dielectric constants due to the low bandgaps and low Born effective charges, which then 

lower the Fröhlich coupling constant. However, these are all intrinsic factors, whereas point 

defects (e.g., vacancies, anti-sites and interstitials) inevitably form in materials at room 

temperature. The role of these defects on carrier localization in PIMs is not well understood. 
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Here, we refer to extrinsic carrier localization as the restriction of the charge-carrier 

wavefunction to within a unit cell as a result of defect-bound polarons, resulting from strong 

carrier coupling to defect-induced local vibrational modes. This contrasts to intrinsic carrier 

localization driven solely by coupling to vibrational modes in the host structure21,22. 

Furthermore, the discussion on carrier localization in PIMs thus far has only focussed on cold 

carriers, whereas defects and polarons also influence hot carrier cooling, with significant 

consequences on the efficiency limit of solar absorbers23.   

To resolve these pressing questions, we focus on BiSBr as an exemplar pnictogen-based PIM. 

This is a highly novel solar absorber, having only recently been demonstrated for 

photovoltaics4,24, with little understood about its photophysics. This material is structurally 

one-dimensional, with Bi 6s2 lone pairs directionally oriented towards Br from neighbouring 

ribbons. Thus, from what we recently established by investigating CuSbSe2, we would expect 

BiSBr to also intrinsically exhibit band-like transport due to its regular free volume, along with 

quasi-bonding between ribbons. At the same time, BiSBr has complex defect chemistry, with 

transition levels forming both within the bandgap, as well as within conduction band25. BiSBr 

therefore presents an ideal platform to understand the role of defects on the localization of hot 

carriers, and the consequences on cold carrier kinetics. With this aim, we examined this 

material through a combination of simulations of defects and polarons, along with advanced 

spectroscopic measurements, including positron annihilation spectroscopy and pump-push-

probe spectroscopy. We establish a direct link between vacancy clusters and defect-bound hot 

polaron states—excited carriers strongly coupled to local lattice vibrations. This work not only 

identifies a previously overlooked localization mechanism, but also provides a framework for 

explaining how defects limit mobility and charge-carrier extraction efficiency. The findings 

highlight the key role of defect states in governing device performance through hot carriers, 

and contributes a new set of design principles for developing efficient solar absorbers. 

Results  

BiSBr intrinsically exhibits band-like transport 

To examine the effects of defects on carrier localization in BiSBr, we prepared samples using 

two different synthesis methods (bulk thin films and nanocrystals, NCs) with the intention of 

tuning the defect density. Bulk thin films were prepared by solution processing in a nitrogen-

filled glovebox, while NCs were prepared by hot injection in a Schlenk line, and purified NCs 
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were drop cast to prepare films (detailed in Methods). As shown in Supplementary Fig. 1, 

these two methods yielded crystals with markedly different dimensions: the NCs (average 

length 83±8 nm) are substantially smaller than the bulk crystals (5.7±0.4 µm), resulting in a 

much larger surface-to-volume ratio, which could lead to a higher density of surface defects 

from unsaturated surface bonds and structural relaxation at the crystal boundaries (discussed 

quantitatively below). Fig. 1a shows the optical absorption spectra of both films, which exhibit 

similar bandgaps. We also confirm the samples to be phase-pure, with no phase impurities or 

impurity elements for either sample (Fig. 1b and Supplementary Fig. 2-3).  

Despite the samples having the same structure, we found a marked difference in carrier 

localization. Optical pump terahertz probe (OPTP) spectroscopy showed that the NC sample 

exhibits a rapid decrease in photoconductivity within the first ps after photoexcitation, whereas 

the bulk film decayed in photoconductivity much more slowly (Fig. 1c; details in 

Supplementary Note 1 and Supplementary Fig. 4). The rapid ps decay in photoconductivity 

is too fast to realistically arise from defect trapping, and is mostly due to a reduction in mobility 

due to carrier localization14. Comparing the times taken for the OPTP signal to decay to half 

