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1. Introduction

Over the past decade, lead-halide perov-
skites have risen to prominence in pho-
tovoltaics—their certified single-junction 
power conversion efficiencies (PCEs) 
now above 25%—as well as in other 
optoelectronic applications such as light-
emitting devices, photodetectors, and tran-
sistors.[1–6] A key enabler of this formidable 
rise is their defect tolerance.[7–9] Indeed, 
while compositional and structural defects 
are inevitably present in polycrystalline 
semiconductors deposited at low tempera-
tures, through solution-based methods,[10] 
and in common laboratory settings, 
thin-film lead-iodide-based perovskites 
remarkably manifest an optoelectronic 
behavior that is largely insensitive to such 
defects.[9,11–15] Researchers have thus set 
out to identify safer and stable alternatives 
to lead-iodide-based perovskites that could 
replicate their defect tolerance.[16–18] This 
has resulted in the exploration of lead-free 
perovskite-inspired materials (PIMs) that 
can be processed using facile, low-temper-
ature methods and that possess electronic 
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properties similar to lead-halide perovskites, while being unen-
cumbered by the same toxicity concerns.[19–21] In addition to 
solar photovoltaics, PIMs have considerable potential for indoor 
photovoltaics (IPVs), building-integrated photovoltaics, tandem 
photovoltaics, photocathodes for water splitting, photodetec-
tors, light-emitting devices, and radiation detectors.[21–31]

In view of the key role that defect tolerance has played in 
determining the success of lead-halide perovskites, identi-
fying how defect tolerance arises and how it can be designed 
into a material has been a key driving force for PIM develop-
ment.[7,8,23,32–34] While the concept of defect tolerance has not 
been rigorously and quantitatively defined, with different inter-
pretations being proposed,[8,23,32,35,36] an absorber is generally 
regarded as defect tolerant if its compositional and structural 
defects result in electronic states (so-called defect levels) that 
are either “shallow,” or with small capture cross-sections, 
or that fall within the energy bands (Figure 1a,b).[7,9,12,15,32,35] 
Indeed, a shallow defect level (see below) would easily re-emit 
a captured carrier to the nearest energy band due to thermal 
excitation (Figure 1b). Consequently, it would act as a trap and 
not as a recombination center (i.e., the probability of carrier re-
emission would be orders of magnitude larger than that of cap-
turing a carrier of the opposite polarity, which would lead to 
carrier recombination), the latter case being highly detrimental 
to photovoltaic performance. Additionally, as the capture cross-
section quantifies the ease with which a defect level captures 
a mobile carrier (Figure  1a), a small value of this parameter 
would contribute to limiting the “activity” of the corresponding 
defect level. This is schematically depicted in Figure 1b, which 

represents the case of a defect tolerant semiconductor. By con-
trast, if a semiconductor has “deep” defect levels with large cap-
ture cross-sections (Figure  1c), then its mobile carriers would 
be easily captured by such defect levels and would eventually 
recombine nonradiatively—i.e., the semiconductor would not 
be tolerant to such defects.

It is important to note that the classification of a defect level 
as shallow or deep (i.e., as a trap instead of a recombination 
center) does not simply depend on how its energy depth EDL,i 
(Figure 1a) compares to the thermal energy kBT (where kB is the 
Boltzmann constant and T is the absolute temperature).[37–39] 
Indeed, such a distinction is determined by the position of the 
demarcation energies associated with the defect level, which 
depends not only on EDL,i/kBT but also on the capture cross-
section of the defect level (in addition to the overall defect level 
landscape within the bandgap of the semiconductor, the car-
rier effective masses, and the generation rate in the semicon-
ductor).[37–39] Therefore, it is apparent that the energy depths 
and capture cross-sections of the defect levels in a PIM are key 
determinants of its defect tolerance.

From a compositional point of view, the defect tolerance of 
PIMs has been linked to the presence of a large, highly polariz-
able metal cation with an ns2 electronic configuration and in a 
stable oxidation state.[19,32] This has motivated a rapidly growing 
interest in PIMs based on antimony and bismuth, which meet 
these requirements.[19,20] Despite the comparatively small scale 
and short time span of the ensuing research endeavor, appreci-
able progress in bismuth- and antimony-based PIM photovoltaics 
has been achieved. For instance, the reported single-junction  

Figure 1. a) Charge carrier capture by a defect level and the associated defect parameters (σc,i: capture cross section; NDL,i: concentration; EDL,i: energy 
depth). For the sake of simplicity, only electron capture is shown. b) Defect tolerant semiconductor and c) defect intolerant semiconductor (red arrow: 
emission from a defect level; faded green arrows: low-probability carrier capture; solid green arrows: high-probability carrier capture). For the sake of 
simplicity, only intraband and shallow levels associated/interacting with the conduction band are shown in (b). d) Defect-level filling during illumination 
in a PICTS experiment (iph: photocurrent). Only electron capture is shown for the sake of simplicity. e) Defect-level emptying after the termination of 
a light pulse in a PICTS experiment (iDL,i: defect-level emptying current; eDL,i: emission rate). f) Schematic of the current waveform in a PICTS experi-
ment, where tp is the duration of the light pulse (inset: a magnified version of the deep-level-emptying current, which corresponds to the region within 
the blue rectangle).
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PCE is up to 5.6% for silver bismuth sulfoiodides under AM 
1.5G illumination,[40] while the IPV efficiencies are up to ≈5% 
for Cs3Sb2ClxI9−x and BiOI (i.e., already within the same range of 
IPV industry-standard hydrogenated amorphous silicon).[25]

Given the essential role that defects play in determining the 
photovoltaic performance and potential of PIMs, a quantita-
tive experimental characterization of their defect properties 
would be highly beneficial to the field as a whole because: it 
would contribute to the identification of the most promising 
PIMs without extensive device optimization; it would allow the 
rational identification of the relationship between defect toler-
ance and structure/composition; it would catalyze the devel-
opment of defect-healing strategies; and it would provide a 
much needed experimental support to computational studies, 
thereby potentially aiding the discovery of new defect-tolerant 
absorbers. Specifically, such a characterization should allow the 
determination of the so-called defect-level parameters (or defect 
parameters, in short)—i.e., volumetric concentration, energy 
depth, and capture cross-section—for each of the defect levels 
present. Importantly, to the best of our knowledge, an experi-
mental and quantitative assessment of the defect parameters of 
PIMs has not been pursued to date. Indeed, the experimental 
characterization of the defect levels in PIMs has thus far been 
largely phenomenological. It has typically relied on space-
charge-limited-current (SCLC) measurements and photolumi-
nescence lifetimes extracted from time-resolved photolumines-
cence (TPRL) experiments.[41–44] These techniques, however, do 
not distinguish among the different defects present in a PIM, 
nor they allow the assessment of their defect parameters.

