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Silver bismuth sulfide has been discovered to be an appropriate light-harvesting material but the carrier transport
restrictions and trap-assisted recombination in Q-dot AgBiS, limit the device efficiency. To address inherent
charge carrier transport restrictions and trap-assisted recombination in g-dot AgBiS, this work studied the effect
of interface passivation of AgBiSz Q-dot by a thin-nanostructured ZnS layer on carrier transport and recombi-
nation.The charge-transfer and carrier recombination processes investigated by open-circuit voltage decay curves
and electrochemical impedance spectroscopy indicate the decrease in inherent trap-assisted Shockley-Read-Hall
(SRH) recombination in bare AgBiS; due to the passivation of AgBiS, by ZnS while an increase in the charge
recombination resistance and improvement in carrier lifetime resulting in enhanced solar cell performance. A
very thin ZnS passivation layer on AgBiS; also boosts the light absorption, resulting in a red shift in the light
absorption peak. The formation of AgBiS; and ZnS was confirmed by XRD, EDS, and TEM analysis and the
explicit role of the ZnS passivation layer on the electron transport layer and the light harvesting AgBiS; Q-dots
was investigated. Using a polysulfide electrolyte and optimal ZnS layers on TiO, and AgBiS; nanostructures in
the FTO/m-TiO2/ZnS(1)/AgBiS2/ZnS(2) electrode design enhanced the efficiency and the passivation can also be

implemented for a solid-hole transport material.

1. Introduction

Ternary semiconductor materials with an ideal bandgap, environ-
mental friendliness, and a broad absorption range are considered next-
generation photovoltaic materials. Especially, silver bismuth sulfide
(AgBiS5) which is a non-toxic, earth-abundant light-harvesting material
with a high absorption coefficient, high mobility, and easily tunable
band gap has been reported in diverse applications [1-4] As a result of
current surge in interest in AgBiSj-based thin film solar cells, a
remarkable efficiency of 10 % for sub-micron-grain AgBiS, thin films
synthesized via vapor-assisted solution process treatment has been
achieved [5] Though the progress of AgBiSs q-dot sensitized solar cells is
not dramatic as thin-film AgBiSs solar cells, a notable progress has been
accomplished, reporting 2.87 and 0.5 % efficiencies for solid
hole-conductors and for the polysulfide liquid-electrolyte respectively
[2,6-9] Although the efficiency of AgBiS; sensitized solar cells is lower
than that of DSSC, the use of AgBiS2 quantum dots as the light-absorber
allows for harvesting the full solar spectrum by fine control of the band
gap, resulting in higher solar cell performance compared to DSSC.
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Theoretical investigation of electronic, optical, photovoltaic and
thermoelectric properties of AgBiS; with a band gap energy of 1.07 eV,
and an absorption coefficient of ~10% cm ™! revealed that it can achieve
a short-circuit current density (Jsc) of 22 mA/cm? and a conversion
efficiency of 20 % [10] The experimentally reported Jsc and efficiency
for AgBiS, Q-dots solar cells are significantly lower than the theoreti-
cally expected Jsc and efficiency and mainly attributed to the
high-density trap states and energy disorder in AgBiS; resulting in en-
ergy loss during charge carrier transport and collection [11,12] To
overcome energy loss in AgBiS; based solar cells, several strategies such
as use of larger grain AgBiS; [13], cation disorder engineering [14],
solvent-engineering-assisted ligand exchange strategy [15], mixed
AgBiS, nanocrystals [16,17], halide ions passivation of AgBiS, surface
[17] and nanowire heterojunction solar cells [18,19] have been re-
ported. i.e. Senina et al., was able to achieve a power conversion effi-
ciency of 6.4 %, by obtaining larger size colloidal AgBiS; nanocrystals,
that resulted in lower grain boundaries and enhanced mobility and
reduced trap-assisted recombination [6] On the other hand, Wang et al.
reported efficient solar cells via cation disorder engineering of AgBiS2

Received 14 January 2025; Received in revised form 6 March 2025; Accepted 1 April 2025

Available online 2 April 2025

0013-4686/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0001-8530-5679
https://orcid.org/0000-0001-8530-5679
mailto:jayasundera.ba@nifs.ac.lk
www.sciencedirect.com/science/journal/00134686
https://www.journals.elsevier.com/electrochimica-acta
https://doi.org/10.1016/j.electacta.2025.146173
https://doi.org/10.1016/j.electacta.2025.146173

D. Rajakaruna et al.

nanocrystals [14] To improve the surface chemistry and fabrication of
the AgBiS;Q-dots solar cell, Zhong et al., implemented a solvent
engineering-based ligand exchange method and achieved a PCE of up to
8.95 % [15] By employing AgBiSy nanocrystals of different sizes Bur-
gués-Ceballos et al. [20] and Oh et al. [16] aligned different Q-dot
AgBiS, nanocrystals to introduce a potential gradient enabling enhanced
carrier transport resulting in enhanced power conversion efficiency. By
coordinating different halide ligands with AgBiS; nanocrystals, Xiao
et al., reported the enhanced charge carrier transport properties of
AgBiS,; and hence improved solar cell performance due to superior
passivation which depended on the ligand type and the coverage [17]
Adding metal ions, such as sodium (Na), improved solar cell efficiency
by producing a covering layer on AgBiS, that passivates trap states and
reduces charge recombination [21] It has been reported that the hy-
drothermal synthesis and molecular precursor-based approach can be
employed to control of the morphology and surface states of AgBiS;
nanocrystals, both of which are critical for enhancing the efficiency of
the solar cells [22,23]

