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ABSTRACT: In this work, a core−shell nanostructure of samarium
phosphates encapsulated into a Eu3+-doped silica shell has been successfully
fabricated, which has been confirmed by X-ray diffraction, transmission
electron microscopy (TEM), and high-resolution TEM. Moreover, we report
the energy transfer process from the Sm3+ to emitters Eu3+ that widens the
light absorption range of the hybrid solar cells (HSCs) and the strong
enhancement of the electron-transport of TiO2/poly(3-hexylthiophene)
(P3HT) bulk heterojunction (BHJ) HSCs by introducing the unique core−
shell nanoarchitecture. Furthermore, by applying femtosecond transient
absorption spectroscopy, we successfully obtain the electron transport
lifetimes of BHJ systems with or without incorporating the core−shell
nanophosphors (NPs). Concrete evidence has been provided that the doping
of core−shell NPs improves the efficiency of electron transfers from donor to
acceptor, but the hole transport almost remains unchanged. In particular, the hot electron transfer lifetime was shortened from
30.2 to 16.7 ps, i.e., more than 44% faster than pure TiO2 acceptor. Consequently, a notable power conversion efficiency of
3.30% for SmPO4@Eu3+:SiO2 blended TiO2/P3HT HSCs is achieved at 5 wt % as compared to 1.98% of pure TiO2/P3HT
HSCs. This work indicates that the core−shell NPs can efficiently broaden the absorption region, facilitate electron-transport of
BHJ, and enhance photovoltaic performance of inorganic/organic HSCs.

KEYWORDS: inorganic/organic hybrid solar cell, core−shell nanophosphor, charge photogeneration dynamics, bulk heterojunction,
energy transfer

1. INTRODUCTION

Inorganic/organic hybrid solar cells (HSCs), electrochemical
devices converting solar energy to electricity and having the
characteristics of high power conversion efficiency (PCE), low
fabrication cost, and being an environmental-friendly source of
renewable energy, have attracted increasing interest as an
alternative and promising solution for fossil energy depletion,
environmental pollution, and ecological destruction.1−3 Such
inorganic/organic HSCs can take advantage of the beneficial
properties of both types of materials such as low-cost solution
processing of polymer semiconductors and high electron
mobility of inorganic semiconductors.4,5 Despite the advantages
of inorganic/organic HSCs, as a relatively newly emerging or
revived hotspot, it is still challenging to attain the desirable
efficiency for these bulk heterojunction (BHJ) solar cells based
on inorganic nanoparticles (e.g., TiO2) and conducting
polymers like poly(3-hexylthiophene) (P3HT). Over the last
five years, most of the reported PCEs of solar cells based on
P3HT are around 2%, ranging from 1.0−3.0%,4,6−8 depending
on the type of inorganic nanocrystals (except quantum dots,

which are more related to colloidal quantum dot solar cells),9

their morphology, and other factors.10−12 In recent years,
various methods have been developed to optimize the
semiconductor, such as modifications utilizing nanotubes or
nanoparticles.13−16 However, efficiencies of the HSCs are still
low at the current stage of development, which restricts its
potential applications. One of the principal factors limiting high
conversion efficiencies is its incapacity to utilize the near-
infrared and infared photons of the solar spectrum. To
overcome this limitation, one promising solution is to broaden
the absorption range of the solar cells and utilize most of the
solar ultraviolet and infrared irradiations by rare-earth ions
doped down-conversion phosphors.17−19 Especially, trivalent
lanthanide (Ln3+, in particular Sm3+ and Eu3+) ions doped
nanocrystals with various core−shell architecture composites
can facilitate the energy transfer (ET) from sensitizer to
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activator and make for the successive photon absorption and
energy transfer steps on account of their ladder-like energy
levels.20,21 Compared to the conventional luminescent materials
such as organic fluorescent dyes, organic conducting polymer,
and quantum dots (QDs), the Ln3+ ions doped core−shell
composites have more superior features, such as narrow
emission band widths (<10 nm), long luminescence lifetime,
and low long-term toxicity. The core−shell architecture also
effectively allows a facile modulation of activator composition
and concentration while minimizing luminescence quench-
ing.22−24 With such benifits of Ln3+ ions doped core−shell NPs,
we envision that core−shell NPs should also be critical to
inorganic/organic HSCs since the solution-processed light-
harvesting films prepared by techniques such as bath soaking
are typically amorphous or poorly crystalline,25 consequently
suffering from poor charge-carrier transport. Nonetheless, to
the best of our knowledge, there are few reports on the
combination of down-conversion (DC) luminescence of Ln3+

