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A B S T R A C T   

Designing alternatives to TiO2 electron-transport layers (ETLs) for facile electron extraction and transport to 
enhance the efficiency of n-i-p structured carbon perovskite solar cells (CPSC) is still a less explored research 
interest. In this work, the combined effect of the phase and morphology of BaSnO3 (BSO) and brookite TiO2 
(BTO) nanostructured materials are explored as alternative electron transport layers (ETLs) instead of domi
nating anatase TiO2 in CPSC. The highest power-conversion efficiencies (PCEs) of CPSCs with rod-shaped BTO 
and BSO were recorded at ~15.02% and ~13.4%, respectively, which claims the highest efficiency for BTO and 
BSO CPSCs in ambient conditions to the best of our knowledge. In addition, our findings indicate that the CPSC’s 
with rod structured BTO and BSO exhibited decreased charge recombination and improved efficiency compared 
to concerning spherical morphologies (12.5% for BSO nanoparticles) and cubic particles (14% for BTO nano
cubes) due to the superior photogenerated charge-carrier extraction and enhanced interface quality. This 
research will open the door for various morphologies of alternative ETL materials and their physicochemical 
understanding toward achieving high-efficiency ambient CPSCs.   

1. Introduction 

Solar energy, as an integral part of renewable energy, can be one of 
the most valuable contributors to future energy management. As the 
fastest developing technology in the history of photovoltaics (PV), 
halide perovskite solar cells (PSCs) have manifested a rapid rise in power 
conversion efficiency (PCE) from 3.8% to a certified value of >25% 
[1–6]. In addition to the high PCE, the lifetime (stability) has become a 
new goal for the expeditious development of perovskite-based opto
electronic devices [7–10]. There are mainly two categories of the sta
bility issues such as environmental or extrinsic factors and intrinsic 
factors [11,12]. Extrinsic factors such as light, heat, moisture, and ox
ygen can cause the degradation of the halide perovskite photoactive 
materials into their non-photoactive state [13,14]. The defect states in 
the perovskite materials and the interfacial contacts between charge 
transport layers (CTLs) and perovskites, on the other hand, hold the key 
to intrinsic stability [15,16]. Thermal instability of halide perovskites, 
ion migration, and hygroscopic nature of organic cations are the main 
intrinsic features responsible for perovskite instability [17,18]. In this 

regard, encapsulation of devices can solve the hygroscopicity problem 
and all-inorganic perovskite devices via compositional engineering can 
be effective for thermal stress [19,20]. Again, the implementation of 
carbon-based top electrodes enhances hygroscopic stability maintaining 
a low-cost fabrication process that draws the researcher’s attention in 
developing large-scale carbon perovskite solar cells (CPSC) [21–25]. On 
the other hand, the migration of ions can be controlled by grain 
boundary passivation through interfacial engineering, which in turn 
improves the performance of devices, improving the charge transfer 
process [26–28]. Traditionally, anatase TiO2 has been used as electron 
transport material (ETM), although sometimes this device architecture 
suffers due to the carrier transport property and electron mobility of 
anatase TiO2 [29]. Deploying various interfacial modification tech
niques like alkali doping, solvent engineering and tuning particle nature, 
significant improvements of PCE and stability have been achieved for 
anatase TiO2 based devices in recent years [30–32]. In addition, several 
other materials like ZnO, CeOx, SnO2 etc., have been utilized as the 
electron transport layer (ETL), and among them, BaSnO3 (BSO) and 
brookite TiO2 (BTO) have shown significant results [33–40]. Structural 
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modification or change of phase of the same material has already proven 
very effective in different fields of materials science due to less defect 
states or grain boundary traps [41–43]. BTO and anatase TiO2 are 
polymorphs of each other, although parameters like density and distri
bution of the trap states, electron mobility, and the electron transfer rate 
constant make them distinguishable from each other [44]. In fact, re
ports suggest that the PCE and stability of BTO based devices achieved 
better results compared to the anatase TiO2 based devices having the 
same architecture [45]. On the other side, BSO, due to its relatively high 
band-gap, electron mobility, easily modifying nature via doping, has 
proven its capability as ETM [39,46]. In this regard, particle size and 
morphology of the materials, as mentioned earlier, play a crucial role in 
their application for PSCs. To date, only a few works have been done 
using various morphologies of the BSO and BTO for PSC and hardly any 
for carbon electrode-based devices. In this regard finding out the com
bined effect of phase and morphology can be a game-changer for CPSC 
in ambient conditions. 

