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Abstract: Most previous studies of perovskite core/shell structures have been based on ZnO/TiO2

nanowires (NWs), which are not suitable for high photoelectric conversion efficiency. Here,
core/shell ZnO/TiO2 NWs with AgCl-doped CdSe quantum dots were fabricated as an electron
transport layer (ETL) for perovskite solar cells, based on ZnO/TiO2 arrays. We designed CdSe with
AgCl dopants that were synthesized by a colloidal process. An improvement of the recombination
barrier (Rct1), due to shell supplementation with AgCl-doped CdSe quantum dots, improved the
open circuit voltage, the fill factor, and the adsorption capacity of CH3NH3PbI3 perovskite with NWs.
The enhanced cell steady state was attributable to TiO2 with AgCl-doped CdSe QD supplementation.
A maximum power conversion efficiency of 15.12% was attained in an atmospheric environment.
The mechanism of the recombination and electron transport in the perovskite solar cells becoming
the basis of ZnO/TiO2 core/shell arrays was investigated to represent the merit of ZnO/TiO2 core/shell
arrays as an electron transport layer in effective devices. These results showed an uncomplicated
approach for restraining non-radiative recombination loss in hetero-structure core/shell arrays to
significantly improve perovskite solar cell performance and increase the effectiveness of photovoltaics.

Keywords: ZnO/TiO2 nanowire; AgCl-doped CdSe quantum dots; electron transport layer;
perovskite solar cells; carrier transport

1. Introduction

Perovskite photovoltaics based on the combination of organo–lead halide photon energies have
gained intensive interest owing to their excellent photoelectric efficiencies and potential for use in
flexible devices. For example, the perovskite CH3NH3PbI3 has the merits of high mobility and carrier
diffusion and a long lifetime [1–8]. To improve the device stability and performance of perovskite
photovoltaics, studies have proposed several strategies such as a CdSe quantum dot (QD)/PCBM hybrid
for improved carrier diffusion [9,10], changing the iodide ion concentration [11], introducing a SnO2

protective structure between perovskite layers and ZnO nanowires (NWs) with TiO2 modification
for carrier recombination [12–14]. However, previous research has shown that a decrease in the
carrier recombination of TiO2 occurs owing to the mismatched electron recombination of perovskite
photovoltaics [15,16]. With its wide direct band gap (Eg = 3.37 eV at room temperature) [17,18],
ZnO exhibits a different structure in photovoltaics [19–21] and is considered a promising alternative to
the present TiO2 arrays with AgCl-doped CdSe QDs, characterized by rapid carrier recombination [22,23].
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Furthermore, ZnO/TiO2 with AgCl-doped CdSe QDs as an electron transport layer (ETL) has the
advantage of improving the photon absorption and thus presenting a significant path for carrier
recombination. Although the photoelectric conversion efficiency of ZnO-based devices is significantly
lower than that of TiO2-based cells, the carrier transport leads to a low charge recombination of ZnO
and the stability of perovskite/zinc heterostructures [24,25].

In this work, TiO2 arrays with AgCl-doped CdSe QDs were designed as the ETL for perovskite
solar cells. We investigate perovskite photovoltaics based on zinc heterostructure core/shell arrays
with AgCl-doped CdSe QDs in an atmospheric environment. The hybrid heterostructure of TiO2,
with AgCl-doped CdSe QDs was analyzed via scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), and the morphology of the ZnO/TiO2 core/shell arrays was compared
by field emission SEM (FE-SEM) and high-resolution TEM (HR-TEM). In addition, the effects
of modification by TiO2 with AgCl-doped CdSe QDs on the structural and optical properties of
CH3NH3PbI3 layers on ZnO NWs were studied. The photoelectric conversion efficiency, stability,
and power conversion efficiency of perovskite solar cells fabricated with ZnO NWs were determined
via SEM, TEM, incident photon conversion efficiency (IPCE), photocurrent density–voltage (J–V)
analysis, and electrochemical impedance spectroscopy. The mechanism of electron–hole recombination
centers in perovskite solar cells based on the ZnO/TiO2 core/shell arrays with AgCl-doped CdSe QDs
was also discussed.

2. Results and Discussion

2.1. SEM and HRTEM Studies

Figure 1 presents a cross-sectional SEM image of a perovskite solar cell based on ZnO/TiO2 NWs.
It is clear that the heterogeneous perovskite modification by ZnO/TiO2 with AgCl-doped CdSe QDs
entirely coated the structures between the NWs. Figure 1 shows that the ZnO/TiO2 NWs, which are
significant in that the carriers transported after photon on the topside overspreading perovskite
CH3NH3PbI3 heterogeneous with the AgCl-doped CdSe QDs in the surface of NWs, had a great point
of contact area with the ZnO/TiO2 NWs and were promptly transported through the ZnO NWs to
the electrode region, therefore decreasing the recombination centers and enhancing the photoelectric
conversion efficiency. The SEM and HR-TEM images in Figure 1a,b, respectively, indicate that the cell
design resulted in TiO2 modification with appropriate coverage of the ZnO NWs. The SEM image of the
ZnO/TiO2 NWs in Figure 2 indicates that the heterostructure was uniformly coated by 1 µm ZnO/TiO2