Deep-level transient spectroscopy (DLTS) and thermal admit-
tance spectroscopy (TAS) are widely regarded as the gold-standard 
techniques for the experimental characterization of the defect 
parameters of a semiconductor.[45] Specifically, DLTS and TAS rely 
on the application of a time-varying voltage to enable the filling 
and emptying of the defect levels.[45] These techniques are widely 
applied to doped semiconducting layers, given that in a doped 
semiconductor the charges needed for defect-level filling are sup-
plied directly from the semiconductor bulk in the immediate 
vicinity of the edge of a depletion region.[45] However, capacitance-
based techniques are particularly problematic in high-resistivity 
materials, which may have low carrier density (hence a long 
dielectric relaxation time) as well as low carrier mobility (hence a 
long transit time).[46–49] Specifically, capacitance-based defect-level 
spectroscopies in near-intrinsic semiconductors—as typically the 
case for PIMs[26,43,44,50–65] (Note S1, Supporting Information)—are 
limited by the fact that the charges required for defect-level filling 
are not readily available in the semiconductor and need to be 
transported over a finite distance (e.g., from the electrodes).[47–49] 
Additionally, the applicability of DLTS and TAS to perovskites has 
been recently brought into question.[66,67] Indeed, it has been rec-
ognized that these capacitance-based techniques involve complex 
processes in perovskite devices (including processes in the charge 
transport layers adjacent to the perovskite layer), which hamper 
or preclude the straightforward use of these techniques for the 
characterization of defect levels in perovskites.[66–68] Awni  et  al. 
found that this is compounded by the insulating nature of the 
perovskite layers.[66] In light of these limitations, it is therefore not 
surprising that a comprehensive experimental assessment of the 
defect parameters of lead-free PIMs has not been pursued to date.

To the end of contributing quantitative, experimental insight 
into the defect properties of PIMs, herein we go beyond the 
above mainstream approaches and explore the applicability of 
Photoinduced Current Transient Spectroscopy (PICTS) for the 
straightforward assessment of the defect parameters of PIMs. 
We demonstrate its wide applicability to lead-free PIMs by con-
ducting a PICTS investigation of four representative absorbers, 
including A3Sb2I9 compounds (with A+ being a monovalent 
cation), BiOI, and an Ag-Bi-I rudorffite. Elaborating on the 
resultant findings, we then present a versatile methodology that 
builds on the PICTS-determined defect parameters to deliver a 
quantitative assessment of the defect tolerance of PIMs in the 
photovoltaic context, thus delivering insight beyond the quali-
tative arguments put forward to date. Finally, we quantitatively 
discuss the defect-level detection capability of PICTS applied to 
PIM solar cells, thereby providing a concrete assessment of the 
future potential of this technique to become a standard tool for 
the defect-level characterization of materials of this class and 
related absorbers (e.g., perovskites). This study thus brings 
to the fore a widely applicable experimental approach for the 
quantitative assessment of the impact of defects on PIM photo-
voltaics, which could realistically catalyze the identification of 
easy-to-make green absorbers for environmentally friendly, 
high-performance photovoltaics.

2. Results and Discussion

2.1. Photoinduced Current Transients as a Probe into the Defect 
Levels of PIMs

The application of mainstream capacitance-based spectro-
scopies (e.g., DLTS and TAS) to PIM solar cells would be prob-
lematic[47–49,66] and may not allow the determination of their 
defect parameters[66] due to the near-intrinsic character typical of 
PIMs[26,43,44,50–65] (Note S1 and Table S1, Supporting Information). 
This pointed us to the need to pursue alternative current-based 
spectroscopic approaches. While current-based DLTS (I-DLTS) 
could potentially provide a solution, in fact, I-DLTS involves 
the pulsing of a voltage across the semiconductor of interest.[45] 
Consequently, owing to the polarization behavior and the mixed 
electronic-ionic conductivity that may occur in PIMs, I-DLTS 
would be prone to spurious effects that could mask the defect-
related dynamics.[67–70] Furthermore, considering that I-DLTS 
relies on carrier injection at the electrode/semiconductor inter-
face for defect-level filling,[45] we reasoned that I-DLTS would lead 
to nonuniform defect-level filling in association with the semi-
conducting layers commonly used in PIM photovoltaics, which 
are polycrystalline and present stoichiometric nonuniformities. 
Indeed, in such a case, defect-level filling may be localized to the 
surroundings of high-conductance pathways,[71,72] thereby pre-
venting the straightforward and reliable extraction of the defect 
parameters. Therefore, we envisioned that the ideal spectros-
copy for the in situ characterization of the defect levels in a PIM 
embedded within a solar cell should meet the two following cri-
teria: it should rely on volume injection of carriers for defect-level 
filling in order to probe bulk defect levels; and it should allow 
the PIM device to remain at a fixed terminal voltage in order to 
prevent sizeable polarization effects.

Adv. Energy Mater. 2021, 11, 2003968
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In light of the above, we pursued an experimental strategy 
for the characterization of defect levels in PIMs that involves 
the monitoring of the current transients in PIM solar-cell device 
stacks under pulsed illumination and with a fixed voltage across 
(e.g., 0  V). This strategy comprises the sequence of steps illus-
trated in Figure 1d–f. First, the PIM device is illuminated through 
its transparent input electrode with a near-monochromatic light 
pulse of duration tp and photon energy hν  > Eg (Figure  1d), 
where Eg is the PIM’s bandgap. In the presence of volume photo-
generation, the defect levels present in the PIM would capture 
some of the photocarriers (Figure 1d). For a sufficiently long tp, a 
steady state would be reached under illumination, with a constant 
photocurrent traversing the device stack and a constant density 
of charge carriers populating the defect levels (Figure 1d,f). Once 
the light pulse ends, mobile carriers would quickly recombine or 
drift out of the device, leading to a rapid drop in the overall cur-
rent (Figure  1f). However, carriers populating the defect levels 
would be thermally re-emitted into the respective bands at a much 
slower rate—as determined by their emission kinetics—thereby 
resulting in a long-lived current tail (Figure 1e,f). Therefore, the 
current flowing through the device after the light pulse terminates 
would provide a window into the defect-level emptying kinetics, 
potentially allowing the determination of the defect parameters.

The strategy we have just outlined in fact constitutes the 
foundation of a specialized defect-level spectroscopy technique 

named PICTS, which was developed in the early days of GaAs 
research as a viable alternative to DLTS for the study of defect 
levels in semi-insulating semiconductors.[46,73] To the best of 
our knowledge, no report has appeared to date examining the 
general applicability of PICTS to lead-free PIMs, nor has PICTS 
been adopted in lead-halide perovskite research.[74,75]

2.2. Defect-Level Characterization of Representative PIMs

To explore the general viability of studying the defect proper-
ties of lead-free perovskite-inspired semiconductors via PICTS, 
we investigated its application to four representative PIMs that 
have recently attracted a considerable amount of attention in 
photovoltaics research. First, we considered two antimony-
based absorbers (see structures in Figure 2a): 0D Cs3Sb2I9, 
which features isolated [Sb2I9]3– bi-octahedra;[50,60] and 2D 
Rb3Sb2I9, which has a layered structure based on sheets of stag-
gered, corner-sharing [SbI6]3– octahedra.[61,62] These compounds 
are representative of the wider class of 0D and 2D absorbers 
with a general formula A3B2X9, where A+ is a monovalent 
cation, B3+ = Sb3+ or Bi3+, and X– is a halide anion.[21] Addition-
ally, we investigated two bismuth-based PIMs (see structures 
in Figure  2a): BiOI, a V-VI-VII material with a layered struc-
ture composed of layers of I-Bi-O-Bi-I held together with van 