Here, we considered different morphology of synthesized single- 
phase BSO and BTO nanostructures as ETL for the ambient CPSC, 
which in turn produced record efficiency for the respective cases. The 
results suggest under the ambient fabrication process, BSO nanorod- 
based CPSC achieved the highest PCE of ~13.4%, and on the other 
hand, the rhombohedral BTO nanorods claimed a massive ~15.02% PCE 
for the CPSC. Morphology modulation of BSO and BTO dictates the 
importance of structure-based performance analysis for CPSC. Employ
ment of ZrO2 spacer layer, NiO hole transport material (HTM) and 
graphitic carbon nanoparticle (CNP) counter electrode greatly influ
enced the results obtained. Moreover, BTO cubic nanoparticles, com
mercial TiO2 paste and BSO nanoparticles were also investigated to 
compare the effect of nano-shape engineering. 

2. Experimental section 

2.1. Synthesis of BaSnO3 nanorods 

For the synthesis of BaSnO3 following our earlier work, a homoge
neous solution was prepared using 10 mM each of BaCl2⋅2H2O (Merck, 
UK) and SnCl4⋅5H2O (Alfa Aesar) thoroughly mixed under 30% H2O2 
(Merck, UK) medium for 30 min [47]. By adding 25% NH4OH (Merck, 
UK) solution to the mixture, the pH was maintained to 10. Then, dextran 
(M.W ca. 75 000, Alfa Aeasar) was added in a 1:6 wt ratio to control the 
growth. The resultant yellowish mixture was kept for 18 h for gel for
mation. Finally, the gel was preheated to 130 ◦C and calcined at 1000 ◦C 
for 8 h to produce the BaSnO3. Synthesis of BSO spherical nanoparticles 
is given in supporting information. 

2.2. Synthesis of Brookite TiO2 nanorods 

Following an earlier report, 5 g of titanium (IV) butoxide (Ti(OBu)4) 
and 5 g of isopropanol were mixed into 50 ml of DI water under mag
netic stirring for 3 h [44]. The suspension was centrifuged and washed 
with DI water to collect the wet amorphous precipitate. It was then 
added to 50 ml solution of glycolic acid (1.05 M) under magnetic stirring 
for 2 h. As prepared, the suspension was transferred to an autoclave and 
heated to 90–100 ◦C for 20 h. After cooling to room temperature, and the 
pH was adjusted using concentrated NH4OH to 12. Then, the sample was 
heated to 200 ◦C for 20 h using the autoclave. Finally, the product was 
cooled down to room temperature, washed, centrifuged and resus
pended using DI water before drying at 60 ◦C for overnight. BTO 
nanostructure was redispersed in distilled water to prepare colloidal 
suspension for device fabrication. Synthesis of BTO cubic nanoparticles 
is given in supporting information. 

2.3. Preparation of BaSnO3 paste 

1 g of perforated BaSnO3 nanostructures and about 40 ml ethanol 

were mixed with alternate magnetic stirring and ultrasonic treatment for 
a day. After that, 3.5 g terpineol, 3 g ethyl cellulose and 0.3 g acetyla
cetone were added into the white suspension and mixed with alternate 
magnetic stirring and ultrasonic treatment for a day. The resulting 
mixture was introduced into a rotary evaporator to remove excess 
ethanol. Finally, the paste was further treated with a ball mill. 

2.4. Fabrication of device 

The methodology was adopted from earlier reported articles with 
suitable modifications [48,49]. Fluorine doped tin oxide (FTO) glass 
substrate was etched in the first place, followed by standard cleaning 
procedures, which was common for both high-temperature and low- 
temperature carbon electrode-based devices. Next, titanium di- 
isopropoxide bis-(acetylacetonate) (TDBA) (75 wt% in isopropanol, 
Sigma-Aldrich) solution in 2-propanol (1:7 v/v) was prepared for 
deposition. The compact-TiO2 layer was spin-coated at 2000 rpm for 30 
s, then heated at 415 ± 10 ◦C for 30 min and cooled to room tempera
ture. After that, BTO colloidal suspension in water was spin-coated 3 to 6 
times at 2000 rpm for 30 s each case, followed by annealing at 100 ◦C for 
5 min and further annealing on a hot plate at 180 ◦C for 1 h. Similarly, 
BSO paste diluted in ethanol 1:7 by weight was spin-coated at different 
spin coating speeds ranging from 3000 to 6000 for BSO based devices 
followed by annealing at 500 ◦C for 30 min in air. After cooling to room 
temperature, 0.1 M solution of Lithium (trifluoromethane sulfonyl) 
imide (LITFSI) in acetonitrile was spin-coated (3500 rpm for 20 s) on top 
of the c-TiO2 layer followed by heating at 400 ◦C for half an hour. The 
ZrO2 mesoporous layer was spin-coated with diluted ZrO2 paste 
(Solarnix; v/v = 1:7 in ethanol) at 4000 rpm for 30 s and heated at 
400 ◦C for 30 min (step 4). Next, the NiO layer was deposited using 
nano-oxide based paste (Solarnix, diluted at 1:7 v/v in ethanol) at 4000 
rpm 30 s and sintered at 400 ◦C for 30 min. After cooling down to room 
temperature, the CH3NH3PbI3 (MAPI) precursor solution with an 
appropriate amount (50 μl) was spin-coated at 1000 and 5000 rpm for 
10 s and 20 s, respectively. During the last 10 s of rotation, chloroben
zene (400 μl) was splashed from the top and heated for 10 mins at 
100 ◦C. Finally, the low-temperature carbon electrode was deposited by 
blade coating and heated at 100 ◦C for 10 min. The perovskite precursor 
solution was prepared by mixing MAI (163 gm) and PbI2 (462 gm) in 3:7 
DMSO (Dimethyl sulfoxide) :DMF (Dimethyl formamide) and heated for 
1 h at 70 ◦C. The low-temperature carbon electrode was prepared ac
cording to our previously reported method with suitable modification. 
2.5 g graphite and 2.5 g graphitic carbon nanoparticles were uniformly 
dispersed in 10.0 g terpineol via ball milling for 2 h. Then, 1.83 ml TTIP 
(Titanium tetraisopropoxide) and 0.2 ml Hac (glacial acetic acid) were 
added into the mixture by ball milling for another 10 h to gain ho
mogenized carbon paste. 

