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Bismuth (Bi) based solar cells have recently attracted significant attention in line with lead-free perovskite
solar cells development. In this study, 2-aminothiazolium iodide (ATI) is used to prepare highly crystalline
and environmentally stable lead free ATBil, photoactive thin films, which were comprehensively
characterized for integration into planar solar cells with the n—i—p device architecture. The ATBIl, solar
cells delivered a power conversion efficiency of 0.53% with open-circuit voltage of 0.83 V under 1 sun,
a 12.8% increase in the power conversion efficiency arising mainly due to 124% increase in the open
circuit voltage as compared to the triple mesoscopic devices explored previously. Furthermore, in this
study the solar cells have been explored for harvesting energy from indoor white light emitting diodes

(LED) for the first time revealing a power output of 8175 uW cm™2 at 500 lux. As ATBil, has its
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Accepted 25th May 2022 absorption maximum in the ultra-violet wavelength region, the solar cells have been further tested under

9 W UV LED (395-400 nm), which yielded a power output of 8.07 pW cm™2 at 150 lux. This work
demonstrates that 2-aminothiazolium bismuth iodide solar cells are promising microwatt energy sources
which can find potential application for powering smart electronics.
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Introduction

Perovskite solar cells (PSCs) promise to be a game changer in
photovoltaic (PV) technology with rapid progress in power
conversion efficiency (PCE) exceeding 25.7%, which is close to
that of commercial mono-crystalline silicon solar cells (26.1%).*
The astonishing performance of PSCs has been attributed to
corner sharing lead (Pb>*) octahedra in ABX; crystal system (Pb
occupies B site) which leads to extraordinary material proper-
ties, including high absorption coefficient, long charge carrier
diffusion length, low exciton binding energy, and low temper-
ature processing.>* Though PCE of the Pb halide-based PSCs
have sky-rocketed, stability and toxicity due to Pb are bottle-
necks for commercialization.** To replace Pb which is a group
14 element, bivalent tin (Sn*") and germanium (Ge?*), trivalent
bismuth (Bi**) and antimony (Sb*") have been introduced.*®
Though Sn*" based perovskite exhibits properties similar to
Pb”*, they are highly reactive resulting mainly due to Sn** con-
verting to Sn*" state upon exposure to oxygen, leading to
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formation of non-photoactive phase.”** As a potential alterna-
tive to Pb**, Bi*" with the electronic configuration of 6s%6p°
possesses favourable electronic properties, such as p—p transi-
tion for high optical absorption coefficient and s—p coupling for
defect tolerance and lighter hole mass. Furthermore, bismuth-
based  perovskites offer outstanding environmental
stability.*>** Therefore, Bi based absorbers have gained a great
deal of attention as a lead-free alternative.”*'® Johansson
et al."”" reported Cs;3Bi,ls, MA;Bi,Is and CsBizl;, based solar
cells with a PCE of 1.09%, 0.12% and 0.4%, respectively. Singh
et al.*® found that the morphology of MA;Bi,I, films strongly
depend on the electron transport layer on the FTO substrate,
and c¢-TiO,/meso-TiO, ETL based device yielded a PCE of 0.2%.
