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12 ABSTRACT: Lead (Pb) halide perovskites have attracted tremendous
13 attention in recent years because of their rich optoelectronic properties,
14 which have resulted in more than 22% power conversion efficient
15 photovoltaics (PVs). Nevertheless, Pb-metal toxicity remains a huge hurdle
16 for extensive applications of these compounds. Thus, alternative compounds
17 with similar optoelectronic properties need to be developed. Bismuth
18 possesses electronic structure similar to that of lead with the presence of ns2

19 electrons that exhibit rich structural variety as well as interesting optical and
20 electronic properties. Herein, we critically assess Cs3Bi2I9 as a candidate for
21 thin-film solar cell absorber. Despite a reasonable optical band gap (∼2 eV)
22 and absorption coefficient, the power conversion efficiency of the Cs3Bi2I9
23 mesoscopic solar cells was found to be severely lacking, limited by the poor
24 photocurrent density. The efficiency of the Cs3Bi2I9 solar cell can be slightly
25 improved by changing the stoichiometry of the precursor solutions, which is
26 most probably due to the reduction in nonradiative defects as evident from our single-crystal photoluminescence spectroscopy.
27 However, detailed investigations on pristine Cs3Bi2I9 reveal that zero-dimensional molecular crystal structure remains one of the
28 main bottlenecks in achieving high performance. On the basis of our comprehensive studies, we have proposed that a continuous
29 network of three-dimensional crystal structure should be another major criterion in addition to proper band gap and suitable
30 optical properties of the future PV compounds.
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32 ■ INTRODUCTION

33 In the search for cheap and earth-abundant semiconductors for
34 photovoltaics (PVs), lead-based halide perovskites have
35 recently outperformed other new technologies.1−4 The
36 efficiency of Pb-based halide perovskite solar cells has increased
37 from mere ∼4% to more than 22% (certified) within half a
38 decade. Nevertheless, major challenges such as lead toxicity and
39 atmospheric stability are still huge hurdles for the extensive
40 application of Pb-based halide perovskites. These problems can
41 be addressed by utilizing nontoxic metal cations that can
42 replace lead and possibly provide better atmospheric stability.
43 The most suitable replacement would be by an equivalent ns2

44 valence ion such as Sn2+ or Ge2+. However, recent studies
45 indicate that both elements either suffer from lower stability
46 than lead or have similar toxicity.5−8 In a similar way,
47 substitution by an isoelectronic Bi3+ can be another good
48 alternative to replace Pb2+. Lehner et al.9 examined several Bi-
49 based inorganic ternary halides ((K/Rb/Cs)3Bi2I9) and found

50that the effect of these cations on the band gap is negligible
51with an optical band gap of ∼2 eV, which would translate to a
52theoretical efficiency of 22.6%.10,11 Early experimental results
53from Park et al.12 reported MA3Bi2I9- (MA = CH3NH3) and
54Cs3Bi2I9-based PVs with power conversion efficiencies of 0.12
55and ∼1%, respectively, in mesoscopic solar cell configurations.
56Shortly after, several research articles have been published on
57Bi-based ternary iodides as perovskite solar cell absorber
58materials with poor power conversion efficiencies which limit
59the practical use of Bi-based solar cells.13−15 Herein, we have
60fabricated Cs3Bi2I9-based mesoscopic solar cells which confirm
61the poor power conversion efficiencies of this material system.
62Noting the effects of precursor stoichiometry on the efficiency
63values, we have chosen to focus on the underlying reasons
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64 behind the low efficiency of the Bi-based ternary halide system
65 by exploring the optoelectronic properties of Cs3Bi2I9.