of the original peak value (t1/2), the NCs have a t1/2 <0.35 ps, which is comparable to PIMs that 

are known to exhibit carrier localization (NaBiS2 with t1/2 ~ 0.5 ps26, Cs2AgBiBr6 with t1/2 1–2 

ps27,28), as detailed in Supplementary Table 1. On the other hand, bulk thin films of BiSBr 

have t1/2 > 8.5 ps, longer even than CuSbSe2 (t1/2 6.7 ps), which we previously established to 

have band-like transport18. Additionally, since the NC sample does not show strong excitonic 

behaviour (exciton binding energy in the range of 6–29 meV from Elliott model fitting and 

first-principles calculations, Supplementary Fig. 5), the rapid drop of photoconductivity in 

the NC samples is unlikely to be due to exciton formation. This strongly hints at the 

determining role of defects on carrier localization.  

To understand carrier localization in BiSBr in more detail, we first examined whether this 

process would intrinsically occur when no defects are present. To do this, we analysed the 

Fermi isosurfaces and acoustic deformation potentials to evaluate the extent of electronic 

anisotropy and electron-phonon coupling, complemented with polaron ionization energy first-

principles calculations. Our results are consistent with expectations based on our prior work 

with CuSbSe220. The acoustic deformation potentials of BiSBr are low (1.67 eV for the VBM 

and 1.54 eV for the CBM; Supplementary Table 2), consistent with the presence of regular 

free volume in this structurally-1D material. Furthermore, our first-principles calculations of 
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the Fermi isosurfaces 0.1 eV from the band extrema revealed the electronic dimensionality to 

be 2D in the lower conduction band, and 3D in the upper valence band (Fig. 1d). This is 

consistent with expectations based on the quasi-bonding that would occur between ribbons in 

BiSBr. We would therefore expect band-like transport to occur, and this is indeed what we 

found experimentally from BiSBr thin films.   

 

Fig. 1 | Carrier localization takes places in BiSBr only with the introduction of defects. a, 
Normalized absorption spectra of bulk and NC thin films of BiSBr, measured by photothermal 
deflection spectroscopy. b, X-ray diffraction (XRD) patterns of bulk and NC BiSBr thin films 
compared to the reference pattern (space group Pnma, ICSD database, Coll. Code: 31389). c, 
Optical pump terahertz probe (OPTP) spectra of bulk and NC BiSBr. d, Fermi iso-surfaces 
0.1 eV below the valence band maximum (VBM; bottom) and above the conduction band 
minimum (CBM; top). Electron (brown regions) and hole (purple regions) charge density 
distributions in a e, pristine BiSBr supercell and f, defective BiSBr supercell containing a sulfur 
vacancy. In part e, the hole wavefunctions are not visible from this perspective, but are 
delocalized across the entire supercell, as are the electron wavefunctions. By contrast, in the 
defective supercell, the electron and hole wavefunctions become localized to the point defect.  

Carrier localization occurs in BiSBr when defects are present 

To understand how defects influence the nature of charge-carriers in BiSBr, we first modified 

our polaron first-principles calculations by introducing a sulfur vacancy (VS) into the supercell 

(Fig. 1e), which was distorted slightly in order to search for its most stable configuration at 

each charge state. As shown in Fig. 1f, the presence of VS led to strong lattice distortion and 

electron localisation. In the –2 charge state (𝑉!"#), one neighbouring bismuth atom next to the 

vacancy underwent a pronounced displacement, breaking bonds with surrounding bromine 

atoms and one of the two sulfur atoms. Bond breaking can be seen from the Bi–S bonds (Bi4–
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S1 in Supplementary Fig. 6) being elongated from 2.58 to 2.63 Å. This displacement drives 

the bismuth atom towards the vacancy, partially filling the empty site and trapping the excess 

electron as a small polaron (Supplementary Fig. 7). The change in bond lengths between 

different atoms in BiSBr before and after introducing a 𝑉!"# defect is summarized in 

Supplementary Table 3. As a result, we can see that the electron and holes wavefunction 

become localized around the S vacancy (Fig. 1f). The defect polaron binding energy ranges 

from 0.26 eV for the negatively-charged VS defect, to 1.19 eV for the neutral VS defect 

(Supplementary Table 4). These values are similar to the reported polaron binding energies 

of CsPbBr3 perovskite (0.45 eV)29, and some metal oxides (1.0-2.6 eV)30, both of which are 

considered to have small polarons. These first-principles calculations therefore demonstrate 

the feasibility of small polaron formation in BiSBr as a result of sulfur vacancies being present. 

