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Recent AgsBilg solar cells have demonstrated promising efficiency, however, most have focused on
mesoporous n-i-p configuration, using expensive hole transport materials (e.g., P3HT, PTAA and spiro-
OMeTAD) and a Au counter electrode. To lower the cost and potentially enable larger scale AgsBilg solar
cells, herein, this study provides the first feasibility examination of AgsBilg in fully-printable triple-
mesoscopic (TiO,/ZrO,/carbon) solar cells (TM-SCs) and explores the effect of pre-treatment with small
molecules and post-treatment (CuSCN) on the overall AgzBilg TM-SC performance. An AgsBilg solar cell
with a power conversion efficiency (PCE) of 0.38% (Jsc = 1.97 mA cm™2; Voo = 0.49 V; fill factor = 0.39)
is demonstrated under 1 sun irradiation with two-month dark-storage stability in the ambient
atmosphere. An improved V. from 0.43 V to 0.48 V was observed with biPY pre-treatment; a champion
PCE of 0.74% (Jsc = 2.78 mA cm™2; Vo = 0.56 V; fill factor = 0.48) was achieved with CuSCN post-
treatment. The results reported here represent a step toward developing all inorganic Bi-based absorbers
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1 Introduction

With the rapid development of perovskite solar cells (PSCs), the
path to commercialisation is underway. The current fabrication
technologies for highly-efficient PSCs, however, require quality
perovskite layers to achieve outstanding performance, which is
difficult to satisfy in large-scale manufacturing. Printable triple-
mesoscopic solar cells (TM-SCs) opened a new chapter of PSCs
with promising power conversion efficiency (PCE) up to 16.53%,
which meets the scale-up commercialisation requirements,
such as low cost and easy fabrication.® TM-SCs consist of
mesoporous TiO, and ZrO, layers covered with a porous carbon
film. Unlike the conventional PSCs, the TM-SCs can be fabri-
cated by screen-printing, and the device can be filled with the
perovskite by drop-casting. However, absorber filling of TM-SCs
relies on spontaneous precursor diffusion and solvent evapo-
ration, facing the challenge of unpredictable precursor pene-
tration and crystallisation within pores, potentially introducing
defects and recombination routes. To enhance the perovskite
crystal growth and to regulate crystal kinetics, Han's group
employed stabilisers, such as 5-ammonium valeric acid iodide
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engineering and efficient charge extraction.

(5-AVAI) and 4-(aminomethyl) benzoic acid iodide (AB),
improving the device performance from 7.2% to 14.1% and
15.6%, respectively.™* Also, Xu et al. modified the porous surface
of TM-SCs with a dye molecule, di-tetrabutylammonium cis-
bis(isothiocyanato)bis(2,2"-bipyridyl-4,4"-dicarboxylato) ~ ruth-
enium(u) (known as N719), and highlighted the passivation
effect of N719@TiO, core-shell additives to suppress MA"
vacancies and shallow defects. This facilitates charge separa-
tion, improving J. from 21.95 mA cm™? to 23.58 mA cm™ % A
similar approach has also been followed by other researchers
using post-treatment, such as phenyl-C61-butyric acid methyl
ester (PCBM) and copper thiocyanate (CuSCN) treatments, on
perovskite TM-SCs to passivate the grain boundaries of perov-
skite and ease electron-hole pair separation.”?

Despite the high efficiency achieved by PSCs, concerns have
been raised over the stability and toxicity of lead-based perov-
skites. To address these issues, great interest has grown in Bi-
based materials due to their non-toxicity and long-lasting
stability. Silver pnictohalides (Ag-Bi-I) have attracted wide
attention since 2016.>** The controllable ratio of AglI to Bil;
leads to varying compounds within this family, including
AgBi,I;, AgBil,, Ag,Bil; and Ag;Bils, which have been exten-
sively studied as light-absorbing materials.”** The silver pnic-
tohalide family shares similar 3D crystal structures and
a suitable optical bandgap of 1.79-1.83 eV.' According to the
ratio of Ag and Bi, they are classified into two space groups:
Fd3m (AgBi,I, and AgBil,) and R3m (Ag,Bils and Ag;Bils)."*"”
Among the existing studies on silver pnictohalides, Ag;Bils
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stands out as a promising photovoltaic material. Although it is
well known that Agl is insoluble in most organic solvents at
room temperature, Turkevych et al. found that AgI is soluble in
hot DMSO (110 °C) in the presence of Bil,. After dissolving AgI,
the first solution-processed Ag;Bils solar cell was fabricated,
demonstrating a promising PCE of 4.3%. After this, Pai et al.
tailored the optical bandgap of Ag;Bils by partially substituting
I” by S*".** The modified compound, Ag;Bils ¢,So.4, achieved
a PCE of 5.44%, attributed to upshifting the valence band of
Ag;Bils. However, most studies of Ag;Bils devices have only
focused on the mesoporous TiO,-based configuration, namely
FTO/compact-TiO, (c-TiO,)/mesoporous-TiO, (m-TiO,)/Ag;Bils/
HTM/Au, using expensive hole transport materials (HTMs)
and Au electrodes. As TM-SCs arouse great interest in large-scale
perovskite solar cell research, Li et al. first attempted to inves-
tigate Bi-based absorbers in this configuration.'®' However,
Ag;Bils has not been previously studied in TM-SCs.