66 ■ RESULTS AND DISCUSSION

67 Physical Characterization. To evaluate Cs3Bi2I9 for PV
68 applications, it is utmost critical to obtain the pure phase
69 compound during synthesis. The thin films of Cs3Bi2I9 were
70 prepared by solution processing via spin-coating equimolar CsI
71 and BiI3 dissolved in anhydrous N,N-dimethylformamide
72 (DMF), followed by annealing at 100 °C. Single crystals of
73 Cs3Bi2I9 were grown by the antisolvent method. The grazing-
74 angle diffraction patterns of the thin films and powder X-ray
75 diffraction (XRD) patterns of single crystals are shown in

f1 76 Figure 1a,b, respectively. The reference pattern of Cs3Bi2I9 was
77 also included (Figure 1c) to illustrate the absence of any
78 impurity phases such as BiI3 or CsI. As illustrated in Figure 1a,
79 although the positions of the reflections perfectly match the
80 reference pattern, one can observe that the intensity of the
81 {00l} reflections is much higher for thin films which can be
82 attributed to the preferential orientation of the grains. This is
83 confirmed by the scanning electron microscopy (SEM) image
84 of the thin films which shows the presence of thin hexagonal
85 platelets with needlelike protrusion (Figure S1). In addition,
86 the higher angle reflections in grazing-angle XRD patterns of
87 the thin films are completely missing which may be due to the
88 thickness. On the other hand, the powder XRD patterns from
89 crushed single crystals do not suffer from prominent
90 preferential orientations, and the high-angle reflections are
91 well-matched with the reference patterns.
92 Unlike conventional semiconductors, Cs3Bi2I9 exhibits a
93 strong excitonic behavior at room temperature as revealed by

94ultraviolet−visible (UV−vis) absorption measurements shown
95in Figure 1d. Although the sharp excitonic resonance signature
96is common for low-dimensional perovskite materials at room
97temperature, it is inseparable from the continuous absorption
98edge for three-dimensional (3D) perovskites. For Cs3Bi2I9, the
99excitonic absorption peak at ∼485 nm (2.56 eV) is usually
100related with the strong quantum confinement effect because of
101the 0D nature of [Bi2I9]

3− bioctahedra.16,17 Using Tauc plot
102(Figure 1d inset), we estimated the indirect optical band gap to
103be ∼2.1 eV. Although, the band gap is indirect in nature, it is
104reasonably suitable for PV applications with other low band gap
105absorber materials in tandem solar cell configurations. The
106measured optical absorption coefficient of ∼1 × 104 cm−1 at
107450 nm for Cs3Bi2I9 thin films is also reasonable for such high
108and indirect band gap materials but is at least one order smaller
109than MAPbI3 thin films.

18 The observed exponential absorption
110tail below the optical band gap can be associated with the
111intrinsic disorder in the semiconducting materials. Both the
112exponential tail below band gap and strong excitonic binding
113energy are detrimental for PV applications because of lesser
114number of available free carriers.
115Photovoltaic Performance. The PV performances of
116Cs3Bi2I9 as an absorber layer were investigated in mesoscopic
117solar cell architecture, following the initial report by Park et
118al.12 Thin films of Cs3Bi2I9 were deposited onto mesoporous
119TiO2 films inside the Ar-filled glovebox and annealed at 100 °C
120for 15 min. The annealing time was kept lower than the
121previous report as we find negligible effect on the device
122performances. After cooling down, an HTM layer of Spiro-
123OMeTAD was spin-coated onto the absorber layer, followed by
124thermal evaporation of Au contacts. Detailed procedures for
125device fabrication can be found in the Experimental Section.

Figure 1. (a) Grazing-angle XRD pattern of thin films, (b) powder XRD pattern, and (c) reference (00-023-0847) XRD pattern of Cs3Bi2I9; (d)
absorption coefficient spectrum at different photon energies (inset: Tauc plot of UV−vis absorbance spectrum of Cs3Bi2I9 thin films).

Figure 2. (a) Cs3Bi2I9-based mesoscopic solar cell cross section with Spiro-OMeTAD as hole transport materials (J−V curve of the solar cell in dark
and 1 sun conditions) and (b) J−V characteristics of Cs3Bi2I9-based mesoscopic solar cell with different precursor solution stoichiometries.
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126 The device cross section and the J−V characteristics of our
127 champion cell, which yields a power conversion efficiency

f2 128 (PCE) of ∼0.07%, are shown in Figure 2a. Besides a solitary
129 publication which reported a PCE value close to 1%, recent
130 follow-up reports only attained 0.02% PCE with Cs3Bi2I9.