Subsequently, different groups reported successful fabrication
of MA;Bi,I, solar cells, however, the PCE was limited to
<0.4%.%*'>* Later, MA;Bi,], solar cells with a PCE of 1.64% were
realized by two step vacuum deposition method, where Bil; was
first deposited at high vacuum followed by MAI deposition at
low vacuum, and annealed to obtain perovskite phase film.**
The PCE of the MA;Bi,I, was further improved to 3.17% by Jain
et al.>® reacting spin-coated and annealed Bil; films with MAI
vapours. The inorganic Cs;Bi,ly solar cells using Cul hole
transport layer with high PCE of 3.20% were reported by Bai
et al.>® Besides, Pb free silver-bismuth halide perovskites have
been proposed with better stability and PCE. For example,
Ag;Bil,"* AgBil, > and Ag,Bil; *® solar cells were demonstrated
with a PCE of 4.3%, 2.1% and 0.71% respectively. However, in
addition to the traditional MA" cations, there are only a few
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reports on alternate organic cations-based bismuth absorbers.
Fabian et al* studied HDABil; (HDA = 1,6-hex-
anediammonium), which yielded a PCE of 0.027%. Li et al.*
synthesized 2-aminothiazolium iodide (ATI) and used it to form
ATBIl, films, and fabricated triple mesoscopic solar cells (with
PCE = 0.42%), where ATBil, precursor solution was infiltered
through top carbon electrode. However, all the aforementioned
studies have reported devices for standard 1 sun conditions. It
is worth noting that due to the wide bandgap of iodobismu-
thates,'>*>*1%? they can be effectively utilized for harvesting
energy from indoor light. Furthermore, bismuth based solar
cells possess broad external quantum efficiency spectrum
within ultra-violet (UV) to blue wavelength region®*-° which can
be beneficial for UV light energy harvesting applications,
though not explored in literature. Herein, we report highly
reproducible and planar ATBil, solar cells that can harvest
energy from 1 sun, indoor white LED and near-UV LED sources.
ATI is a 1-dimensional organic ligand (Fig. S11) which give rise
to electronic interactions with the iodobismuthate framework,
which are not exhibited by their inorganic counterparts.*
Specifically, heterocyclic rings like thiazole, which is aromatic
and has a relatively small size, planar structure, and oxidative
stability is of great interest. Based on this, iodobismuthates
with 5-membered heterocyclic cations such as aminothiazolium
rings are of great interest. Introducing S and N into the
heterocyclic cation can effectively make the cations more elec-
tronegative, and thus potentially lower the conduction band
minimum level to achieve better energy alignment with
common electron transport or hole transport materials in
a solar cell device. Incorporating heterocyclic aromatic rings
can also potentially contribute to the charge carrier mobility by
introducing -7 interactions and enhancing the intermolec-
ular interactions. The band gap of ATBil, is about 1.78 eV which
can theoretically yield the PCE of ~25% based on the Shockley-
Queisser limit.** The highly crystalline ATBil, films were
prepared at low annealing temperature of 70 °C without any
anti-solvent treatment. The champion device delivered a PCE of
0.53%, 0.54% and 0.21% under 1 sun, indoor white LED (500
lux) and UV LED (150 lux), respectively. The maximum power
output obtained from the white LED and UV sources can be
beneficial for micro-watt energy harvesting electronic devices.