To improve the performance of quantum-dot-sensitized solar cells,
the charge transfer across interfaces in quantum-dot solar cells should be
investigated, especially given the large specific interface area of nano-
materials in these cells. Therefore, efforts have focused on modifying the
interface structure with passivation layers. One often used approach in
alleviating the intrinsic surface imperfections in ternary semiconductor
materials is the surface and interface passivation [24-26] As a result,
more passivation strategies such as organic ligand and inorganic
passivating materials are being developed in recently. Passivating
AgBiS; Q-dots with organic ligands was shown to reduce interface
recombination and minimize current leakage, resulting in dramatically
better photovoltaic performance [27] Adding a 2-mercaptoethanol
ligand to the TMAI has been shown to improve the passivation of
AgBiS, by lowering the trap density and altering the energy levels for
more favorable carrier transfer to the HTL [28] Despite successful
passivation of AgBiS; by organic ligands, the key constraints to
increasing device efficiency are low open-circuit voltage (Voc) and Jsc.
Although it is well known that inorganic materials can be used to
passivate Q-dot solar cells [29], the passivation of AgBiS, nanocrystals
by inorganic passivation materials has received little attention [24] It is
expected that selecting a similar lattice structure to AgBiS, nanocrystals
will increase passivation effect and hence, in this study, we investigated
the impact of interface passivation by a ZnS layer on the efficiency of
AgBiS; Q-dot-sensitized solar cells and address the carrier losses (i.e.
trapping of charges at the surface defects at the TiO,/AgBiS, interface,
recombination at the AgBiSy/electrolyte interface, inherent internal trap
states in AgBiS,, recombination of electrons in TiO with trapped holes
in AgBiS; Q-dots and oxidized polysulfide species, as do electrons in
FTO). The passivation effect on AgBiSs Q-dot-based solar cells was
examined using a liquid electrolyte since it allows for easy manipulation
of interface parameters, but it can also be applied to solid electrolytes or
hole-conducting materials.

2. Experimental section
2.1. Preparation of electron transport layer (ETL)

The TiO, mesoporous layer was fabricated by applying a TiO, paste
onto the FTO glass using a modified Pichini method [24] The TiO, paste
was synthesized as follows: first, 1.33 ml of ethylene glycol was heated
to 60 °C, after which 0.31 ml of titanium isopropoxide and 1.27 g of
citric acid were added. The mixture was heated further to 90 °C for 15
min. Once the solution cleared, it was cooled to room temperature and
mixed with 0.56 g of P25 Degussa TiO2 powder, then ground for one
hour. The ratios of titanium isopropoxide to citric acid to ethylene glycol
were maintained at 1:6:24, while the ratio of titanium isopropoxide to
TiOy was 1:7. The prepared paste was applied to a cleaned
fluorine-doped tin oxide (FTO, 7 Q cm2, Solaronix) film using the doctor
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blade method. The TiO, mesoporous layer was ensured to be of uniform
thickness by using one layer of Scotch tape. This coated film was then
sintered at 450 °C with a gradual temperature increase of 3 °C per
minute.

2.2. Preparation of silver bismuth sulfide quantum dot

AgBiS, quantum dots were synthesized using the Successive Ionic
Layer Adsorption and Reaction (SILAR) method [1,30,31] Each SILAR
cycle involved the following steps: first, immersing the TiO3 film in a
0.017 M AgNOs aqueous solution for 30 s, followed by rinsing in
deionized water for another 30 s. Next, the Ag*-impregnated electrode
was immersed in a 0.025 M NayS aqueous solution for 30 s and then
rinsed in deionized water for another 30 s. The electrode was then
immersed in a 0.025 M Bi(NO3)3 solution (Bi(NOs)3; dissolved in a
mixture of distilled water and acetic acid) for 30 s, followed by rinsing in
deionized water for 30 s. Afterward, the Ag"/S> /Bi**-impregnated
electrode was immersed in a 0.025 M Na,S aqueous solution for 30 s and
rinsed again in deionized water for 30 s. To ensure high-quality films, it
was essential to air-dry the electrodes at room temperature after each
immersion step. After deposition, the AgBiS, Q-dots, electrodes were
kept overnight and subsequently annealed at 100 °C for one hour on a
hotplate in ambient air.

2.3. Preparation of ZnS thin passivation layer

In the first case, a ZnS layer was deposited between the TiOy/ZnS
(1)/AgBiS; interface using the SILAR method. A TiO; film on the FTO
substrate was immersed in a 0.05 M Zn(Ac), solution for 1 min and then
rinsed with deionized water. The Zn>*-impregnated FTO,/TiO, electrode
was subsequently dipped in a 0.05 M Na3S solution for 1 min and rinsed
again, completing one SILAR cycle to form FTO/TiO/ZnS(1). In the
second case, a ZnS passivation layer was deposited on the AgBiS; layer
(TiO2/AgBiS2/ZnS(2)/polysulfide) using the same SILAR method. In the
third case, a ZnS passivation layer was deposited at both the TiO5/ZnS
(1)/AgBiS2/ZnS(2)/polysulfide interfaces using the same SILAR
method.

2.4. Preparation of Polysulfide electrolyte and CuzS coated brass counter
electrode

The polysulfide electrolyte was prepared by dissolving 2 M NayS, 2 M
S, and 0.2 M KCl in a mixture of methanol and water in a 7:3 (v/v) ratio.
To prepare a CupS/brass counter electrode (CE), a brass plate was
immersed in concentrated HCI at 90 °C and heated until all the HCI
evaporated. Subsequently, the brass plate was thoroughly washed with
distilled water and dried. A Parafilm spacer with a hole was placed on
top of the cleaned brass plate (treated with boiled HCl), after which the
prepared polysulfide electrolyte was applied to the exposed area of the
brass plate [24]

2.5. Device Fabrication

The solar cell assembled by sandwiching FTO/TiO2/ZnS(1)/AgBiSy/
ZnS(2) working electrode and the CupS/Brass counter electrode using a
binder clip and by introducing the polysulfide electrolyte in between the
working electrode and the CuyS/Brass counter electrode. The active area
of the testing device is 0.25 cm?

