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AbstractThis study utilizes passive ZnS@Cu2+ and ZnSe@Cu2+ layers deposited on the CdS and CdSe quantum dots to reduce dark current andenhance photon absorption. The films were fabricated utilizing the successive ionic layer adsorption and reaction technique with anoptimized and suitable Cu/Zn doping ratio. Ultraviolet–visible spectroscopy, X-ray diffraction, and field emission scanning electronmicroscopy analyses indicate a change in the absorption edge within the visible light region when ZnS and ZnSe are doped with Cu2+
ions. Power conversion efficiency measurements reveal that the ZnSe@Cu2+ photoelectrode increases the current density (JSC ~23mA.cm-2) compared to ZnS@Cu2+ The photoelectrode exhibits a short-circuit current density (JSC ≈ 22 mA · cm−2), leading toimproved conversion efficiency. It also shows the lowest charge transfer resistance (Rct2 = 33 −Ω), indicating efficient interfacialkinetics in the photoelectrode suggests more efficient electron transport and reduced recombination.
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1. INTRODUCTION

Solar cells (SCs) are photovoltaic devices that convert light into
electricity, operating based on the semiconductor phenomenon
of photon absorption, generating electron-hole pairs (excitons),
and producing an electric current. To improve efficiency and
reduce costs, SCs have evolved through three generations: First
Generation: Monocrystalline/polycrystalline silicon SCs with
a theoretical efficiency of 31% (Shockley, 1961) , achieving 15-
25% in practice (Zhou et al., 2011) , but with high costs due
to the requirement for high-purity silicon; Second Genera-
tion: Thin-film SCs (CdTe, CuInSe2, etc.) that reduce costs
but have limited efficiency due to energy loss as heat; Third
Generation: In 1991, Yella developed dye-sensitized solar cells
(DSSCs) with a maximum efficiency of 13% (Yella et al., 2011) .
Later, nanotechnology led to a breakthrough with quantum dot-
sensitized solar cells (QDSSCs), offering several advantages:
Bandgap tunability based on quantum dot (QD) size, optimiz-
ing light absorption (Zhou et al., 2011; Kurniawan et al., 2025)
high absorption coefficient due to quantum confinement ef-
fects (Yu et al., 2012) ; efficient exciton dissociation, enhancing
charge carrier generation (Lee and Lo, 2009) ; multiple exciton
generation (MEG) effect, enabling multiple excitons from a
single high-energy photon (Lee and Lo, 2009) . As a result,
QDSSCs possess the ability to surpass the Shockley–Queisser

efficiency upper bound (31%) and reach a theoretical efficiency
of 44% (Hanna et al., 2012) .

The layer of passivation plays a crucial role in forming
an obstruction at the quantum dot and polysulfide interface,
preventing the photogenerated electrons in QDs from recom-
bining with the polysulfide (Chung et al., 2021; Jun and Tung,
2022) . Common passivation materials include ZnS, ZnSe,
SiO2, Al2O3, and MgO, among which ZnS and ZnSe have
been proven to be the most effective to enhance devices’ power
conversion efficiency (PCE) (Tyagi et al., 2021) .