19

131 Hence, the performances of our devices are comparable to
132 more recent reported values. In addition to the mesoscopic
133 architecture, we have also fabricated planar and inverted
134 structures, utilized antisolvent treatments as well as various
135 hole-transporting materials to ascertain the performance of
136 Cs3Bi2I9-based solar cells (details of the solar cells are provided
137 in Note 1 of the Supporting Information). However, PCEs
138 remained low, limited by poor photocurrent density. The
139 results of such investigations are included in the Supporting
140 Information (Figures S2 and S3). As the Cs3Bi2I9-based solar
141 cells are limited by poor photocurrent density, we took
142 inspiration from a similar problem faced earlier on Sn-based
143 perovskite. Kumar et al.20 had illustrated that the photocurrent
144 density of CsSnI3 can be improved by excess Sn2+ cations. Pb-
145 based perovskites are also showed to have improved perform-
146 ance with excess PbI2.

21,22 In a similar manner, we have
147 fabricated mesoscopic solar cells with different stoichiometric
148 precursor solutions. With increasing BiI3 concentration in the
149 precursor solutions, we found that there is a sharp increase in
150 the photocurrent density (Figure 2b). The best PV perform-
151 ance was observed with 20% excess BiI3 addition to
152 stoichiometric Cs3Bi2I9 with PV parameters: VOC = 0.49 V,
153 JSC = 0.67 mA·cm−2, and fill factor = 63.6%, which resulted
154 0.21% PCE. The current density of the solar cell is confirmed
155 by the integrated current density obtained from the incident
156 current-to-photon conversion efficiency (IPCE) measurement
157 (Figure S5). However, with further increase in BiI3
158 concentration or increase in CsI concentration, the PCE of
159 the solar cell devices decreases. The J−V parameters of the

160Cs3Bi2I9-based solar cell with different stoichiometric precursor
161solutions are provided in Table S1.
162To illustrate the role of excess BiI3 in the solar cell devices,
163we characterized the thin films using XRD, optical absorption,
164 f3and luminescence spectroscopy. Figure 3a shows the powder
165XRD patterns of Cs3Bi2I9 with varying excess BiI3 concen-
166tration. Powders of different stoichiometric concentrations were
167collected after the precursor solution was drop-casted on the
168glass substrate, followed by annealing in a vacuum oven at 100
169°C for 24 h. Interestingly, there is no noticeable change in peak
170positions or the peak intensities of the reflections till 20%
171excess BiI3 addition, signifying no change in the crystal
172structure. Further increase in BiI3 in the precursor solution
173results in the formation of secondary phase of BiI3. This
174observation is also confirmed by the presence of another optical
175absorption peak near 1.7 eV for 30% excess BiI3 (Figure 3b).
176However, 10 and 20% excess BiI3 stoichiometric films show no
177indication of secondary phases from XRD patterns. Moreover,
178there is no apparent change in film morphology with different
179stoichiometries as shown in the SEM image of the thin films
180(Figure S6). Hence, the improvement of PV performance with
181small amount of excess BiI3 addition can be correlated with the
182passivating intrinsic defects or structural disorder. We have
183earlier shown through first-principle calculations that defects
184are energetically favorable and create mid-band gap states in
185Cs3Bi2I9.

23 To justify our hypothesis, we have further
186characterized the thin films prepared under different stoichio-
187metric ratios using photoluminescence (PL) and cathodolumi-
188nescence (CL) spectroscopy. Both spectroscopic results
189indicate enhanced emission intensity with the addition of
190excess BiI3, as illustrated in Figure 3c,d. However, as the
191photoluminescence quantum efficiencies (PLQEs) of the thin
192films are quite low and peaks are broad in nature, quantitative
193analysis using PL remains difficult. Nevertheless, the increase in