 

Fig. 2 | Defect chemistry in bulk thin film and NC BiSBr. a, Defect formation energies of 
BiSBr as a function of the Fermi level for four representative point defects in different charge 
states: BiS (bismuth-on-sulfur antisite), VBi (bismuth vacancy), VS (sulfur vacancy), and VBr 
(bromine vacancy). The shaded area represents area above conduction band edge. b, Low e– 
momentum fraction (S) and, c, First positron lifetime as a function of mean positron 
implantation depth for bulk and NC BiSBr extracted from PAS measurements. 

In order to quantitatively compare the density of defects in the bulk thin films and NCs, we 

used positron annihilation spectroscopy (PAS), which measures electron momentum 

distribution at annihilation sites and the lifetime of positrons before annihilation with electrons, 

revealing information about open-volume defects, such as vacancies, as well as the local 

electron density31,32. The S parameter, acquired from Doppler broadening variable energy (DB-

VE) PAS (see Supplementary Methods), quantifies the fraction of annihilations with low-

momentum valence electrons, helping to distinguish between the environments of the bulk 

lattice and open-volume defects. Fig. 2b and Supplementary Fig. 8 demonstrated that the S 

fraction, which scales with open volumes in materials, and the average positron annihilation 

lifetime (effective defect size) of the NC film is higher than the bulk film, indicating that there 

are higher concentrations of defects and/or larger sizes of defect clusters in the NCs. The longer 
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positron lifetimes in the NC films indicate trapping at vacancy-type defects with reduced 

electron density, leading to a lower probability for annihilation. The larger S value of the NC 

thin films suggests increased annihilation with low-momentum electrons, which can occur 

when positrons are trapped in open-volume defects (e.g., vacancies and voids), where the 

positron wavefunction overlaps less with high-momentum core electrons.  

The comparison of the defect density in the bulk and NC samples can also be obtained from 

photoluminescence (PL) measurements. The effect of mid-bandgap defects on carrier 

recombination is discussed in Supplementary Note 4. PL decay measurements under varying 

excitation fluences (Supplementary Fig. 12a) reveal that bulk BiSBr exhibits shorter lifetimes 

at higher fluences, whereas NC BiSBr shows the opposite trend (detailed in Supplementary 

Fig. 12b). These opposing trends in PL lifetime with fluence are consistent with a higher 

density of mid-gap defects in the NC films compared to bulk thin films, as a greater fraction of 

charge-carriers are captured by defect states under high-fluence excitation in the NCs. To 

further probe the role of mid-bandgap defects, we also investigated the PL intensity with 

varying pump laser excitation energy, ranging from 460 nm to 590 nm wavelength 

(Supplementary Note 5 and Supplementary Fig. 13a&14). The corresponding variation in 

sub-bandgap PL intensity (integrated from 660 to 700 nm wavelength) as a function of excess 

photon energy relative to the bandgap energy (1.9 eV, or approximately 650 nm wavelength) 

is presented in Supplementary Figure 13b. In the less-defective bulk films, the PL intensity 

remains relatively stable across different excitation energies, as more photoexcited hot carriers 

relax to the band edge before recombining. In contrast, NC films exhibit a pronounced 

reduction in PL intensity with increasing excitation energy, indicating that hot carriers are 

increasingly trapped by mid-bandgap defects and undergo additional non-radiative 

recombination23,33.  