doped NPs into a single nanosystem by core−shell engineering
to simultaneously broaden solar absorption range and improve
charge carrier transport. Furthermore, few significant attempts
on the doping effect of rare-earth compounds has been made in
the inorganic/organic HSCs thus far. And the innate dynamics
of the photoexcited electrons and holes and the origin of
driving the high efficiency of HSCs by introducing the core−
shell NPs have not been explored yet, albeit the application of
rare-earth compound dopant in solar cells have been
demonstrated in the previous works.26−28

To validate our hypothesis, we conduct an experimental
investigation of Ln3+ ions codoped core−shell NPs by taking
advantage of the Sm3+ ions acting as the sensitizer and Eu3+

ions acting as the activator, and the merit of core−shell
nanostructures. And a novel design by incorporating Sm3+ and
Eu3+ codoped core−shell NPs into TiO2 films in a bid to
promote electron−hole transport at the interface of inorganic/
organic BHJ will be reported. To elucidate the origin of the
efficiency enhancement of HSCs, through pump−probe
spectroscopy and femtosecond transient absorption spectros-
copy, we successfully monitored the electron dynamic, hole
dynamic, and electron−hole recombination. Concrete evidence
has been provided that electron transport at the interface of the
BHJ has been improved. A novel BHJ solar cell based on the
core−shell NPs:TiO2 acceptor was fabricated, and its photo-
voltaic characteristics were correspondingly probed.

2. EXPERIMENTAL SECTION
Materials. Chemical reagents including tetrabutyl titanate, poly-

ethylene glycol (PEG, molecular weight of 20000), nitric acid,
phosphoric acid, P25(Degussa), OP emulsifying agent (Triton X-100),
europium nitrate, samarium nitrate, diammonium hydrogen phos-
phate, potassium silicate hydrate, acetonitrile, and isopropanol are
analytic purity and were purchased from Aldrich, Hong Kong, China.
P3HT and poly(3, 4-ethylenedioxylenethiophene)-polystylene sulfonic
acid (PEDOT:PSS) were provided by Aldrich. Fluorine-doped tin
oxide glass (FTO, sheet resistance 8 Ω cm−2) was purchased from
Hartford Glass Co., USA.
Synthesis of PEG-Modified SmPO4 Core Flocculent Pre-

cursor Solution. Monodispersed PEG-modified SmPO4 cores were
prepared using a simple and effective sol−gel method.29−31 Samarium
nitrate (0.03 mmol) was put into the dilute nitric acid and heated and
stirred simultaneously. After complete dissolution, the (NH4)2HPO4
(0.05 mol) with PEG aqueous solution (8 mL, 0.2 mol mL−1) was
added by magnetic stirring for 30 min, and then, the solution changed
into a white flocculent liquid. Subsequently, the mixture was heated to
60 °C, continuously stirred for 20 min, and then cooled to room

temperature. Finally, the resultant PEG-modified SmPO4 precursor
solution was kept in an oven at 30 °C for further experiments.