2.5. Characterization techniques 

X-ray diffraction (XRD) was performed on an X’pert pro MPD XRD of 
PANanalytical with Cu Kα1 radiation (λ = 1.5406 Å). Raman spectros
copy was carried out using Renishaw Reflex micro-Raman spectrometer 
with an argon ion, 514 nm laser. A Tecnai G2 30ST (FEI) high-resolution 
transmission electron microscope (TEM) operating at 300 kV was used 
for transmission electron microscopy (TEM) of CNPs. The cross-sectional 
layer thickness measurement and elemental mapping of the PSC were 
recorded on a scanning electron microscope (SEM-EDX), (LEO 430i, Carl 
Zeiss). XRD study of the fabricated devices was executed on an X’pert 
pro MPD XRD of PAN analytical with Cu Kα radiation (λ = 1.5406 Å). 
The charge-transport properties of different ETLs on perovskite were 
measured by photoluminescence spectroscopy (PL: FLS1000 Photo
luminescence Spectrometer, Edinburgh instruments). Further, photo
voltaic measurements of the PSC were executed under 1000 W/m2 of 
light illumination from a Wacom AAA continuous solar simulator 
(model type: WXS-210S-20, AM1.5G) and an EKO MP-160i I-V Tracer. 
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EIS assessment was performed with an AUTOLAB frequency analyzer 
setup equipped with an AUTOLAB PGSTAT 10, and a Frequency 
Response Analyzer (FRA) module under the dark condition having a 
frequency range from 1 MHz to 0.1 Hz at the 0.80 V open-circuit voltage. 
The Z-view software (version 3.4d, Scribner Associates, Inc., USA) was 
used to fit the experimental data. Incident photon to current efficiency 
(IPCE) measurement was carried out on a BENTHAM PVE300 Photo
voltaic EQE (external quantum efficiency) and IQE (internal quantum 
efficiency) solution under 350–750 nm wavelength using a tungsten 
halogen lamp source. 

3. Results and discussion 

Analysis of morphological and optical properties of BSO and BTO 
nanostructures. 

In order to understand the formation of BSO and BTO nanostructures 
along with their morphology, various characterization techniques were 
utilized, namely XRD, Raman, FESEM and HRTEM. The crystallinity and 
phase purity of as prepared BSO nanostructures from two different 
methods were first scrutinized with XRD. The pure phase of BSO ac
cording to the JCPDS (joint committee on powder diffraction standards) 
card no. 74–1300 is reported to be a cubic phase perovskite having 
lattice parameter a = 4.108 nm. The formation of pure phase BSO was 
confirmed without having any SnO2 phase, as shown in Fig. 1a, and the 
Reitveld analysis suggests a lattice parameter of a = 4.105 ± 0.004 nm 
for the BaSnO3 perovskite phase. 

It is crucial to recognize different bond vibrations in the BSO lattice 
using Raman scattering measurement represented in Fig. 1b. According 
to group theory a perfect Pm3m perovskite structure should have three 
IR active modes with F1u symmetry without Raman active modes, the 
spectra of the M− point optical phonons in BSO have been studied using 
Raman scattering. The transverse (TO) and longitudinal (LO) optical 
phonon modes near 131, 248, and 412 cm− 1 are accountable for LO1, 
TO2, and LO2. On the other hand, the TO1 + LO2, LO3, and 2LO2 phonon 
modes with high-frequency overtones are allocated at 552, 723, and 
832 cm− 1, respectively [50]. 