Having quantitatively confirmed the higher defect density in the NCs, we next needed to 

understand what the likely dominant defects are. This can be established from the positron 

lifetime, since different types of defects offer different open volumes and electron densities for 

positron trapping, which changes the overlap between the positron and electron wavefunctions, 

and hence the annihilation rate. In order to determine the defects most likely to form in BiSBr, 

we calculated the defect diagram for this material from first-principles (Fig. 2a; details of 

calculations in Methods). The phase-stable region in chemical potential space for BiSBr is 

delimited by S-poor (μBi, μS, μBr) = (0, -0.60, -0.97) eV and Bi-poor conditions (μBi, μS, μBr) = 

(-0.90, 0, -0.67) eV. From this, the lowest formation energy point defects are S vacancies, Bi 
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on S antisites (BiS) and Br vacancies (VBr). Bi vacancies (VBi) are less likely to form, but exhibit 

a wide range of possible charge states. From XPS measurements, we confirm that both bulk 

and NC thin films of BiSBr are S-deficient (Supplementary Table 6), suggesting that VS are 

likely the most common point defect. Moreover, the bulk film exhibits a lower first positron 

lifetime (𝜏1) in Fig. 2c, which typically corresponds to positron annihilation at small point 

defects. The measured value falls between predictions made by the Boronski–Nieminen (BN) 

and Gradient Correction (GC) theoretical methods for sulfur monovacancies (VS, 

Supplementary Table 5 and Supplementary Fig. 10-11), based on the defective BiSBr 

crystal structure demonstrated in Supplementary Fig. 9. BN and GC denote the local-density 

and gradient-corrected electron-positron correlation schemes used in positron-lifetime DFT 

calculations, respectively. We note however, that the binding energy of positrons to neutral 

sulfur monovacancies is close to zero or negative. Hence, only weak positron trapping is 

possible, which would increase for negatively charged configurations. Therefore, bulk films 

may exhibit a combination of positron annihilation in the bulk and at VS. In contrast, the NC 

film displays a larger 𝜏1, which is consistent with the presence of larger defect clusters rather 

than isolated vacancies, and matches well with the calculated lifetimes for various defect 

cluster configurations (details in Supplementary Notes 3 and Supplementary Fig. 10-11). 

Whilst we cannot definitively distinguish between the four different possible point defects 

based on the positron lifetime measurements, the S deficiency found from XPS suggests the 

prevalence of VS within the materials. Additionally, greater S deficiency in the NCs compared 

to the bulk thin films from XPS also suggests a higher defect concentration in the NC samples, 

consistent with larger defect clusters. 

To provide further experimental evidence that defects lead to a change in carrier localization 

behaviour in BiSBr, we intentionally introduced defects into bulk thin films. This was achieved 

by heat treating the films for longer (from 10 min to 30 min), or at higher temperatures (from 

250 °C to 270 °C) in a N2-filled glovebox. From XPS measurements, we found that heat 

treatment led to a further reduction in S content, as well as a reduction in Br content, indicating 

an increase in defect clusters based especially on VS and VBr. We confirmed that no changes in 

phase occurred in the bulk after heat treatment (Supplementary Fig. 15a). The impact of these 

additional defects on charge-carrier behaviour was studied using OPTP spectroscopy, as shown 

in Supplementary Fig. 15b. Both heat-treated films with reduced sulfur content exhibited a 

pronounced change in OPTP kinetics from the slow decay of the pristine thin film to 

significantly faster decay with intentional defect introduction, with kinetics now similar to that 
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of the NC films. This is in strong agreement with carrier localization in BiSBr films being 

linked to the concentration of defects.  

Hot polaronic states 

We surprisingly found pronounced above-gap PL emission from both NC and bulk thin films. 

The emission spectra were broad and could be deconvoluted into several components (Fig. 3a-

b), including not only at and below the bandgap of BiSBr (1.91 eV), but also above-gap 

luminescence centred at 2.22 eV and 2.45 eV. These above-gap peaks were especially 

pronounced in the NC films, pointing to hot carrier emission processes that persist beyond 

initial carrier thermalization. These observations raised a critical question of how carrier 

localization occurs through defect introduction, and what the mechanisms involved are. 