Figure 2. a) Crystal structures, b) top-down SEM images, and c) absorption coefficients of Cs3Sb2I9, Rb3Sb2I9, BiOI, and AgBiI4. The absorption coef-
ficient of BiOI was obtained from ref. [59]. The circles overlaid on the absorption coefficient traces correspond to the dominant wavelength of the 
light-emitting diodes (LEDs) used as sources in the PICTS experiments. d) Schematic of the device stack. e) Energy levels of the electrode materials, 
electron-transport materials (ETLs), PIMs, and hole-transport materials (HTLs) used in the PIM devices.[26,51,60,62,80]
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der Waals interactions;[59,76] and AgBiI4, a representative of the 
rudorffite family with a general formula AgaBibIx (x = a + 3b), 
which features a three-dimensional lattice of edge-sharing 
[BiI6]3– or [AgI6]5– octahedra.[77,78]

We deposited the representative PIMs via solution-based 
methods (in the case of Cs3Sb2I9, Rb3Sb2I9, and AgBiI4) or 
thermal chemical vapor deposition (in the case of BiOI) 
(details in the Experimental Section and Note S2, Supporting 
Information). Thin films obtained in all cases had a compact 
morphology, as observed via Scanning Electron Microscopy 
(SEM) (Figure  2b). Their X-ray diffraction (XRD) patterns 
(Figure S1, Supporting Information) and absorption coeffi-
cients (Figure 2c) were consistent with the literature.[59,60,62,78] 
Further, these films manifested a near-intrinsic character, as 
we already demonstrated for Cs3Sb2I9, Rb3Sb2I9, and BiOI in 
our prior publications[59,60,62] (see also Note S1 and Table S1, 
Supporting Information) and as we determined for AgBiI4 via 
Ultraviolet Photoelectron Spectroscopy (UPS) in the present 
study (Table S1 and Figure S2, Supporting Information). We 
embedded such thin films into sandwich-type device stacks 
(Figure 2d) comprising electrodes and charge transport layers 
(Figure  2e) commonly employed in the relevant photovoltaic 
literature.[59,60,62,79] This was with a view to assessing the via-
bility of PICTS for the in situ characterization of the defect 
levels in PIM layers grown and processed within complete 
solar cell device stacks, which could ultimately provide insight 
into the impact of the defect levels on the PIMs’ photovoltaic 
behavior.

The four types of PIM devices were illuminated with rectan-
gular light pulses of irradiance in the range of 50–500 µW cm–2 
and duration tp equal to 1–1.5 s (details in the Experimental Sec-
tion). The light sources employed were light-emitting diodes 
(LEDs) narrowly emitting around a wavelength λLED equal to 
590 or 617 nm (details in the Experimental Section). The wave-
length λLED was selected in order to ensure above-bandgap illu-
mination as well as volume photogeneration (i.e., �( ) 1LED Lα λ , 
where α and L are the PIM’s absorption coefficient and thick-
ness, respectively) in each of the PIMs.

Representative current transients acquired from the PIM 
devices in response to the above-bandgap rectangular light 
pulses are shown in Figure 3. For all materials, the selected 
duration of the light pulses was sufficient for the photocurrent 
to reach a level within 2% of the asymptotic steady-state value 
under illumination (Figure 3). The rising edge of the transients 
after light turn-on reflects the convolution of charge transport, 
generation, recombination, and trapping effects.[81–83] Specifi-
cally, the photocurrent traces from Cs3Sb2I9, BiOI, and AgBiI4 
devices right after light turn-on exhibited a similar time evo-
lution as the falling edges after light turn-off. Therefore, the 
shape of the rising edges in such transients can be traced to 
trapping effects, as the photocurrent can reach the steady 
state only after trap-filling is complete.[81–83] As to the Rb3Sb2I9 
devices, their transients manifested an overshoot right after 
light turn-on, which is consistent with an overall recombina-
tion time that is initially higher than the carrier transit time 
yet gradually decreases as more carriers become trapped.[81–83] 

Figure 3. Representative variable-temperature current transients recorded from PICTS experiments on a) Cs3Sb2I9 devices, b) Rb3Sb2I9 devices, c) BiOI 
devices, and d) AgBiI4 devices (insets: magnified view of the current tails ensuing the termination of the light pulses). While the transients presented 
here are separated by a temperature step of 10 K for the sake of clarity, in fact, the defect-level analysis presented in this study relies on considerably 
larger datasets comprising transients acquired with a temperature step of 1 K.

Adv. Energy Mater. 2021, 11, 2003968



www.advenergymat.dewww.advancedsciencenews.com

2003968 (6 of 15) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

After light turn-off, the current first underwent a rapid drop to 
a fraction of the steady-state photocurrent value (Figure 3), and 
subsequently exhibited a long-lived tail (insets of the plots in 
Figure 3). The initial rapid drop can be attributed to recombina-
tion and drift (Note S3, Supporting Information), which jointly 
lead to the removal of mobile photocarriers from the PIM 
layer. By contrast, in view of its much slower rate, the ensuing 
long-lived current tails can be traced to carriers that are slowly 
released from the defect levels in the PIM layer, consistent with 
the PICTS framework outlined in Section 2.1.

Under assumptions that commonly hold in PIM solar cells, 
we derived (Note S4, Supporting Information) that the current 
arising from carrier emission from a mono-energetic defect 
level in a PIM would amount to

1

1
expDL,i DL,i DL,i DL,ii t q L

E

VN e e t

µτ

( )( ) =
+

−  (1)

Here, NDL,i is the volumetric concentration of the defect 
level and eDL,i is its emission rate. Additionally, q is the elemen-
tary charge, μ is the carrier mobility in the relevant band, τ is 
the lifetime of the emitted carrier, E is the electric field, and 
L and V are the PIM layer thickness and volume, respectively.  
Equation (1) captures both the defect-level emptying kinetics 
(via eDL,i) as well as the impact of carrier transport and recombi-
nation (through the drift length μτE). We note that we derived 
Equation (1) to specifically model the defect-level emptying in 
rectifying sandwich-type devices—such as PIM solar cells—
considering that the model widely reported in the PICTS litera-
ture is not applicable here because it only covers the rather dis-
tinct case of planar photoconductive devices.[46,84] Inspection of 
Equation (1) reveals that the current associated with defect-level 
emptying in a PIM solar cell has the form

expDL,i DL,i DL,ii t K e e t( )( ) = −  (2)

where K is a prefactor that aggregates materials and device 
parameters. Equation (2) shows that the decay rate of the cur-
rent is determined by the emission rate eDL,i of the defect level, 
which, according to the principle of detailed balanced, can be 
written as

e v N E k Tσ= −exp ( / )DL,i c,i th eff DL,i B  (3)

where σc,i is the capture cross section of the defect level, EDL,i is 
the energy depth of the defect level with respect to the relevant 
energy band, kB is the Boltzmann constant, T is the absolute 
temperature, and vth and Neff are the carrier thermal velocity 
and the effective density of states, respectively, in the relevant 
energy band.[45]

In view of the thermally activated behavior of carrier emis-
sion from a defect level (Equation  3), current transients from 
PIM devices under pulsed illumination were acquired within 
the temperature range 180–300 K (Figure 3) in order to deter-
mine the energy depths EDL,i and the capture cross-sections σc,i 
of their defect levels. Importantly, all of the PIMs considered 
herein did not exhibit phase transitions (Figure S1 and Note S5, 
Supporting Information) and manifested stable photocurrent 

responses (Note S6 and Figure S3, Supporting Information) in 
the relevant temperature ranges. Such structural and optoelec-
tronic stability is essential for Equations (1)–(3) to be applicable 
for the characterization of the defect levels present in PIMs at 
room temperature—i.e., the defect levels relevant to their solar 
cell operation.