To interpret the surface, size, and morphology of different types of 
BSO nanostructures, SEM and TEM investigations were performed. The 
SEM results dictate two different microstructural surfaces achieved from 
two different synthesis methods. Fig. 2a and S1a (supporting informa
tion, SI) indicate the formation of rod and spherical particles of BSO, 
respectively. Using the TEM bright-field image the average diameter of 
the nanorods was found to be ~ 50 nm, whereas the spherical particles 
had an average diameter of ~ 38 nm. In Fig. 2b and S1b, the TEM bright- 
field images are shown for the synthesized BSOs having different shapes 
at different magnifications. Further, the interlayer spacing of the most 
intense (110) peak as 0.291 nm is shown in the HR-TEM images given in 
Fig. 2c and S1c. A clear signature of the polycrystalline nature of BSO 
can be understood from the selected area electron diffraction (SAED) 

patterns with the formation of crystalline planes (111), (110), and 
(200) as shown in Fig. 2d and S1d. 

Similar to the BSO samples, the BTO nanostructures were charac
terized with XRD and Raman spectra to determine the phase purity. In 
Fig. 3a the peaks near 25.34ο, 31.5ο, 36.2ο, 40ο, 47.5ο and 55.5ο due to 
the (120), (111), (121), (012), (022), (231) and (244) planes are the 
major characteristics planes for BTO. However, XRD is not enough to 
prove the formation of single-phase BTO due to the possibility of over
lapping of anatase (101) at 25.28ο and (120) reflection of brookite at 
25.34ο. But it is confirmed that diffraction peaks of rutile, TiO2(B) or 
other titanium oxide compounds are absent in the XRD pattern. Ruling 
out the existence of anatase impurities can be done via Raman spectra. 
Fig. 3b shows that all 16 Raman peaks match the literature in the range 
of 100 cm− 1 to 700 cm− 1. The Raman bands for A1g (127, 152, 195, 247, 
413, and 637 cm− 1), B1g (214, 322 and 500 cm− 1), B2g (367, 394, 462 
and 585 cm− 1), and B3g (170, 286 and 545 cm− 1) of BTO clarifies 
inexistence of anatase (characteristics peak at 518 cm− 1), rutile (char
acteristics peak at 442 cm− 1) or other impurities. The XRD and Raman 
characterizations as a whole imply pure phase BTOs. 

Analysis of the 3D (three dimensional) surfaces of the BTO synthe
sized from two different methods was done using the SEM, which re
sembles rod-shaped nanostructures in Fig. 4a and pseudo-cubes in 
Fig. S2a (SI). TEM and HR-TEM characterizations of BTO reveal the 2D 
(two dimensional) morphological projection and particle sizes of syn
thesized BTOs, as shown in Fig. 4b-c and S2b-c (SI). The synthesized rod- 
shaped BTOs have diameters in the range of 28 to 45 nm, and the cube- 
like (square in 2D) nanostructures have 35 to 80 nm particle size. The 
crystallinity and polycrystalline character of the BTOs are well 
confirmed from the HR-TEM images and the SAED pattern, as shown in 
Fig. S4 and S2 (SI). 

Nitrogen physisorption measurements of all the samples were 
measured using a Quantachrome (iQ3) instrument after evacuation at 
150 ◦C for 4 h. The specific surface area was calculated by the Brunauer- 
Emmett-Teller (BET) method. Fig. S3, SI indicates the comparative 
analysis of BET surface area of the alternating ETL samples. The surface 
area values are found in order of BSO particle < BTO cube < BSO rod <
BTO rod within 18–30 m2/g. It has been clearly observed from the TEM 
morphologies belonging to both BSO and BTO that they excel in visible 
porosity and reflect better surface area compared to other traditional 
oxides. The stacked-plane pore geometry throughout plate-like micro
structural framework for BTO and perforated nanostructures for BSO 
was reasonably visible in TEM, evidencing type IV isotherm and type H3 
hysteresis caused by tensile strength effect during gas condensation 
process and thus formed a higher order of pore tensile strength which is 
common, especially for the oxide-based nanostructures [51]. However, 
the specific surface area values of all the samples were not the only 
factor contributing to the electrical characteristics of the corresponding 
device. Although, the morphological distribution excels a noticeable 
impact on the PV performance. As observed in Table 1, BTO rods exhibit 

Fig. 1. Structural and optical properties of BSO. (a) X-ray diffraction pattern; (b) Raman spectrum.  
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higher efficiency than BTO rods due to their one-dimensional (1D) 
shape, generating more facets for the excited electrons. On the other 
hand, nanorods mostly dominate over corresponding particle structures 
due to their anisotropic orientation that diminishes internal grain 
boundaries and electron trapped states, further facilitating the excited 
electrons to flow in a specific direction which minimizes electron 
recombination. Therefore, a combined synergistic factor of morphology 
distribution with dimension and the surface area should enable an 
enhanced electron diffusion over PV performance [52]. 