Copper is known as one of the metals with the lowest electri-
cal resistance in nature. Therefore, doping Cu2+ ions into QDs
has been proposed as a viable approach to enhancing QDSSCs
performance (Muthalif et al., 2017) . Studies on Cu2+ -doped
QDs such as InP, ZnSe, CdS, and ZnS suggest that Cu2+ ions
create an energy level closer to the valence band (VB) rather
than the conduction band (CB), thereby slowing down exci-
tons recombination and allowing QDs to absorb photons with
energies lower than the bandgap. Additionally, unlike ultravio-
let–visible spectroscopy of Mn-doped QDs, which are limited
to the yellow-orange region, ultraviolet–visible spectroscopy
of Cu-doped QDs can be tuned across the entire visible range
depending on the QD size (Xie et al., 2014) , demonstrating
the potential for improving QDSSCs efficiency.
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For the surface-passivated ZnS and ZnSe layers doped
with metals used in the fabrication of QDSSCs, Lu and col-
leagues doped Mn into the surface-passivated ZnSe layer for
CdS/CdSe QDSSCs and achieved a high power conversion
efficiency of 6.46% (Lu et al., 2018) . Similarly, Shen and col-
laborators used Mn-doped CdS/CdSe quantum dots, which
improved the QDSSCs’ efficiency to 5% (Shen et al., 2016) .
Gopi and colleagues employed Mn-doped ZnSe quantum dots
and obtained a power conversion efficiency of 5.67% for the
QDSSCs (Gopi et al., 2015) . Phuc and co-workers doped
Cu into CdS/CdSe quantum dots and achieved a power con-
version efficiency of 4.23% (Phuc and Tung, 2018) . These
findings prove that transition metal doping of quantum dots
(CdS, CdSe, ZnS, and ZnSe) is an efficient way to improve
QDSSC performance.

In this study, we fabricated TiO2/QDs/ZnS@Cu2+ and
TiO2/QDs/ZnSe@Cu2+ photoanodes for QDSSCs. The fab-
rication results are analyzed and discussed in detail in the dis-
cussion section of this paper.

2. EXPERIMENTAL SECTION

2.1 Materials
Na2SO3, NaOH, Cd(CH3COO) 2·2H2O,Zn(NO3) 2, Na2S·
9H2O, methanol, Se powder, TiCl4, and CuSO4 were pur-
chased from Merck (Germany). Fluorine-doped tin oxide
(FTO) glass substrates with a sheet resistance of 7 𝜔·sq-1 and
TiO2 paste with a particle size of 20 nm were obtained from
Dyesol (Australia).

2.2 Fabrication processes
2.2.1 Fabrication Process of FTO/TiO2
The fluorine–doped tin oxide (FTO) conductive glass was cut
into 1.2 cm× 2.0 cm pieces and cleaned by ultrasonic treatment
in distilled water, 0.1M HCl, and ethanol. The TiO2 layer
was created using the screen-printing method: TiO2 paste
(Dyesol, 20 nm, Anatase) was spread through a mesh onto the
conductive glass. Each layer was dried at 120◦C for 10 minutes,
repeated twice. The film was then gradually heated to 500◦C
maintained for 30 minutes, and naturally cooled to obtain a
porous TiO2 film.

2.2.2 Fabrication Process of FTO/TiO2/QDs (Van Thang
et al., 2023)

The FTO/TiO2 photoanode is alternately dipped in 0.1 M
Cd2+ and 0.1 M S2- solutions for 5 minutes each, followed
by rinsing with ethanol and methanol. This completes one
successive ionic layer adsorption and reaction (SILAR) cycle.
A total of 3 cycles are performed, then the electrode is dried at
120◦C for 15 minutes.

Mix Cd2+ and Cu2+ in 50 mL of ethanol and distilled water
(1:1 ratio), let stand for 10 minutes, then combine. Dip the
FTO/TiO2/CdS electrode in a 0.1 M Cd2+ solution for 5
minutes, rinse with ethanol, then immerse it in a 0.3M Se-2

solution at 60◦C for 5 minutes, and rinse with distilled water.
Finally, dry the electrode at 120◦C for 15 minutes.

The FTO/TiO2/QDs film is alternately dipped in 0.1M
Zn2+ and Cu2+ and 0.1M S2- (0.1M Se2-) solutions for 5 min-
utes each, rinsing with distilled water after each step. The pro-
cess is repeated twice, followed by drying the anode electrode
at 120◦C for 15 minutes.