Inspired by the studies mentioned above, this paper explores
the performance of Ag;Bils based TM-SCs and reveals the effect
of specific pre-treatment and post-treatment on Ag;Bil devices.
Fig. 1a shows the organic molecules applied in the device as pre-
treatment: 4-tertbutylpyridine (4¢BP), 2,2"-bipyridine (biPY), 4H-
cyclopenta[2,1-b:3,4-b"|dithiophene (CPDT-1) and N719. 4¢tBP
and biPY are nitrogen-containing additives widely applied in
dye-sensitised solar cells (DSSCs) to improve V.., where the
lone-pair electrons of N attached to TiO, negatively shift the
TiO, conduction band, leading to overall V,. increase and
surface hydrophobicity enhancement.>®** In perovskite solar
cells, dye molecules have been reported previously as additives,
bridging TiO, (by carboxyl group anchoring) with the perovskite
and simultaneously passivating trap states (by the thioether
group with uncoordinated metal cations).>**>** Drawing upon
two strands of pre-treatment research on solar cells, this paper
compares two approaches, N-donor molecules (4¢BP and biPY)
and dye molecules (N719 and CPDT-1) to increase the wetta-
bility of the TiO, surface, and to improve the pore filling and
device performance within TM-SCs. In addition, an HTM was
included in the device to enhance hole extraction, mitigate
potential imbalanced charge separation and reduce the
hysteresis behaviour.®** Although organic HTMs (e.g., poly(-
triaryl amine), PTAA: poly(3-hexylthiophene-2,5-diyl), P3HT:

(@) —— (b)

4tBP
v/ »

T(\ Vi < by

7 5)-—&\600 i
/

1
|
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Nitrogen Containing Additives
Organic Dye Molecules
m-Zr
()
\o)\ s s iy 2
~ (3 “Tio,
= N i C-Tio,
biPY CPDT-1 dye Fro 2!
Tio,
Fig. 1
procedure.

1068 | Sustainable Energy Fuels, 2023, 7, 1067-1076

o°
‘(Q Ag;Bilg precursor
—o W en
pan I vt
— \
P

View Article Online

Paper

2,2',7,7"-tetrakis[N,N-di(4-methoxyphenyl)Jamino]-9,9™-spirobi-
fluorene, and spiro-OMeTAD) are popular in conventional
Ag;Bilg devices, a cheaper alternative, CuSCN, with high hole
mobility warrants an attempt in TM-SCs.***® The study pre-
sented here is the first application of Ag;Bils in TM-SCs, and
also includes a treatment study using 4¢tBP, biPY, CPDT-1, N719
and CuSCN.

2 Experimental
2.1 Precursor preparation

The Ag;Bils precursor was prepared by following the method of
Turkevyvh et al.*® Briefly, a mixed hot solvent (DMSO/DMF = 3 :
2, v/v, at 110 °C) was used to dissolve AgI/Bil; powder at a ratio
of 3:1. 0.2 M 4¢BP or biPY was dissolved in acetonitrile as
nitrogen-containing pre-treatment. 0.5 mM N719 in
acetonitrile/tert-butanol (1:1, v/v) and 0.05 mM CPDT-1 in
chloroform/ethanol (3:7, v/v) were prepared as dye molecule
precursors. The CuSCN precursor was prepared in diethyl
sulphide (30 mg mL ) for post-treatment.

2.2 Device fabrication

FTO glass substrates (7 Q sq~ ', Sigma-Aldrich) were prepared by
etching the conductive side with Zn powder and 1 M HCI. Before
use, the substrates were sequentially washed with detergent
(Decon 90), DI water, acetone and isopropanol for 15 min each
in a sonic bath, then placed in a UV/ozone chamber to remove
the surface contamination residues. The c¢-TiO, precursor of
0.18 M titanium diisopropoxide bis(acetyl-acetonate) (75 wt% in
isopropanol, Sigma-Aldrich) in 1-butanol was spin-coated on
the FTO substrate at 4000 rpm for 30 s and then annealed at
450 °C for 30 min. The m-TiO, was subsequently screen-printed
on top by using a TiO, slurry (Ti Nanoxide T/SP, Solaronix
diluted with terpinol, 1 : 4 wt%), followed by annealing at 500 °C
for 30 min on a programmable hotplate with a ramp rate of 10 ©
C min . After cooling to room temperature, mesoporous ZrO,
(m-ZrO,) and carbon layers (obtained from National Laboratory
for Optoelectronics, Wuhan) were deposited by screen-printing
and annealed together at 400 °C for 30 min with the same
temperature ramp rate. The device was filled with the absorber

0 6
Pre-treatment  Precursor filling at 90°C Annealing at 110°C

& — & —>'/

Ag;Bilg device Post-treatment Annealing at 100°C

(a) Schematic illustration of pre-treated attachment of 4tBP, biPY, N719 and CPDT-1 on TiO,; (b) device configuration with the treatment
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by dropwise addition of 6 nL Ag;Bils precursor on it, and then
annealing was done at 110 °C for 3 h.