3.1. Structural and photovoltaic analysis of devices 

The structure of fabricated devices is shown in Fig. 5a, along with 
generalized cross-sectional SEM of BTO and BSO layered CPSCs. Among 
the different spin coating speeds utilized for BSO structured cells, the 
best performance was obtained at 4000 rpm. On the other hand, the BTO 

layer with four-round of spin coating achieved maximum efficiency. 
Then again, before going into the performance of the devices, the pho
toluminescence of various ETL and perovskite contact was examined to 
realize the nature of charge transfer, as shown in Fig. 5b. All the samples 
showed a strong band-edge emission peak near 770 nm when excited at 
a wavelength of 473 nm. Usually, the most intense emission peak should 
be observed for glass/MAPbI3 film, whereas the inclusion of ETL will 
exhibit a quenching effect. After excitation of electrons in MAPbI3, they 
will fall back to the ground state with the release of energy in three 
different ways, namely radiative transition (it contains photo
luminescence), non-radiative transition (likely to have an inter-system 
crossing or internal conversion), and energy transfer and quenching 
[53]. Due to the quenching effect, the excited electrons of the films will 
come back to the ground state by energy transfer to the mesoporous 
ETLs, which act as the quenching layer. Without the quenching layer, 
the energy is released by photoluminescence mainly, which produces 

Fig. 2. Microscopic characterizations of BSO nanorods. (a) SEM microstructural image, (b) TEM bright-field image, (d) HRTEM image, and (e) SAED pattern of the 
synthesized BSO nanorods, respectively. 

Fig. 3. Structural and optical properties of BTO. (a) X-ray diffraction pattern; (b) Raman spectrum.  
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the sharpest emission peak of the glass/MAPbI3 film. However, the 
presence of the ETL layer will force the energy of excited electrons to be 
released by energy transfer and quenching which can be judgmental for 
the quenching layers’ charge transfer efficiency. In Fig. 5b, the nanorod 
structured BTO as ETL showed the most suitable quenching effect with 
the frailest emission peak near 770 nm, which suggests a large part of 
electronic energy is released by energy transfer. Although, according to 
previous studies, it does not confirm the best output photovoltaic per
formance of devices due to other photoelectrical properties of an entire 
CPSC [45,53]. Also, a generalized electron transfer process for BSO and 
BTO based devices is given in Fig. 5c for better understanding [38,40]. 
For further investigation of the quenching effect and electron diffusion, 
the time-resolved PL decay measurement was carried out at a peak 
emission of ~ 770 nm (Fig. 5d). The PL decay of the neat MAPbI3 film 
exhibits a time-constant of τe = 75 ± 10 ns. The addition of the different 
electron quenching layers accelerates the PL decay, and the observed 
time constants are given in Table T3, SI. The best scenario was observed 
for the BTO nanorod ETL achieving τe = 3.5 ± 0.5 ns and the least 
favoural observation was for the BSO particle having τe = 11.2 ± 0.6. 
The PL decay dynamics were modeled by calculating the number and 

distribution of excitations in the film n(x,t) according to the one- 
dimensional diffusion equation. 

dn(x, t)
dt

= D
(
d2n(x, t)

)

dx2 − k(t)n(x, t) (1)  

where D is the diffusion coefficient, and k(t) is the PL decay rate in the 
absence of any quencher material [54]. Following previous research, the 
average diffusion length LD of the species was then determined from LD 

=
̅̅̅̅̅̅
Dτ

√
, where τ is the recombination lifetime in the absence of a 

quencher. The diffusion coefficients for electrons were estimated 
depending on the quenching layer, and the results from the diffusion 
model fits are shown in Fig. 5d, and the parameters are summarized in 
Table T3, SI. The observed diffusion length for the BTO nanorod is ~ 
500 nm, whereas, for BSO particle, it has the least diffusion length of ~ 
400 nm. The diffusion lengths closely resemble the recombination effect 
in the devices as high diffusion length is indicative of lesser recombi
nation rates enhancing the collection probability [55,56]. The raw data 
related to the modelled fit shown in Fig. 5d is displayed in the supporting 
information file (Fig. S5). 

Investigation of photovoltaics performances of various 

Fig. 4. Microscopic characterizations of BTO nanorods. (a) SEM image of the BTO nanorods; (b) TEM bright-field image; (c) HRTEM image; (d) SAED pattern 
indicating major crystalline planes. 