NWs. Figure 1b presents a cross-sectional HR-TEM image of the ZnO/TiO2 NWs with an average
diameter of 500 nm, oriented vertically on the template. We detail the growth of the NW diameter to
50–170 nm and the uniform NW surfaces of the ZnO/TiO2 core/shell arrays with AgCl-doped CdSe QDs
in Figure 1c,d, respectively (Figure S4). The ZnO/TiO2 NW surfaces could enhance the electrode contact
region between the ETL and CH3NH3PbI3 perovskite as well as the adsorption volume between the
perovskite and the heterostructure, thereby enhancing the cell performance. The core/shell ZnO/TiO2

NWs with AgCl-doped CdSe QDs were analyzed via HR-TEM, as illustrated in Figure 1d, which details
a distinct AgCl-doped CdSe QD layer with a diameter of 7–10 nm synthesized on the heterogeneous
ZnO/TiO2 NWs. The lattice fringes in the HR-TEM image indicated an atomic spacing of 0.259 nm for
the center, which was close to the interval spacing between the (002) planes in the hexagonal structure
of crystalline ZnO (JCPDS). Furthermore, the distance between adjacent lattice fringes in the shell was
0.234 nm, which corresponded to the interplanar distance of the (004) planes of the anatase structure of
TiO2. The surface and interfacial electrode regions between the CH3NH3PbI3 perovskite and ZnO/TiO2

NWs with AgCl-doped CdSe QDs were significant factors in determining the photoelectric conversion
efficiency of photovoltaic devices. It was found that the hetero-structure of the perovskite CH3NH3PbI3

layer enveloping the apex of the ZnO/TiO2 NWs had numerous carriers that promoted electron–hole
transport for recombination. Additionally, the dense hetero-structure of it was internal to AgCl-doped
CdSe QDs of the perovskite layer coating on the surface of ZnO/TiO2 NWs.
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μm; (b) HR-TEM image of ZnO/TiO2 core/shell NWs, the scale bar indicates 500 nm; (c) high 

magnification cross-sectional TEM images of the NWs with AgCl-doped CdSe quantum dot (QD) 

interlayer, the scale bar indicates 50 nm; (d) and a high-resolution TEM image (white circle) of QDs, 

the scale bar indicates 10 nm. 
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ZnO/TiO2 from 1138 to 1179 mV compared with that of ZnO/TiO2 NWs could be attributed to the 
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QDs. As illustrated in Figure 2, the indirect adsorption capacity of the CH3NH3PbI3 layers in the 

opportunity of ZnO/TiO2 NWs was less than that at the interface of the ZnO/TiO2 NWs owing to the 

low wettability and adhesion of the CH3NH3PbI3 layer. Furthermore, the abundant of opportunity in 

ZnO NWs relatively surface in ZnO/TiO2 NWs took the recombination region for electron–hole 

transport, which decreased the performance of the device from 1057 to 1024 mV, as shown in Table 
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perovskite CH3NH3PbI3 layer on the NWs, which enhanced the photoelectric conversion efficiency 

and photocurrent density. 

Figure 1. (a) Top view SEM images of the nanowires (NWs) of ZnO/TiO2, the scale bar indicates 1 µm;
(b) HR-TEM image of ZnO/TiO2 core/shell NWs, the scale bar indicates 500 nm; (c) high magnification
cross-sectional TEM images of the NWs with AgCl-doped CdSe quantum dot (QD) interlayer, the scale
bar indicates 50 nm; (d) and a high-resolution TEM image (white circle) of QDs, the scale bar indicates
10 nm.
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Figure 2. Photocurrent density–voltage (J–V) characteristics of perovskite solar cells (PSCs) based
on ZnO/TiO2 core/shell arrays with AgCl-doped CdSe quantum dots under 100 mW/cm2 of AM
1.5 illumination.

2.2. Photocurrent Density–Voltage (J–V) Characteristics

Figure 2 presents the J–V curves of the perovskite solar cell based on ZnO/TiO2 NWs with
AgCl-doped CdSe QDs under 100 mW/cm2 of AM 1.5 illumination. After the modification of the
heterostructured ZnO/TiO2 core/shell arrays with AgCl-doped CdSe QDs, the IPCE of the perovskite
solar cell based on ZnO/TiO2 NWs was enhanced by 3.603%, in comparison with the unmodified
device. The improvement in the open-circuit voltage of the perovskite solar cells modified with
ZnO/TiO2 from 1138 to 1179 mV compared with that of ZnO/TiO2 NWs could be attributed to the
repression of charge recombination because of the energy level induced by the AgCl-doped CdSe
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QDs. As illustrated in Figure 2, the indirect adsorption capacity of the CH3NH3PbI3 layers in the
opportunity of ZnO/TiO2 NWs was less than that at the interface of the ZnO/TiO2 NWs owing to the
low wettability and adhesion of the CH3NH3PbI3 layer. Furthermore, the abundant of opportunity
in ZnO NWs relatively surface in ZnO/TiO2 NWs took the recombination region for electron–hole
transport, which decreased the performance of the device from 1057 to 1024 mV, as shown in Table 1.
Consequently, TiO2 covered with AgCl-doped CdSe QDs enhanced the carrier density and uniformity
of the CH3NH3PbI3 layer on the apex of the ZnO NWs and improved the adsorption capacity of
the perovskite CH3NH3PbI3 layers on the surface of the ZnO NWs. Additionally, the heterogeneous
ZnO/TiO2 core/shell arrays with AgCl-doped CdSe QDs enhanced the surface contact area between
the CH3NH3PbI3 layers and ZnO NWs, thereby increasing the photoelectric conversion efficiency.
Furthermore, the absorbance of the perovskite CH3NH3PbI3 layer on the ZnO/TiO2 NWs was improved
by the introduction of the ZnO/TiO2 NW heterostructure, indicating that the photon absorption capacity
of the perovskite CH3NH3PbI3 layer on the ZnO/TiO2 NWs was better than that of the surface of the
ZnO NWs. This was owing to the enormous adsorption volume of the perovskite CH3NH3PbI3 layer
on the NWs, which enhanced the photoelectric conversion efficiency and photocurrent density.