2.2.3 Fabrication of Cu2S
The anodizing process, heat-resistant tape is used to create
a round hole and cover the conductive surface, allowing the
Cu2S layer to form only in the hole. Following a 30-minute
deoxygenation with N2 or Ar at 90◦C, the taped FTO glass is
cleaned with distilled water. Subsequently, it is immersed in
a Cu2+ and S2- solution. We finish by heating the Cu2S film
to 200◦C, keeping it there for 30 minutes, and then letting it
drop to room temperature (Van Thang et al., 2023) .

2.2.4 Electrolyte
Create the polysulfide electrolyte system, 12 g of Na2S, 0.64
g of sulfur (S), and 1.49 g of KCl were combined in 100 mL
of a 7:3 volume ratio DI water/methanol (CH3OH) solvent
mixture. The final solution had a purple-yellow (Van Thang
et al., 2023) .

2.2.5 Fabrication of QDSSCs
The anode and cathode electrodes are assembled together with
a transparent thermoplastic Surlyn sheet (25 𝜇m thick) placed
between them. This sheet has a circular hole with a diameter
of 0.7 cm. The electrodes are held in place using clamps at two
points. The assembly is then placed on a hot plate at 170◦C
and gently pressed so that the Surlyn melts, bonding the two
electrodes together and expelling any air trapped in between.
The polysulfide solution is injected into the cell through two
pre-drilled holes in the cathode. The cell is then sealed with
Surlyn, and a layer of silver is coated on both ends of the elec-
trodes to enhance conductivity before measurement processes
are carried out.

2.3 Characterization
Morphological examinations of the samples were carried out us-
ing Field Emission Scanning Electron Microscopy, also known
as FE-SEM. The crystalline structures were characterized using
an X-ray diffractometer (XRD, Philips, PANalytical X’Pert)
equipped with CuK𝛼 radiation. In order to assess the optical ab-
sorption properties, JASCO V-670 UV-vis diffuse reflectance
spectroscopy was used. Under simulated AM 1.5 sun light (100
mW·cm-2), which was provided by a Solarena solar simulator
(Sweden), the photocurrent-voltage characteristics were mea-
sured using a Keithley 2400 source meter. Electrochemical
impedance spectroscopy (EIS) was carried out using a ZAH-
NER CIMPS impedance analyzer.

3. RESULTS AND DISCUSSION

The FESEM surface image of the sample (Figure 1), taken at a
resolution of 100 nm, reveals that the film has a highly porous
structure, with particles averaging several tens of nanometers in
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Figure 1. FESEM of (a) ZnS and (b) ZnSe Passivation Layers Doped- Cu2+

Table 1. The Characteristic Parameters of Devices

Sample Voc (V) Jsc (mA·cm−2) FF PCE (%) Rct1 (Ω) Rct2 (Ω)
TiO2/QDs/ZnS@Cu2+ 0.515 22 0.41 4.5 12 116
TiO2/QDs/ZnSe@Cu2+ 0.520 23 0.439 5.3 17 33

size. The TiO2 film itself exhibits high porosity because of the
relatively enormous TiO2 particle size, resulting in numerous
voids between them. Consequently, CdS, CdSe(Mn2+), and
ZnS nanoparticles can would readily absorb onto the TiO2’s
surface nanoparticles. The surface of the film appears relatively
uniform and free of cracks, as shown in the SEM image at ×500
magnification.

Figure 2. UV-Vis of of ZnS and ZnSe Passivation Layers
Doped - Cu2+ at Optimal Conditions

Figure 2 shows the UV-Vis spectrum of the FTO/QDs pho-

toanode doped with Cu3+, which includes passivation layers of
ZnS and ZnSe, in the 300-700 nm region. To demonstrate
how the absorbance varies with the Cu2+ doping ratio, light
is shone on the FTO substrate side. The production of Cu2+

energy levels within the bandgap of ZnS and ZnSe may ex-
plain why the absorption strength somewhat rises with Cu2+

presence below 550 nm. This result is consistent with Zahra’s
study on Sr doping in ZnSe for QDSSCs (Lu et al., 2018) . The
FTO/TiO2/QDs/ZnSe@Cu2+ system exhibits enhanced ab-
sorption and a red shift in the 500–600 nm range. The FTO/-
TiO2/QDs/ZnSe@Cu2+ photoanode shows a higher absorp-
tion spectrum intensity than the FTO/TiO2/QDs/ZnS@Cu2+

photoanode. Overall, the doped anode films absorb longer
wavelengths, extend into the visible light region, and result in a
darker material.