Table 1 
Photovoltaics performance of devices at 1 Sun AM 1.5 having an active area of 0.16 cm2 (average is given based on 10 devices for each case with statistical error).  

Device type  Jsc (mA/cm2) Voc (mV) Fill factor (FF) % PCE (%) Rs (Ω) Rct (Ω) Rrec (Ω) 

BSO rod Average 20 ± 1.2 960 ± 35 60 ± 1 12.1 ± 1.1 65 ± 7 75 ± 7 145 ± 6 
Champion 21.7 1004 61.5 13.4 55.54 67.51 138.7 

BSO particles Average 19.3 ± 1.8 938 ± 45 57.8 ± 1.5 11.4 ± 1 70 ± 9 90 ± 6 160 ± 10 
Champion 21.25 989.2 59.5 12.50 61.8 82.12 144.6 

BTO rod Average 20.6 ± 1.4 1020 ± 38 62.6 ± 1.4 13.6 ± 1.2 52 ± 5 55 ± 7 736 ± 18 
Champion 22.1 1062.5 64 15.02 46.1 46.8 719.5 

BTO cube Average 20.2 ± 1 1010 ± 30 61.5 ± 0.8 12 ± 1.8 55 ± 7 105 ± 15 740 ± 15 
Champion 21.42 1047.0 62.5 14.0 47.6 94.2 714.6 

Commercial TiO2 Average 19.7 ± 1.4 995 ± 30 60 ± 1.1 11.6 ± 1.5 60 ± 6 205 ± 20 475 ± 40 
Champion 21.14 1026.25 61.2 13.27 51.4 180 450.2  
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Fig. 5. (a) Generalized structural representation of the fabricated CPSC devices along with cross-sectional SEM of the BTO and BSO based champion devices; (b) 
Steady-state photoluminescence (PL) spectra of glass/mp-X/MAPbI3 (X = BSO rod, BSO particle, BTO rod, BTO cubic particle, commercial TiO2) films with an 
excitation wavelength of 473 nm; (c) Diagram of energy levels (relative to the vacuum) of the different functional layers in the devices; (d) Time-resolved PL 
measurements taken at the peak emission wavelength of the triiodide perovskite with different electron quencher layer along with stretched exponential fits to the 
blank halide perovskite and fits the quenching samples by using the diffusion model described in the text. 

Fig. 6. Photovoltaic performance of champion BSO devices. (a) Current density vs. voltage plot; (b) Power density vs. voltage plot; (c) EQE of the champion devices; 
(d) EIS representation along with the fitted electrical circuit diagrams. 
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nanostructured BSO and BTO as ETL was carried out with a batch of 10 
devices in each case. The BSO based devices had two categories, one 
with rod-shaped BSO ETL, and the other was spherical particle type BSO. 
For both types of BSO devices, the spin coating rpm (rotation per min
ute) was varied from 3000 to 6000 rpm. The observed trend suggests 
that the 4000 rpm spin coating is the most efficient for both BSO devices, 
as shown in Table T1, SI. Among the rod and particle nanostructures, the 
rod-shaped BSO achieved a maximum PCE of 13.4% along with Jsc, Voc 
and FF of 21.7 mA/cm2, 1004 mV and 61.5%, respectively. On another 
side, the particle type BSO was able to produce a maximum PCE of 
12.5%, having Jsc, Voc and FF of 21.25 mA/cm2, 989.2 mV and 59.5%, 
respectively. Fig. 6a and 6b demonstrate the nature of the J-V (current 
density–voltage) and P-V (power density–voltage) curves, respectively, 
for the champion devices configured with BSO nanostructures. The de
vices with high Jsc indicate a high collection probability of carriers 
generated by light absorption. The observation suggests the collection 
probability of BSO rod devices is much higher than that of particles as 
the predecessor has ~ 1.05 times higher current density. Next, the 
hysteresis effect was investigated for the devices. J-V hysteresis occurs in 
perovskite devices while voltage scanning in forward and reverse biased 
conditions. The main reason behind hysteresis is the large capacitive 
effect of halide perovskite. In this report, the hysteresis behaviour of 
champion devices has been shown in Fig. S4 a and b, SI for the BSO- 
CPSC. The low hysteresis behaviour indicates a decrease in interface 
trap densities, enhanced charge diffusion lengths and low surface 
recombination [33,57]. Concerning the PCE, the external quantum ef
ficiency (EQE) and EIS (electrochemical impedance spectroscopy) were 
analyzed for the BSO devices. Both the champion BSO rod and particle- 
based devices obtained the highest EQE of ~ 90%, and the integrated 
photocurrent density calculated from that was 19.2 mA/cm2 and 19.02 
mA/cm2, respectively (Fig. 6c). The effect of optical losses caused by 
transmission and reflection produces slightly reduced values of inte
grated photocurrent densities from the original values achieved via J-V 
characterization. 