2.6. Characterization

Thermal Field Emission (Analytical) Scanning Electron Microscope
(S4800, Hitachi) (SEM) was used for study the surface morphology of
the TiO2/AgBiS; and Energy Dispersive Spectroscopy (EDS) was used to
analysis the elemental compositions and distribution. The High-
Resolution Field Emission Transmission Electron Microscope (JEM-
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2100F, NEC Corporation) (TEM) was used for analysis the structural
properties of the AgBiS, solar cells. To study the crystal formation of
TiO5 and AgBiS,, X-ray Diffraction (XRD) was performed by a Poly-
crystalline X-Ray Powder Diffractometer (PANanalyticalX’pertHigh-
score diffractometer, X’Pert PRO MPD) with Cu Ka radiation. The
surface composition of as-synthesized samples was analyzed using the X-
ray photoelectron spectroscopy with a Thermos ESCALAB 250Xi
multifunctional image electron spectrometer.

The current-voltage (I-V) characteristics of the solar cell were
measured using the Zahner Zannium universal electrochemical work-
station under one sun illumination, provided by a solar simulator at
AM1.5G (Newport AAA solar simulator at 100 mW/cm?). The absorp-
tion spectra of the AgBiS; films were recorded as a FTO reference using a
Shimadzu 2450 UV-Vis spectrophotometer in the wavelength range of
300 to 1100 nm. External Quantum Efficiency (EQE) obtained as a
function of wavelength from 300 nm to 1100 nm using the Bentham
PVE300 photovoltaic characterization system. The open-circuit voltage
decay (OCVD) was performed with RIGOL DS1054 digital oscilloscope.
The stable voltage was achieved under illumination, after which the
shutter was closed, and the voltage decay was recorded over a specific
time interval. Electrochemical impedance measurements were per-
formed with the Zahner Zannium universal electrochemical workstation
equipped with a frequency response analyzer (Thalas) at a 10-mV
amplitude AC signal and in the frequency range from 0.1 Hz to 1 MHz
under the dark condition. Cyclic voltammetry (CV) experiments were
carried out in a one-compartment three-electrode cell using the Zahner
Zannium universal electrochemical workstation equipped with a fre-
quency response analyzer (Thalas) at a 10-mV amplitude. The current
was measured by applying a voltage between —1.2 and 1.2 V signal and
at a frequency of 1 kHz in the dark. platinum was the counter electrode
and Ag/AgCl saturated KCl as the reference electrode.

3. Results and discussions
3.1. Characterization of materials and electrodes

The primary goal of this study was to look into how the ZnS
passivation layer affect the solar cell performance of Q-dot AgBiS; based
light harvesting material. In this work, controlled deposition of ZnS
passivation layers was performed in different interfaces such as TiOy/
(ZnS(1))/AgBiSy(hereafter  A), TiOy/AgBiS,/(ZnS(2))/electrolyte
(hereafter B), and TiOy/(ZnS(1))/AgBiSy/(ZnS(2))/electrolyte (here-
after C), and the solar cell performance was investigated with respect to
the ZnS layer and their surface passivation properties. The FTO/TiOy/
AgBiS; electrode without a ZnS layer was taken as the reference. The
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formation and surface morphologies of various nanostructures were
studied using XRD, SEM, and TEM analysis. X-ray diffraction (XRD)
analysis of the reference and the electrode B was performed to confirm
the crystalline structure and are shown in Fig. 1a and b respectively. To
validate the phase composition of AgBiS;, we have included the stan-
dard XRD pattern of AgBiS, in Fig. 1. As shown in Fig. 1a and b, the
diffraction peaks corresponding to TiOy, AgBiSy and ZnS are clearly
visible in addition to the characteristic peaks of FTO substrate. The TiO»
(P25) particles are characterized by strong diffraction peaks located at
20 ~ 25.27°, 27.49°, 36.08°,41.22°, 47.98°, 53.8°, 55.0°, 62.6°, and
68.64°, corresponding to the (101), (110), (101), (111), (200), (105),
(211), (204), and (116) planes of anatase and rutile TiOy [32] The
narrow and intense peaks indicate the formation of well-crystalline TiO,
nanoparticles which would facilitate the electron transfer across the cell
arrangement. Figure S1 shows the XPS investigation of AgBiS; nano-
crystalline, confirming the presence of Ag, Bi, and S, as well as their
predicted oxidation states (Ag*t, Bi*3, $72), which are consistent with
the AgBiS: phase.

The successful formation and the loading of AgBiS, Q-dots in TiO,
matrix is confirmed by the observation of diffraction peaks at 20 at
27.5°, 31.7°, 45.8°, 54.2°,and 56.4° corresponding to the (111), (200),
(220), (311), and (222) crystalline planes of cubic phase
AgBiSo((PDF#21-1178) [30,31] However, it was noted that the
diffraction peaks at 27.5° and 54.2° overlap with the diffraction peaks of
TiOs. On the other hand, diffraction peaks for ZnS for the case of
FTO/TiO2/AgBiS2/ZnS should appear 20 at 28.9°, 48.1° and 57.1°
However, as shown in Fig. 1b, despite all three diffraction peaks for ZnS
appear, diffraction peaks at 28.9° can be clearly seen while peaks at
48.1° and 57.1° overlap with the diffraction peaks of AgBiS, confirming
the formation of ZnS layer (ICDD PDF 65-1691) [33] From the XRD
patterns of FTO/TiO2/AgBiS; and TiO2/AgBiS,/(ZnS), it can be deduced
the formation of crystalline TiO5, AgBiS, and ZnS (appeared to be less
crystalline) in multilayer structures which is important for the better
passivation of AgBiS; Q-dots and hence enhanced solar cell
performance.