Results and discussion

The ATBIl, films were deposited on glass and compact (c)-TiO,
deposited Fluorine doped tin oxide (FTO) coated glass
substrates and annealed at different temperatures from 50-
130 °C. The schematic of the experimental steps, crystal struc-
ture of ATBIil, and photograph of a fabricated solar cell are
shown in Fig. S1.1 The deposition parameters for film forma-
tion and details of characterization are given in the Experi-
mental section. Fig. 1 shows the morphology of ATBIl, films on
¢-TiO,/FTO along with cross-sectional view of a typical solar cell
consisting of ATBil, absorber film annealed at 70 °C. The films
annealed at 50 °C shows the morphology with flake-like features
scattered on the surface that are attributed to unreacted Bil; 2***
due to insufficient annealing temperature and supported by
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Fig.1 SEM surface images of the ATBIl4 films annealed at (a) 50 °C, (b)
70 °C, (c) 100 °C and (d) 130 °C. (e) Cross sectional image of the solar
cell with 70 °C annealed ATBil,.

XRD measurements as discussed later. Upon increasing the
annealing temperature to 70 °C, most of the Bil; has been uti-
lised to form ATBIl, and the surface appears to be comparatively
smoother, however, some pinholes are observed. Further
increasing the annealing temperature to 100 °C, Bil; features re-
appears on the surface possibly as a result of decomposition of
ATBIl, into ATI and Bil;. The morphology of the 130 °C
annealed film is not clear as decomposed ATI accumulated on
the surface leading to charging effects during SEM measure-
ments. The cross-sectional SEM image of a typical ATBil, solar
cell with the device architecture FTO/c-TiO,/ATBil,/PTAA/Ag is
shown in Fig. 1(e), in which ATBIl, film has the thickness of
~240 nm. The optical absorption and X-ray diffractograms of
the ATBil, films prepared at different annealing temperatures
are shown in Fig. 2(a) and (b), respectively. All the films show
wide absorption in the visible region with absorption onset at
around 600 nm, an excitonic peak around 554 nm and broad
absorption peak in the UV region. The XRD pattern of the 50 °C
annealed film shows poor crystallinity in agreement with
surface morphology observed in SEM. The film annealed at
70 °C shows dominant peak at 20 = 17.01 degrees along with
a peak at 20 = 15.4 degrees corresponding to (112) and (210)
crystallographic planes of the orthorhombic phase.** Upon
further increasing the annealing temperature, these dominant
peaks become weaker and additional peaks corresponding to
the secondary Bil; phase (indexed by ‘* symbol for 130 °C
annealed sample) are observed. In addition, the dominant peak
shifts toward lower angle for high temperature annealed films
[Fig. S2(a)f] due to lattice distortion. A closer look at individual

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Optical absorption spectra, (b) XRD pattern, (c) PL spectra
and (d) TRPL spectra of ATBIl,4 films on glass substrates annealed at
different temperature.

XRD profile shown in Fig. S2(b)} clearly indicates that the films
prepared at 50 °C, 100 °C and 130 °C have dominant peaks
corresponding to Bil; phase arising due to unreacted material
or decomposition effect, which are consistent with the SEM
images. However, this effect is not distinguishable from the UV
absorption spectra as the orthorhombic phase with preferred (1
1 2) orientation is present in all the films, and is responsible for
the main absorption.

To understand the charge carrier recombination dynamics,
photoluminescence (PL) and time resolved PL (TRPL)
measurements were carried out on the ATBil, films annealed at
different temperatures. Fig. 2(c) shows the PL spectra of the
ATBIl, films excited at 350 nm. The emission from the 50 °C
annealed film is not well defined as a result of poor crystallinity
while the film annealed at 70 °C exhibits a broad emission with
multiple peaks centred at 416 nm, 437 nm and 471 nm corre-
sponding to broad absorption in the UV region. A minor
emission also observed at 572 nm corresponding to absorption
excitonic peak as shown in Fig. S3(b).f The emission profile
remains same for the 100 °C annealed film and becomes poor
for 130 °C annealed film. An enlarged view of the PL from 50 °C
and 130 °C annealed films [Fig. S3(a)}] shows the poor emission
intensity which can be correlated to the poor crystallinity of
those films. The 70 °C annealed ATBil, film deposited on glass
and ETL (c-TiO,/FTO) are shown in Fig. S3(b)t in which
quenching of PL emission is observed for ETL substrate as
a result of fast charge carrier extraction to TiO,. Luminescence
decay curves of the ATBIil, films deposited on glass substrate are
shown in Fig. 2(d). The decay curves, except for the 50 °C
annealed film, can be fitted with two exponential functions with
one decay component associated with the fast surface radiative
recombination decay (7,) and another one with the slow bulk
radiative recombination decay (t,).>* Table S11 shows the decay
components of the different films on glass substrates. The