Table 1. Photovoltaic parameters of PSCs based on ZnO/TiO2 core/shell arrays with AgCl-doped CdSe
quantum dots under 100 mW/cm2 of AM 1.5 illuminations.

Samples Voc (V) Jsc (mA cm−2) FF (%) H (%)

ZnO NWs arrays 1.024 21.32 0.631 12.04
ZnO/TiO2 core/shell arrays 1.057 22.01 0.674 13.25

ZnO/TiO2 core/shell arrays with QDs 1.138 22.18 0.697 14.34
ZnO/TiO2 core/shell arrays with AgCl doped QDs 1.179 22.71 0.712 15.12

2.3. IPCE Spectra and Nyquist Plots Studies

Figure 3 presents the IPCE spectra of perovskite solar cells based on ZnO NWs, ZnO/TiO2 NWs,
and ZnO/TiO2 core/shell arrays with AgCl-doped CdSe QDs. The external quantum efficiency of
the solar cell with the ZnO/TiO2 core/shell arrays with QD modification was higher than that of the
unmodified ZnO/TiO2 NWs, which was supported by the markedly improved short-circuit current from
21.32 to 22.71 mA/cm2 after AgCl-doped CdSe QD modification, as indicated by Table 1 (Figure S5).
Furthermore, the AgCl-doped CdSe QD layer could remove the direct point of contact between
ZnO/TiO2 and the AgCl-doped CdSe QDs absorber optimize. The IPCE spectra of the perovskite solar
cells based on ZnO/TiO2 NWs with and without the CdSe QD treatment were obtained. The external
quantum efficiency of the AgCl-doped CdSe QD perovskite solar cell was higher than that of the
cell based on heterogeneous ZnO/TiO2 with an increase in the short-circuit current from 21.32 to
22.71 mA/cm2 upon QD modification. Moreover, the alteration of the energy level at the interface of
the ZnO/TiO2 NWs and AgCl-doped CdSe QDs further promoted the transmission and injection of
carriers in the ETL and lowered the interfacial electron–hole recombination (Figure S3). Consequently,
the overall carrier recombination in the perovskite solar cell was minimized by the heterogeneous
AgCl-doped CdSe QDs, resulting in a significant improvement in open-circuit voltage. In addition,
to investigate the higher open-circuit voltage and fill factor of the perovskite solar cells based on
ZnO/TiO2 with AgCl-doped CdSe QDs, EIS measurements were recorded.

The spectra in Figure 4a were obtained in the frequency range from 5 to 100 kHZ with an AC
amplitude of 5–10 mV under a constant light exposure of 100 mW/cm2 to analyze the carrier transport
at the surface of the NW/perovskite layers with AgCl-doped CdSe QDs. The equivalent circuit and
determined parameters are detailed in Figure 4b (Figure S3). The influence of the core/shell arrays with
the AgCl-doped CdSe QD heterostructure on the recombination parameter (Rct1) at ZnO/TiO2 NW
arrays with AgCl-doped CdSe QD surface equivalent toward low frequency domain at Nyquist plots
is shown [26,27]. Rct1 of the ZnO/TiO2 NW-based perovskite solar cell (625.8 Ω) was less than those of
cells based on interfacial ZnO/TiO2 core/shell arrays with AgCl-doped CdSe QDs (846.7 Ω), indicating
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that the QD heterostructure decreased the recombination yield between ZnO/TiO2 and CH3NH3PbI3.
The modification with AgCl-doped CdSe QDs increased the open-circuit voltage and fill factor, thereby
improving Rct1.
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Table 1 summarizes the corresponding photovoltaic parameters. With the ZnO/TiO2 NW treatment,
the photoelectric conversion efficiency of the perovskite solar cell based on ZnO/TiO2 NWs was
enhanced by 25.58% compared to that of the device with AgCl-doped CdSe QDs and ZnO/TiO2 NWs.
The substantially improved open-circuit voltage of the perovskite solar cells treated with ZnO/TiO2

NWs from 1024 to 1179 mV compared to that of the AgCl-doped CdSe QDs indicated the repression of
recombination response due to the energy obstacle induced by the ZnO/TiO2 hetero-structure.

