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Enhanced performance of CdS/CdSe quantum dot-
sensitized solar cells by long-persistence phosphors
structural layer
Yunlong Deng, Shuqi Lu, Zhiyuan Xu, Jiachi Zhang, Fei Ma* and Shanglong Peng*

ABSTRACT Light absorption plays an important role in
improving the power conversion efficiency (PCE) of quantum
dot-sensitized solar cells (QDSSCs). In this study, a multi-
functional long-persistence phosphor (LPP) layer was in-
troduced into the CdS/CdSe QDSSCs via a simple doctor blade
method. The LPP layer can simultaneously improve the light
harvesting and photo charge transfer in CdS/CdSe QDSSCs.
As a result, their short-circuit current and corresponding PCE
are effectively enhanced. The PCE can reach up to 5.07%,
which is about 24% larger than that of the conventional CdS/
CdSe QDSSCs without LPP layer. The solar cells can work in
dark for a while due to the long-lasting fluorescence of the LPP
layer. This research provides an effective way to improve the
PCE of QDSSCs, and finds the possibility for all-weather
QDSSCs.
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INTRODUCTION
The energy crisis is one of the most serious problems in
the 21st century. To meet the fast growth of energy de-
mand, it is urgent to develop economical, efficient and
sustainable clean energy such as solar energy, wind en-
ergy, geothermal energy and so on. Among them, solar
energy has become an important part of the alternative
energy sources, and photovoltaic conversion has attracted
much attention for a long time [1,2]. As the third gen-
eration of solar cells, quantum dot-sensitized solar cells
(QDSSCs) proposed in 1998 by Zaban et al. [3] has at-
tracted extensive attention from academia to industry,
due to the advantages of adjustable band gap, high molar
extinction coefficient, multiple exciton generation effect,
resistance to water and oxygen, low cost and simple

process [4–8]. So far, the power conversion efficiency
(PCE) of QDSSCs was still limited for practical applica-
tions [9]. The main obstacle is the low light absorption
efficiency and high charge recombination rate [10–13].
To reach its theoretical performance, considerable studies
have been carried out [14–16]. It is found that optimizing
the efficiency of charge collection, reducing the charge
recombination and promoting the separation of electron-
hole pairs are effective methods to improve the PCE of
QDSSCs [17–21]. Moreover, expanding the light ab-
sorption range and enhancing the light absorption effi-
ciency have significant effect on the PCE [22]. In fact,
devices usually show moderate PCE in visible region [23],
while the PCE in the ultraviolet and near-infrared regions
are often limited [24]. Therefore, to extend the effective
light absorption into a wider range of solar spectrum is
recommended [25].
According to these strategies, Sun et al. [26] used long-

persistence phosphors (LPPs) in QDSSCs, and the PCE
was eventually increased to 1.22%. It is well known that
LPPs are down-conversion fluorescent materials which
absorb and store energy from ultraviolet or short-wave
visible light below 450 nm, and release a variety of visible
fluorescence in dark environment for a long period of
time [27]. Many advantages of LPPs have been reported,
such as short excitation time, long luminescence time,
high brightness, high chemical stability and environ-
mental friendliness [28,29]. Meanwhile, LPPs have been
widely studied in silicon-based, perovskite and dye-sen-
sitized solar cells [30–34]. Richards et al. [30,31] reported
that the PCE of silicon solar cells modified with light-
emitting materials can be improved by 10%. Researchers
introduced down-conversion materials into perovskite
solar cells, which greatly improved the performance and
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stability of the devices [33,34]. For dye-sensitized solar
cells, the fluorescence coating can greatly improve the
stability and PCE of the devices [32]. Light conversion
structural layer inside the device, not only enhances the
light absorption intensity, but also has a positive effect on
the carrier transport and restriction of charge re-
combination [26,35–39].
Although light conversion materials have been widely

used in solar cells, there were few reports on the utiliza-
tion of LPPs in co-sensitized QDSSCs. In this work, we
carried out a systematic study on the LPP enhancement to
CdS/CdSe QDSSCs. The multifunctional LPP layer not
only improved the light absorption, but also accelerated
the transfer of photoelectrons, contributing to a sig-
nificant enhancement in the PCE of QDSSCs composed
of TiO2/QDs/LPPs photoanodes. In comparison, the
multifunctional layers with three kinds of LPPs were also
fabricated respectively. It was found that the PCE of the
CdS/CdSe QDSSCs with olivine-emitting LPPs increased
from 4.08% to 5.07%, an almost 24% enhancement
compared with the QDSSCs without LPP layer. It is worth
noting that the LPPs emit fluorescence to drive devices to
work in dark environments and create possibility for the
all-weather QDSSCs.