Synthesis of SmPO4@Eu
3+-Doped SiO2 Core−Shell Nano-

phosphors. Core−shell nanophosphors were prepared by a minor
modification of the hydrothermal method.21,32−34 Eu(NO3)3 (0.025
mmol) was added to a mixture of distilled water (25 mL) and ethanol
(25 mL). Then the as-prepared PEG-modified SmPO4 core precursor
solution (5 mL) was added to the mixture with the assistance of
sonication for 30 min, followed by vigorous stirring for 20 min. The
mixture was quickly transferred into a Teflon-lined stainless-steel
autoclave, followed by adding K2SiO3 (0.100 mol) into the autoclave
under stirring. Afterward, appropriate deionized water was added until
the filled degree reached 80% of the total container volume. Then, the
obtained solution was hydrothermally treated at 200 °C for 12 h. After
being naturally cooled to room temperature, the obtained product was
centrifuged and then dried in air at ambient temperature, followed by
sintering in air at 850 °C for 30 min.

Preparation of Core−Shell NPs:TiO2 Acceptor Colloid. The
core−shell NPs blended TiO2 was prepared according to the previous
report.35−37 Tetrabutyl titanate (10 mL) was added to distilled water
(100 mL) under stirring, followed by a white precipitate immediately.
The precipitate was filtered, washed with distilled water, and then
transferred to a mixed solution (150 mL) containing nitric acid (1 mL)
and acetic acid (10 mL) at 80 °C. Under vigorous stirring, a light blue
TiO2 precursor was formed, followed by ultrasonic stirring for 30 min.
Finally, the mixture was hydrothermally treated in an autoclave at 200
°C for 24 h to form TiO2 colloid. Subsequently, the P25 (0.075 g) and
core−shell NPs (0.375 g, 5 wt %) were added in TiO2 colloid by
repeating crystallization at 200 °C for 12 h. At last, the resultant slurry
was concentrated to 1/5 of its original volume by thermal evaporation,
and PEG-20000 (0.5 g) and a few drops of the Triton X-100
emulsification reagent were added; an even and stable TiO2 colloid
was produced.

Fabrication of Inorganic/Organic HSCs. A layer of acceptor
colloid with a thickness of 250 nm was prepared by coating the TiO2
colloid on FTO glass by spin-coating, followed by sintering in air at
450 °C for 30 min. Then the acceptor film was soaked in a 0.15
mmol/mL conjugated polymer P3HT methylbenzene solution for 12
h to uptake P3HT. Next, PEDOT:PSS layer was spin-coated onto the
bulk heterojunction. Finally, Pt electrode was deposited on the top of
the PEDOT:PSS layer by thermal evaporation under vacuum. Note
that the active area of our solar cell device is about 0.25 cm2 in this
work.

Characterization. The phases were identified by a Rigaku
MiniFlex II X-ray diffractometer using Cu Kα radiation (λ = 0.154
nm) at a power of 30 kV and 40 mA. The XRD data were collected in
a scan mode with a scanning speed of 5° min−1 in the range between
15° and 70°. The microstructure of the core−shell nanophosphors
were analyzed by means of HRTEM and selected area electron
diffraction (SAED), which were carried out by using a transmission
electron microscope (JEM-2010, JEOL Ltd.) working at 200 kV.
Samples for TEM and HRTEM were prepared by ultrasonically
dispersing the samples in absolute ethanol, placing a small volume of
this suspension on carbon-enhanced copper grids, and drying in air.
The morphologies of the TiO2-based acceptor layer and the cross
section of bulk heterojunction and the morphology of acceptor layer
were characterized by using a field emission scanning electron
microscope (FESEM, Hitachi S4800); energy dispersive X-ray
spectroscopy (EDS) data were recorded by using an FESEM equipped
with an EDS detector (OXFORD 7021). The surface roughness
parameters and height profile were measured by atomic force
microscopy (AFM, Veeco Dimension 3100 V, US). All samples
were fixed on the magnetic disk and then located on top of the scanner
tube. The laser beam was focused on the preselected spot of the
surface. The tapping mode was operated to take the micrographs; The
cyclic voltammetry (CV) results were obtained using a BAS 100B
instrument (BASi Inc., USA) at room temperature and a scan rate of
50 mV·s−1 with 0.1 M TBAPF6 in acetonitrile as the supporting
electrolyte, a platinized platinum (1.0 cm2) as the counter electrodes,
and Ag/Ag+ electrode as the reference electrode; the values are
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expressed in potentials versus Fc/Fc
+. The pure TiO2, core−shell