Given that a PIM may contain multiple defect levels with 
rather distinct emission rates, the long-lived current ensuing 
the termination of the light pulses (Figure  3) may arise from 
the superposition of different contributions of the type given by 
Equations (1) and (2). Additionally, it is necessary to take into 
account that the deep-level-emptying current transients branch 
off from the initial steep current decays (associated with drift/
recombination; see Note S3, Supporting Information) following 
light termination, whose magnitude is affected by the varying 
levels of steady-state photocurrent (Figure 3). Further, the deep-
level-emptying current transients are superimposed on dark 
current components, which may appreciably vary with tempera-
ture (e.g., see Figure 3a vs Figure 3d). While this precludes the 
analysis of the recorded current transients in Figure 3 by direct 
visual inspection, it is possible to reliably extract the defect-
level-emptying kinetics by computing the corresponding PICTS 
spectra shown in Figure 4a, which inherently detect the current 
components of the type given by Equations (1) and (2) (Note S7, 
Supporting Information).[46,84] This is analogous to the proce-
dure developed by D. V. Lang for DLTS data analysis.[45,85] In 
particular, due to its greater reliability, we adopted the integral 
four-gate approach (Note S7, Supporting Information) to derive 
the PICTS spectra for Cs3Sb2I9, AgBiI4, and BiOI, while we pur-
sued the integral double-gate approach (Note S7, Supporting 
Information) for Rb3Sb2I9 due to the weaker current tails 
observed in this case (Figure 3b).

The PICTS spectra generally present a peak for each distinct 
defect level and are parametrized with respect to the so-called 
rate window e* (whose values are indicated through the color 
bars in Figure  4a), a key quantity used in their computation 
(details in Note S7, Supporting Information). Specifically, the 
i-th peak of one such spectrum is maximum at a tempera-
ture TM,i at which the associated defect level has an emission 
rate equal to the rate window: eDL,i (TM,i) = e* (Note S7, Sup-
porting Information). By tracking the position of a given peak 
for different rate window values, we systematically determined 
the emission rate of the corresponding defect level as a func-
tion of temperature, eDL,i(T). We thus derived the Arrhenius-
type plot presented in Figure  4b, which represents the quan-
tity ln (T2/eDL,i(T)) as a function of 1/T, where the quantity T2 
appearing in the definition of the ordinate accounts for the 
temperature dependence of the product vth Neff (Note S8, Sup-
porting Information). Each set of data points in this plot cor-
responds to a peak of the PICTS spectra (except for the peak P# 
associated with Rb3Sb2I9; see Note S9, Supporting Information) 
and is therefore labeled accordingly.

All sets of data points in the Arrhenius-type plot in 
Figure  4b exhibit a good match with straight-line fits. This 
reflects the close adherence of the variable-temperature photo-
induced current transients to Equations (1)–(3), thereby fur-
ther confirming that the transients originate from defect-level 
emptying. This enabled us to extract the energy depths EDL,i 
and the capture cross-sections σc,i of the defect levels from the 
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slopes and vertical intercepts, respectively, of the linear inter-
polants (Note S8, Supporting Information). In particular, the 
extraction of the capture cross-sections also requires knowl-
edge of the conductivity effective masses and density-of-states 
effective masses of the PIMs, which we calculated as detailed 
in Note S10 (Supporting Information; see also Tables S3 and 
S4 for the effective mass values). Based on the consistency of 
the Arrhenius-type plot with the defect-level emptying model 
in Equations (1)–(3), we could determine the volumetric con-
centration NDL,i of the corresponding defect levels by inte-
grating the associated component of the photoinduced current 
transients:

N i qV
t∫ τ τ( )=
+∞

/ dDL,i DL,i
p

 (4)

(see additionally Note S11, Supporting Information, for the 
Cs3Sb2I9 case).

Based on the experiments, models, and analysis presented 
above, we could quantify the defect parameters of the four repre-
sentative PIMs (Figure 4c as well as Table S5, Supporting Infor-
mation), thereby demonstrating the wide applicability of PICTS 
for the defect-level characterization of such materials. In regard 
to their capture cross-sections, we extracted the values corre-
sponding to electron capture as well as hole capture (Table S5,  

Supporting Information), thus taking into account the differ-
ences in the hole and electron effective masses. For the sake 
of simplicity, in the following discussion we concentrate on the 
capture cross-section values extracted based on the assump-
tion of electron capture (i.e., the values shown in Figure  4c), 
considering that the hole-capture counterparts are within the 
same region and also scale accordingly (Table S5, Supporting 
Information).

Cs3Sb2I9 and Rb3Sb2I9 devices featured a single defect 
level each. The defect level in 0D Cs3Sb2I9 (P1 in Figure  4b,c) 
was at a depth of 0.41  eV and had a capture cross section of 
5 × 10–17  cm2, which is indicative of a neutral character.[86] By 
contrast, the defect level identified in two-dimensional Rb3Sb2I9 
(P1 in Figure 4b,c) was deeper (i.e., it was located 0.62 eV away 
from the relevant band edge) and had a considerably larger cap-
ture cross-section of 6 × 10–14 cm2, thereby revealing a some-
what coulombically attractive character.[86] As for the bismuth-
based PIMs examined herein, their defect-level landscape was 
somewhat more complex. On the one hand, for the case shown 
in Figure  4, BiOI presented three different defect levels: a 
shallow one (P1 in Figure 4b,c) with an energy depth of 0.27 eV 
and a capture cross-section as small as 4 × 10–20 cm2, which is 
indicative of a coulombically repulsive character;[86] and two 
levels at 0.53–0.54 eV (P2 and P3 in Figure 4b,c) presenting cap-
ture cross-sections in the 10–17–10–16 cm2 range, which denotes a 

Figure 4. a) PICTS spectra of the representative PIMs. b) Arrhenius-type plot determined from the PICTS spectra in (a). c) Defect parameters extracted 
from the Arrhenius-type plot in (b). The bottom edge of the rectangles represents the pertinent band edge, while the dashed lines represent the detected 
defect levels.
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neutral character. On the other hand, AgBiI4 featured two shal-
lower defect levels—one at 0.25 eV (P1 in Figure 4b,c) and the 
other at 0.33 eV (P2 in Figure 4b,c)—both with capture cross-
sections in the 10–19 cm2 range or smaller, thereby indicating a 
coulombically repulsive character.

In regard to the defect-level concentrations, we found values 
in the 1014–1017 cm–3 range across all PIMs. The defect level in 
Rb3Sb2I9 had the lowest concentration (4 × 1014 cm–3), while 
those in Cs3Sb2I9 and BiOI had concentrations in the 1015 cm–3 
range. Finally, a considerably higher concentration—in the 
1017 cm–3 range—was found in AgBiI4.