EIS is a valuable technique to understand the outcome of photovol
taic parameters like the Jsc, Voc and FF. The series resistance Rs cor
responds to the resistance of FTO coated glass and the cell’s contact 
resistance. The Rs for the champion BSO rod device is lower than that of 
the champion device with BSO particles, implying BSO rod devices 
should produce better FF. As shown in Fig. 6d (circuit diagram inset), 
the nature of the EIS plot explains that the charge transfer resistance 
(Rct) of BSO rod PSC is slightly lower than the spherical particle-based 
PSC. Usually, a lower Rct value indicates better charge collection ability 
between the counter electrode and perovskite, which favourably in
creases the photocurrent density of the device. Due to the small differ
ence between the Rct values of both types of BSO devices, the obtained 
Jsc values are pretty close. On the other hand, the charge recombination 
resistance (Rrec), which reflects the recombination process at the 
interface between the perovskite and BSO, is higher in the case of the 
BSO rod device. Smaller charge recombination resistance means the 
interfacial recombination is more pronounced for a particular device. 
The devices with BSO particles suffer from a higher rate of interfacial 
charge recombination, reducing the overall PCE of the devices. The 
particle size and shape hugely affected the device performance, which is 
also related to the grain boundary of the nanomaterials [15,58]. The PL 
spectra in Fig. 5b shows a blue shift of PL peak for the BSO rod compared 
to BSO particles (771 nm to 767 nm) which proves the lowering of trap 
states of the perovskite film growth in contact with the BSO rod 
revealing an efficient reduction of non-radiative recombination centres. 
Thus, the rod structured BSO is expected to improve the electron 
diffusion length in photoanode film remarkably by allowing a direct 
conduction route for electron transport due to lesser grain boundary 
traps which are reflected in the outcome of photovoltaic performances 
[59]. 

The observed trend of the photovoltaic performances of the BTO 
based devices was fascinating. The varying number of BTO deposition in 