As illustrated in Fig. 1b, 4¢BP, biPY, N719 or CPDT-1
precursors were drop-cast on the device and dried at room
temperature for 30 min before introducing the Ag;Bils
precursor; the CuSCN precursor was applied after the pores
were thoroughly filled with Ag;Bils and annealing was done at
100 °C for 10 min.

2.3 Characterisation

The phase purity of thin films was identified using a Bruker D2
PHASER X-ray diffractometer (XRD) using Cu-Ke. radiation with
scattering angles (26) from 5-70°. All thin-film XRD samples
were prepared on TiO, and ZrO, layers, where the carbon layer
was omitted to avoid strong carbon peaks interfering with the
desired XRD patterns. The top-view morphology images of
mesoporous TiO,/ZrO, filled with Ag;Bils, cross-sectional
device images and layered energy dispersive X-ray spectros-
copy (EDS) images were recorded using a field emission scan-
ning electron microscope (FE-SEM, Zeiss Sigma HD VP). The
surface elemental analysis of Ag;Bils and CuSCN-treated Ag;Bil,
films was performed by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific VG Sigma Probe) using Al-Ko radiation. XPS
samples were prepared on the bare glass to avoid any nones-
sential peaks from substrates. The diffuse reflectance spec-
troscopy of thin films was carried out on a Jasco V-670 UV/Vis/
NIR spectrophotometer. Samples were prepared on the ZrO,
substrate to facilitate pre-/post-treatments. The absorption
spectra were measured and calculated according to the
Kubelka-Munk theory within the wavelength range of 300-
1000 nm. Photoluminescence (PL) quenching of pre-/post-
treated Ag;Bilg was recorded with a Fluoromax-3. Ag;Bilg
samples with pre-treatments were prepared on the TiO,/ZrO,
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substrates; CuSCN-treated Ag;Bils samples were prepared on
the ZrO, substrate to avoid any quenching effect of TiO,. All PL
samples were measured with an excitation wavelength of
500 nm at room temperature.

The current density-voltage (J-V) characteristics of the
devices were measured using an AUTOLAB PGSTAT30 poten-
tiostat. A solar simulator (Sciencetech-SF-150-B, AM1.5) was
calibrated and used to provide 1000 W m™? illumination. All
devices were measured with varying potential bias from 0.02 V
to —0.6 V at a scan rate of 100 mV s~ '. During the measurement,
a metal mask with a 0.0314 cm?” aperture area was used to
prevent light scattering. Impedance spectroscopy was carried
out on an AUTOLAB PGSTAT30 potentiostat in the frequency
range from 100 mHZ to 1 MHz in the dark at 450 mV.

3 Results and discussion
3.1 Material characterisation

Thin-film X-ray diffraction measurements (XRD) were carried
out to understand how treatments affect the formation of
introduced Ag;Bil, in mesoporous layers. The main diffraction
peaks of the TiO,/ZrO,/Ag;Bils sample correspond to highly
crystalline phases with R3m symmetry for the Ag;Bilg pattern
concerning both positions and intensities, with reflections
corresponding to the (003), (010), (102), (104), (105), (110), (108)
and (204) planes at 12.8°, 24.1°, 25.2°, 29.4°, 32.2°, 41.6°, 42.4°
and 51.8°, respectively (Fig. 2a).'® Consistent with previous
studies, the three distinct diffraction peaks at 22.3°, 39.2° and
46.3° correspond to the impurity of Agl, originating from the
silver-rich precursor that is required to prepare Ag;Bils.”
Beyond this, no other impurity was identified. Fig. 2b compares
the results of Ag;Bils with different pre-treatments on the
mesoporous surface. Consistent patterns suggest that the pre-
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Fig. 2

(@) XRD patterns of the TiO,/ZrO, substrate with AgsBilg and AgszBilg with CuSCN-treatment; (b) XRD patterns of AgsBilg with pre-

treatments. Top-view SEM images of (c) AgsBilg with (d) 4tBP, (e) biPY, (f) CPDT-1 and (g) N719 pre-treatment; and (h) CuSCN post-treatment.
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(a) Ag,Bilg only