To appraise the accuracy of the extracted defect parameters, 
we calculated the uncertainty associated with the application of 
Equations (2)–(4) to the measured PICTS data (Table S5, Sup-
porting Information). We found that the uncertainty in the 
extracted defect energies is on average equal to 25 meV across 
all sample types and smaller than 60 meV in all cases (Table S5, 
Supporting Information). Moreover, the uncertainty associated 
with the extraction of the capture cross-sections and volumetric 
concentrations is on average within a factor of 2–4 and gener-
ally smaller than one order of magnitude—i.e., a comparatively 
narrow range considering the ≈10 orders of magnitude over 
which these parameters may vary.

We additionally observed good consistency in the PICTS-
determined defect parameters from different samples of each 
PIM. Specifically, energy depth differences were smaller than 
90 meV, while capture cross-sections and volumetric concen-
trations were within the same order of magnitude (Figures S4–
S7, Supporting Information). Such defect parameter variations 
are comparatively modest with respect to the overall ranges 
over which the defect parameters may vary. In addition to 
the uncertainty associated with the parameter extraction (see 
above), these variations would reflect the stoichiometric and 
microstructural variations commonly found in polycrystal-
line PIMs deposited at low temperatures, which are expected 
to have an impact on their defect properties. In light of this, 
it is not surprising that PICTS can also detect specific defect 
levels that may manifest only in some samples of a given mate-
rial. Indeed, this was the case for BiOI samples (Figure S6d–f, 
Supporting Information): in addition to the levels presented 
in Figure  4c, some BiOI samples manifested a level with an 
energy depth of 0.74  eV and a capture cross-section in the  
10–13 cm2 range (i.e., with a coulombically attractive character). 
This indicates that variations may occur in the preparation of 
BiOI samples that may or may not lead to the formation of 
such a defect level.

While in principle the defect levels detected in a PICTS 
experiment may originate from any of the semiconducting 
layers in the device stack, our PICTS implementation has a 
dramatically larger selectivity toward the defect levels of the 
PIM layer (in contrast to techniques such as DLTS, TAS, and 
I-DLTS). First, defect-level filling in such experiments relies 
on the absorption of photons with energy slightly above the 
bandgap of the PIMs (i.e., photons with energy much lower 
than the bandgap of the charge transport layers), hence by 
far primarily absorbed by the PIMs themselves (cf., in DLTS, 
TAS, and I-DLTS, charges for defect-level filling are supplied 
from the electrodes or layers within the device stack). Addi-
tionally, due to its thickness, the PIM layer contributes at least 

a one-order-of-magnitude larger share of the volume between 
the device electrodes, which further enhances the selectivity 
of PICTS toward the defect levels in the PIM. In fact, PICTS 
inherently provides a straightforward route to assessing if 
the observed photoinduced current transients may reflect the 
defect properties of the transport layers. This involves a com-
parative analysis of the PICTS-determined defect levels from 
device stacks that differ either in the PIM or the charge trans-
port layers. For instance, while the Cs3Sb2I9 and Rb3Sb2I9 
devices presented in Figure  4c both comprise a poly-TPD 
hole-transport layer (HTL), their defect levels are utterly dis-
tinct. This allows us to conclude that their poly-TPD HTL does 
not contribute to the PICTS-determined defect levels of these 
Cs3Sb2I9 and Rb3Sb2I9 devices. Along the same lines, while 
the Rb3Sb2I9 and AgBiI4 devices presented in Figure  4c both 
comprise a compact TiO2 (c-TiO2) electron-transport layer 
(ETL), no similarity is found in their defect levels. This rules 
out that their c-TiO2 ETLs have an impact on their PICTS-
determined defect levels. Moreover, c-TiO2/AgBiI4/Spiro-
OMeTAD devices (Figure 4c) manifest defect parameters that 
directly relate to those of mp-TiO2/AgBiI4/poly-TPD devices 
(mp-TiO2: mesoporous TiO2; see Figure S8, Supporting Infor-
mation), and utterly distinct from those of mp-TiO2/Cs3Sb2I9/
poly-TPD devices (Figure 4c). Overall, this allows us to rule out 
that the defect parameters obtained from Cs3Sb2I9, Rb3Sb2I9, 
and AgBiI4 devices originate from their transport layers. Ulti-
mately, this illustrates the selectivity of PICTS toward the 
defect levels in the photoactive layers of PIM solar cells as well 
as the straightforward manner in which such selectivity can 
be experimentally verified.

2.3. One-Center Defect Tolerance Analysis (OCDTA)

Although the widely accepted notion of defect tolerance makes 
direct reference to defect levels that are shallow or with small 
capture-cross sections, no straightforward quantitative criterion 
has been formulated to date that allows the identification of a 
defect tolerant semiconductor based on the energy depth and 
capture cross-section values of its defect levels. Therefore, as a 
preliminary and qualitative assessment of the defect tolerance 
of the PIMs investigated herein, we considered comparing their 
PICTS-determined defect parameters with those reported in the 
literature on lead-halide perovskites, which are widely regarded 
as the paragon of defect tolerant semiconductors. We thus 
found that the defect parameters of the PIMs considered herein 
(Figure  4) fall within the ranges also reported for polycrystal-
line lead-halide perovskites (Table S6, Supporting Information). 
Therefore, this preliminary comparison does not suggest that 
the antimony- and bismuth-based PIMs considered herein are 
generally “worse off” in terms of defect tolerance than the lead-
based perovskite counterparts.

Looking beyond the limits of the current definition of defect 
tolerance and the preliminary comparison above, we reasoned 
that the quantitative evaluation of the defect tolerance of a 
semiconductor would require the contextualization of its defect 
properties within the intended device application and the rel-
evant boundary conditions. Photovoltaics offers an obvious 
example: the capture and emission rates of a defect level in a 
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semiconductor—i.e., the key quantities determining the impact 
of a defect level on photovoltaic performance—depend not only 
on the corresponding defect parameters but also on the photo-
generation rate. Therefore, a semiconductor may or may not 
be tolerant to one of its defects depending also on whether, for 
example, it absorbs sunlight more or less strongly, or, as another 
example, if it is used for outdoor solar photovoltaics or indoor 
photovoltaics. In other words, while the defect parameter values 
play an essential role in determining the defect tolerance of a 
semiconductor, the quantitative assessment of defect tolerance 
cannot be abstracted from the overall “system” (i.e., the device 
and its operating conditions) in which the semiconductor is 
placed.

Based on the above considerations, we developed a method-
ology that quantifies the defect tolerance of a PIM in relation 
to the two key determinants of its photovoltaic efficiency, i.e., 
the short-circuit current and the open-circuit voltage. We refer 
to this methodology as OCDTA because it evaluates the defect 
tolerance of a PIM in relation to each individual defect level 
(i.e., center). In particular, OCDTA assesses the impact of each 
level (with concentration NDL,i and capture cross-section σc,i) 
through two metrics, referred to as one-center external quantum 
efficiency (EQE) and one-center open-circuit voltage deficit, which 
are defined as follows, respectively (details in Note S12, Sup-
porting Information)
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Here, μ is the average carrier mobility in the PIM, |Vbi| is the 
magnitude of the built-in voltage of the PIM device, pe is the 
outcoupling efficiency, B is the radiative recombination coef-
ficient, n is the mobile carrier density, and all the other para-
meters are as defined earlier. The significance of EQE0,DL,i and 
ΔVoc,nr,i lies in the fact that they quantify the impact of a defect 
level on the short-circuit EQE (which directly relates to the 
short-circuit current density) and the open-circuit voltage deficit 
due to nonradiative recombination, respectively, if carrier cap-
ture associated with that defect level is rate-setting in terms of 
the overall recombination kinetics.