Addressing this is not straightforward, given that this BiSBr system has defect clusters rather 

than simple monovacancy defects. Nevertheless, we can probe the overall mechanisms 

involved through spectrally- and time-resolved PL and transient absorption spectroscopy 

(TAS) measurements.  

To understand the origin of the above-gap states, we note that VS and BiS both have transition 

levels forming within the lower conduction band of BiSBr (Fig. 2a). We verified through first-

principles calculations of the projected density of states (PDOS) of BiSBr that VS indeed 

introduces states within the conduction band (Supplementary Fig. 16). Typically, hot 

electrons that relax into these states would then relax down to the CBM to form cold carriers, 

and we would then only have PL at or below the bandgap. That we have above-bandgap PL 

suggests that the relaxation pathways for these hot carriers are blocked, and carriers directly 

emit from relaxation from these hot states to the ground state.  
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Fig. 3 | Photoluminescence (PL) and transient absorption (TA) measurements of bulk and 
NC BiSBr thin films. PL spectrum of a, bulk and b, NC films, excited with a 405 nm 
wavelength CW laser. Peak fitting shown. c, TA spectra of BiSBr colloidal NC solution 
collected within 9 ps after photoexcitation (excitation wavelength: 400 nm, repetition rate: 1 
kHz, fluence: 40.66 µJ cm–2). Positive differential absorption (DA) corresponds to a 
photoinduced absorption (PIA).  d, TA map of BiSBr NC solution showing the temporal 
evolution of the PIA. Refer to Supplementary Note 7 for our discussion of the origin of the 
PIA-dominated differential absorption. 

 

To more directly probe the kinetics of hot carriers, we used TAS measurements (Fig. 3c-d). 

The TA spectra of the colloidal NC solution reveal a distinct blueshift in the photoinduced 

absorption (PIA; positive DA) within the first 9 ps after excitation (Fig. 3d). This early-time 

spectral shift is a strong indication of hot small polaron formation34. We propose that following 

photoexcitation, electrons are initially injected into high-energy delocalized states. Within a 

few picoseconds, they undergo self-trapping due to strong electron–phonon coupling, forming 

small polarons that still retain excess energy above the band-edge. These hot small polarons 

occupy localized states slightly above the CBM, increasing the transition energy required for 

further excitation and leading to a blueshift in the TA spectrum. This trend is further visualized 
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in the TA map in Fig. 3d, where the energy of the PIA peak increases during the initial few 

picoseconds following excitation. A comparison between BiSBr NCs and bulk BiSBr thin film 

is provided in Supplementary Fig. 17, showing a clear blueshift in the NC thin film, while the 

absorption energy remains unchanged in the bulk. These observations indicate that hot small 

polarons form in more defective BiSBr NCs, whereas such self-trapping is not evident in bulk 

BiSBr, possibly due to differences in defect density. Global fitting of the TAS measurements 

(Supplementary Fig. 18) involves constructing a kinetic model that represents possible carrier 

relaxation or decay pathways, and fitting this model to the entire time-wavelength dataset 

simultaneously. The proposed model that can achieve good global fitting of the two-pulse TA 

data is illustrated in Supplementary Fig. 19, where three relaxation steps are present at 

different energy levels, demonstrating that defects introduce intermediate states that intercept 

hot carriers before cooling to the band-edge. 