2.4. Efficient Photovoltaics Mechanism of Energy Band Diagram

The core/shell modified ZnO/TiO2 NW arrays were fabricated as the ETL in perovskite solar cells
(ITO/ZnO/TiO2 core/shell arrays with AgCl-doped CdSe QDs | CH3NH3PbI3 | spiro-OMeTAD | Au),
as illustrated in Figure 1a (Figure S1). Our fabrication procedure for the perovskite solar cells was
based on ZnO/TiO2 NWs and the resulting devices were distinctly different from those in previous
reports [28,29]. A potential energy diagram of a perovskite solar cell based on ZnO/TiO2 NWs
with AgCl-doped CdSe QDs is presented in Figure 1b. Carrier transfer preferentially occurs from
CH3NH3PbI3 to TiO2 with AgCl-doped CdSe QDs and from TiO2 to ZnO. To analyze the modification
of ZnO/TiO2 with AgCl-doped CdSe QDs as an ETL in perovskite solar cells [30,31], an energy band
diagram for electron–hole recombination and transport in a solar cell based on ZnO/TiO2 NWs with
AgCl-doped CdSe QDs is presented in Scheme 1. The heterogeneous perovskite makes direct contact
with the ITO substrate because of the interface in the ZnO/TiO2 hetero-structure. Owing to the low
energy band, the carrier can be supplied into the valence band of the heterogeneous perovskite,
resulting in direct surface recombination. Therefore, the electron–hole pair will remain in the ZnO/TiO2

heterostructure owing to the inconsistency between the energy levels of ZnO/TiO2 and the AgCl-doped
CdSe QDs. This will affect the carrier transport in ZnO/TiO2 due to the environment of accumulated
electron–hole pairs and recombination at the ZnO/TiO2 and AgCl-doped CdSe QD absorber surface.Molecules 2020, 25, x FOR PEER REVIEW 7 of 11 
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3. Materials and Methods

3.1. Synthesis of NWs and Fabrication of Device

We report the synthesis of CdSe quantum dots doped with a novel AgCl. We detail the growth of
the NW diameter to 50–170 nm and the uniform NW surfaces of the ZnO/TiO2 core/shell arrays with
AgCl-doped CdSe QDs in Figure 1c,d, respectively (Figures S2 and S4). The ZnO/TiO2 NW surfaces
can enhance the electrode contact region between the ETL and CH3NH3PbI3 perovskite as well as
the adsorption volume between the perovskite and the heterostructure, thereby enhancing the cell
performance. The core/shell ZnO/TiO2 NWs with AgCl-doped CdSe QDs were analyzed via HR-TEM,
as illustrated in Figure 1d that details a distinct AgCl-doped CdSe QD layer with a diameter of 7–10 nm
synthesized on the heterogeneous ZnO/TiO2 NWs. The lattice fringes in the HR-TEM image indicate an
atomic spacing of 0.259 nm for the center. The addition of AgCl causes changes in the morphology of
synthesized nanocrystals from spherical nanoparticles to large nanoparticles. In this article, we explain
the reasons for the formation of the core/shell of ZnO/TiO2 nanowire with AgCl-doped CdSe quantum
dots as well as the process. The optical properties of quantum dots are also investigated. Quantum
dots (QDs) have attracted considerable attention because of their physical and chemical properties.
These properties are dissimilar to those of bulk objects because of the small size of the QDs. QDs can
emit at arbitrary emission wavelengths and this property is widely applied in many optical devices.
CdSe QDs deserve special attention because of their bright photoluminescence (PL), photostability,
and a considerable number of methods for their synthesis. For many of the practical applications of
QDs PL is important: for the fabrication of optical fibers, lasers, biolabels, and for the sensibilization of
solar cells. The most common way to obtain PL in CdSe QDs is to add some optically active defects
that reduce the energy of electron–hole recombination by trapping. Charge carriers could be trapped
by both surface defects and volume defects. It is known that doping CdSe QDs with Ag leads to
the emergence of a low-energy band [1,2]. However, there are only a few publications devoted to
Ag-doped CdSe QDs.

Synthesis of CdSe Nanocrystals: CdSe nanocrystals were prepared by modifying a known
procedure. For 3-nm-diameter CdSe nanocrystals, CdO (410.0 mg, 3.2 mmol), hexadecylamine (HDA,
18.54 g, 76.8 mmol), n-dodecylphosphonic acid (DDPA, 1.608 g, 6.4 mmol), and tri-n-octylphosphine
oxide (TOPO, 8.096 g, 20.9 mmol) were heated to 90 ◦C in a 100-mL four-neck round-bottom flask with
continuous stirring. The flask was degassed under vacuum (<20 millitorr) and purged with dry N2.
The degassing process was repeated at least three times to remove water and O2. The mixture was then
heated to 315 ◦C under N2, and held at that temperature for nearly 30 min until the precursor solution
turned clear. After stabilizing the colorless mixture at 280 ◦C, a mixture of 20 mL of a 0.2 M solution
of Se in tri-n-octylphosphine (TOP, 4 mmol) and 0.3 mL of diphenylphosphine (DPP) prepared in a
N2-filled glove box was rapidly injected into the reaction vessel with continuous stirring, resulting
in a temperature drop to ~225 ◦C. The temperature was then quickly elevated to ~270 ◦C using a
heat gun, and kept at that temperature for ~10 min to facilitate nanocrystal growth. The reaction
vessel was cooled to ~90 ◦C and 40 mL of 1-butanol was added to prevent solidification of the reaction
mixture. The nanocrystals were isolated by addition of methanol to induce flocculation, followed by
centrifugation. The resulting precipitate yielded nanocrystals with surfaces coated by a mixture of
HDA, DDPA, and TOP/TOPO. To remove excess ligands, several additional purification steps were
performed, namely the precipitate was redispersed in hexanes and centrifuged. The supernatant,
which contained the nanocrystals, was saved, and the precipitate (mostly unreacted hexadecylamine
(HDA)) was redispersed in hexanes and centrifuged again to extract more nanocrystals. This process
was repeated multiple times (typically 3) until all the possible nanocrystals were extracted from the
precipitate into the supernatant. The dispersion was then stored overnight in a freezer (−20 ◦C).
During this time, excess surfactant precipitated out of the dispersion and was removed by centrifugation.
The supernatant was then filtered through a 0.2 µm polytetrafluoroethylene (PTFE) syringe filter,
reagent alcohol was added, and the solution was centrifuged. Multiple iterations (in general two more
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cycles) of redispersion and precipitation using hexanes and reagent alcohol were done to obtain pure
CdSe nanocrystals. Finally, the nanocrystals, isolated as solid centrifuge pellets, were dried under
vacuum, dispersed in toluene, filtered through a 0.2 µm PTFE syringe filter to obtain a stable colloidal
dispersion, and stored under ambient conditions until needed.