This journal is © The Royal Society of Chemistry 2022
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average life time of the ATBIil, films were calculated using the
relation (A;t1 + A,7,)/(4; + A,),°** where T and A are the decay
and amplitude component, respectively. For 50 °C annealed
film, three exponential functions were used to fit the curve. The
70 °C annealed film exhibits average decay time (t4y,) of 8.07 ns
(r1 = 0.45 ns and 1, = 32.07 ns) owing to improved crystalline
quality. The films annealed at 50, 100 and 130 °C have 7,4 of
0.05, 4.66 and 1.35 ns, respectively. The time-resolved lumi-
nescence analysis of optimal ATBil, films deposited on the ETL
surface shows fast surface recombination decay with 1,
decreased to 0.14 ns [Fig. S3(c)t]. The fast decay on the ETL
indicates an efficient charge extraction from ATBil, to ETL,
which can possibly suppress the formation of charge accumu-
lation and hence recombination at the interface.®® The solar
cells with a configuration of FTO/c-TiO,/ATBil,/PTAA/Ag were
fabricated with different temperature annealed ATBil, absorber
films. Fig. 3(a) and (b) show the schematic of the solar cell
device and corresponding energy band diagram, respectively.
The reverse scan current density-voltage (J-V) plot of the solar
cells with different temperature annealed ATBil, films are
shown in Fig. 3(c) and their photovoltaic parameters are shown
in Table 1. As anticipated based on the structural and optical
studies, the solar cells incorporated with 70 °C annealed ATBil,
films exhibit the highest short circuit current density (Js.) and
open-circuit voltage (Vo).

The reverse and forward scan J-V plots along with dark curve
of the champion device based on 70 °C annealed ATBIil,
absorber film is shown in Fig. 3(d), which yielded a PCE of
0.53% and 0.39% under reverse and forward scans, respectively.
The obtained V. is higher than that of the reported values
based on triple mesoscopic ATBil, and AgBil, solar cells.>”** In
order to study the PCE judiciously, the best performing device
was further biased at its maximum power point (Vy,, = 0.5 V)
over the period of 120 seconds. As shown in Fig. 3(e), the stable
Jsc and PCE of the device are close to that of the values obtained
from the J-V plots. The reverse and forward scan plot of 50 °C,
100 °C and 130 °C annealed ATBil, films with stable output are
shown in Fig. S4(a)-(c).t Fig. 3(f) shows the external quantum
efficiency (EQE) spectra and corresponding integrated J;. curve.
The device exhibits maximum EQE of ~12% at around 400 nm
and the integrated J,. of 0.86 mA cm 2. The EQE spectrum
further infers that the 1 sun solar spectrum cannot be fully
utilized by ATBil, absorber layer, rather blue and near-UV
regions can be effectively utilized for energy harvesting. The
EQE spectra of other devices are shown in Fig. S5,7 which are
consistent with J-V plots. The statistical distribution of the
photovoltaic metrics from 15 devices fabricated from different
temperature annealed absorber are shown in Fig. 4, which
reveals a good reproducibility of the ATBil, solar cells. The
photovoltaic enhancement of the best performing device can be
mainly attributed to the phase pure and highly crystalline
ATBil, films formed by annealing at 70 °C. The best performing
device based on 70 °C annealed film was stored under ambient
condition (RH: 35-40% and temperature of 20-24 °C) to test
aging stability. The J-V plot of the ambient stored device tested
over the period of 30 days is shown in Fig. S61 and the device
retained ~60% of its initial PCE.

Sustainable Energy Fuels, 2022, 6, 3179-3186 | 3181
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(a) Schematic of the solar cell architecture, (b) energy band diagram of the solar cell, (c) reverse scan J-V plots of the solar cells fabricated

with ATBil4 films annealed at different temperatures, (d) forward and reverse scan J-V plots of the champion device together with dark curve, (e)
stabilized power output and Jsc at maximum power point (Vs = 0.5 V), (f) EQE and integrated Js. spectra of solar cells with ATBil, films annealed

at 70 °C.

Table 1 Photovoltaic parameters of the ATBil, champion solar cells
consisting of films annealed at different temperatures

Annealing temperature

(9] Voe (V) Jse (MAcm™2)  FF (%) PCE (%)
50 0.62 1.03 38.68  0.24
70 0.82 1.49 43.42  0.53
100 0.66 1.08 4312 0.31
130 0.52 0.72 41,52 0.15