For the understanding of surface structure of FTO/TiO2, FTO/TiOy/
AgBiS,; and FTO/TiO2/AgBiS>/ZnS, SEM morphology images were
taken and shown in Fig. 2a, b and c respectively. The corresponding EDX
analysis are shown in Figures (2a-i and ii), (2b-i to 2b-vi) and (2c-i to 2c-
vii). As shown in Fig. 2a, the pristine TiO, particles have smooth surface
and spherical shape and are ~50 nm in size and the EDX results shown in
Fig. 2a-i and ii confirm the presence of Ti and O. The SEM image of FTO/
TiO2/AgBiS; in Fig. 2b shows that the roughness of TiO nanostructures
increased after the deposition of AgBiS; Q-dots, as indicated by the
magnified image in Fig. 2b, which shows uniformly covered Q-dots on

b
(k) * Ti0, (P25)
* #FTO
3 5
o N’
= | AR
a - = -~ 2 - &
g ([l=-= <% |2
c ==a ~ N s
- L= = < % -
E5e 4 ER
NE ) %
ISP < <
| | | I ALBS,
30 40 50 60 70
2 Theta(degree)

Fig. 1. XRD patterns of (a) FTO/m-TiO,/AgBiS, and (b) FTO/m-TiO»/AgBiS,/ZnS.The standard diffraction patterns of AgBiS, are also given in (a) and (b).
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Fig. 2. SEM images of (a) FTO/m-TiO,, (b) FTO/TiO,/AgBiS, and (c) FTO/TiO/AgBiS,/ZnS. The corresponding EDX results of these images are shown in

Figure (2a-i and ii), (2b-i to 2b-vi) and (2c-i to 2c-vii) respectively.

the surface of TiO, nanoparticles. Although the deposition of AgBiSy
quantum dots is clearly obvious, these quantum dots were not very
visible in the SEM image. It is possible that the quantum dots had a size
below the SEM resolution and were less visible in contrast to the larger
TiO, particles. Furthermore, Fig. 2b-i to b-vi show distinct elemental
distributions of Ag, Bi, and S, indicating the presence of AgBiSs on the
surface of TiOy nanoparticles and hence the EDX results confirm the
successful incorporation of Ag, Bi, and S into the TiO, matrix.

Coating of a thin ZnS layer on AgBiS; Q-dots loaded TiOy was
noticeable in the SEM image of FTO/TiO2/AgBiS2/ZnS shown in Fig. 2c.
The roughness and fine nanostructures observed in the SEM image of
FTO/TiOy/AgBiS, have disappeared as a result of ZnS deposition, and
TiOo/AgBiS, particles appear to be covered with a smear-like ZnS layer.
The Zn and S distributions, along with the other elements in Fig. 2c-i to
2c-vii, confirm that the layer depicted in the SEM image is ZnS. The
obvious visibility of the ZnS layer on the surface of Q-dot AgBiS, par-
ticles indicates the formation of uniform and continuous ZnS passivation
layer. Furthermore, Figure S2 shows a cross-sectional SEM image and an
EDX analysis of FTO/TiO,/AgBiS>/ZnS, which help in visualizing the

layered structure of the FTO/TiO2/AgBiS>/ZnS. The cross-sectional
image shows an approximately 6 pm thick TiOy layer with equally
dispersed Ag, Bi, S, and Zn components. Thus, the synthesis of AgBiSy
and ZnS, as well as the successful passivation of AgBiS; Q-dots, can be
confirmed using XRD diffraction patterns and SEM analysis.

The microstructure and crystallinity of TiO5/AgBiS, before and after
ZnS passivation were further investigated using TEM. Fig. 3a shows a
clearly visible uniform distribution of nanometer-sized AgBiS, Q-dot
particles on the surface of TiO3 nanostructures. HRTEM images coupled
with electron diffraction studies were used in analyzing the lattice fringe
of the quantum dots, revealing their crystalline structure. The HRTEM
image of TiO2/AgBiS; shown in Fig. 3b revealed distinct lattice fringes
with inter-planar spacing of 0.35 nm, which corresponds to the (101)
plane of anatase TiOz. The Q-dot particles seen on the HRTEM image in
Fig. 3b are due to AgBiS, nanostructures, and their corresponding d-
spacing 0.28 nm can be attributed to the (200) facet of AgBiSy, while as
shown in Figure S3, d-spacing 0.198 nm of Q-dot AgBiS, can be attrib-
uted to the crystalline plan (220) of AgBiS,, confirming the presence of
both (200) and (220) crystalline planes in AgBiS,, which agree well with
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Fig. 3. TEM images of (a) TiO»/AgBiS,, (b) HRTEM image of TiO,/AgBiS, (c) HRTEM image TiO,/AgBiS,/ZnS and (d) Fast Fourier Transform (FFT) image of the
red-colored region of the TEM image (b).
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Fig. 4. Current density-voltage curves of (a) FTO/TiO»/ZnS(1)/AgBiS,, (b) FTO/TiO2/AgBiS2/ZnS(2), (c) FTO/TiO,/ZnS(1)/AgBiS,/ZnS(2); UV-Visible spec-
trocopy and EQE spectra of (d) FTO/TiO»/ZnS(1)/AgBiS,, () FTO/TiO,/AgBiS,/ZnS(2) and (f) FTO/TiO,/ZnS(1)AgBiS2/ZnS(2) with polysulfide electrolyte/
Cu,S/Brass CE.