nanophosphor films were used as work electrodes, respectively.
Transient photoluminescence experiments were measured on a
spectrometer (Bruker Optics 250IS/SM) with intensified charged
coupled detector (Andor, IStar740). The samples were excited by 120
fs laser pulses at 400 nm with a repetition rate of 10 Hz. The time
resolution was determined to be ∼60 ps; Charge photogeneration
dynamics of the BHJs were measured by the mode-locked Ti:sapphire
laser (Coherent Mira 900) in combination with a regenerative
amplifier (Coherent Legend-F). The photoluminescence spectrum was
measured by using a spectrophotometer (FLS920, Edinburgh), in
which a xenon lamp and a photomultiplier tube (R955, Hamamatsu)
were used as excitation source and fluorescence detector, respectively.
The photocurrent−voltage (J−V) curves of the assembled HSCs were
recorded on an Electrochemical Workstation (Xe Lamp Oriel Sol3A
Class AAA Solar Simulators 94023A, USA) under irradiation of a
simulated solar light from a 100 W xenon arc lamp in ambient
atmosphere and the PCE was averaged based on at least 5
measurements. The incident photon-to-current conversion efficiency
(IPCE) measurements were performed at short-circuit condition. A
class A quality solar simulator (PEC-L11, AM1.5G, Peccell
Technologies, Inc., Kanagawa, Japan) served as a light source. The
light was directed through a monochromator (model 74100, Oriel
Instrument, California, USA) onto the HSCs.
Time-resolved photoluminescence is measured on a spectrometer

(Bruker Optics 250IS/SM) with intensified charge coupled device
detector (Andor, IStar740). The ultrafast light source with a temporal
resolution of ∼120 fs was generated by a mode-locked titanium-
sapphire laser operating at 800 nm. An optical parametric amplifier
(OPA-800CF-1, Spectra Physics) provided ultrashort laser pulses at
desired wavelengths (∼120 fs, full width at half-maximum). A
continuum white light generated from a sapphire plate was directed
into the excited sample and detected by a charge coupled device
(CCD) detector. Ultrashort laser pulses at 400 nm were employed as
the pump light for the sample excitation and the probe light for the

absorption measurement. Transient absorption at various delay times
could be measured by controlling the arrival time of each laser pulse at
the sample. The laser system was operated at a repetition rate of 10
Hz, thus each pulse excited fully relaxed sample. Each data was
obtained by averaging 100 individual measurements to improve the
signal-to-noise ratio, and the typical detection sensitivity of the
difference absorption (ΔOD) was better than 10−4.

3. RESULTS AND DISCUSSION
3.1. Characterization and Energy Transfer Process of

Core−Shell NPs. In a typical procedure, polyethylene glycol
(PEG) decorated SmPO4 nanoparticles were first prepared and
then used as seeds for growth of Eu3+-doped silica shell as
shown in Figure 1. The SmPO4 nanoparticles and SmPO4@
Eu3+-doped silica core−shell NPs were characterized by XRD,
TEM, HRTEM, SAED, and EDS. Note that under almost
identical experimental conditions, SmPO4 nanoparticles, also
denoted as A1, were achieved from PEG-modified SmPO4
precursor solution by sintering in air at 850 °C for 30 min
without the subsequent growth of Eu3+-doped silica shell. The
diameter of the obtained SmPO4 nanoparticles was ∼50 nm
(Figure 1a), whereas the diameter of core encapsulated in the
core−shell NPs is about 40 nm only (Figure 1b). This is
because the outer shell growth restricts the final size of the core
(that is SmPO4 nanoparticle) during the core−shell nano-
architecture fabrication process. The formation of crystalline
core−amorphous shell nanostructures was distinctly observed
from the HRTEM image as shown in Figure 1d and further
confirmed by the corresponding SAED patterns. In particular,
the thickness of the Eu3+-doped silica amorphous shell was
about 4−6 nm, and this can be further confirmed by a sharp
interface between the well-crystallized SmPO4 core and