To obtain charge carrier trap densities, we performed space
charge limited current (SCLC) method based on electron and
hole only devices by measuring /-V characteristics under dark.
The SCLC plots of the devices with ETL and HTL only device
configurations are shown in Fig. 5(a) and (b). A clear transition
from linear (ohmic region) to trap-filled limited (Vrg) and SCLC
regions are observed for devices based on 70 °C and 100 °C
annealed films with Vigp of 0.11 V and 0.16 V, respectively. For
devices based on films annealed at 50 °C and 130 °C, a clear cut-
off region was not observed between the trap-filling and SCLC
region which makes the SCLC analysis not feasible. All the HTL
only devices showed the clear transition region with the Vygy, of
0.38 V, 0.17 V, 0.28 V and 1 V for devices based on films
annealed at 50 °C, 70 °C, 100 °C and 130 °C, respectively. The
onset voltage of Vipyy, directly related to the trap density ()
which can be calculated using the relation n, = 2Vyg eeoled”,*
where d is the thickness of the film, e is the electron charge, ¢ is
the dielectric constant and ¢, is the vacuum permittivity. The
dielectric constant of ATBil, is unknown and thus considered as

3182 | Sustainable Energy Fuels, 2022, 6, 3179-3186

~38 (at room temperature) from the related crystal system.*> For
the devices based on films annealed at 70 °C, the n, was calcu-
lated to be 2.58 x 10'® cm ™ and 3.99 x10'® cm™? for ETL and
HTL only devices, respectively, which is approximately 1 order
of magnitude higher than that of the MA;Bi,I, system with the
n, value of 5.29 x 10'” em™>.2* Such a high 7, of the ATBil, films
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Fig. 4 Box plot showing the statistical distribution of the device
parameters (a) V.. (b) Jsc. (c) FF and (d) PCE for solar cells with different
temperature annealed ATBIl, absorber films.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Dark /-V plots of the (a) ETL only and (b) HTL only devices with
ATBIl,4 films annealed at different temperatures; inset shows the cor-
responding device configuration. (c) Nyquist plot with fitting and (d)
Mott—Schottky plot of the ATBil,4 solar cells.

infers that further improvement with reduced n, can be bene-
ficial for enhanced photovoltaic performance. The n; for all the
ETL and HTL only devices are given in Table S21 which indi-
cates that the devices based on films annealed at 70 °C exhibit
reduced charge carrier trap densities as a result of better bulk
and surface properties, which contributes to increased solar cell
performance. The electrochemical impedance measurements
(EIS) on ATBIl, solar cells were carried out over a frequency

View Article Online
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range of 0.1 Hz to 1 kHz with an ac amplitude of 5 mV under
dark. The corresponding Nyquist plot is shown in Fig. 5(c). The
observed distinctive semicircle at the high frequency region is
usually related to the charge transport resistance at the inter-
face between the ATBII,/ETL in the device.*>*' From the Nyquist
plot, the series resistance (R;) and the charge transport resis-
tance or contact resistance (R.) can be extracted by fitting the
plot using the equivalent circuit model as shown in the inset of
Fig. 5(c). The numerical fitting reveals Rs and R of 3.18 Q and
2.42 kQ for the device with films annealed at 70 °C. The fitting
values of all the devices are summarized in Table S3} where it
can be clearly seen that 70 °C based devices show reduced R,
values which allows efficient electron transport from the ATBil,
layer to c¢-TiO, and suppress the interface recombination
processes.*” Moreover, except for device with film annealed at
70 °C (magnified view in Fig. S7t), all other devices exhibited
negative capacitance loop after R.. region. Literature reported
different mechanism for the negative capacitance of the solar
cells relating to classical capacitance effect.**** Fabregat-
Santiago et al.** directly compared the negative capacitance
with reduction in V,. and FF resulting in poor performance of
perovskite solar cells. Ebadi et al.* reported that negative
capacitance in perovskite solar cells are due to slow transients
in the injected currents and further correlated their appearance
with J-V curves measured under dark. They also observed more
pronounced negative capacitance when Bi impurity phase was
introduced into the perovskite system. In the present study, the
ATBIl, films annealed at 70 °C showed negligible unreacted Bil;
while other films still had unreacted or decomposed Bil; which
might contribute to the observed negative capacitance effects.