the XRD patterns shown in Fig. 1. in the TiO; layer, and that the AgBiS, Q-dot deposition method used in
The TEM-EDS elemental mapping results shown in Figure S4 also the hetero structure fabrication is capable of loading sufficient and ho-
strongly suggest that the AgBiS; quantum dots are uniformly distributed mogeneous Q-dots on TiO; nanostructures. Additionally, to confirm the
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crystalline planes, a Fast Fourier Transform (FFT) analysis was done on
the red-colored portion of the TEM image shown in Fig. 3b. As shown in
Fig. 3d, the bright point pair in the FFT correlates to a lattice pattern in
the red-colored region, and by calculating the d-spacing of the lattice
pattern associated to the bright point pair, the existence of TiOy and
AgBiS, was established. The TEM images also clearly show that cubic
AgBiS; quantum dots are embedded in the TiOy matrix. The HRTEM
image of TiO2/AgBiS; after deposition of a thin ZnS passivation layer is
shown in Fig. 3c. As shown in Fig. 3c, in addition to fringe patterns (101)
for TiO, (A) and (200) for AgBiS,, there is also a fringe pattern (101) for
TiO3 (R), demonstrating the presence of both anatase and rutile TiO5. On
the other hand, Q-dot AgBiS; nanostructures are found to be covered
with a thin amorphous layer, which could be owing to the ZnS passiv-
ation layer, which is not observed in the case of TiO2/AgBiS; (Fig. 3b),
confirming a conformal ZnS layer coating on Q-dot AgBiS, particles and
thickness of ZnS layer was found to be ~ 1-2 nm.

3.2. Solar cell performance

To elucidate the passivation effect of ZnS layer on solar cell perfor-
mance of Q-dot AgBiS; electrodes, ZnS passivation layer was deposited
as follows: A-(TiOy/(ZnS(1))/AgBiS,,) B-TiOy/AgBiS,/(ZnS(2)) and
both interfaces C-TiO2/(ZnS(1))/AgBiS2/(ZnS(2)) and solar cell per-
formances of these electrodes were performed and the current versus
voltage (J-V) curves of different electrodes under one sun illumination
are shown in Fig. 4a, b and c respectively and the calculated solar cell
performance from J-V curves are given in Table 1. The solar cell per-
formance shown in Figure 4(a) and Table 1-I for the non-passivated and
passivated TiO; by a thin ZnS layer indicated a marginal increase in the
Jsc and V. resulting in an increase in overall efficiency from 0.56 % to
0.70 % after passivation. Furthermore, increasing the thickness of the
ZnS layer resulted in a considerable reduction in solar cell performance
due to the restricted flow of excited charge carriers from the AgBiS; light
harvesting layer to the charge transport TiO layer via the thicker
insulating ZnS passivation layer. Though these findings suggest that
electron transport TiOz layer passivation is less significant, the observed
marginal increase in solar cell performance due to TiO layer passivation
by optimal ZnS passivation effectively balances TiO, surface passiv-
ation, and the ZnS layer acts as a barrier layer, effectively reducing
recombination losses at the TiO/AgBiS, interface, thereby improving
charge separation and photocurrent.

As shown in Fig. 4b, when the ZnS passivation was performed on the
Q-dot AgBiS, particles of the electrode (TiO2/AgBiS2/(ZnS(2)), a sig-
nificant increase in the Jsc from 6.1 to 8.3 mA/cm? is noted, while a
marginal increase in Voc is noted for non-passivated and passivated
electrodes, indicating the significance of the passivation of the AgBiS,-
electrolyte interface (as given in Table 1-II). The effective passivation of
Q-dot AgBiSy may help to reduce surface defects in AgBiS; Q-dots and
improve charge collection efficiency by reducing electron hole recom-
bination between the ZnS layer and the AgBiS; quantum dots, providing

Table 1
Solar cell parameters for the passivation of (I) TiO»/(ZnS)/AgBiS, and (II) TiOs/
AgBiS,/(ZnS) interfaces.

0]

Number of SILAR Cycle Jsc (mA/cm?) Voc (mV) FF (%) 1 (%)
0 6.1 245 37.5 0.56
1 6.9 258 39.3 0.70
2 5.6 243 38.2 0.52
3 45 237 37.5 0.40
4 3.5 209 36.9 0.27
an

0 6.1 245 37.5 0.56
1 7.6 252 37.4 0.71
2 8.3 258 37.3 0.80
3 7.3 260 36.4 0.69
4 5.2 244 33.1 0.42
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a barrier to direct contact between the active layer and the electrolyte.
Interestingly, the solar cell performance does not decline significantly
with the increase of the ZnS passivation layer on AgBiS,/(ZnS(2)), as
contrast to when a thicker ZnS layer is present on the TiO5 layer [TiOy/
(ZnS(1))/AgBiS,], which slows the transfer of excited charges from
AgBiS, to TiOy. However, the observed drop in solar cell performance
caused by a thicker ZnS passivation layer could be attributed to light
scattering effect and increase the charge transfer resistance as explained:
The results show that the decline in solar cell efficiency with an
increasing ZnS passivation layer is position-dependent. When a ZnS
layer is placed between TiO2/ZnS/AgBiS,, improved light scattering by
ZnS reduces the effective light absorption of AgBiS; quantum dots as
well as photocurrent generation. When ZnS is deposited in the AgBiS2/
ZnS/electrolyte interface, light scattering by ZnS allows increased light
absorption by AgBiS, particles. However, the thicker ZnS film in the
AgBiSz2/ZnS/electrolyte interface increases series resistance, resulting in
a decrease in charge transfer and device efficiency.

For the comparison of the passivation effect, I-V curves for non-
passivated TiO2/AgBiS, reference electrode, TiO./(ZnS(1))/AgBiS;
(electrode A), TiO2/AgBiS>/(ZnS(2)) (electrode B), and double passiv-
ated TiO2/(ZnS(1))/AgBiS2/(ZnS(2)) (electrode C) are shown in Fig. 4c
and the calculated solar cell parameters are given in Table 2. The
observed efficiency increase order, Reference<B < C < D suggested that
the double passivated TiOy/(ZnS(1))/AgBiS2/(ZnS(2)) had the
maximum efficiency, while the non-passivated reference TiO5/AgBiS,
had the lowest efficiency. Furthermore, it is clear that the passivation of
Q-dot AgBiS, is more important than the passivation of the TiO; electron
transport layer, and passivation of both TiO, and Q-dot AgBiSy
demonstrated a synergic effect of defect passivation as well as charge
recombination prevention. Indeed, the formation of ZnS layers at FTO/
TiO2/ZnS(1)/AgBiS2/ZnS(2)/polysulfide/CuS enhanced the blocking
of recombination at both TiO2/AgBiS; and AgBiSs/polysulfide interfaces
and achieved the highest efficiency of 1.05 %. This increased passivation
and better charge transport minimized charge carrier recombination
losses, thereby optimizing photocurrent and overall PCE.