Building on Equations (5) and (6) and through the algorithms 
detailed in Notes S12–S14 and Figures S9 and S10 (Supporting 
Information), OCDTA allows the straightforward determination 
of EQE0,DL,i = EQE0,DL,i (μ) and ΔVoc,nr,i = ΔVoc,nr,i (n) based only 
on the following input quantities: the PICTS-determined defect 
parameters; the effective masses of the PIM; and the optical 
absorption spectrum of the PIM. For the sake of comparison, 
we additionally carried out the same analysis on MAPbI3, using 
literature values of the relevant quantities (see also Table S6–S8,  
Supporting Information).[25,32,87,88]

As a general trend, the one-center EQE associated with all 
defect levels monotonically increases with the carrier mobility 
and eventually saturates (Figure 5), consistent with the physical 
picture that a high mobility allows a larger fraction of photocar-
riers to escape recombination. Moreover, the one-center ΔVoc,nr  

monotonically decreases with carrier density (Figure  5),  
consistent with the concurrent reduction in the weight of the 
nonradiative recombination.

In regard to Cs3Sb2I9 and AgBiI4, their defect levels would 
have minimal impact on the EQE across the entire mobility 
range considered (Figure  5a,d). Indeed, the defect levels 
detected in Cs3Sb2I9 and AgBiI4 have comparatively small cap-
ture cross-sections, leading to a smaller impact on the carrier 
collection length (Note S12, Supporting Information). At the 
same time, these levels lead to a reduction of the one-center 
open-circuit voltage by an amount of ≈0.45 and ≈0.40 V, respec-
tively, over the carrier density range generally relevant to solar 
cell operation (see shading in the corresponding plots in 
Figure 5a,d; see also Note S15 and Figure S11, Supporting Infor-
mation). This indicates that, while the defect levels detected in 
AgBiI4 have by far the largest concentrations of all four PIMs 
investigated herein, in fact, these levels would have a compara-
tively small effect on the ΔVoc,nr, i due to their rather low capture 
cross-sections. As for Rbs3Sb2I9, the impact of its defect level  
would be appreciably larger, leading to a pronounced reduction 
in EQE and a higher open-circuit voltage deficit (Figure  5b). 
This can be ascribed to the considerably larger capture cross-
section of its defect level. Finally, BiOI presents a particularly 
interesting case (Figure  5c): the levels presented in Figure  4c 
would have no detrimental impact on the EQE in the relevant 
mobility range, while its levels with an energy depth of ≈0.53 eV 
(P2 and P3 of Figure 4) would cause a larger ΔVoc,nr,i of ≈0.55 V. 
If we additionally consider the deeper level at 0.74 eV detected 
in some of the BiOI samples (Figure S6, Supporting Informa-
tion), the situation would change significantly due to the large 
capture cross-section of this level: the one-center EQE would 
be appreciably reduced (note, however, the uncertainty in the 
mobility range, which has not been extensively characterized), 
while the maximum ΔVoc,nr,i would rise to ≈0.7 V (Figure S12,  
Supporting Information).

Interestingly, a comparison with the plots obtained for 
MAPbI3 (Figure 5e) reveals that the one-center EQE traces of 
the representative PIMs are globally (i.e., at any given value 
of the carrier mobility) at a similar level (BiOI and Rbs3Sb2I9 
case) or superior (Cs3Sb2I9 and AgBiI4 cases) to those of 
MAPbI3. However, by considering the mobility range reported 
in the literature for all of these materials (see shading in the 
corresponding plots in Figure  5),[11,26,44,59–62,89] it becomes 
apparent that, while the defect parameters of MAPbI3 are 
not “better off” (in terms of depth and capture cross-section) 
than those of the representative PIMs, their impact on the 
carrier collection length (Note S12, Supporting Information) 
and the one-center EQE of MAPbI3 would be minimal due 
to the comparatively large mobility of MAPbI3. Nonetheless, 
all of the PIMs would be tolerant to their defect levels pre-
sented in Figure  4 in terms of photoconversion at short cir-
cuit. The only exception concerns the deep level detected in 
some of the BiOI samples (Figure S12, Supporting Informa-
tion), to which BiOI would not be tolerant in solar cells at 
short circuit.

In terms of the open-circuit voltage deficit, the defect levels 
in MAPbI3 would globally lead to a ΔVoc,nr comparable to that of 
Cs3Sb2I9 and AgBiI4, given that the corresponding ΔVoc,nr  − n 
traces are nearly overlapping. Interestingly, this is in spite of the 
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larger capture cross-sections of some of the defects in MAPbI3 
(Table S6, Supporting Information), whose impact is reduced 
due to a larger carrier concentration in the corresponding 
devices. Owing to the low capture cross-sections of its defect 
levels, the AgBiI4 case at open circuit would not be considerably 
different from MAPbI3, denoting acceptable tolerance of AgBiI4 
to its detected defect levels. By contrast, Cs3Sb2I9, Rb3Sb2I9, and 
BiOI are considerably less tolerant to their defect levels at open 
circuit compared to the MAPbI3 case.

In summary, based on the quantitative insight provided by 
OCDTA, AgBiI4 is expected to be comparatively tolerant to its 
defect levels we detected by PICTS. Therefore, rather than pri-
oritizing the reduction of the concentrations of these levels, 
future efforts aiming to boost the photovoltaic performance of 
AgBiI4 should focus on device and materials aspects such as 

interfaces, charge transport layers, and excitonic effects. On the 
other hand, Rbs3Sb2I9 and BiOI exhibit lower defect tolerance 
(particularly at open circuit), in part due to the larger capture 
cross-sections of their defect levels. In the case of BiOI, a par-
ticularly detrimental defect level was detected in some of the 
samples. Consequently, identifying the origin of this level is 
the worthwhile goal of future studies. Additionally, the photo-
voltaic impact of the PICTS-determined level of Cs3Sb2I9 would 
be intermediate between that of AgBiI4 and Rbs3Sb2I9 or BiOI, 
reflecting its intermediate capture cross-section value. Finally, 
PICTS and OCDTA jointly revealed that PIMs may in fact pos-
sess more benign defect levels (shallower or with smaller cap-
ture cross-sections) than MAPbI3, but their defect tolerance 
could be lower because of their smaller mobility and due to 
their operating conditions within solar cells.