EXPERIMENTAL SECTION

Chemicals and materials
Transparent conducting films of fluorine-doped tin oxide
on glass substrates (FTO glass, 7–8 Ω/square, transmit-
tance 80%–82%) and titanium oxide (TiO2, Degussa, P25)
were purchased from OPV Tech Co. Ltd. Sulfur (S, AR,
200 mesh), cadmium nitrate tetrahydrate (Cd(NO3)2·
4H2O, AR, 98%), cadmium acetate dihydrate
(Cd(CH3COO)2·2H2O, AR, 98%) and nitrilotriacetic acid
trisodium salt monohydrate (N(CH2COONa)3·H2O, AR,
98%) were purchased from Sigma Aldrich Co. Ltd. Sele-
nium powder (Se, 200 mesh, 99.999%) and brass foil
(alloy 260, 0.51 mm thick) were supported by Alfa Aesar
Co. Ltd. Sodium sulfite anhydrous (Na2SO3, AR, 98%),
sodium sulfide nonahydrate (Na2S·9H2O, AR, 98%), ethyl
cellulose ([C6+2nH7+8nO2+4n]x, AR) and terpineol
(C10H18O, 95%) were provided by Aladdin Co. Ltd. Long
persistence phosphors were purchased from Shenzhen
Xiang Cai Luminous Material Co. Ltd. Methanol (CH4O,
99.5%) and ethanol absolute (C2H6O, 99.8%) came from
Ke-Long Chemical Reagent Co. Ltd.

Preparation of quantum dot-sensitized photoanode
The FTO glass was immersed into 300 mL of ethanol and

deionized water in an ultrasonic cleaning machine for
20 min, and then air-dried for later use. The solution was
prepared by blending 7 g of terpineol, 2 g of TiO2 nano-
powder and 2 g of ethyl cellulose in sequence with
100 mL C2H6O. After being stirred for 30 min with a
magnetic stirrer and concentrated by rotary evaporation
at 35°C for 5 min, the mixture became creamy colloid.
Porous TiO2 films were prepared by knife coating on the
surface of the pre-cleaned FTO glasses and dried in a
convection oven at 40°C for 20 min. A mixture of 2 g of
terpineol, 0.5 g of LPP powder and 0.5 g of ethyl cellulose
in 10 mL C2H6O was ground at 40°C for 30 min. The
porous fluorescent films on the surface of the porous
structure were made by the same blade-coating and
drying method. The area of the deposited TiO2/LPPs
films was about 0.196 cm2, which was determined by an
adhesive tape. Finally, the samples were calcined at 500°C
for 30 min to eliminate excess ingredients. QDs of CdS
and CdSe were prepared according to our previous pro-
cesses [40].

Preparation of electrolyte and counter electrode
Solar cells were assembled by covering the quantum dot-
sensitized photoanode with a piece of brass with Cu2S
film as counter electrode. Polysulfide electrolyte was
permeated into the assembly as electrolyte [40]. The
electrolyte solution in this research was composed of
1 mol L−1 of S and 1 mol L−1 of Na2S·9H2O in deionized
(DI) water at a temperature of 50°C for 60 min. A violent
reaction between 37% HCl solution and brass at 80°C for
40 min was used to clean the counter electrodes. Then,
they were rinsed with DI water and dried in air. Finally,
the pretreated brass foil was immersed in fresh electrolyte
for 15 min to form Cu2S film nanostructure on the sur-
face of brass foil.

Characterization
The photocurrent density-voltage (J-V) curves were
measured (Keithley 2400 source meter) under a solar si-
mulator (Zolix, China) with an intensity of 100 mW cm−2

(AM 1.5G). Every J-V curve was measured repeatedly at
least 15 times by using different photoanodes and the
same counter electrode to eliminate experimental errors.
The morphology of photoanode was studied by field
emission scanning electron microscopy (SEM, TESCAN
MIRA3, Czech). The transmission, absorption and pho-
toluminescence spectra were measured by UV-Vis spec-
trophotometer (Hitachi U-3900H, Japan) and
spectrofluorophotometer (Shimadzu RF-5301pc, Japan),
respectively. The electrochemical impedance spectro-
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scopy (EIS) was performed by using an electrochemical
workstation (Chinstruments CHI760E, China). The
monochromatic incident photon-to-electron conversion
efficiency (IPCE) was obtained by using a quantum effi-
ciency testing system (Zolix, SCS10-EXP-1700, China).