 

Fig. 4 | Effect of above-bandgap defect transition levels on hot carriers. a, Early time decay 
from two-pulse TA measurements probed at 2.38-2.25 eV for bulk and NC thin films with a 
400 nm wavelength pump beam. Positive normalized DA corresponds to a photo-induced 
absorption (PIA). b, Comparison between the Raman spectrum of the NC film and its Fourier 
Transformed TA PIA. These vibrational modes have B2g, B1g and Ag symmetry for the D2h16 
point group of BiSBr. c, PL spectra of bulk and NC films measured at 7 K, 100 K and 200 K. 
Kinetics of d, bulk and e, NC BiSBr from pump-push-probe TAS measurements probed at the 
band-edge (1.88-1.91 eV) and below the bandgap (1.75-1.77 eV) with and without the 1300 
nm wavelength push beam (600 µW). The 400 nm wavelength pump has a fluence of 636.6 µJ 
cm-2. The percentage changes in DA (OD) before and after the push beam are labelled in panel 
d and e. Details of the three-pulse TA is in Supplementary Note 9. f, Schematic of the 
transitions and relaxation pathways in the bulk and NC thin films. Etrap 1 corresponds to the 
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transition level for point defects within the conduction band, E1 is the conduction band 
minimum, while Etrap 2 is the sub-gap trap state. E1(hot) is the hot state charge-carriers are photo-
excited into with the 400 nm wavelength pump beam, while E0 is the ground state for the 
electron (valence band maximum).  

 

To further understand the origin of small polaron formation, we analysed the early decay (0–

10 ps) of the TA signal for bulk and NC film samples probed above the bandgap (2.25-2.38eV) 

(Fig. 4a). In the NC sample, a clear oscillation appears in the early decay signal. These 

oscillations are only present when BiSBr is photoexcited above the bandgap (Supplementary 

Fig. 17c), indicating that they arise from coupling between photoinduced charge-carriers and 

longitudinal optical (LO) phonon modes (i.e., Fröhlich coupling). By fitting the decay in the 

photo-induced absorption (PIA) and taking a Fast Fourier Transform of the damped 

oscillations, we found three vibrational modes to appear (Fig. 4b, bottom panel). These 

vibrational modes match well with the Raman spectrum, measured from the same NC sample, 

consistent with these being LO phonon modes. By matching the energy of these vibrational 

modes with the calculated phonon dispersion curve for BiSBr (Supplementary Note 8 and 

Supplementary Fig. 20a), we assigned their symmetries to B2g, B1g, and Ag (Fig. 4b insets). 

We propose that the stronger oscillations for NCs compared to bulk thin films is attributed to 

their higher concentration of defect clusters that 1) provide more space for atomic 

displacements (Fig. 1f), enabling greater population of LO phonon modes, and 2) introduce 

extra vibrational phonon modes, which is consistent with our analysis of the phonon dispersion 

curves from first-principles calculations (Supplementary Fig. 20b). The resulting stronger 

electron-phonon coupling could then increase the likelihood of hot carriers entering into small 

polaron states.  

Low-temperature PL measurements from 7 K to 200 K (Fig. 4c) further support the conclusion 

that NC samples have more pronounced formation of hot small polaron states. In bulk samples 

with low defect density, the above-gap PL is completely quenched at 7 K and gradually appears 

with increasing temperature, suggesting that this above-gap PL is phonon-assisted with a 

certain energy barrier. In contrast, in NCs with higher defect density, the above-gap PL persists 

even at 7 K.   

To semi-quantitatively quantify the impact of small defect-bound hot polarons on the 

population of cold carriers, we performed pump-push-probe TAS measurements (Fig. 4d-e, 

Supplementary Note 9). A 1300 nm wavelength push beam was applied 10 ps after the pump 
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to re-excite trapped and band-edge carriers. We monitored the ∆A at the band-edge (1.88–1.91 

eV) and at sub-gap trap states (1.75–1.77 eV). In bulk thin films, the push beam induced a ∆A 

increase of 136.3% at the band-edge and 183.0% at mid-gap defects. In NCs, the corresponding 

increases were both lower, at 78.6% and 141.9%, respectively. The reduced increase in ∆A for 

the NC samples is consistent with a higher density of hot small polaronic states in the NCs that 

capture carriers before they cool to the band-edge or mid-gap states (Fig. 4f), such that there 

are fewer cold-carriers available for re-excitation with the push beam.  