The structure of CdS, CdSe, ZnS@Cu2+, and ZnSe@Cu2+

quantum dots on the TiO2 surface is determined by X-ray
diffraction analysis; all of these samples display crystallinity
(Figure 3). According to JCPDS 00-004-0477, the five diffrac-
tion peaks of TiO2 at 25.354◦, 37.785◦, 48.077◦, 53.922◦,
and 62.728◦ represent the (101), (004), (200), (105), and (204)
planes of the Anatase phase, respectively (Gopi et al., 2015) .
The cubic structure of CdS is identified through the (111) and
(222) peaks at 26.5◦ and 54.5◦ (JCPDS 00-089-0440) (Shen
et al., 2016; Gopi et al., 2015) . Two peaks at 27.2◦ and 42◦

correspond to the (101) and (110) planes of hexagonal CdSe
(JCPDS 00-008-0459) (Shen et al., 2016) . Hexagonal ZnS
and ZnSe exhibit two peaks at 25.7◦ and 48.8◦, corresponding
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Figure 3. XRD Spectra of Zns and Znse Passivation Layers
Doped - Cu2+ Photoanodes

to the (100) and (103) planes (JCPDS 00-089-2940) (Lu
et al., 2018) . These results confirm the successful deposition
of CdS, CdSe, and ZnSe onto TiO2.

Figure 4. Photovoltaic Performance of Qdsscs Based on Zns
and Znse Passivation Layers Doped - Cu2+ Photoanodes

We measured the photovoltaic performance curves (J–V) of
QDSSCs with TiO2/QDs/ZnS@Cu2+ and TiO2/QDs/ZnSe@
Cu2+ photoanodes under standard sunlight illumination of 100
mW.cm-2 (Figure 4 and Table 1). The results show that the
open-circuit voltage (Voc) and fill factor (FF) remain nearly
unchanged, but the conversion efficiency varies significantly
with current density. For the TiO2/QDs/ZnS@Cu2+ film, the
current density reaches 22 mA.cm-2 with an efficiency of 4.5%,
which is lower than that of TiO2/QDs/ZnSe@Cu2+. When
Cu2+ is doped into TiO2/QDs/ZnSe, the efficiency and cur-
rent density increase significantly, reaching a maximum of 23
mA.cm-2 and 5.3%, respectively. This increase is attributed to

Figure 5. EIS of Qdsscs Based on Zns and Znse Passivation
Layers Doped - Cu2+ Photoanodes

Cu2+ substituting Zn2+ in the crystal lattice, leading to a reduc-
tion in film resistance and the formation of impurity energy
levels in the bandgap of ZnS and ZnSe, enhancing photon ab-
sorption. This result is consistent with the study by Firoozi et al.
(2018) in which doping Cu2+ and Mn2+ into ZnS significantly
increased the current density.