Figure 3. (a) Powder XRD patterns of different stoichiometric compositions. Data are shifted along Y-axis for easier comparison. (b) UV−vis, (c)
PL, and (d) CL spectra (Ib = 0.2 nA) of the same samples as in (a). CL spectrum of BiI3 was included for comparison.
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194 intensity can be correlated with passivation of nonradiative trap
195 states that are inherently present in Cs3Bi2I9. Moreover, similar
196 results can also be observed with CL measurement. The small
197 shift of the CL peak for higher BiI3 addition can be associated
198 with the formation of small BiI3 after passivating the defects
199 which is quite difficult to detect by conventional XRD at low
200 concentration and become prominent at higher fraction as
201 revealed by the XRD pattern of 30% excess BiI3. Transient
202 absorption (TA) spectroscopy also reveals similar carrier
203 dynamics with different BiI3 concentrations (Figure S9).
204 Hence, excess BiI3 is most probably going inside the trap
205 states and the structural disorder that are present in Cs3Bi2I9.
206 Although the device performances are not promising for
207 practical PVs, there is a clear indication of improvement of the
208 materials as well as its properties that are important for
209 optoelectronic applications.
210 Photophysical Characterization. As indicated, our results
211 on the PV performance of Cs3Bi2I9-based devices confirm the
212 poor efficiencies noted in this material. This motivated us to
213 extend our investigation to the photophysical properties of
214 Cs3Bi2I9 to unravel the origins of such low performances. PL
215 spectroscopy is one of the most common techniques utilized to
216 measure radiative recombination, which should be maximized
217 for PV applications.24 However, as an indirect band gap
218 material, Cs3Bi2I9 thin films do not exhibit a prominent PL
219 spectrum, rather a broad and asymmetric luminescence peak
220 (PLQE < ∼10−5, as illustrated in Figure S6) which is difficult to
221 characterize. As solution-processed thin films often suffer from
222 nonequilibrium defects, we have extended our PL studies to
223 single crystals. As is evident from Figure S7, the single crystals
224 exhibit a remarkably stronger emission peak centered around
225 1.86 eV as compared to that of thin films, which is possibly due
226 to the increased optical path as well as reduced trap states for
227 nonradiative recombination. The low PLQE from Cs3Bi2I9 is
228 expected as the radiative recombination of the indirect band

229edge only occurs when phonons are involved to conserve the
230momentum, which results in a very low quantum yield and
231broad spectrum. To verify this, we carried out transient PL
232spectroscopy of thin films as well as single crystals to determine
233the carrier lifetime. If the origin of the luminescence is from the
234indirect band edge, then the carriers that are located at the
235indirect band edge should exhibit long lifetime (vide infra). As
236illustrated in Figure S8, thin films show a biexponential decay
237with time constants of 5 ps (98%) and 73 ps (2%), whereas
238single crystals have a lifetime of ∼160 ps which are much
239shorter as compared to the lifetime of indirect band-edge
240carriers. Hence, phonon-assisted multiple self-trapped exciton
241emission model seems more plausible for the broad emission
242from Cs3Bi2I9 as reported recently by McCall et al.25 from their
243low-temperature PL studies.
244To further resolve the nature of the emission which was
245difficult to characterize because of low PLQE of the thin films,
246we have explored CL spectroscopy in which high-energy
247electron beam can provide better spatial resolution than
248conventional PL spectroscopy because of the order-of-
249magnitude higher carrier generations.26 The typical CL spectra
250 f4(Figure 4a) of Cs3Bi2I9 thin films show two emission bands
251centered at 1.91 and 2.5 eV (represented as peak 1 and peak 2,
252respectively). The latter can be assigned to the direct exciton
253emission as the position corresponds well with the direct
254exciton absorption peak, which was absent in our room-
255temperature PL studies.12,25 As a step further, we have extended
256our CL studies at varied excitation power (represented by the
257electron-beam current Ib) and analyzed using a simple power
258law model,27 ICL ∝ Ib

k. The power-law fits as illustrated in
259Figure 4b reveal that the intensities of peak 2 and peak 1 display
260a linear and a sublinear relationship with the excitation power,
261respectively. The linear relationship between intensity and
262excitation for peak 2 confirms the free excitonic luminescence
263of Cs3Bi2I9, which was too weak to be detected in typical PL

Figure 4. (a) Gaussian fitting of CL spectra of Cs3Bi2I9 thin films at different electron beam currents (Ib), (b) power-law fits of CL peak area (see
text for details) against different electron beam powers, (c) TA spectra of Cs3Bi2I9 thin films for different time delays under 400 nm excitation, and
(d) carrier decay dynamics of the same at 493 nm.
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264 studies. The sublinear dependence of peak 1 on power is also
265 consistent with the localized nature of the self-trapped excitons
266 by extrinsic defects.27−29 It can also be observed that in the
267 whole range of excitation power, the shape and position of the
268 peak remain unchanged (Figure 4a), which excludes the
269 possibility of donor−acceptor-pair exciton formation.30