It is possible that the increased solar cell performance of Q-dot
AgBiS, is related to changes in light absorption properties produced by
variations and the placement of the ZnS passivation layer. However, as
shown in Figure S5, the absorption properties of Q-dot AgBiS; does not
significantly increase when optimum ZnS (two ZnS layers) is present as
an outer-layer on the Q-dot AgBiS, particles. Thus, the observed
improvement in solar cell efficiency with the ZnS passivation layer can
be attributed to higher passivation and reduced charge carrier recom-
bination losses. Furthermore, the comparison of EQE and absorption
properties of electrodes A, B, and C in Fig. 4d, e, and f indicate despite
their similar absorption properties, the double passivated electrode C
has the highest EQE in the 400-1100 nm region and electrode B has the
lowest EQE, indicating that defect passivation is the major factor
determining the role of the ZnS layer.

The solar cell performance of ZnS passivated AgBiS; Q-dots high-
lighted the significance of the passivation effect of Q-dot-based AgBiS;
light harvesting materials, which could be owing to the fact that
passivation is known to reduce defect states, hence lowering trap-
assisted charge recombination. Trap states in the TiO2/Q-dots inter-
face (i.e. AgBiSy Q-dots in this case) and inside the TiO> mesoporous

Table 2
Solar cell parameters of the TiO2/ZnS(1)/AgBiS,/ZnS(2)/polysulfide electro-
lyte/CusS.

Cell configuration Jsc (mA/ Voc FF H
cm?) (mV) (%) (%)
TiO,/AgBiS,/Electrolyte 6.1 245 37.5 0.56
TiO2/ZnS (1)/AgBiS,/Electrolyte 6.9 258 39.3 0.70
TiO2/AgBiS,/ZnS (2)/Electrolyte 8.3 568 37.3 0.80
TiO,/ZnS (1)/AgBiS,/ZnS (2)/ 10.7 268 36.2 1.04

Electrolyte
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Fig. 5. (a) open-circuit voltage (Voc) versus light intensity curves (b) current density (J) versus light intensity (I) curves.

network can lead to trap-assisted Shockley-Read-Hall (SRH) recombi-
nation, affecting charge carrier dynamics in solar cells [34,35] Hence, to
better understand the significance of the ZnS passivation layer in con-
trolling trap-assisted charge recombination, the diode ideality factor
was determined using a logarithmic fit to the dependency of Vo on light
intensity. The ideality factor (n), calculated from open-circuit voltage
(Vo) against light intensity measurements, offers critical information
about the major recombination mechanisms in quantum dot solar cells,
as seen in Fig. 5(a) [36,37] The observed ideality factors for TiOp-Ag-
BiS,, TiO2/(ZnS(1))/AgBiS,, TiO/AgBiS2/(ZnS(2)) and TiOy/(ZnS
(1))/AgBiSy/(ZnS(2)) are 1.92, 1.88, 1.71, and 1.65 respectively. The
ideality factor which is a numerical indicator describes band-to-band or
surface state recombination and a value greater than one can be related
to trap-assisted SRH recombination. Hence, an ideality factor of 1.9 for
TiO2-AgBiS, without ZnS passivation, and the decrease in ideality factor
with passivation clearly demonstrated a decrease in trap-assisted charge
recombination after passivation. The ideality factor of TiOy/(ZnS
(1))/AgBiS; (passivated TiO») is greater than that of TiO»/AgBiS./(ZnS
(2)) (passivated AgBiS,) signify that the trap-assisted charge recombi-
nation is mainly due to Q-dot AgBiS, materials. On the other hand, the
lowest ideality factor for TiO2/(ZnS(1))/AgBiS2/(ZnS(2)) revealed the
relevance of passivation of both electron transport layer and light har-
vesting AgBiS;, which is consistent with the observed solar cell
performance.

The current density (J) versus light intensity (I) curves shown for
TiO2-AgBiS,, TiO2/(ZnS(1))/AgBiS,, TiO2/AgBiS,/(ZnS(2)) and TiOy/

0304 ™ TiO,/AgBiS)/Electrolyte (a)
@ TiO,/ZnS(1)/AgBiS,/Electrolyte
0.254 A TiO,/AgBiS,/ZnS(2)/Electrolyte
% & TiO,/ZnS(1)/AgBiS,/ZnS(2)/Electrolyte
S 0.20{%,
@ a
=4 (
S 0.151
o
>
0.10 +
0.05 -
0.00 -
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Time(ms)

(ZnS(1))/AgBiS>/(ZnS(2)) electrode configurations in Fig. 5(b) provide
valuable insights into the charge transport mechanisms and bimolecular
recombination processes within the devices. The power-law relationship
JuI*, where o is the exponent, describes is the exponent, explains how
photocurrent (J) responds to variations in light intensity (I). When o is
near to 1, it means the device has low recombination losses and the
current is dominated by photogenerated charges. Trap-assisted recom-
bination occurs when «a values are significantly lower than one [36,37]
The power-law exponents («) TiO,-AgBiS;, TiO2/(ZnS(1))/AgBiS,,
TiO2/AgBiS2/(ZnS(2)) and TiO2/(ZnS(1))/AgBiS2/(ZnS(2)) are
0.7716, 0.8532, 0.8848, and 0.9108, respectively. The variation of «
values suggests more efficient passivation of surface defects in
TiO2/(ZnS(1))/AgBiS2/(ZnS(2)) by ZnS providing an efficient charge
transport environment where bimolecular recombination during charge
extraction is substantially decreased than the TiO,-AgBiS, leading to
reduced non-radiative recombination and enhanced charge separation
and transport.