Fig. 3 (a) Cross-sectional SEM image of the device filled with only
AgsBilg and EDS mapsof (b) Ag, (c) Bi, (d) I, (e) Ti, (f) Zr, and (g) C.

treatments barely affect the formation or morphology of Ag;Bil
on the substrates. Fig. 2a also shows the XRD result of CuSCN
treated samples, where a strong peak at 16.6° indicates the
existence of B-CuSCN.?® Although a previous study showed that
spin-coating CuSCN on Ag;Bils washed away the underlying
Ag;Bil film, in this case, by drop-casting CuSCN on the device,
Ag;Bilg is firmly retained within the mesoporous scaffold
instead of being removed.** Interestingly, Ag;Bils was observed
first to dissolve in the CuSCN precursor and then slowly crys-
tallise when the substrates were heated up, as the colour
changed from black to dark orange and then turned back to
black (Fig. S11). After annealing, the Ag;Bil, recrystallised and
mixed with CuSCN.

Top-view SEM images were recorded to reveal the
morphology of Ag;Bils crystallites with different treatment
procedures. Fig. 2c shows the well-defined ZrO, particle
boundaries (~30 nm) filled with Ag;Bils and slightly covered
with the Ag;Bilg crust. A similar surface morphology was
observed with 4¢BP and biPY treatments (Fig. 2d and e), indi-
cating that the pore filling process is unaffected by the N-donor
molecule treatment. A more compact mesoporous film was
obtained after the mesoporous layer was treated with CPDT-1
and N719, as shown in Fig. 2f and g. It seems that the wetta-
bility of the mesoporous layers is better modified by the
carboxyl-binding dye molecules than the Ti-N bonds of N-donor
molecules, resulting in better Ag;Bils precursor infusion.
Fig. 2h shows that the Ag;Bils crust disappears with the CuSCN
treatment. The most likely reason for such an observation is
that Ag;Bil, re-dissolves in the CuSCN precursor solution and
penetrates deeper into the mesoporous layer. However, these
findings may be affected by the absence of the carbon layer, and

1070 | Sustainable Energy Fuels, 2023, 7, 1067-1076

View Article Online

Paper

it is essential to bear in mind that these images only suggest an
approximation of the actual pore-filling process in the full
device.

Cross-sectional SEM images with energy dispersive X-ray
spectroscopy (EDS) mapping were recorded to comprehend
the element distribution of the Ag;Bil¢ containing full devices.
Fig. 3 illustrates the component element (Ag/Bi/I) distribution
reaching the very bottom TiO, layer, indicating thorough
penetration of Ag;Bils. A detailed investigation of how Ag;Bilg
penetrates with different treatments is provided in Fig. S2.1 As
indicated from top-view SEM images, an even distribution of
Ag;Bilg observed with pre-treatments, suggesting
unchanged pore filling. However, with CuSCN post-treatment,

was

Agl is found to accumulate in the upper carbon layer,
providing evidence of the re-dissolving process and constricting
Ag;Bil, to a thinner layer. The cross-sectional SEM images and
selected EDS maps (Ag/Bi/Zr/Cu) are shown in Fig. 4, indicating
that CuSCN (Fig. 4e) is ideally placed on the top of the absorber
(mainly staying in the carbon layer and upper ZrO, layer) to play
a role in the hole extraction.

Diffuse reflectance spectroscopy provides surface optical
information on solid-state materials. The absorption spectra
were therefore employed to investigate the effect of pre-/post-
treatment on the optical properties of Ag;Bils. The absorption
results following different pre-treatments are identical in the
visible region (Fig. S3at), and a direct bandgap of 1.79 eV was
obtained (inset in Fig. S3at). Compared with results obtained
from previous studies, the smaller experimental value here is
possibly due to the increased thickness of Ags;Bilg (~3 pum),
which is thicker than the Ag;Bils film deposited by spin-
coating.” In this case, the thicker film particularly reduces the
light transmittance and shifts the corresponding absorption
edge to a longer wavelength, resulting in a smaller measured
bandgap. However, with CuSCN treatment, a slight loss in
absorption is observed in the spectrum (Fig. S3bf). This
discrepancy could be attributed to less material in the central
measuring area, caused by spreading of the CuSCN precursor

(a) CuSCN-treated Ag,Bilg

Fig. 4 (a) Cross-sectional SEM image of CuSCN post-treated AgzBilg
device and EDS maps of (b) Ag, (c) Bi, (d) Zr, and (e) Cu.

This journal is © The Royal Society of Chemistry 2023
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solution that pushes part of Ag;Bils to the edge. Despite this,
the absorption covers most of the visible region.