The study investigates the electron transfer process in thin
film layers, electron transfer at the photoanode interface (Rct2),
electron diffusion in the electrolyte, and electron transfer at the
cathode (Rct1) using electrochemical impedance spectroscopy
under 100 MW.cm-2 illumination (Figure 5, Table 1). Analy-
sis using EC-LAB software indicates that Cu2+ -doped ZnS-
coated electrodes exhibit lower charge transfer resistances (Rct1),
(Rct2) than Cu2+ -doped ZnSe, with minimum values of (Rct1)
= 17 𝜔 and (Rct2) = 33 𝜔. Simultaneously, the current density
and efficiency significantly increase from 22 mA.cm-2 to 23
mA.cm-2. This improvement is attributed to the ZnS@Cu+2

and ZnS@Cu+2 layers, which not only enhance photon absorp-
tion but also reflect light, enabling more efficient absorption by
TiO2/QDs (Phuc and Tung, 2018; Nguyen et al., 2021) . Ad-
ditionally, the conduction band of ZnS@Cu+2 and ZnS@Cu+2

is higher than that of TiO2/QDs, reducing electron back diffu-
sion and minimizing recombination (Van Thang et al., 2023;
Beaulac et al., 2008) . Cu+2 doping also shifts the absorption
spectrum into the visible light region due to impurity energy
levels within the bandgap of ZnS and ZnSe (Firoozi et al.,
2018; Van Thang et al., 2023; Huang et al., 2016) . These
findings align with the research by Firoozi et al. (2018) and
show a significantly higher efficiency compared to (Mo et al.,
2017; Chandrakar et al., 2015; Rao et al., 2015; Zhu et al.,
2021; Huang et al., 2017) .

The QDSSCs based on ZnSe@Cu2+ achieved an efficiency
(5.3%) comparable to that of (Zhang et al., 2015) . Although
Voc and FF are slightly lower, but Jsc is higher (23 mA per cm2

compared to 16.2 mA per cm2) (Zhang et al., 2015) . The coat-
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Table 2. Comparison of the Results Obtained in This Study with Those of Previous Research Groups

Refs QDSSCs Voc (V) Jsc (mA/cm2) FF PCE (%)
(Lee et al., 2013) (ZnS passivation) TiO2/CdSe QDs/ZnS 0.54 14.0 0.55 4.2
(Zhang et al., 2015) (ZnSe shell) TiO2/CdSe/ZnSe 0.56 16.2 0.59 5.3

(He et al., 2016) (Cu2+ modification) TiO2/CdS/ZnS@Cu2+ 0.52 18.1 0.48 4.8
(Wang et al., 2019) TiO2/PbS/CdS/ZnS 0.48 25.0 0.42 5.1

ing of ZnSe and Cu2+ ions work together to improve electron
transport and reduce recombination, as shown by the slight
increase in the efficiency of the PCE (5.3%- >4.8%) compared
to He et al. (2016) (Table 2). Compared to multi-layer systems
such as PbS, CdS and ZnS, the results are comparable to those
of QDSSCs systems with an efficiency of around 5 percent,
especially when a simple structure (only one absorption layer)
is used (He et al., 2016; Lee et al., 2013; Wang et al., 2019) .
Reduce the magnitude of the decrease in the denominator by
decreasing the recombination. Replacing ZnSe with ZnS in
the QDs structure along with Cu2+ ions greatly increases the
photovoltaic efficiency. The cause of this result is better repres-
sion of recombination. Given the simplicity of the structure
and materials used, the results achieved are comparable to or
better than those of many previous studies etc.

4. CONCLUSIONS

The passivation layers ZnS@Cu2+ and ZnSe@Cu2+ were suc-
cessfully fabricated using the SILAR method, effectively pas-
sivating the surface of CdS and CdSe quantum dots on the
photoanode electrode while enhancing photon absorption in
QDSSCs. The absorption spectrum reveals that the absorption
peak of electrodes with ZnS@Cu2+ and ZnSe@Cu2+ shifts to-
ward longer wavelengths in the visible region, consistent with
the J-V spectrum results. The current density increases from
23 mA·cm-2, and the efficiency improves from 5.3%, thanks
to the support of ZnSe@Cu2+. Electrochemical impedance
spectroscopy confirms the lowest charge transfer resistance in
ZnS@Cu2+, which helps reduce recombination and improve
electron transport. The structural, morphological, and thick-
ness properties of the films were determined using XRD and
FE-SEM.
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