270 As the low PLQE limits the utility of PL spectroscopy, we
271 have carried out TA spectroscopy analysis on thin films to
272 elucidate the dynamics of the photoexcited carriers. As
273 illustrated in Figure 4c, several features can be identified from
274 the TA spectra under 400 nm excitation at different time
275 delays: (2) a negative TA peak at around 2.52 eV (492 nm)
276 (ΔA < 0, ΔT/T > 0); (1) and (3) two positive TA peaks at
277 2.62 eV (473 nm) and 2.23 eV (554 nm), respectively; and (4)
278 a broad, feature-less photoinduced absorption (PIA) extending
279 from visible to near-infrared (NIR) region. The negative peak
280 corresponds well with the exciton peak shown in the steady-
281 state absorption spectrum (Figure 1d); hence, we attribute it to
282 the photobleach of the exciton peak after photoexcitation. The
283 broad PIA extending from visible to NIR region shows an
284 immediate subpicosecond rise after photoexcitation (within our
285 system response), followed by a very fast decay (τ1 = 4 ps, τ2 =
286 68 ps). The spectrum feature, together with the immediate rise
287 and fast decay, points that the broad PIA can be attributed to
288 the absorption from the “hot carrier” located at the Γ valley
289 (direct transition region) before relaxation to the indirect band
290 edge (0.75 K Γ point).23 Such fast decay within tens of
291 picoseconds corresponds well with the intervalley relaxation
292 mediated by carrier-phonon scattering.31

293 TA at exciton resonances can be induced by several
294 mechanisms, such as phase-space filling, Coulombic screening,
295 band gap renormalization, and so forth.32 To elucidate the
296 detailed mechanism, we analyzed the decay dynamics. The
297 exciton bleaching peak decay contains multiple information: an
298 initial fast decay corresponds to the hot carrier relaxation,
299 followed by a slow rise and then an almost constant value
300 within the 5 ns time window. Similar dynamics is also observed
301 for the PIA at the blue side (1); the red side PIA (3) is slightly
302 different, possibly because of the overlapping of the signals with
303 the hot-carrier-induced absorption. In addition, the long
304 residual as revealed by the nanosecond−microsecond TA in
305 Figure 4d, shows a decay time constant of around 200 ns. The
306 long-lived component cannot be attributed to the exciton
307 recombination lifetime because that would imply strong PL and
308 similar decay constants. The long-lived species is expected to
309 originate from the relaxed carriers at the indirect band edge.
310 Recombination via band-to-band transition is forbidden for the
311 carriers located at the indirect band edge; therefore, they have a
312 typical lifetime much longer than direct band gap materials.
313 The dynamics of the exciton peak indicates that the dynamics
314 does not originate from the exciton itself but instead is a result
315 of the carriers-induced transmission change near the exciton
316 resonance. Although phase-space filling usually only changes
317 the oscillation strength of the excitons, Coulombic screening
318 and band gap renormalization effects can result in exciton
319 linewidth broadening and position shifts.33 The bleaching near
320 exciton resonance, together with two PIA bands lying on both
321 sides of the bleaching peak, is a typical signature of exciton
322 band broadening due to carrier-exciton scattering after
323 photoexcitation.31,34 In the initial time (∼10 ps), the
324 broadening is mainly attributed to the nonrelaxed hot carriers;
325 after that, the carriers that have gradually relaxed to the indirect
326 band edge contribute to the scattering effects. Note that Scholz

327et al.35 recently attributed a signal in (MA)3Bi2I9 similar to the
328exciton Stark effect. Here in our Cs3Bi2I9, the long-lived nature
329of the signal is because of the indirect band edge carriers, rather
330than due to excitons.
331Through TA, we revealed the existence of large number of
332photoexcited carriers at the indirect band edge with a very long
333lifetime reaching 200 ns. Such long-lived carriers with even
334moderate carrier mobility should result in a high photocurrent,
335in striking contrast to our PV performance. We suspect that a
336very poor charge carrier mobility due to the discrete nature of
337the bioctahedra and subsequent bulk recombination would
338limit the extracted carrier density. Anisotropic carrier effective
339mass in Cs3Bi2I9 as revealed in our simulation results also
340supports this hypothesis.23 Photoexcited carriers in Cs3Bi2I9 are
341relaxed and localized on the [Bi2I9]