The interaction between Ag;Bils and CuSCN was investigated
by X-ray photoelectron spectroscopy (XPS). The survey spectra
(Fig. S47) confirm the major elements (e.g., Ag, Bi, and I) in
Ag;Bil, films, and a weak peak at 932.4 eV related to Cu 2p was
detected in the CuSCN treated film. High-resolution spectra
(Fig. 5a) show that Ag 3d5/2, Bi 4d5/2 and I 3d5/2 peaks appear
at the same position with a negligible shift, indicating
a consistent chemical state of Ag;Bils. The Ag 3d5/2 peak at the
binding energy of 368.20/368.19 eV includes two weak peaks at
368.97/368.88 eV (green) and 367.19/367.16 eV (violet). The
peaks at 368.97 eV and 368.88 eV are attributed to metallic Ag,
while peaks at 367.19 eV and 367.16 eV correspond to AgI.** This
result confirms the existence of excess Ag or Ag". Fig. 5b shows
the sole peak of Bi 4d5/2 at the binding energy of 442.18/
442.26 eV. Although Bi 4f is the first choice for element analysis
in XPS, Bi 4d, which gives the same information, is used here
because the binding energy of Bi 4f and S 2p are close, at
~164 eV and ~167.5 eV, respectively, complicating the decon-
volution. The I 3d5/2 peak at the binding energy position of
619.31/619.38 €V is further deconvoluted at 620.83/620.96 eV
(violet) and 617.92/617.97 eV (green), which are likely related to
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Fig. 5 High-resolution XPS spectra of (a) Ag 3d5/2, (b) Bi 4d5/2, (c) |
3d5/2 and (d) Cu 2p3/2.
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Fig. 6 Steady-state PL quenching spectra of AgsBilg with different
treatments on the mesoporous film.

Bil; and Agl, respectively (Fig. 5¢).** The peak of the Cu 2p3/2
binding energy was observed at 932.39 eV, as shown in
Fig. 5d. The central peak at the binding energy position of
931.92/932.39 €V (blue) is attributed to Cu” with SCN™ (in
tetrahedral coordination), while the weaker ones at 930.18/
929.14 eV (green) are likely associated with Cu,O impurities.*>*
The lowest binding energy peak at 928.65/926.88 €V (violet) is
possibly related to Cu metal.** Further analysis of the data
revealed that the I 3p1/2 peak at 930.61 eV overlapped with the
deconvoluted peaks of Cu 2p3/2.

Photoluminescence (PL) spectroscopy was carried out to
examine the electron and hole donating ability of Ag;Bil at
TiO, and CuSCN interfaces. Fig. 6 presents the results obtained
from PL spectroscopy. A change in Ag;Bils emission was
observed when it was deposited on TiO, substrates and
a noticeable quenching effect was found with N-donor treat-
ment, explaining why greater V,,. was obtained in devices with
pre-treatment (vide infra). On the other hand, a significant
emission suppression was observed in the mixture of Ag;Bilg/
CuSCN, facilitating hole transfer. These results suggest that the
N-donor and CuSCN help to extract charge carriers more effi-
ciently within mesoporous layers, suggesting that performance
improvement in TM-SCs should occur.

3.2 Device characterisation

Ag;Bils TM-SCs were fabricated to study the device performance
with different treatments. Although perovskites have been
widely applied in TM-SCs, the reproducibility of device fabri-
cation remains challenging due to variation in the spontaneous
precursor pore filling, affected by solution viscosity, annealing
temperature or ventilation conditions. Given the novelty of our
devices that use the Ag;Bilg absorber, and the general difficul-
ties of reproducibility, we focus on the champion devices for
discussion, although some consideration of average results is
also given where appropriate. J-V curves of the as-prepared
devices are shown in Fig. 7, and the corresponding device
parameters are summarised in Table 1.
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Fig. 7 J-V curves of as-prepared AgsBilg TM-SC devices with biPY,
4tBP and CuSCN treatments.

The Ag;Bils devices showed photo-response with hysteresis
behaviour under illumination, indicating the existence of
defects and/or vacancy-mediated ion migration in Ag;Bils.>**® It
is apparent from Fig. 7 and Table 1 that the devices with 4¢BP
and biPY pre-treatments yield an improved V,.. With biPY, V.
was improved from 0.42 V to 0.48 V. These results agree with
previous studies on DSSCs, in which the conduction band of
TiO, was negatively shifted to improve V,..** However, applying
the N-donor molecule, such as 4¢tPB and biPY, may have intro-
duced a series resistance at the TiO, interface, leading to low
Jse.¥” Therefore, the overall as-prepared performance of N-donor
treated devices remains largely unchanged.

When comparing the results of dye molecule treated devices,
the performance is poor due to low J,. (Fig. S5 and Table S17).
The energy level alignment mismatch may hinder electron-hole
extraction because the lowest occupied molecular orbital
(LUMO) of CPDT-1 (—2.8 eV) and N719 (—3.6 eV) is higher than

View Article Online
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or at the same position compared to the reported conduction
band of Ag;Bils (—3.6 €V), creating a barrier for electron injec-
tion (Fig. S6t).*>**%%% Therefore, the electron from Ag;Bilg
could be hampered, causing a high recombination rate within
Ag;Bil,.