RESULTS AND DISCUSSION
Fig. 1a shows the diagram of the QDSSCs with a sand-
wich structure, made of quantum dot-sensitized TiO2
photoanode, polysulfide redox couple electrolyte and
Cu2S counter electrode. The photoelectronic conversion
processes stem from light absorption by QDs for electron
excitation. The LPPs located on the surface of the TiO2/
QDs film were introduced to the QDSSCs, as shown in
Fig. 1b. Fig. 1c is an optical photograph of the photo-
anode in which CdS/CdSe QDs have been deposited. A
multifunctional LPP layer on the surface of the TiO2/
CdS/CdSe film can be observed. From left to right, the
structure of the photoanodes is TiO2/QDs/blue-emitting
LPPs, TiO2/QDs/olivine-emitting LPPs, TiO2/QDs/red-
emitting LPPs and TiO2/QDs, respectively. As shown in
Fig. 1d, the FTO glass was placed towards the light source
(AM 1.5G, 100 mW cm−2) for one minute, and fluores-
cence from the photoanodes was observed in dark en-
vironment. It can be found that the LPP layer radiates
different fluorescence colors, indicating the LPPs have
been excited by ultraviolet light and emitted long-wave
light.
Fig. 2 displays top-view SEM images of the TiO2/QDs

and TiO2/QDs/LPPs photoanodes. Compared with the
TiO2/QDs photoanode, the surface of the photoanode
modified with LPPs is uniformly covered by many LPPs
with different shapes. The particle sizes of the LPPs are
between 1 and 20 μm and many voids are between the
adjacent particles, which provide channels for the for-

mation of QDs and the immersion of electrolyte in the
TiO2 film. Fig. 2c depicts the cross-sectional view of the
TiO2/QDs/olivine-emitting LPP photoanode. The LPP
layer about 40 μm thick is tightly bonded to the surface of
the TiO2 film. And the TiO2 film with high specific sur-
face area on the FTO glass is about 18 μm thick, as shown
in the partially enlarged view of the cross section in
Fig. 2d. Fig. S1 shows the TEM images of the photoanode
with LPPs with CdS and CdSe QDs on the surface of the
mesoporous TiO2 film. Various crystal planes of QDs are
clearly observed in the high-resolution image. The lattice
spacing of 0.351 and 0.206 nm in polycrystalline particles
matches the plane spacing of the (111) plane of cubic
CdSe and the (220) plane of cubic CdS. Figs S2–S6 con-
firm the feature of the photoanode with LPPs. It is worth
noting that the complex structure of LPP layer could
prolong the route of light by light-reflection so that it
might facilitate light absorption [41].
Transmission spectra of TiO2 and TiO2/LPPs films in

the wavelength range of 350–750 nm are shown in Fig. 3a.
The transmittance of TiO2/LPPs films is much lower than
that of the conventional TiO2 films in the visible region. It
is worth noting that the spectral transmittance of TiO2/
LPPs films is reduced from 74.6% to 29.9% in the near-
infrared band. Light-reflection is the main cause of long-
wavelength loss during transmission, which is consistent
with previous reports [42,43]. Fig. 3b shows the UV-Vis
absorption spectra in the range of 350–750 nm of the
photoanodes. Compared with the TiO2/QDs samples, the
photoanodes based on TiO2/QDs/LPPs structure have
higher light absorption intensity, which benefits from the

Figure 1 Schematic configuration of the QDSSCs (a) without and (b)
with LPPs. The corresponding optical images of the photoanodes (c) in
light and (d) in the dark.