Doping of CdSe Nanocrystals with Ag: To incorporate Ag, a typical exchange reaction heated
10 mL of a 5 mg/mL dispersion of CdSe nanocrystals in toluene to ~65 ◦C in a glass vial with continuous
stirring. An amount of 1 mL of 0.1 M ethanolic AgNO3 was combined with 1.5 mL of TOP and
then added to the rapidly stirring dispersion. After ~5 min the reaction was quenched with ~10 mL
of ethanol. The precipitated nanocrystals were isolated by centrifugation and then dispersed and
isolated several times with hexanes and ethanol, respectively, to obtain a clean product. This process
generates nanocrystals with ~1 Ag per particle on average. We used a modification of the oleate
method to prepare Ag-doped CdSe QDs using AgCl as a precursor of Ag. We focused our attention
on the two origins of trap states: halides and silver. The cation exchange reaction in nanocrystals,
investigated mainly with Ag+ ion in this study, can easily be extended to exchange with other cations.
For example, CdSe nanocrystals can be successfully transformed into CuSe and PbSe nanocrystals
through the cation exchange reaction with Cu2+ and Pb2+ ions, respectively, under ambient conditions.

ZnO NWs were grown by a investigated SiO2 soft mask process. Firstly, ITO substrates
(20 mm × 20 mm × 3 mm) were washed by acetone and de-ionized water, and then dried with
nitrogen. The zinc acetate dihydrate with accurate quantity was dissolved in ethanol. Secondly,
the precursor was spin coated onto the ITO, and the substrates were then annealed. This procedure
was iterated five times to augment the layer, and the substrates were annealed in atmosphere at 380 ◦C
for 20 min. Lastly, zinc oxide layers were derived, which were conjugated as the SiO2 template for
the growth of ZnO NWs. Then, the PVP–Zn2+ composite solution treatment was arranged by zinc
acetate dihydrate with polyvinylpyrrolidone solution under magnetic stirring at 65 ◦C. The ammonia
(NH3·H2O, 0.95 g/mL) was induced to optimize the pH number of the PVP–Zn2+ composite liquid
solution to a determine figure. The zinc oxide structure were laid side on the hybrid system in the
vessels which comprised the composite liquid solution as the growth facility. Consequentially they
were put in a tube furnace in an oxygen atmosphere. The temperature of tube furnace was raised from
25 ◦C to 450 ◦C with a heating rate of 10 ◦C/min and maintained at 450 ◦C for 60 min during the anneal
procedure before changing to 300 K. The deposition was conducted to supply the AgCl-doped CdSe
quantum dots on ZnO NWs. TiO2 crystals without the atomic defect 1st shell structure were covered
on the interface of ZnO NWs by a sol–gel process. Then, the ITO substrates coated with ZnO NWs
were switched in the system, which contained titanium but oxide structure with isopropanol as liquid
solution in accurate capacity ratio with magnetic stirring. DI-water and titanium precursor liquid
solvent were incorporated in a certain H2O/Ti(OC4H9)4M ratio to facilitate the hydrolysis change
and condensation parameter to present TiO2 particles on the nanowire interface. The deposition was
conducted to supply the methyl-ammonium lead halides into ZnO/TiO2 NWs. Firstly, lead iodide was
redissolved in N,N-dimethylformamide at accurate density under stirring at 75 ◦C. The liquid solvent
was maintained at 75 ◦C for the process. Then the lead iodide liquid solvent interpenetrated into the
ZnO/TiO2 NWs by the spin-coating method, and the cells were dried at 75 ◦C for 60 min. After cooling
down to the 300 K, the cells were bathed into a solution of CH3NH3I in isopropyl alcohol (20 mg/mL) for
a half h, and then the CH3NH3I solution was spin-coated onto the cells. Then, the structure was dried
at 75 ◦C for a half h. The hole transport layer (HTL) was investigated by spin coating 80 µL co-doped
spiro-MeOTAD liquid solvent on the methylammonium lead halides layer. Finally, a 100 nm thickness
gold film was thermal evaporated on the hole transport layers to structuralize the rear electrode.