CuSCN devices demonstrated an increased V,. with minor J.
loss, which is likely attributed to better hole extraction. As N-
donor molecule pre-treatment exhibited better performance
than dyes, an attempt has been made at joint-treatment using
biPY and 4¢BP with CuSCN. Surprisingly, the joint-treatment
devices demonstrated serious hysteresis behaviour and less
efficient performance, than the devices with only CuSCN
(Fig. S57).

The calculated hysteresis index, HI, is compared to evaluate
the hysteresis level (listed in Table S11). HI can be calculated
using the following equation:

PCErcvcrsc - PCEforwurd
PCErcvcrsc

HI =

3.0
T A —— Forward - Ag,Bilg
1-Waskiageing —=— Reverse - Ag;Bilg
25} —— Forward - biPY+Ag,Bilg
- —v— Reverse - biPY+Ag;Bilg
P e —— Forward - 4tBP+Ag,Bil
~a Ty —+— Reverse - 4tBP+Ag,Bil,

2.0 e -
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- Ag;Bilg#CuSCN
- Ag,Bilg+CuSCN
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“0.0 0.1 0.2 0.3 0.4 0.5 0.6
Voltage (V)

Fig. 8 J-V curve of 1 week aged AgsBilg TM-SC devices with biPY,
4tBP and CuSCN treatments.

Table 1 J-V characteristic parameters of as-prepared AgzBils TM-SCs with biPY, 4tBP and CuSCN treatments®

Device Ageing Scan Jse [MA cm™?] Voe [V] FF PCE (%)
Ag;Bils only As-prepared Forward 1.69 (1.48 + 0.28 0.34 (0.34 + 0.02) 0.33 (0.31 % 0.02) 0.19 (0.16 + 0.04)
Reverse 1.70 (1.50 & 0.28 0.43 (0.42 % 0.02) 0.39 (0.36 % 0.03) 0.28 (0.24 % 0.06)
biPY + Ag;Bil, As-prepared Forward 1.12 (1.06 % 0.16 0.45 (0.44 + 0.02) 0.32 (0.31 % 0.04) 0.16 (0.14 + 0.04)
Reverse 1.05 (0.99 & 0.12 0.48 (0.48 + 0.01) 0.53 (0.49 % 0.04) 0.27 (0.23 + 0.02)
4¢BP + Ag;Bil, As-prepared Forward 1.22 (1.17 % 0.20 0.36 (0.36 = 0.04) 0.33 (0.32 = 0.04) 0.14 (0.13 + 0.03)
Reverse 1.34 (1.23 + 0.28 0.44 (0.43 %+ 0.01) 0.53 (0.46 + 0.07) 0.32 (0.24 % 0.05)
Ag;Bils + CuSCN As-prepared Forward 1.63 (1.47 + 0.21 0.43 (0.40 + 0.02) 0.32 (0.34 + 0.05) 0.22 (0.20 % 0.04)
Reverse 1.65 (1.46 + 0.21 0.47 (0.46 + 0.01) 0.42 (0.43 + 0.04) 0.33 (0.29 =+ 0.05)
Ag;Bils only 1 week aged Forward 1.95 (1.75 % 0.40 0.39 (0.37 %+ 0.05) 0.34 (0.32 + 0.03) 0.26 (0.21 % 0.08)
Reverse 1.97 (1.79 % 0.36 0.49 (0.49 + 0.02) 0.39 (0.36 % 0.05) 0.38 (0.32 % 0.10)
biPY + Ag;Bil, 1 week aged Forward 1.30 (1.12 % 0.12 0.49 (0.47 + 0.02) 0.33 (0.33 = 0.01) 0.21 (0.17 + 0.03)
Reverse 1.21 (1.07 + 0.10 0.57 (0.57 %+ 0.01) 0.56 (0.50 + 0.06) 0.39 (0.30 = 0.05)
4¢BP + Ag;Bil, 1 week aged Forward 1.68 (1.33 + 0.27 0.44 (0.42 + 0.03) 0.34 (0.34 %+ 0.03) 0.25 (0.19 % 0.04)
Reverse 1.64 (1.33 + 0.28 0.52 (0.51 + 0.01) 0.57 (0.46 + 0.08) 0.49 (0.31 % 0.11)
Ag3Bil, + CuSCN 1 week aged Forward 2.28 (2.16 + 0.53 0.49 (0.45 + 0.03) 0.36 (0.37 = 0.04) 0.40 (0.35 =+ 0.07)
Reverse 2.35 (2.17 + 0.62 0.53 (0.51 + 0.02) 0.47 (0.48 + 0.05) 0.60 (0.52 + 0.09)

“ The average results in brackets were calculated from 5 individual devices for each type.
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Fig. 9 Dark storage PCE stability (reverse scan) of AgsBilg devices with
biPY, 4tBP and CuSCN treatments in the ambient atmosphere.