Discussion 
Based on these results, we propose a configuration coordinate diagram for hot small polaron 

formation in BiSBr (Fig. 5). After photoexcitation into a hot state, charge-carriers can relax to 

the band-edge to form cold-carriers, enter into a small polaron state (state 2), or be captured by 

sub-gap traps (state 1). This diagram is supported by PL measurements showing emission at, 

above and below the band-edge (Fig. 3a-b), which can arise when photoexcited BiSBr couples 

to the ground state from states 1, 2 or from the cold excited state. This is also consistent with 

the global fitting to the TAS data (Supplementary Fig. 18), which requires a model with three 

relaxation states for hot carriers.  

We propose that when there is a higher concentration of traps with transition levels in the 

conduction band, it is easier for hot carriers to enter into state 2. These hot carriers may first be 

captured by defect states at these above-gap transition levels, followed by local lattice 

relaxation to form small polarons. Alternatively, the formation of defect clusters could enhance 

the population of phonon modes, or introduce new phonon modes that result in stronger 

electron-phonon coupling, facilitating small polaron formation. These two processes are not 

mutually exclusive and may in fact be interrelated, with defect clustering both creating trapping 

centres and modifying the lattice dynamics that enable carrier localization. Consequently, NCs 

with more vacancy clusters readily small defect-bound hot polarons. This results in faster 

photoconductivity decay in OPTP, as well as stronger above-gap PL signals that persist even 

down to 7 K. These proposed mechanisms are consistent with the pump-push-probe TAS 

measurements, which indicate that there are fewer carriers available for re-excitation from the 

cold state or state 1 (Fig. 4d-f) because more of these carriers are held in state 2. Furthermore, 

photoluminescence excitation (PLE) measurements (Supplementary Fig. 14) suggests that the 

band-edge PL becomes stronger when the pump laser wavelength approaches the bandgap. 

This is consistent with there being fewer hot carriers localized in state 2 if we are exciting 

below the energy of state 2.  
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Fig. 5 | Proposed configuration coordinate diagram of BiSBr. In this proposed mechanism, 
photoexcitation causes the system to transition from the ground to hot state. The hot carriers 
can then relax to the band edge (causing the system to relax to the excited state), relax to a 
defect state (causing the system to enter into state 1), or enter into a hot small polaron state 
through coupling with vibrational states introduced through defects (causing the system to enter 
into state 2). 

In summary, this work shows that carrier localisation in pnictogen-based PIMs is not 

determined solely by intrinsic lattice properties, but could also arise through defect-bound 

polarons. In the calculated defect formation energy diagram of BiSBr as a function of the Fermi 

level in Fig. 2, several defect transition levels appear above the bandgap. Having transition 

levels occurring outside the bandgap is commonly found, but what is unusual in the case of 

BiSBr is that these transition levels are not benign, as typically assumed, but play an active 

role in carrier localization of hot carriers. The coexistence of above-gap defect states and 

moderate polaron binding energies makes BiSBr an ideal system for disentangling the interplay 

between defects, carrier localisation, and hot-carrier dynamics. By combining first-principles 

calculations with advanced spectroscopic measurements, we show that BiSBr intrinsically 

supports band-like transport due to its high electronic dimensionality and low acoustic 

deformation potentials. In contrast, introducing point defects or defect clusters create local 

vibrational modes that couple strongly to excited carriers, leading to the formation of defect-

bound hot polarons. These states intercept hot carriers during cooling, giving rise to extrinsic 

carrier localisation and a substantial reduction in the mobile carrier population. 

By identifying defect-bound hot polarons as a key mechanism for carrier localisation, this work 

clarifies why experimental carrier mobilities in pnictogen-based materials often fall short of 

intrinsic predictions. The findings shift the view that self-trapping is an inherent feature of 

perovskite-inspired materials, and instead emphasise that defect engineering is not only critical 

for reducing non-radiative recombination, but also affects carrier localisation. This establishes 

a mechanistic basis for designing pnictogen-based absorbers with improved transport 
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properties and provides guidance for developing next generation perovskite-inspired 

semiconductors for high performance optoelectronics.
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