3 to 6 steps suggests the BTO layer’s suitable thickness indicating the 
highest PCE for four-step deposition. A detailed photovoltaic result 
related to the number of spin coating steps is mentioned in Table T2, SI. 
During the comparative study of the two BTO structures, the J-V char
acterization showed the highest PCE for BTO rod-structured devices, 
although the cubic BTO devices are not far behind. The performance of 
BTO devices was also compared with the devices prepared from com
mercial TiO2 paste. All the TiO2 based devices were able to achieve Voc 
of>1000 mV, as shown in Fig. 7a, and among them, CPSC with BTO rod 
ETL attained the maximum Voc of 1062.5 mV along with Jsc of 22.1 
mA/cm2 and FF of 64%. Similarly, the champion device with BTO 
nanocubes showed a high Voc of 1047 mV, Jsc of 21.42 mA/cm2 and FF 
of 62.5%. The commercial TiO2 paste with ~ 13.3% maximum effi
ciency was the least efficient compared to two different types of BTO 
devices, which can be seen from the detailed values given in Table 1. 
Usually, a solar cell with a higher voltage has a larger possible FF since 
the “rounded” portion of the IV curve takes up less area. The study ex
emplifies similar behaviour. The champion BTO rod-based device ach
ieved a fill factor > 2.4% to that of the cube-based device. The hysteresis 
behaviour of champion BTO devices is given in Fig. S4c and d, SI, which 
explains the better performance of BTO nanorod devices compared to 
nanocubes. To confirm the Jsc values obtained from the measurement 
using solar simulator, EQE (external quantum efficiency) was analyzed 
for the CPSCs with the BTO layer. The integrated Jsc calculated from the 
IPCE spectrum matches closely with the measured values, as shown in 
Fig. 7c. Strong IPCE coverage in the range of ~ 500 to 780 nm for BTO 
based devices expresses significant improvement in interface quality and 
efficient charge carrier transport compared to commercial TiO2 based 
ETL. Furthermore, EIS was performed to realize the electrical properties 
of interfaces on the basis of carrier recombination, charge transfer and 
the inner series resistance within the variety of TiO2 based devices. The 
lower Rs and Rct values of BTO and commercial TiO2 devices effectively 
make them strong candidates for high Jsc and fill factor, although the 
deciding factor here was the recombination resistance denoted by Rrec. 
The low rate of charge recombination is regulated by the high Rrec 
value, which actually causes an upper-hand for BTO as ETL instead of 
commercial TiO2, as shown in Fig. 7d. However, BTO nanorods and BTO 
nanocubes also manifested contrasting photovoltaic performances, with 
BTO nanorods having the edge over the cubic counterpart. According to 
an earlier report, the large surface area of nanoparticles utilized as ETL 
can enhance the cohesion of the ETL/perovskite contact, lowering the 
number of surface defect traps and refining the morphology of perov
skite [40,60]. Better IPCE coverage in the region of ~500 to 780 nm for 
BTO rod-based devices confirms improved perovskite film and interface 
quality with the contact of the transport layer proving the surface defect 
reduction [38,53]. On the other side, a significant shift of wavelength 
was observed for the BTO rod towards the blue region (Fig. 5b) in the PL 
spectra, which evidences the passivation of deep level traps at grain 
boundaries reducing the recombination centres influencing higher 
charge transfer for perovskite film [61]. Similarly, reduced surface de
fects due to the diminished grain boundary of nanorods are expected to 
play a key role in enhancing the electrical property of devices. The 
performance variation of the BSO and BTO as ETL is very significant at 
this point. The PL plots given in Fig. 5b and d showed excellent charge 
transfer efficiency of the BTO nanostructures compared to BSO due to 
the quenching effect as mentioned earlier; the significant point in the 
performance output of devices was the charge transfer, charge recom
bination and inner resistances obtained from EIS. Usually, a small 
parabola in the high-frequency region of the EIS spectra suggests a lower 
Rct value indicating a high charge transfer rate between the transport 
layer and perovskite. This, in turn, gives higher values of FF and Jsc, 
which is evident from our observations for the BTO devices, as 
mentioned in Table 1. On the other hand, a large parabola with a high 
value of Rrec is always excellent for a device as it explains a lower rate of 
charge recombination, increasing the Voc of the device. These EIS data 
indicate the reason behind higher Jsc of BTO rod compared to BSO rod, 
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higher value of Jsc for BSO rod compared to BTO cubes and higher 
values of Jsc for both the BSO nanostructures concerning commercial 
TiO2 in the CPSC devices. Finally, the stability study of the unencapsu
lated cells was carried out, as shown in Fig. S6, which indicates BSO 
structured CPSCs are more stable in ambient conditions compared to the 
TiO2 based ones. Irrespective of the nanostructures, both types of de
vices showed excellent stability under ambient conditions, near 1000 
hrs, with a loss of ~20 of initial efficiency when stored in the dark. Some 
studies reported earlier on the strong electron extraction ability of TiO2 
from iodide (I-) as electrodes in DSSC (dye-sensitized solar cell) and from 
organic materials as photocatalysts [62]. That is why researchers 
considered the extraction of electrons from I- by TiO2 and oxidizing I- to 
iodine in the presence of light as a deforming factor of the perovskite 
crystal structure; as a result, little low stability was observed for BTO 
based devices [63,64]. Stabilized PCE at maximum power point was 
observed for all devices, and results are summarized in Fig S6c. The 
devices took ~36 ± 10 s to achieve stabilized PCE at maximum power 
points. As devices were non-encapsulated, continuous light soaking 
(Solar simulator 1 Sun, AM 1.5) focused on the device creates heating in 
the CPSC and significantly increases cell temperature. The increase in 
device temperature while the surrounding environment is at room 
temperature produces thermal stress in the system. This thermal stress is 
the reason behind poor light-soaking stability [17,18,63,65]. The long 
stability of CPSC in ambient conditions is always a hot topic of research; 
however, this work aims to talk about the structural effect of different 
nanomaterials as ETL, and we believe this can provide further 
advancement in the field of perovskite devices. 

4. Conclusion 

In conclusion, different BSO and BTO nanostructures have been 

successfully synthesized and employed as ETL for CPSC. The 
morphology variation of BSO and BTO active layers greatly altered the 
electron conduction, and the rod-shaped nanostructures of both BSO and 
BTO came on top resulting in 13.4% and 15.02% of PCE, respectively in 
ambient fabrication conditions. It dictates the importance of grain 
boundary trap passivation via structural modulation of nanomaterials, 
which can hugely improve the performances of devices. Furthermore, 
we have investigated the suitable fabrication engineering of the nano
structured ETL for these CPSCs. The PL measurement and EIS analysis 
have been considered as essential tools to recognize the effect of 
morphological tuning of electron transport materials for the devices. 
This report indicates the excessive charge recombination rate as the 
reason behind the slightly diminished performances of BSO based 
CPSCs. At the same time, our experimentation significantly indicates the 
importance of various nanostructures of the same material for the 
application in perovskite solar cells. We believe our findings could pave 
the way to future developments in the area of CPCSs using structurally 
tuned nanomaterials and low-cost fabrication techniques for their 
practical implementation. 
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