3.2. Characterization

Morphological and nano-structural analyses were performed using scanning electron microscopy
(SEM) (Jeol JSM-6210) and high-resolution transmission microscopy (HRTEM) (FEI Tecnai F30 S-Twin),
respectively. During cross sectional TEM imaging, samples were milled with 10- to 30-kV gallium ions
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accelerated by using a focused ion beam (FIB, FEI NOVA 200) in the dual-beam mode. The photocurrent
density–voltage (J–V) curves of the devices were obtained by an electrochemistry workstation (CHI660D,
0.1 MHz to 100 Hz) under irradiation of simulated solar light (AM 1.5 G, 100 mW/cm2). The photon
density of the illumination source was calibrated by using a power meter. Electrochemical impedance
spectra were measured by the CHI-660E electrochemical workstation using the AC impedance method
of light illumination of 100 mw/cm2. The applied initial voltage was set at the open-circuit voltage
(Voc) of the PSC.

4. Conclusions

In summary, we designed CdSe QDs with AgCl dopants that were fabricated by an oleate colloidal
process. The performance of the perovskite solar cells was determined on the basis of ZnO/TiO2 NWs.
The band diagram contains a gradational component due to the arrangement of an n-type perovskite
structure. The recombination parameter (Rct1) was improved by titanium shell supplementation with
AgCl-doped CdSe QDs, which improved the open-circuit voltage, fill factor, and adsorption volume of
CH3NH3PbI3 on the NWs. The enhanced cell durability was also attributable to TiO2 supplementation.
A maximum photoelectric conversion efficiency of 15.12% was attained in an atmospheric environment,
which the comparatively humid circumstance in the manufacture procedure. The mechanisms of
electron–hole recombination and transport in the perovskite solar cells based on the ZnO/TiO2 core/shell
arrays evidenced the advantages of the ZnO/TiO2 core/shell with AgCl-doped CdSe QD arrays as
an effective ETL in photovoltaic devices. This study demonstrated a simple approach to restraining
non-radiative recombination in core/shell arrays to further maximize the performance of perovskite
solar cells toward highly efficient photovoltaics.

Supplementary Materials: The following are available online. Figure S1: Top-view SEM images of perovskite
thin films based on different ratios of Li doping; Figure S2: Steady-state PL spectra of perovskite with core/shell
of ZnO/TiO2 nanowire arrays; Figure S3: EIS parameters of perovskite solar cells; Figure S4. HR-TEM images
of AgCl-doped CdSe quantum dots; Figure S5: Photovoltaic parameters of PSCs based on ZnO/TiO2 core/shell
arrays with AgCl-doped CdSe quantum dots under 100 mW/cm2 of AM 1.5 illuminations.

Author Contributions: J.M.K. and B.S.L. contributed equally to this work. S.W.H. conceived the ideas and
performed the experiments. S.W.H. assisted with experiments and data analysis. J.M.K. and B.S.L. assisted
with device fabrication. J.M.K. and B.S.L. assisted with the material characterizations. J.M.K. and B.S.L. assisted
with the high-resolution TEM measurement. The project was supervised by S.W.H. The manuscript was drafted
by S.W.H. with contributions from all authors. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported in part by a grant to J.-W. Suh from the Next-Generation BioGreen 21 Program
(No. PJ01337101), Rural Development Administration, Republic of Korea, and the National Research Foundation of
Korea (NRF) grant funded by the Korean government (MSIT) (No. 2016M2B2B1945255), (No. 2020M2D2A2062457),
funded by the Ministry of Health and Welfare, Republic of Korea (HI15C1540).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Oku, T.; Matsumoto, T.; Suzuki, A.; Suzuki, K. Fabrication and Characterization of a Perovskite-Type Solar
Cell with a Substrate Size of 70 mm. Coatings 2015, 5, 646–655. [CrossRef]

2. Jeon, N.J.; Noh, J.H.; Kim, Y.C.; Yang, W.S.; Ryu, S.; Seok, S.I. Solvent engineering for high-performance
inorganic–organic hybrid perovskite solar cells. Nat. Mater. 2014, 13, 897–903. [CrossRef] [PubMed]

3. Berry, J.; Buonassisi, T.; Egger, D.A.; Hodes, G.; Kronik, L.; Loo, Y.-L.; Lubomirsky, I.; Marder, S.R.; Mastai, Y.;
Miller, J.S.; et al. Hybrid Organic-Inorganic Perovskites (HOIPs): Opportunities and Challenges. Adv. Mater.
2015, 27, 5102–5112. [CrossRef] [PubMed]

4. Gao, P.; Grätzel, M.; Nazeeruddin, M.K. Organohalide lead perovskites for photovoltaic applications.
Energy Environ. Sci. 2014, 7, 2448–2463. [CrossRef]

5. Colella, S.; Mosconi, E.; Fedeli, P.; Listorti, A.; Gazza, F.; Orlandi, F.; Ferro, P.; Besagni, T.; Rizzo, A.;
Calestani, G.; et al. MAPbI3-xClxMixed Halide Perovskite for Hybrid Solar Cells: The Role of Chloride as
Dopant on the Transport and Structural Properties. Chem. Mater. 2013, 25, 4613–4618. [CrossRef]

http://dx.doi.org/10.3390/coatings5040646
http://dx.doi.org/10.1038/nmat4014
http://www.ncbi.nlm.nih.gov/pubmed/24997740
http://dx.doi.org/10.1002/adma.201502294
http://www.ncbi.nlm.nih.gov/pubmed/26223962
http://dx.doi.org/10.1039/C4EE00942H
http://dx.doi.org/10.1021/cm402919x