On the other hand, measuring the carrier life time (t) in solar cells
using open circuit voltage decay (OCVD) measurements over time re-
veals recombination behavior at the Q-dot electrolyte interface. The
OCVD spectra of TiO2-AgBiS,, TiO2/(ZnS(1))/AgBiS,, TiO2/AgBiSy/
(ZnS(2)) and TiOy/(ZnS(1))/AgBiS2/(ZnS(2)) electrodes are shown in
Fig. 6a, and the 7 is related to the open circuit voltage decay rates as
given in Eq. (1), where Kp is the Boltzmann constant (1.38x10° %2 J
K1), T is the absolute temperature, q is the elementary charge and dVo./
dt is the open circuit voltage decay gradient. Eq. (1) assumes that

102
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Fig. 6. (a) The open-circuit voltage decay (OCVD) curves and (b) The effective carrier lifetime calculated from the voltage decay curves versus open-circuit voltage
for cell configurations: TiO2/AgBiS,, TiO2/(ZnS(1))/AgBiS,, TiO»/AgBiS,/(ZnS(2)) and TiO,/(ZnS(1))/AgBiS,/(ZnS(2)).
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Fig. 7. Fitted open-circuit voltage decay (OCVD) curves for cell configurations:
TiOy/AgBiS,, TiO2/(ZnS(1))/AgBiS,, TiO./AgBiS,/(ZnS(2)) and TiO,/(ZnS
(1))/AgBiS,/(ZnS(2)) with polysulfide electrolyte/CusS.

electron recombination is linear with a first-order dependence on elec-
tron concentration, and that it only occurs with the electrolyte [38,39]

-1
s

The lifetime values obtained from Fig. 6a using Eq. (1) are shown in
the Fig. 6b and the estimated lifetimes of TiO-AgBiSs, TiO2/(ZnS(1))/
AgBiS,, TiO3/AgBiS2/(ZnS(2)) and TiO»/(ZnS(1))/AgBiSy/(ZnS(2))
are 2.9, 8.8, 17.4 and 26.2 ms at 0.20 V, respectively. The OCVD results
indicated that when a ZnS layer is coated on TiO5 layer of the TiOy/(ZnS
(1))/AgBiS; electrode, a notable slower voltage decay was observed
compared to the TiO2-AgBiS,, and voltage decay was significantly
slowed down after coating of ZnS on the AgBiS, layer of the TiOy/
AgBiS,/(ZnS(2)) indicating that the major charge recombination pro-
cess is via the Q-dot AgBiSy particle. The minimum voltage decay rate
was noted for the electrodes in which both TiO, and AgBiS, were
passivated with a ZnS layer.

However, as shown in Fig. 6, OCVD curves are nonlinear and decays
exponentially and the nonlinear behavior of the OCVD curves can be
effectively explained by the exponential fit of OCVD curves given in the
Eq. (2) where Vj is the open circuit voltage at the termination of exci-
tation [40,41]

Voc(t) = I% {exp (% - ) } exp <_7t) (2)

The exponential fitting findings for OCVD data in Fig. 7 according to
Eq. (2) demonstrated that OCVD data cannot be fitted for a single
exponential decay, implying that the electron recombination is a multi-
step process. Furthermore, OCVD decay curves demonstrate a very fast
decay process in the initial stage followed by a slow decay process and
hence, the voltage decay curves were fitted with a two exponential
decay process according to the Eq. (3) and fitted results are given in
Fig. 7 and Table 3 [42,43]
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Fig. 8. Electrochemical impedance spectroscopy (EIS) curves of TiO»/AgBiS,,
TiO2/(ZnS(1))/AgBiS,, TiO2/AgBiS»/(ZnS(2)) and TiO2/(ZnS(1))/AgBiSy/
(ZnS(2)) and the inset shown is the equivalent circuit used for fitting of
EIS data.

V=Aexp (—£> + Ajexp <—£> + Vo 3
71 T2

The parameter A; determines the amplitude of fast recombination
caused by intrinsic trapping-assisted recombination in AgBiS; and TiOs,
while 7, is the time constant for the same process. The sluggish
recombination can be attributed to interfacial recombination at the
AgBiSs-electrolyte and AgBiS,-TiO» interfaces and characterized by A,
and 71,. It is clear that the t; value for fast recombination differs less
significantly between non-passivated and passivated AgBiS, films,
indicating it is an inherent property of the material. However, as
explained later, the relative percentage of recombination loss caused by
intrinsic trapping-assisted recombination can be mitigated by the
passivation. On the other hand, passivation can reduce interfacial
recombination at the AgBiSs-electrolyte and AgBiS»-TiO, interfaces, as
evidenced by a significant increase in 12 values from 151.8 ps for the
non-passivated (TiO2-AgBiSy structure) to 234.1 ps for the double
passivated TiO2/(ZnS(1))/AgBiS2/(ZnS(2) design.