Figure 2 Top-view SEM images of (a) TiO2/QDs and (b) TiO2/QDs/
olivine-emitting LPP photoanodes. Cross-sectional SEM images of (c)
TiO2/QDs/olivine-emitting LPP photoanode and (d) partial enlarge-
ment.
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prolonged path of light propagation in the LPP layer and
the reflection of long-wave light [41]. This speculation
can be confirmed by the morphological features from the
SEM images. Moreover, the absorption of UV light by
LPPs below 400 nm leads to a decrease in light trans-
mittance and an increase in light absorption intensity
[39].
Fig. 4a shows the photoluminescence spectra of the

olivine-emitting LPPs at room temperature with broad
excitation peaks ranging from 250 to 450 nm. And the
excitation centers of the LPPs is 364 nm. Correspond-

ingly, LPP is excited by short-wave light to emit long-
wave light with a center of radiation at 574 nm. It is
found that long-wave fluorescent light from LPPs excited
in ultraviolet range can be absorbed by QDs. So that it
will increase the photocurrent density (Jsc). Fig. 4b depicts
the IPCE spectra of the devices with and without LPP
layer. The range of excitation and emission peaks for
LPPs is represented by a rectangle of the corresponding
color. It is obvious that the IPCE value of QDSSCs with
LPP layer is always higher than that of the devices
without LPPs. The increase in the short-wave range

Figure 3 (a) Transmission and (b) UV-Vis absorption spectra of the photoanodes using FTO glass as benchmarks.

Figure 4 (a) Photoluminescence spectra of the olivine-emitting LPPs are obtained at room temperature. (b) IPCE spectra of QDSSCs, (c) current
density–voltage (J-V) curves and (d) EIS spectra.
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(below 450 nm) is mainly due to the additional long-wave
radiation provided by the LPPs, and this conclusion can
be confirmed by the J-V curve of Fig. S7. Meanwhile, the
LPP layer reflects long-wave light, which also leads to an
improvement in 450–750 nm, consistent with the related
reports [26]. All IPCE values show a broad peak around
the wavelength of 580 nm. Therefore, for CdS/CdSe
QDSSCs, the olivine light will be efficiently absorbed and
converted by QDs of the as-prepared photovoltaic de-
vices. Due to the friendly effect of LPP layer on light-
harvesting, the QDSSCs containing LPP layer exhibit
higher IPCE with the maximum value of 66%, compared
with the conventional QDSSCs (55%). And, the Jsc of
QDSSCs was significantly enhanced, as shown in Fig. 4c.
Meanwhile, the Jsc from IPCE integration is shown in Fig.
4b. The integral Jsc values of the samples with and without
the LPPs are 14.85 and 12.6 mA cm−2, respectively, which
are consistent with the Jsc results of the I-V test in Table 1.
Fig. 4d shows the EIS results of the photoanodes with

and without LPPs. The EIS spectrum was carried out with
direct current bias of −0.6 V and alternative current
amplitude of 10 mV from 0.1 Hz to 100 kHz in the dark.
The corresponding outputs were fitted by Z-view soft-
ware. The equivalent circuit of EIS is shown in the il-
lustration of Fig. 4d and the fitted values listed in
Table S1, where R1 is the substrate resistance, R2 is the
recombination resistance at the electrolyte-counter elec-
trode interface and R3 is the charge transfer resistance
[44]. There is no obvious difference in R2 due to the use of
the same electrolyte and counter electrode during our
experiments. Moreover, the data of charge transfer re-
sistance R3, for the photoelectron transfer process at
TiO2/QDs-electrolyte interface are larger than those of
devices without LPP layer, ascribed to the reduced in-
terfacial recombination, conducing to the improvement
in fill factor (FF) and Jsc, and which is consistent with
related reports [42,45–47]. In particular, the IPCE value
can be expressed as the following Equation (1):
IPCE = ηLHE × ηInj × ηcc, (1)
where ηLHE is the light-harvesting efficiency, ηInj is the
charge-injection efficiency and ηcc is the charge-collection
efficiency [48]. The light-harvesting efficiency ηLHE is
related to the light absorption intensity and can be de-
rived by the following Equation (2) [49]:
ηLHE = 1−10–absorbance. (2)
Equation (2) shows that efficient light absorption is

beneficial to promoting the light-harvesting efficiency
ηLHE. It is worth noting that the light absorption intensity
of all QDSSCs with LPP layers is higher than that of the
conventional QDSSCs, which improves the light-har-

vesting efficiency ηLHE. The charge-injection efficiency ηInj
depends on the stepped conduction band structure be-
tween the TiO2 particles and the QDs [38]. The driving
force of electron transfer derived from the difference
between the edges of the conduction band [50]. Ob-
viously, the LPP layer does not change the conduction
band position, and thus it does not affect the charge-
injection efficiency ηInj. As for charge-collection efficiency
ηcc, it can be concluded that the LPP layer facilitates the
charge transfer and reduces the interface recombination
[51]. In short, the LPP layer improves both the charge-
collection efficiency ηcc and light-harvesting efficiency
ηLHE, and thus the IPCE and Jsc of the CdS/CdSe QDSSCs
are increased [26].
Fig. 5a shows the J-V characteristics of the CdS/CdSe