@ = 2 ® . © R
sl o =% T
g 3 |—-EQE spectrum 9 o —=— 150 lux
31 £ 5 % ]
:'g 55 21 20-\\
o w e b 1
= 3 =10 S
o \ \ﬂ, \A‘ 1
of \ Ny
al ¢ . 0 0 . . . ? 0 : . . e b,
“ 300 450 600 750 900 0.0 0.2 0.4 06 08 00 01 02 03 04 05 06
Wavelength (nm) Voltage (V) Voltage (V)
@ 3 — —— — 30
——500 tux (Mpp=0.4 V) —— 1000 tux (Mpp=045 V) —+—1500 tx (Mpp=048 V) (e) L [_\.,I,Ps,x,zg n) _’_.4.:0 o {Mpp_np_;s V) —— 180 .u‘x Mpp=04V)|
o |—s—2000 kux (Mpp=0.5 ¥ }——2500 tux (Mpp=052V) e
£ 6+ NE W
< | e | § 20 MW _
— e e =
g LY T P "-l
.. o ‘ | 8 hw"""""“""‘ "W_
@ l__ L T ]
2 10
s 21 . L 2
w © 4
w
0 . : : : : 0 , , ' ; ;
0 100 200 300 400 500 0 100 200 300 400 500
Time (s) Time (s)

Fig. 6

(a) Relative spectral distribution of cool white LED and UV LED along with EQE spectrum of ATBil, solar cell. J-V plots of the solar cell with

ATBil4 films annealed at 70 °C measured under different illumination intensity of (b) cool white LED and (c) near-UV LED (395-400 nm). Stable Js.
of the device biased at Vi, measured under different illumination intensity of (d) cool white LED and (e) near-UV LED (395-400 nm).

This journal is © The Royal Society of Chemistry 2022
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Table 2 Photovoltaic metrics of the ATBIl4 solar cells measured under different intensity of 4000 K white LED panel

Intensity

(lux) Pin (W cm ) FF (%) Je (1A cm ™) Voe (V) PCE (%) Prvax (W cm )
500 150.45 47.04 2.55 0.68 0.54 81.75

1000 300.94 50.55 4.35 0.71 0.52 156.32

1500 450.21 51.09 591 0.74 0.50 222.60

2000 600.52 52.14 7.35 0.75 0.48 287.42

2500 750.56 52.66 8.63 0.76 0.46 347.00

Table 3 PV performance metrics of the ATBIl,4 solar cells tested under near-UV LED (395-400 nm) light

Intensity

(lux) Py (W cm™?) FF (%) Jse (WA cm™?) Voe (V) PCE (%) Prax (W cm™?)
50 1371.22 38.08 13.26 0.39 0.14 1.95

100 2781.19 39.06 25.86 0.45 0.16 4.54

150 3764.42 38.15 39.59 0.53 0.21 8.07

EIS was further used to analyse the voltage modulation and
characterize the built-in potential of ATBil, solar cell (Vg;) using
Mott-Schottky (M-S) relationship. Fig. 5(d) shows the M-S plot
of ATBIl, solar cells with films annealed at 70, 100 and 130 °C
and the inset shows the corresponding plot for devices based on
50 °C annealed films. The Vj; is defined by the intersection of
the 1/C* curve and horizontal bias axis, which probes into
charge accumulation at the interface between the ATBil, and
TiO, that affect the potential barrier. The Vg; of the device based
on 70 °C annealed absorber showed 0.64 V which is much
higher than that of the other devices indicating the fast charge
collection and reduced carrier accumulation.*® The increased
Vi can be attributed to the reduced trap state densities as
revealed from the SCLC measurements.