Figure 5. One-center EQE and one-center open-circuit voltage deficit associated with a) Cs3Sb2I9, b) Rb3Sb2I9, c) BiOI, and d) AgBiI4, as determined via 
OCDTA using the defect parameters presented in Figure 4. e) One-center EQE and once-center open-circuit voltage deficit associated with MAPbI3, as 
determined via OCDTA using the defect parameters reported by Heo et al.[87] The shaded areas in the one-center EQE plots correspond to the mobility 
ranges reported in the literature for relevant compounds (see also Table S8, Supporting Information).[11,26,44,59–62,89] The shaded areas in the one-center 
open-circuit voltage deficit plots are obtained as detailed in Note S15 and Figure S11 (Supporting Information).
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2.4. Broader Potential of PICTS for the Defect Characterization 
of PIMs and Related Absorbers

To evaluate the broader potential of PICTS in PIM/perovskite 
photovoltaics research, it is important to identify its ultimate 
limits in terms of the smallest concentration and the largest 
energy depth of the defect levels that it can probe. To the best 
of our knowledge, these limits have not been examined to date 
in the context of PIM/perovskite photovoltaics, nor can they be 
inferred from the earlier PICTS literature, which covers other 
material systems and device configurations.

The ability of PICTS to detect a defect level in a PIM/
perovskite solar cell is ultimately limited by the strength of the 
defect-level-emptying current in comparison to the magnitude 
of the background noise. Based on the model for the defect-
level-emptying current in Equation (1) and considering the shot 
noise and Johnson-Nyquist noise present in PIM/perovskite solar 
cells,[26,90,91] we derived that the ultimate sensitivity of PICTS for 
the investigation of defect levels in PIM/perovskite solar cells can 
be expressed as (Note S16, Supporting Information):

N
C T

E k Tσ ( )
( )≥
−exp /2

DL,i
c,i DL,i B

 (7)

Here, C(T) is a quantity that aggregates device and materials 
parameters (Note S16, Supporting Information), including the 
effective masses of the absorber, as well as the shunt resistance 
and dark current of the corresponding solar cells.

To appraise the implications of Equation (7), we determined 
the parameters in question for the representative PIMs inves-
tigated in this study (Tables S3, S4, and S9, Supporting Infor-
mation). Specifically, Figure 6 shows the corresponding color 
maps derived from Equation (7) for the case of BiOI at both 
300 K and 180 K (i.e., at the maximum and minimum tempera-
tures of the PICTS experiments discussed earlier). Each point 
of these color maps is associated with a pair of energy depth 
and capture cross-section values of a hypothetical defect level, 
while the corresponding color indicates the minimum defect 
concentration that PICTS could detect.

A comparison of the plots in Figure 6 reveals that, within the 
temperature range probed in this study, it is at 300 K that PICTS 

can detect deeper defect levels. This reflects the dominance of 
the emission rate (Equation 3) in the temperature dependence 
of the signal-to-noise ratio (Equation 7) in PIM solar cells (as we 
also observed in other PIMs). We thus focus on the plot at 300 K  
to gain quantitative insight into the detection limits of PICTS 
for the case of BiOI (see Figure S13, Supporting Information, 
for all other representative PIMs). Figure  6b shows that the 
lowest defect levels that could be detected would have an energy 
depth appreciably greater than 1.0  eV (i.e., down to mid-gap 
for BiOI). If we specifically focus on the defect levels with an 
energy depth of 0.6  eV (in line with the deeper defect levels 
detected across all representative PIMs examined herein), we 
find that PICTS could reveal a concentration of neutral defect 
levels below 1 × 1012 cm–3 (Figure  6b). Given that the atomic 
concentration of BiOI is of ≈1022 cm–3, this highlights a remark-
able sensitivity of PICTS applied to PIM solar cells down to the 
part-per-trillion range. Additionally, this provides a reality check 
on the defect level concentrations we detected experimentally, 
which are larger than this ultimate limit, as indeed expected.

In regard to the ability of PICTS to detect shallow levels, the 
plots in Figure 6 reveal that PICTS has in principle a higher sen-
sitivity for smaller energy depths. However, shallow levels may 
give rise to rather short transients (in view of their larger emis-
sion rates) at comparatively high temperatures. Therefore, the 
detection of shallow levels generally requires running PICTS at 
sufficiently low temperatures, thus allowing the corresponding 
deep-level-emptying transients to be “stretched” in time. For 
instance, the shallower levels of AgBiI4 and BiOI (Figure  4a,c) 
were detected at comparatively low temperatures. Specifically, the 
minimum energy depth that can be probed in a PICTS experi-
ment depends on the minimum temperature used, which may 
be determined by practical factors involving the experimental 
setup, the measuring time, and the materials used.

We emphasize that the detection limits just discussed are not 
the general sensitivity limits of PICTS, but are specific to absorbers 
such as PIMs and their thin-film solar cells, as Equation (7)  
also accounts for materials and device properties. Therefore, the 
above sensitivity analysis confirms the potential of PICTS to be 
widely applied for the in situ characterization of defect levels in 
PIM thin films embedded within solar cells with concentrations 
down to the part-per-trillion range as well as energy depths larger 

Figure 6. Sensitivity of PICTS applied to PIM solar cells. The case of BiOI devices is shown here. a) Sensitivity at 180 K. b) Sensitivity at 300 K. The 
contour line labels indicate the logarithm base 10 of the minimum defect concentration that can be detected. The dashed line and arrows in (b) refer 
to the case of a neutral defect level with an energy depth of 0.6 eV.
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than 1.0 eV. Considering their materials and device similarity with 
PIMs, our analysis also suggests the applicability of PICTS to 
related emerging absorbers such as mainstream lead-halide perov-
skites. In fact, given that the defect characterization of lead-halide 
perovskites through conventional capacitance-based techniques 
has been recently brought into question,[66,67] the sensitivity anal-
ysis presented herein points to the opportunity that PICTS could 
also provide for gaining insight into the defect properties of main-
stream lead-halide perovskites.

3. Conclusion

In this work, we established, for the first time, the wide appli-
cability of PICTS for the in situ assessment of the defect 
parameters (i.e., energy depths, capture cross-sections, and 
concentrations) of lead-free PIMs, which have recently attracted 
a considerable amount of attention in photovoltaics research. 
While mainstream defect spectroscopies would be problem-
atic or inapplicable to PIMs due to the near-intrinsic character  
of many such absorbers, herein we successfully conducted a 
PICTS investigation of four representative PIMs—Cs3Sb2I9, 
Rb3Sb2I9, AgBiI4, and BiOI—embedded within thin-film solar 
cells. We found that these absorbers present defect levels 
with energy depths in the range of 0.3–0.7 eV, with one single 
defect level being dominant in Cs3Sb2I9 and Rb3Sb2I9, and with 
AgBiI4 and BiOI presenting multiple defect levels. Additionally, 
while all defect levels in Cs3Sb2I9 and AgBiI4 and the shallower 
levels in BiOI manifested rather small capture cross-sections—
denoting a neutral or coulombically repulsive nature—much 
larger capture-cross-section values were found for the defect 
level in Rb3Sb2I9 and the deepest level in BiOI.

Building on such insight, we developed a methodology, 
called One-Centre Defect Tolerance Analysis (OCDTA), to quan-
titatively assess the defect tolerance of PIMs in the photovol-
taics context. This analysis revealed that AgBiI4 would be rather 
tolerant to the defect levels detected by PICTS, while Cs3Sb2I9 
and, to a greater extent, Rb3Sb2I9 and BiOI would be particu-
larly affected by their PICTS-determined defect levels.