Interestingly, the variation in the contribution factor of parameters
A; and Ay with passivation reveals details about charge recombination
in a multi-step process. The relative parameters A; and A, determine the
amplitude of fast and slow recombination processes, respectively.
Although 7; does not differ significantly between non-passivated and
passivated structures, the observed relative A; and Ay contribution
factors of 55.7 and 44.7 % for the non-passivated structure indicate that
charge loss is equally attributed to fast and slow charge recombination
processes. While for the passivated TiO»/(ZnS(1))/AgBiSy/(ZnS(2))
structure, the relative A; and A, factors are 13.7 % and 81.3 %,
respectively, indicating that the trap-assisted charge recombination path
has been significantly reduced, and the charge loss is primarily due to
slow charge recombination processes. Overall, the results of the OCVD
indicate that the ZnS layers successfully minimize the fast and slow
charge recombination processes. Furthermore, despite the relative
weight of A, was increased from 44 % to 84 %, time constant T, was also
increased significantly after ZnS passivation leading to the reduced
interfacial recombination at AgBiSs-electrolyte and AgBiS,-TiOa,

Table 3

Fitted results for open-circuit voltage decay (OCVD) curves.
Cell configuration A1(A1 /(A1 + Az)) 71 (ps) As(Az /(A1 + Az)) 7o (ps)
TiO,/AgBiS,/Electrolyte 0.5425 (55.7 %) 12.25 0.4311(44.3 %) 151.82
TiO,/ZnS (1)/AgBiS,/Electrolyte 0.2530(24.9 %) 11.61 0.7595(75.1 %) 164.79
TiO,/AgBiSy/ ZnS (2)/Electrolyte 0.1749(16.5 %) 10.64 0.8838(83.5 %) 204.02
TiO2/ZnS(1)/AgBiS,/ZnS(2)/Electrolyte 0.1511(15.6 %) 13.76 0.8166(84.4 %) 234.09
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Table 4

Fitted results for Electrochemical impedance spectroscopy (EIS) curves.
Cell configuration Ro Ret Rer
TiO,/AgBiS,/Electrolyte 12.6 36.4 163
TiO,/ZnS (1)/AgBiS,/Electrolyte 11.6 56.4 168
TiO,/AgBiSy/ ZnS (2)/Electrolyte 11.1 109 283
TiO2/ZnS(1)/AgBiS2/ZnS(2)/Electrolyte 15.4 111 394

thereby increasing charge collection efficiency and solar cell efficiency.

The impedance spectroscopic measurements and cyclic voltammetry
(CV) analysis are also carried out to investigate the charge transport and
recombination dynamics of passivated and non-passivated Q-dot AgBiS,
electrodes. The Nyquist plots of TiO3-AgBiSy, TiO2-AgBiSy [(TiO2/(ZnS
(1))/AgBiS,), TiO2/AgBiS2/(ZnS(2)) and TiO»/(ZnS(1))/AgBiS2/(ZnS
(2))] are shown in Fig. 8 and the equivalent circuit employed to analyze
the impedance data is given as an inset in Fig. 8. The equivalent circuit
analysis yielded resistance values R, (series resistance), R (charge
transport resistance), and R, (charge recombination resistance) for
passivated and non-passivated electrodes are given in Table 4. The series
resistance R describes the opposition to the flowing of the charge
through the contact and layers. The calculated series resistance (Rg)
values are small,this implies that charge transport is efficient through
the material [44,45] However, R is found to be relatively higher for the
ZnS layers coated samples. This may be due to that ZnS layer which acts
as a physical and electronic barrier at the interface, and it may also
impede the flow of electrons by creating an additional energy barrier for
electron injection. This can result in increased R, due to slower electron
transfer. On the other hand, R, refers to the resistance associated with
the recombination of charge carriers (electrons and holes) within the
device. The increase in the R, from 163 to 394 Q after passivation
confirms that the growth of ZnS layers leads to a significant reduction in
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recombination rates.

To analyze the recombination behavior in ZnS-coated AgBiS; Q-dot
solar cells, cyclic voltammetry (CV) analysis was performed for passiv-
ated and non-passivated cell arrangements as shown in Figure S6. The
results obtained from CV analysis indicated that the decrease in the peak
current density after ZnS coating which can be attributed to the
passivation of the Q-dot AgBiS, surface by minimizing the density of
surface states which are known recombination sites. Hence as shown in
schematically in Fig. 9, by carefully controlling the ZnS layer thickness
and configuration, it is possible to effectively reduce charge recombi-
nation steps such as recombination at the AgBiSy/electrolyte as well as
TiOy/electrolyte interfaces, recombination of charge carriers in TiO2
with trapped holes in AgBiS; Q-dots that would eventually resulting in
overall increase in solar cell performance.

4. Conclusion

The SILAR method was employed successful for the fabrication of Q-
dot AgBiS; solar cell. However, the photovoltaic performance of Q-dot
AgBiS, was found to be low, and the addition of a ZnS passivation layer
improved solar cell performance, demonstrating the beneficial role of
ZnS in increasing photocurrent. The intrinsic surface imperfections in
AgBiS, that normally found to act as recombination centers can be
passivated by coating a 1-2 nm thin ZnS layer, resulting in an
improvement in both Voc and Jsc. The OCVD, CV, and EIS analyses
revealed that the major recombination loss path is the charge recom-
bination through the AgBiS;,-electrolyte interface, and that by carefully
controlling the thickness and configuration of the ZnS layer, charge
recombination can be effectively reduced, resulting in an overall in-
crease in solar cell performance. Among all the fabricated electrodes, the
dual ZnS layer structure composed of TiO»/(ZnS(1))/AgBiS2/(ZnS(2))/
polysulfide/CusS showed the greatest improvement in all evaluated

Fig. 9. Schematic illustrations of charge-transfer and carrier recombination processes of AgBiS; QD on TiO, for four cell configurations (a) TiO2-AgBiS» (b) TiO»/
(ZnS(1))/AgBiS,, (c) TiO»/AgBiS,/ZnS(2) and (d) TiO»/ZnS(1)/AgBiS>/ZnS(2)) with polysulfide electrolyte.
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photovoltaic parameters, indicating that layer thickness and composi-
tion had a significant impact on overall solar cell performance. Based on
these findings, the ZnS layer may be improved further, as it has the
potential to enhance the future generation of QDSCs and other renew-
able energy applications.
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