Molecules 2020, 25, 3969 10 of 11

6. Mosconi, E.; Ronca, E.; De, A.F. First principles investigation of the TiO2/Organohalide perovskites interface:
The role of interfacial chlorine. J. Phys. Chem. Lett. 2014, 5, 2619–2625. [CrossRef]

7. Ge, Y.; Nan, Y.; Chen, Y. Maximizing Information Transmission for Energy Harvesting Sensor Networks
by an Uneven Clustering Protocol and Energy Management. KSII Trans. Internet Inf. Syst. 2020, 14,
1419–1436. [CrossRef]

8. Strelcov, E.; Dong, Q.; Li, T.; Chae, J.; Shao, Y.; Deng, Y.; Gruverman, A.; Huang, J.; Centrone, A. CH3NH3PbI3

perovskites: Ferroelasticity revealed. Sci. Adv. 2017, 3, e1602165. [CrossRef]
9. Hermes, I.M.; Bretschneider, S.A.; Bergmann, V.W.; Li, D.; Klasen, A.; Mars, J.; Tremel, W.; Laquai, F.;

Butt, H.-J.; Mezger, M.; et al. Ferroelastic Fingerprints in Methylammonium Lead Iodide Perovskite. J. Phys.
Chem. C 2016, 120, 5724–5731. [CrossRef]

10. Fan, Z.; Xiao, J.; Sun, K.; Chen, L.; Hu, Y.; Ouyang, J.; Ong, K.P.; Zeng, K.; Wang, J. Ferroelectricity of
CH3NH3PbI3 Perovskite. J. Phys. Chem. Lett. 2015, 6, 1155–1161. [CrossRef]

11. Rakita, Y.; Bar-Elli, O.; Meirzadeh, E.; Kaslasi, H.; Peleg, Y.; Hodes, G.; Lubomirsky, I.; Oron, D.; Ehre, D.;
Cahen, D. Tetragonal CH3NH3PbI3is ferroelectric. Proc. Natl. Acad. Sci. USA 2017, 114, e5504–e5512.
[CrossRef] [PubMed]

12. Stoumpos, C.C.; Malliakas, C.D.; Kanatzidis, M.G. Semiconducting Tin and Lead Iodide Perovskites with
Organic Cations: Phase Transitions, High Mobilities, and Near-Infrared Photoluminescent Properties.
Inorg. Chem. 2013, 52, 9019–9038. [CrossRef] [PubMed]

13. Poglitsch, A.; Weber, D. Dynamic disorder in methylammoniumtri- halogenoplumbates (II) observed by
millimeter-wave spectroscopy. J. Chem. Phys. 1987, 87, 6373–6378. [CrossRef]

14. Moehl, T.; Im, J.H.; Lee, Y.H.; Domanski, K.; Giordano, F.; Zakeeruddin, S.M.; Dar, M.I.; Heiniger, L.-P.;
Nazeeruddin, M.K.; Park, N.-G.; et al. Strong Photocurrent Amplification in Perovskite Solar Cells with a
Porous TiO2 Blocking Layer under Reverse Bias. J. Phys. Chem. Lett. 2014, 5, 3931–3936. [CrossRef]

15. Shockley, W.; Queisser, H.J. Detailed Balance Limit of Efficiency of p-n Junction Solar Cells. J. Appl. Phys.
1961, 32, 510–519. [CrossRef]

16. Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal Halide Perovskites as Visible-Light Sensitizers
for Photovoltaic Cells. J. Am. Chem. Soc. 2009, 131, 6050–6051. [CrossRef]

17. Wu, Y.; Yang, X.; Chen, W.; Yue, Y.; Cai, M.; Xie, F.; Bi, E.; Islam, A.; Han, L. Perovskite solar cells with 18.21%
efficiency and area over 1 cm2 fabricated by heterojunction engineering. Nat. Energy 2016, 1, 1–7. [CrossRef]

18. Heo, J.H.; Im, S.H. Highly reproducible, efficient hysteresis-less CH3NH3PbI3−xClxplanar hybrid solar cells
without requiring heat-treatment. Nanoscale 2016, 8, 2554–2560. [CrossRef]

19. Liu, L.; Wang, H.; Wang, D.; Li, Y.; He, X.; Zhang, H.; Shen, J. ZnO@TiO2 Core/Shell Nanowire Arrays with
Different Thickness of TiO2 Shell for Dye-Sensitized Solar Cells. Crystals 2020, 10, 325. [CrossRef]

20. Liu, L.; Ou, H.; Hong, K.; Wang, L. Evidence of a strong electron-hole separation effect in ZnO@TiO2 core/shell
nanowires. J. Alloy. Compd. 2018, 749, 217–220. [CrossRef]

21. Zhao, R.; Zhu, L.; Cai, F.; Yang, Z.; Gu, X.; Huang, J.; Cao, L. ZnO/TiO2 core-shell nanowire arrays for
enhanced dye-sensitized solar cell efficiency. Appl. Phys. A Mater. Sci. Process. 2013, 113, 67–73. [CrossRef]