The relative spectral distribution of the 4000 K cool white
LED panel and 395-400 nm indoor 9 W UV LED along with EQE
spectrum of the ATBIl, solar cell are shown in Fig. 6(a). While
the indoor white LED spectrum partially overlaps the EQE
spectrum, the entire UV LED spectrum falls within the EQE
spectral range of ATBil,. Fig. 6(b) shows the J-V plot of the
ATBIl, solar cells tested under different illumination intensity
of indoor white LED. The Ji. and V,. of the device linearly
increased with increase in incident power. The reverse scan
photovoltaic metrics of the champion ATBil, solar cell are
tabulated in Table 2. The stabilized J,. of the device biased at
maximum power point is shown in Fig. 6(d). For the typical
office indoor lighting of 500 lux with an incident power (P;,) of
0.15 mW cm 2, the device yields a PCE of 0.54% and generates
a maximum power output of 81.75 yW cm 2. It can be assumed
that a mini module formed by connecting few devices can be
sufficient to power up smart electronic devices that require
microwatt power.*” Further, the devices were tested under
a 9 W UV LED lamp. Fig. 6(c) shows the J-V (reverse scan) plot
of the device tested under 50, 100 and 150 lux and the corre-
sponding photovoltaic parameters are summarized in Table 3.
We note that the P, for UV light corresponding to the

3184 | Sustainable Energy Fuels, 2022, 6, 3179-3186

minimum light intensity is much higher than that of the cool
white LED as UV light has high-energy photons, which results
in high Ji.. The PCE of the device measured under 50, 100 and
150 lux are 0.14, 0.16 and 0.21%, respectively. Although the
PCE is not improved substantially with increasing P;,, the
power output increased markedly. The maximum power
output of 8.07 uW cm > obtained from 150 lux can be sufficient
to power up some sensors and IoT devices when integrated as
a mini module. The stabilized J,. of the device biased at Vp,p
under different light intensities over the period of 500 seconds
are shown in Fig. 6(e). The fluctuations in the stable output
with increasing light intensity results from the burn-in damage
induced by high energy UV photons. We further noticed that
the device is not highly stable after UV photon irradiation for
prolonged time and some visible burn-in features were
observed in the device, which could be addressed via interface
engineering.

Conclusions

Lead free 2-aminothiazolium bismuth iodide thin films were
prepared and comprehensively characterized for their potential
to integrate into planar n-i-p configuration solar cells. The
films prepared at low temperature of 70 °C showed enhanced
properties and are stable. The solar cells with the device
architecture of FTO/c-TiO,/ATBil,/PTAA/Ag were fabricated and
tested under different light sources. Accordingly, the ATBIl,
solar cell yielded PCE of 0.53% under 1 sun and retained ~60%
PCE over 30 days stored at ambient conditions. The solar cell
tested under indoor white LED panel (cool white, 4000 K)
delivered a PCE of 0.54% at 500 lux with the power output of
81.75 uW cm . Interestingly, the solar cell tested under indoor
9 W UV LED delivered the power out of 8.07 uW cm ™ with the
PCE of 0.21%. This work demonstrates that ATBil, solar cells,
when integrated as a mini module, can be useful of powering up
microwatt energy requiring smart electronic devices.

This journal is © The Royal Society of Chemistry 2022
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Experimental
Materials

Except 2-aminothiazolium iodide (ATI), all the materials used in
this work were purchased from commercial suppliers, and used
as received. These included bismuth(m) iodide (99%, Sigma-
Aldrich)), titanium(iv) isopropoxide (99.99%, Sigma-Aldrich),
poly[bis(4-phenyl)(2,5,6-trimethylphenyl)amine (M515 PTAA,
99.9%, Ossila), bis(trifluoromethane)sulfonimide lithium salt
(Sigma-Aldrich), absolute ethanol (99.8%, Fisher Chemical),
hydrochloric acid 37% (HCL, VWR Chemicals), N,N-dimethyl
formamide (DMF, 99.8%, Acros Organics), dimethyl sulfoxide
(99.7+%, Acros Organics), toluene (99.8%, Sigma-Aldrich),
acetonitrile (99.8%, Sigma-Adrich), Zn powder (99.8+%, Acros
Organics), Hellmanex III (Sigma-Aldrich), silver pellet (99.99%,
Kurt. J. Lesker) and TEC 15 FTO substrates (NSG Pilkington).
ATI was synthesized according to the literature.*