3− bioctahedra, which are
342surrounded by the isolating Cs+ cations. This contrasts with 3D
343lead halide perovskites, in which the octahedras are connected
344and carriers are highly delocalized over many units.36,37 In
345Cs3Bi2I9, although photoexcited carriers can have a very long
346lifetime, they are unable to be extracted because of localization
347effects. This could also be a possible explanation for the poor
348performance of Cs2SnI6 which also offers high carrier lifetime
349but poor PV performance.38 To resolve the bottleneck of
350charge carrier localizations, which is crucial to extract the free
351carriers for PV applications, the electronic dimensionality of
352lead-free perovskite compounds needs to be considered with
353more importance. For example, the PCE of the Rb3Sb2I9-based
354perovskite solar cells improved drastically when the absorber
355layer is in two-dimensional phase as compared to the 0D dimer
356phase.39

357Double perovskites such as A6M
+M3+X6 in which partial

358substitution of Bi3+ with a cation of +1 charge state such as Ag+

359or In+ could be another viable solution to improve the charge
360transport properties.40 Double perovskites such as Cs2BiAgBr6
361have recently been shown to have a better PV performance
362than Cs3Bi2I9, although both compounds share similar
363optoelectronic properties.41 The key difference between them
364is the crystal structure. Similarly, double perovskites such as
365Cs2InSbCl6 and Cs2InBiCl6 would also be exciting for PV
366applications.40,42,43 In addition, total replacement of Cs with Ag
367also results in a 3D rudorffite crystal structure, which has been
368demonstrated to have much better performance than the Bi-
369based ternary halide system.44 During the preparation of this
370article, Ni et al.45 have experimentally validated the idea of
371charge carrier localization utilizing PL excitation spectra on
372(CH3NH3)3Bi2I9. Hence, intrinsic defects, charge carrier
373localization, and anisotropic charge transfer remain major
374bottlenecks for a highly efficient Cs3Bi2I9-based PV device.

375■ CONCLUSIONS
376In conclusion, we have systematically investigated the perform-
377ances of nontoxic bismuth-based perovskite derivative, Cs3Bi2I9
378for applications in PVs. First, the poor power conversion
379efficiencies of Cs3Bi2I9 were confirmed irrespective of the solar
380cell architecture. Second, the excess BiI3 addition in the
381precursor solution was found to be beneficial in the PV
382performance because of suppression of intrinsic defects which is
383supported by the improved luminescence and PCE of the solar
384cells. In addition, TA spectroscopy has revealed the long carrier
385lifetimes of Cs3Bi2I9 thin films. However, the PCE of the solar
386cells remains quite low for practical use in PV applications.
387Hence, on the basis of all of the above contrasting results, we
388conclude that poor charge transport may be the possible reason
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389 for low performance of the Cs3Bi2I9-based solar cell. Beyond
390 our findings above, further enhancement in performance in the
391 Bi-based solar cell can be expected by moving toward 3D
392 crystal structure, which offers better charge transport properties
393 than the molecular structure of Cs3Bi2I9.