QDSSCs with all kinds of LPPs. The Jsc of the QDSSCs is
significantly improved and the corresponding parameters
are listed in Table 1. The Jsc increased from 12.89 to
15.36 mA cm−2, compared with the devices without the
LPP layer. The FF increases slightly, and the highest PCE
enhances from 4.08% to 5.07%, an improvement of about
24%. For clarity, the effects of LPPs on the Jsc and PCE
together with the corresponding deviation value of
QDSSCs are illustrated in Fig. 5b. According to the above
results, the Jsc and PCE of the QDSSCs are significantly
improved, and the QDSSCs with the TiO2/QDs/olivine-
emitting LPPs photoanodes have the highest PCE, which
is consistent with the conclusion of Fig. 4b.
The optical path diagram of the TiO2/QDs/LPPs pho-

toanodes is shown in Fig. 5c. The reason for the im-
provement of QDSSC performance can be summarized as
follow: (1) LPP particles enhance the light-reflection,
contributing to higher light-harvesting efficiency ηLHE of
photoanodes. (2) The introduction of LPP layer facilitates
the charge transfer and reduces the interface re-
combination, which has been confirmed by the EIS
measurements. (3) LPPs are excited by short-wave ul-
traviolet light to emit long-wave light, which has been
confirmed by the photoluminescence (PL) spectra. The
long-wave light can be easily absorbed by CdS/CdSe QDs,

Table 1 Photoelectric parameters corresponding to different photo-
anodes in the device

Sample Voc (V)
Jsc

(mA cm−2) FF η (%)

TiO2/QDs/Olivine 0.59 15.36 0.56 5.07

TiO2/QDs/Blue 0.59 14.35 0.57 4.82

TiO2/QDs/Red 0.59 13.80 0.56 4.58

TiO2/QDs 0.58 12.89 0.55 4.08
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thus improving the PCE of the CdS/CdSe QDSSCs, which
has been confirmed by Fig. S8. Surprisingly, LPPs con-
tinue to emit fluorescence driving solar cells to work in
the dark, creating possibility for all-weather solar cells. In
general, the combination of the LPPs and QDSSCs can
provide new opportunities for breakthroughs of QDSSCs
performance.

CONCLUSIONS
The introduction of LPPs to the CdS/CdSe QDSSCs has
been demonstrated to be an efficient and promising ap-
proach to significantly improve the PCE. The PL, UV-
Vis, IPCE and EIS spectra investigations of the CdS/CdSe
QDSSCs show that the LPPs can emit additional long-
wave light, enhance the light-reflection and reduce the
interface recombination. It is found that the Jsc of CdS/
CdSe QDSSCs with the olivine-emitting LPPs is sig-
nificantly improved from 12.89 to 15.36 mA cm−2. And
the PCE of the CdS/CdSe QDSSCs (5.07%) is increased by
24% compared with the conventional solar cells (4.08%).
Also, the solar cells continue working in the dark after a
solar illuminance (AM 1.5G) for one minute, showing
their potential application.
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长余辉荧光结构层增强CdS/CdSe量子点敏化太阳
能电池
邓云龙, 路舒琦, 徐知源, 张家驰, 马飞*, 彭尚龙*

摘要 光吸收在提高量子点敏化太阳能电池(QDSSCs)的功率转换
效率(PCE)方面起着至关重要的作用. 本研究采用简单的刮涂法将
多功能长余辉荧光层(LPP)引入到CdS/CdSe QDSSCs中. LPP层不
仅可以增强光的捕获, 还可以加速CdS/CdSe QDSSCs的电荷转移.
因此, LPP层的引入有效地提高了CdS/CdSe QDSSCs的短路电流密
度和相应的PCE. 当采用橄榄绿荧光层时, PCE高达5.07%, 与常规
CdS/CdSe QDSSCs (4.08%)的功率转换效率相比, PCE提高了24%.
此外, 经过一分钟的太阳光照射(AM 1.5G, 100 mW cm−2), 由于
LPPs的储能特性, 太阳能电池可在黑暗中继续工作. 本研究不仅为
QDSSCs提供了提高PCE的有效方法, 而且为全天候QDSSCs的制备
提供了可能.
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