Device fabrication

For the fabrication of the solar cells, FTO substrates were
patterned using Zn powder and 4 M HCl. The patterned
substrates were cleaned in 2% Hellmanex solution in water
followed by an ultrasonic bath first with acetone and then iso-
propanol for 15 min each. The substrates were further cleaned
with oxygen plasma treatment for 10 min. Then, 254 pl tita-
nium(v) isopropoxide solution dissolved in 2 ml absolute
ethanol and 35 pl of 2 M HCL, was spin-coated on the cleaned
FTO substrates for 45 seconds at 2000 rpm followed by
annealing at 100 °C in air for 10 min. The substrates were
further sintered at 500 °C for 30 minutes to form compact TiO,
film (c-TiO,). The TiO, substrates were then plasma cleaned for
10 minutes and transferred to the nitrogen filled glove box.
ATBIl, precursor solution was prepared by mixing 398 mg of
Bil; and 114 mg of ATI in 7 : 3 DMF/DMSO solvent and stirred
for an hour at 65 °C. The hot precursor solution was spin coated
on the TiO, coated substrate at 3000 rpm for 60 seconds and
allowed to nucleate at room temperature in a closed Petri dish
for 10 minutes. The substrates were then annealed at different
temperatures range from 50 to 130 °C for 10 minutes to obtain
the ATBil, films. To deposit hole transport layer (HTL), 10 mg
PTAA was dissolved in 1 ml toluene and then doped with 5 pl of
lithium salt (520 mg ml™" in acetonitrile). The PTAA solution
was spin coated at 3000 rpm for 30 seconds. Finally, silver
electrodes were thermally evaporated through a shadow mask at
5 x 1077 mbar to complete the device.

Characterization

ATBIl, film surface and solar cell cross-section were imaged
using the field-emission scanning electron microscope (FE-
SEM, FEI Quanta 250 FEG). The optical absorption of the
films was measured using UV-vis spectroscopy (UNICAM UV-
300). The XRD measurements were performed at room
temperature on a Bruker D2 Phaser system using mono-
chromatic Cu K, radiation with a wavelength of 1.5406 A. The
samples were scanned in the range 5-80° and an increment of
0.04° on the 26 scale. The substrates were set to a rotation speed

This journal is © The Royal Society of Chemistry 2022
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of 8 rpm throughout the measurement. Photoluminescence
(PL) measurements were done using Horiba Fluorolog 3-22 with
xenon lamp at an excitation wavelength of 350 nm. TRPL
measurements were done using Horiba Deltaflex TCSPC life-
time fluorometer with 370 nm Horiba NanoLED source. The PL
decay time was determined by fitting the curve using Origin pro
software. The electrochemical impedance spectroscopic
measurements were performed using AUTOLAB PGSTAT 302N
and FRA32M. External quantum efficiency (EQE) spectrum was
taken using Bentham (PVE300) in transformer mode. Silicon
reference diode was used for calibration.

Current density-voltage (J-V) characterizations

The current-voltage measurements were carried out using Ossila
-V kit. For 1 sun measurement, the solar spectrum at AM 1.5
was simulated with a xenon lamp and filters (Oriel Sol 1A, Class
ABB, 94021A) with the measured intensity at 100 mW cm 2. The
illumination intensity was calibrated using reference Si solar cell
(Newport, 91150V). For indoor LED measurement, 4000 K cool
white LED panel were used. ILT350 spectrophotometer was used
to measure the light intensity, incident power, and related
spectral distribution of the LED panel. These were crosschecked
with standard calculations reported elsewhere.*® For measure-
ment under UV-LED, a low power (9 W) A60 UV LED lamp (TBE
lighting) with the wavelength of 395-400 nm was used as
a source. For all the light sources, current density versus voltage
(J-V) curves of the resulting devices were acquired in both
forward-scan (FS; —0.2 to 1.2 V) and reverse scan (RS: 1.2 to —0.2)
with the scan speed of ~80 mV s~ . The active area of the devices
is 0.0256 cm” determined by the standard aperture mask.
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