Finally, we provided quantitative insight into the broader 
potential of PICTS for the defect characterization of PIMs 
and related absorbers such as mainstream halide perovskites, 
revealing that this technique can probe defect levels down to 
mid-gap and can reach a sensitivity in the part-per-trillion range.

In view of its experimental simplicity, wide applicability, and 
high sensitivity, PICTS has significant potential to become a 
standard technique to further the understanding of the defect 
properties of PIMs as well as their lead-halide perovskite coun-
terparts. In fact, PICTS and OCDTA could help identify the 
compositions and processing conditions conducive to more 
benign defect properties or superior defect tolerance, thereby 
catalyzing the development of easy-to-make materials for next-
generation photovoltaics.

4. Experimental Section
XRD Characterization: XRD patterns were collected on thin films 

of Cs3Sb2I9, Rb3Sb2I9, and AgBiI4 deposited on glass substrates with 

a protective covering of poly(methyl methacrylate) (PMMA). The 
instrument used was a Bruker D8 diffractometer (Cu Kα radiation, 
λ  = 1.541 Å) with an Oxford Cryosystems PheniX variable-temperature 
sample stage. The sample space was evacuated and the stage was 
cooled at 1 K min−1 to 180 K and allowed to thermalize for one hour. 
Subsequently, XRD scans were collected at 10 K increments from 180 to 
300 K, with heating rate 1 K min−1 and 10 minutes thermalization time at 
each temperature before taking the measurement. Scans were collected 
in the range 10 ≤ 2θ(°) ≤ 60 with a step size of 0.02° and collection time 
0.5 s per step.

SEM Characterization: The SEM images of Cs3Sb2I9, Rb3Sb2I9, and 
AgBiI4 were acquired using a Zeiss GeminiSEM 500 scanning electron 
microscope with an accelerating voltage of 10  kV (pressure of 2 ×  
10–5 mbar). The SEM image of BiOI was taken using an FEI Magellan 
(XHR 400L) scanning electron microscope using an accelerating voltage 
of 10 kV (pressure of 10–5 mbar).

UV–Vis Spectrophotometry: The absorption coefficients of Cs3Sb2I9, 
Rb3Sb2I9, and AgBiI4 were calculated as α = − ln (T/(1 − R))/L. L is the PIM 
film thickness (measured with a D-100 Stylus Profilometer, KLA-Tencor) 
in samples comprising PIM thin films on glass substrates, and T and R 
are their transmittance and reflectance (measured with a PerkinElmer 
LAMBDA 950 UV–Vis–NIR spectrophotometer), respectively.

UPS Characterization: UPS spectra were acquired on AgBiI4 thin films 
using a Kratos Ultra DLD ultraviolet photoelectron spectrometer, which 
featured a monochromatic He I (21.2 eV) excitation source.

Cs3Sb2I9, Rb3Sb2I9, and BiOI Device Fabrication: Cs3Sb2I9, Rb3Sb2I9, and 
BiOI devices were fabricated according to the procedures reported in 
refs. [60,62], and [59], respectively (see Note S2, Supporting Information, 
for details).

AgBiI4 Device Fabrication: Fluorine-doped tin-oxide (FTO)/glass 
substrates were cleaned and then coated with a c-TiO2 film as detailed in 
Ref. [26]. All subsequent fabrication steps were performed in an N2-filled 
glove box, unless noted otherwise. AgI and BiI3 powders were mixed 
(1:1  molar ratio) in dimethylsulfoxide:dimethylformamide (1:3 volume 
ratio), targeting a solution concentration of 0.4 M. The solution was 
stirred for 4 hours at room temperature and then filtered with a 0.22 µm 
PTFE filter. The solution was then spin-coated on c-TiO2/FTO substrates 
(6000  rpm, 30 s); 18 s into the spin-coating cycle, chloroform (150 µL) 
was dispensed onto the substrate. Subsequently, samples were annealed 
at 100 °C; then, their temperature was raised to 180°C (over 10 min) and 
finally kept at 180 °C (for 10 min). Spiro-OMeTAD was then spin-coated 
on the AgBiI4 thin films from a chlorobenzene solution according to the 
procedure detailed in Ref. [26]. Finally, 100 nm thick silver electrodes 
were thermally evaporated in high vacuum through a shadow mask, 
defining a device active area of 7.25 mm2.

AgBiI4 devices comprising an mp-TiO2 layer were also fabricated. 
In such a case, device fabrication was conducted as above, except for 
the following steps: after the deposition of a c-TiO2 film, an mp-TiO2 
layer was deposited as detailed in ref. [60]; the spiro-OMeTAD film 
was replaced with a poly-TPD film, which was spin-coated from a 
chlorobenzene solution (10  mg mL–1) according to the procedure 
detailed in ref. [60].

EQE Characterization: EQE measurements were carried out using a 
Keithley 6420 source-measure unit (Tektronix) and a monochromated 
light source (Zolix Omni-λ2005i) calibrated with a power meter assembly 
(Thorlabs PM200 and Thorlabs S120VC).

PICTS: The PIM devices were mounted in a cryostat (CRYO Industries 
of America) equipped with an optical window. After the sample chamber 
was evacuated, the sample was cooled to the desired temperature (180 K) 
using a liquid-helium closed-cycle refrigerator system. The sample 
temperature was then raised at a rate of 1 K min–1 up to 300 K. The sample 
temperature was controlled using a Model 335 Cryogenic Temperature 
Controller (Lakeshore). Suitable light pulses (see below) were concurrently 
applied. The corresponding current signal from the PIM devices was 
amplified with a DHPCA-100 amplifier (FEMTO), whose output was 
digitized and acquired through a Multifunction I/O National Instrument 
Device controlled via a custom LabVIEW program. The PIM devices were 
maintained with 0 V across and were illuminated from their FTO or ITO 
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electrodes. The BiOI and AgBiI4 devices were illuminated using an Osram 
LA CN5M LED (dominant wavelength of 617  nm) with an irradiance of  
279 µW cm–2 and 530 µW cm–2, respectively. The Cs3Sb2I9 and Rb3Sb2I9 
devices were illuminated using an Osram LY CP7P LED (dominant 
wavelength of 590 nm) with an irradiance of 44 µW cm–2 and 62 µW cm–2, 
respectively. The duration of the light pulses was 1.0 s for Cs3Sb2I9 and 
Rb3Sb2I9 devices, 1.5 s for BiOI devices, and 1.1 s for AgBiI4 devices.

Density Functional Theory Calculations: The total energy of the system and 
the band energies were determined using the Vienna Ab Initio Simulation 
Package (VASP version 5.4.1).[92] Exchange-correlation effects were treated 
with the Perdew–Burke–Ernzerhof (PBE) functional.[93] Standard PAW 
potentials were used for the core-electrons of the atoms.[94] A plane-wave 
basis with an energy cutoff (Ecut) was used based on the standard choice 
determined by the elements involved with Ecut ranging from 220 to 250 eV. 
A converged K-point mesh was used for initial coordinate, volume, and 
charge density optimizations. To test the sensitivity of the effective mass 
results, a second set of calculations was performed fixing the atoms, 
volume, and charge density but using the LDA functional[95] instead of the 
PBE functional in the final band energy calculations.

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