Interestingly, HI is smaller in those devices without any pre-
treatment (with/without CuSCN post-treatment). With the
presence of CuSCN, HI is slightly smaller than that of Ag;Bils
only devices, indicating efficient charge extraction. Although
CuSCN may re-dissolve Ag;Bils, remaining Ag' in the meso-
porous layer could potentially create more defects, obstructing
the charge separation by charge accumulation at interfaces.
Stability was evaluated for all fabricated solar cells, following
the ambient dark storage protocol of the International Summit
on OPV stability (ISOS) protocol—ISOS-D-1.*° The performance
of all devices was recorded for 99 days, and consistent efficiency
with the initial devices was found. Fig. 8 presents the one-week
device performance regarding the ageing effect, and the corre-
sponding device parameters are summarised in Table 1.
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Sustainable Energy & Fuels

Fig. 8 and Table 1 show that the performance of all devices
increased after one-week ageing (more details in Fig. S7 and
Table S27). Slow solvent evaporation and crystallisation process
are likely to be the underlying factors to improve V,. and J. It is
worth noting that the efficiency of the champion CuSCN treated
device doubled from 0.33% (day 1) to 0.60% (day 7) and peaked
at 0.74% on day 28 (Table S27). Besides, the HI of the CuSCN-
treated devices reduced after 14 days, from 0.30 to 0.25. When
comparing the dark storage stability parameters (Fig. 9 and
S8t), the increased PCE is mainly due to J. improvement where
Voc and FF results maintain a stable level. The distinct perfor-
mance decay after day 80 is mainly caused by fatigue in the
devices due to repeated impedance measurements. Neverthe-
less, the overall results indicate satisfactory ageing stability,
also suggesting that better device efficiency could be obtained
by improving the initial performance.

Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted to study the charge transport and
transfer processes in the devices. A previous study on perovskite
TM-SCs has reported two major features of EIS: the
intermediate-frequency arc and the low-frequency arc, associ-
ated with the bulk recombination of perovskite and the inter-
face phenomena, respectively.** Fig. 10a and b and S97 show the
Nyquist and Bode plots of devices measured at 450 mV in the
dark. In this case, three arcs are observed in EIS measurement:

(i) The first arc in the high-frequency region (10°-10° Hz)
remains almost unchanged with varying bias, which is attrib-
uted to the carbon/FTO interface on the counter electrode side
for hole extraction;

(ii) The second arc in the intermediate frequency region
(10'-10° Hz) is related to the bulk Ag;Bils recombination (Re.),

000 1@ ~ Re e ' (c) (e)
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Fig. 10

resistance of (c) Ryec and (d) R, calculated lifetime of (e) trec and (f) t.

This journal is © The Royal Society of Chemistry 2023

(@) and (b) Nyquist plots of AgszBilg TM-SCs only and with biPY, 4tBP and CuSCN treatments at 450 mV in the dark; values of extracted
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Table 2 Summary of efficiency of AgsBilg based solar cells®
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Ve PCE
Jse[mAcem 2] [V] FF (%)

Device structure

Method

Description

FTO/c-TiO,/m-TiO,/Ag;Bil¢/P3HT/Au 5.12 0.58
ITO/NiO,/Ag;Bils/PCBM + C60/Au 1.73 0.82
FTO/c-TiO,/m-TiO,/A Ag;Bil/PTAA/Au 10.70 0.63
FTO/c-TiO,/m- TiO,/Ag;Bils/spiro-OMeTAD/  2.36 0.65
Au

FTO/NiO/Ag;Bil¢/PCBM/BCP/Ag 1.29 0.41
FTO/c-TiO,/m-TiO,/Ag;Bils/PTAA/Au 11.20 0.61
FTO/c-TiO,/m-TiO,/Ag;Bil¢/spiro-OMeTAD/  1.00 0.35
Au

FTO/c-TiO,/m-TiO,/m-ZrO,/Carbon 2.78 0.56

(introduced Ag;Bil)

¢ BCP: bathocuproine.

although it is barely observed in the Nyquist plot due to
significant overlap;

(iii) The third arc in the low-frequency region (10~'-10" Hz)
is different for each device, which is likely to be associated with
the Ag;Bil¢/TiO, interface. Three R-C elements were applied to
simulate the equivalent circuit in this case (Fig. 10a inset). The
series resistance (R;) represents the general transport resistance
of the FTO substrate and external circuit. In the Nyquist plot,
the CuSCN treated devices exhibit a minor feature, while biPY
and 4¢BP pre-treatment devices show a much more significant
feature. This amplified feature has been highlighted in the
perovskite.