394 ■ EXPERIMENTAL SECTION
395 The thin films of Cs3Bi2I9 were deposited by codissolving BiI3 and CsI
396 (both are 99.999% pure and brought from Sigma-Aldrich) in DMF. In
397 a typical experiment, 193.93 mg of CsI and 294.85 mg of BiI3 were
398 dissolved in 1 mL of anhydrous DMF and stirred at 70 °C for
399 overnight. The single crystals of Cs3Bi2I9 were produced by antisolvent
400 diffusion crystallization method. Typically, 779.7 mg of CsI and
401 1179.38 mg of BiI3 were dissolved in 10 mL of DMF, and the solution
402 was filtered through 0.2 μm polytetrafluoroethylene syringe filter. The
403 precursor solution containing vial was placed inside a beaker with
404 toluene for few days to obtain micron-size single crystals.
405 Fluorine-doped tin oxide (FTO)-coated glass slides were first
406 patterned by laser etching, followed by cleaning in soap solution,
407 deionized water, and ethanol. A thin film of compact TiO2 was
408 deposited onto by spray pyrolysis of 600 μL of titanium
409 diisopropoxide bis(acetylacetonate) solution (75% in 2-propanol)
410 and 400 μL of acetylacetone, diluted in 2-propanol (1:7 v/v). The
411 substrates were subsequently treated with TiCl4 solution at 70 °C for 1
412 h, followed by annealing at 500 °C for 30 min. Mesoporous TiO2 paste
413 (Dyesol-30NRD) was diluted with ethanol (2:7 w/w) and spin-coated
414 onto FTO substrates and annealed at 500 °C for 15 min. The
415 mesoporous films were further treated with TiCl4 solution similarly as
416 mentioned before. Before spin-coating the precursor solution, the
417 mesoporous substrates were plasma-cleaned using a UV-ozone plasma
418 cleaner for 15 min. Around 40 μL of precursor solution was spread
419 onto the substrate, followed by spin-coating at 2000 rpm for 30 s. The
420 substrates were annealed afterward at 100 °C for 15 min on a hotplate.
421 After deposition of Cs3Bi2I9 films, suitable hole transport layer (HTM)
422 such as SpiroOMeTAD (70 mg/mL in chlorobenzene) was spin-
423 coated at 4000 rpm for 30 s. Around 80 nm Au contact electrode was
424 deposited by thermal evaporation. The device area was defined by a
425 metal mask with an aperture area of 0.2 cm2.
426 XRD was carried out at room temperature to investigate the crystal
427 structure and phases of the thin film and powder samples using a
428 Bruker D8 ADVANCE Diffractometer (Bragg−Brentano geometry)
429 with Cu Kα radiation (λ = 1.5418 Å). Field emission SEM (JEOL,
430 JSM-7600F, operated at 5 kV) was used to characterize the surface and
431 cross-sectional morphology of the thin films. To improve the
432 resolution and reduce the charge collection on the surface, the
433 samples were platinum-coated before analysis. UV−vis spectropho-
434 tometer (Shimadzu-3600) was used to characterize the absorption
435 spectra of the thin film in the wavelength range of 300−800 nm at
436 room temperature with integrated sphere attachment (ISR-3100) and
437 20 nm slit width. The CL measurements were performed on a FEI
438 Verios SEM equipped with a Gatan MonoCL4 Elite CL system.
439 Samples were spin-coated onto a silicon substrate as described earlier.
440 Power-resolved CL spectroscopy was performed by exposing a fixed
441 area of sample (30 μm2) with a constant accelerating voltage at 5 kV
442 and varying the beam current from 0.1 to 3.2 nA.
443 For fs-TAS measurements, an integrated Helios and EOS setup
444 (Ultrafast Systems LLC) was used and the measurements were
445 performed at room temperature. Detailed descriptions of the
446 instrument and the measurement techniques can be found else-
447 where.46 Briefly, a Ti:sapphire regenerative amplifier (Coherent
448 Legend, 800 nm, 150 fs, 1 mJ) was used to generate 800 nm pulses,
449 the frequency of which was doubled using a beta barium borate crystal
450 to generate the 400 nm pump pulses. The probe pulses, which were
451 white-light continuum, were generated by passing through a sapphire
452 crystal. The pump beam was attenuated to 60 μJ/cm2, and the data
453 were collected as a function of time delay between the pump and the
454 probe pulses. For long-time scans (>ns), the white-light continuum
455 was generated from a photonic fiber using a neodymium-doped
456 yttrium aluminum garnet (Nd:YAG) laser (1064 nm).

457The J−V curves of the devices were produced using a solar
458simulator (San-EI Electric, XEC 301S) at AM 1.5 illumination (a
459power density of 1000 W·m−2) and recorded by a Keithley model
4602612A source meter. External quantum efficiency/IPCE measurement
461was carried out by PV300 (Bentham) equipped with a xenon/quartz
462halogen monochromatic light source.
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