22. Demchenko, D.O.; Izyumskaya, N.; Feneberg, M.; Avrutin, V.; Özgür, Ü.; Goldhahn, R.; Morkoç, H. Optical
properties of the organic-inorganic hybrid perovskite CH3NH3PbI3: Theory and experiment. Phys. Rev. B
2016, 94, 075206. [CrossRef]

23. Berdiyorov, G.R.; El-Mellouhi, F.; Madjet, M.E.; Alharbi, F.H.; Peeters, F.M.; Kais, S. Effect of halide-mixing
on the electronic transport properties of organometallic perovskites. Sol. Energy Mater. Sol. Cells 2016, 148,
2–10. [CrossRef]

24. Li, Q.; Li, L.; Lu, Z.; Zhou, Y.; Zhu, H. No-Reference Sharpness Index for Scanning Electron Microscopy
Images Based on Dark Channel Prior. KSII Trans. Internet Inf. Syst. 2019, 13, 2529–2543. [CrossRef]

25. Berdiyorov, G.R.; El-Mellouhi, F.; Madjet, M.E.; Alharbi, F.H.; Rashkeev, S.N. Electronic transport in
organometallic perovskite CH3NH3PbI3: The role of organic cation orientations. Appl. Phys. Lett. 2016,
108, 053901. [CrossRef]

26. Zheng, F.; Takenaka, H.; Wang, F.; Koocher, N.Z.; Rappe, A.M. First-Principles Calculation of the Bulk
Photovoltaic Effect in CH3NH3PbI3 and CH3NH3PbI3–xClx. J. Phys. Chem. Lett. 2014, 6, 31–37.
[CrossRef] [PubMed]

27. Soler, J.M.; Artacho, E.; Gale, J.D.; Garcıa, A.; Junquera, J.; Ordej, P. The Siesta method for ab initio order-N
materials simulation. J. Phys. Condens. Matter. 2002, 14, 2745–2779. [CrossRef]

http://dx.doi.org/10.1021/jz501127k
http://dx.doi.org/10.3837/tiis.2020.04.002
http://dx.doi.org/10.1126/sciadv.1602165
http://dx.doi.org/10.1021/acs.jpcc.5b11469
http://dx.doi.org/10.1021/acs.jpclett.5b00389
http://dx.doi.org/10.1073/pnas.1702429114
http://www.ncbi.nlm.nih.gov/pubmed/28588141
http://dx.doi.org/10.1021/ic401215x
http://www.ncbi.nlm.nih.gov/pubmed/23834108
http://dx.doi.org/10.1063/1.453467
http://dx.doi.org/10.1021/jz502039k
http://dx.doi.org/10.1063/1.1736034
http://dx.doi.org/10.1021/ja809598r
http://dx.doi.org/10.1038/nenergy.2016.148
http://dx.doi.org/10.1039/C5NR08458J
http://dx.doi.org/10.3390/cryst10040325
http://dx.doi.org/10.1016/j.jallcom.2018.03.184
http://dx.doi.org/10.1007/s00339-013-7663-x
http://dx.doi.org/10.1103/PhysRevB.94.075206
http://dx.doi.org/10.1016/j.solmat.2015.11.023
http://dx.doi.org/10.3837/tiis.2019.05.016
http://dx.doi.org/10.1063/1.4941296
http://dx.doi.org/10.1021/jz502109e
http://www.ncbi.nlm.nih.gov/pubmed/26263087
http://dx.doi.org/10.1088/0953-8984/14/11/302


Molecules 2020, 25, 3969 11 of 11

28. Ordejón, P.; Artacho, E.; Soler, J.M. Self-Consistent order-Ndensity-functional calculations for very large
systems. Phys. Rev. B 1996, 53, R10441–R10444. [CrossRef]

29. Brandbyge, M.; Mozos, J.-L.; Ordejón, P.; Taylor, J.; Stokbro, K. Density-Functional method for nonequilibrium
electron transport. Phys. Rev. B 2002, 65, 16540. [CrossRef]

30. Gao, W.; Gao, X.; Abtew, T.A.; Sun, Y.-Y.; Zhang, S.; Zhang, P. Quasiparticle band gap of organic-inorganic
hybrid perovskites: Crystal structure, spin-orbit coupling, and self-energy effects. Phys. Rev. B 2016,
93, 085202. [CrossRef]

31. Baikie, T.; Fang, Y.; Kadro, J.M.; Schreyer, M.K.; Wei, F.; Mhaisalkar, S.G.; Graetzel, M.; White, T.J. Synthesis
and crystal chemistry of the hybrid perovskite (CH3NH3)PbI3 for solid-state sensitised solar cell applications.
J. Mater. Chem. A 2013, 1, 5628. [CrossRef]

Sample Availability: Samples of the compounds (ZnO/TiO2 core-shell hybrid arrays with AgCl-doped CdSe
quantum dots) are available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1103/PhysRevB.53.R10441
http://dx.doi.org/10.1103/PhysRevB.65.165401
http://dx.doi.org/10.1103/PhysRevB.93.085202
http://dx.doi.org/10.1039/c3ta10518k
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	SEM and HRTEM Studies 
	Photocurrent Density–Voltage (J–V) Characteristics 
	IPCE Spectra and Nyquist Plots Studies 
	Efficient Photovoltaics Mechanism of Energy Band Diagram 

	Materials and Methods 
	Synthesis of NWs and Fabrication of Device 
	Characterization 

	Conclusions 
	References