A strong relationship of the arc feature in TM-SCs is reported
to be related to perovskite thickness.** As discussed in the
previous section (cross-sessional EDS layered images), the
CuSCN-treated device exhibits a thinner layer when compared
to other devices due to a re-dissolving process, while the
enlarged feature of biPY and 4¢BP is possibly due to increased
thickness, although it is difficult to tell from the EDS results.

Fig. 10c-f show the extracted results of charge transfer
resistance (Rr.. and R.), and calculated lifetime (1, and ) as
a function of the applied potential for the solar cells. R and
the corresponding lifetime, Trec = Rrec X Crec, gave similar
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Spin-coating

Screen-printing
and
drop-casting in
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ambient
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This study proposed a
triple-ion-migration-induced degradation
mechanism that mainly occurred

in Ag-rich pnictohalides®®

This study reported an inverted

(p-i-n) solar cell using dynamic

casting in combination with a ramped
annealing procedure®”

Agl was first reported to be dissolved in
hot DMSO with Bilz, which makes
pnictohalide solution-process available'®
This study compared MA;Bi,l,, Ag;Bils and
Cu;Bilg in both

normal (n-i-p) and inverted (p-i-n)
configurations™*®

This study partially replaced I with

S>~ in Ag;Bilg to adjust

the optical band gap of pnictohalides.
Ag;Bil5 550,04 achieved

5.44% efficiency"’

This study illustrated the sulphur
incorporation effect of multi-walled carbon
nanotubes and reduced graphene oxide

on silver pnictohalides**

Our study first introduced Ag;Bil in
triple-mesoporous solar cells with additional
treatment procedures. With CuSCN
post-treatment, the champion device efficiency
improved

to 0.74% after aging. (This work)

values in all devices regardless of the treatment procedure,
indicating the consistent bulk recombination resistance of
Ag;Bil (Fig. 10c and e). However, we observed a slight differ-
ence in the results of R, and t¢ (ter = Ret X Cer), as shown in
Fig. 10f and d, respectively: N-donor molecules lead to higher
charge transfer resistance and a longer charge lifetime in the
devices; while CuSCN treated devices exhibit smaller resistance
and a shorter electron lifetime than the non-treated devices,
which may due to the physical mixture of Ag;Bils and CuSCN. It
is worth noting that R,.. mainly appears in the frequency range
of 10"-10° Hz, implying a higher frequency process than the
charge extraction to TiO,, which may explain the low V, value
obtained from the devices. The corresponding capacitances
(Crec and C,) are shown in Fig. S10.1 However, it is difficult to
explain the corresponding C,.. trend, which might be related to
the fitting errors due to the severe overlap of the semicircles in
the intermediate-low frequency region.

4 Conclusions

In summary, this study demonstrated Ag;Bils as an absorber in
TM-SCs and examined the role of pre-treatment (biPY, 4¢BP,
N719 and CPDT-1) and post-treatment (CuSCN) in device

This journal is © The Royal Society of Chemistry 2023
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performance. The cross-sectional SEM and EDS layered images
have shown the thorough penetration of Ag;Bils in all devices.
Although we observed a re-dissolving process upon CuSCN
treatment, which led to thinner Ag;Bilg, the Ag;Bils component
is only slightly affected by this re-dissolving process, as shown
by consistent results obtained from XRD, UV/vis and XPS. Also,
the steady-state PL intensity revealed the enhanced hole
extraction with CuSCN treatment. Based on this character-
isation of Ag;Bils in mesoporous layers, we fabricated Ag;Bils
TM-SCs, demonstrating a best as-prepared PCE of 0.33%. Pre-
treatment made no significant difference to device perfor-
mance. However, CuSCN provides superior charge collection in
the device, which boosted the device PCE to 0.74% after ageing.
All devices exhibited satisfactory dark storage stability for up to
80 days with no encapsulation. Table 2 compares the PCE of
current Ag;Bils TM-SCs with that of conventional Ag;Bils
devices reported previously. These results suggest the feasibility
of Ag;Bil, in low-cost and carbon-based solar cells and the role
of additional device treatment in promoting PCE, extending our
understanding of Bi-based materials in TM-SCs. Although this
study has demonstrated a promising pathway for developing Bi-
based TM-SCs, performance is limited by hysteresis and
reproducibility issues. Previous Ag,Bils device studies noted
that a thicker absorbing layer leads to higher carrier recombi-
nation, suggesting that future work could focus on modifying
the thickness of the ZrO, layer so as to facilitate charge trans-
fer.*>*¢ Further work could also assess the TiO,/Ag;Bils surface
engineering on the device, the Ag;Bils precursor or the
annealing process to perform better pore filling and reduce
non-radiative recombination. Furthermore, CuSCN could be
replaced by other Cu-based inorganic HTMs or NiO, to avoid the
re-crystallising process. These additional engineering steps may
enable us to develop higher efficiency and better reproducibility
in TM-SCs.
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