Figure 1. Schematic representation of the preparation of single crystalline SmPO4@Eu3+-doped silica core−shell NPs. TEM images of SmPO4
nanoparticles (a) and core−shell nanophosphor (b), respectively. (c and d) HRTEM images of SmPO4 nanoparticles and core−shell nanoposphor,
respectively. (inset) SAED patterns of amorphous shell and crystalline core, respectively. (e) XRD patterns of Eu3+-doped silica powder, SmPO4
nanoparticles, and core−shell NPs, respectively. (f) EDS of core−shell nanophosphor.
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amorphous silica shell (Supporting Information (SI), Figure
S1d). In addition, the single crystalline core of core−shell NPs
was further characterized (Figure 1c), which was markably
single-crystalline structure without noticeable defects at atomic
resolution. An estimated d-spacing of 0.29 and 0.28 nm was
roughly evaluated from the lattice fringes, which well match
with the lattice spacing of d1 = 0.303 and d2 = 0.281 nm
corresponding to, respectively, (1,2,0) and (1̅,1,2) planes of
monoclinic-phase SmPO4 (JCPDS card no.: 01-084-0918).
Similarly, the values of d-spacing of 0.30 and 0.28 nm calculated
from the SAED pattern as highlighted in the insets of Figure 1d
are also in reasonable agreement with those obtained from
XRD pattern of JCPDS 01-084-0918, i.e., d1 = 0.303 and d2 =
0.281 nm. All these results are indicative of single crystallinity
of the core in the core−shell NPs and suggest that the
composition of the core is mainly SmPO4.
The XRD patterns of Eu3+-doped silica shell, A1, and core−

shell NPs with θ values ranging from 15° to 70° are shown in
Figure 1e. It reveals that the diffraction peaks of A1 can be
indexed as those of the monoclinic phase of SmPO4 crystal
(JCPDS card no.: 01-084-0918). For example, the peaks at
27.537°, 29.420°, 31.796°, and 35.012°, respectively, corre-
spond to the (2,0,0), (1,2,0), (1̅,1,2), and (2 ̅,0,2) planes of
SmPO4. And this is also consistent with the diffraction peaks of
core−shell NPs. Besides, only amorphous silica powder was
observed in the outer shell. Note that no single Eu3+ phases
exist due to the initial small loading amount of Eu3+ ions and
the fact that both Sm3+ and Eu3+ have very close atomic and
electronic structures. Similar phenomena were observed by
Wang and Wu.26−28 To further confirm the existence of Eu3+

ions in the core−shell NPs, the EDS spectra were measured as
shown in Figure 1f and Figure S1, indicating the existence of
europium, oxygen, and silicon elements in the shell and
samarium, oxygen, and phosphor elements in the SmPO4 core.
In summary, a core−shell nanostructure of samarium
phosphates encapsulated into Eu3+-doped silica shell has been
successfully fabricated.
Since Eu3+ ions have an important role in the performance of

solar cells, it is thus vital to determin the optimum doping
amounts in the shell. However, because there is loss of Eu3+

during the preparation process, accurately controling the
contents of the final percentage of Eu3+ within the silica shell
is thus somewhat experimentally challenging. Next, the initial
loading of Eu3+ was altered to study the effect of Eu3+ doping
amounts on the performance of the solar cells whereas the
loading amounts of Sm and Si were kept unchanged. Thus,
different initial loading of Eu3+ was used and the IPCE
measurements were performed to investigate the effect of the
contents of Eu3+ on the device performances. As observed from
Figure 2, a notable increase of IPCE around 400 nm can be
observed when the contents of Eu3+ increases from 1 to 3 wt %,
which originates from the enhancement of ET process between
Sm3+ and Eu3+, which will be discussed in detail later.
Meanwhile, the broad IPCE curves covering the spectrum
from 450 to 600 nm are almost independent of the contents of
Eu3+, exhibiting a maximum IPCE value of about 53%, and this
is consistent with the UV−vis spectrum of P3HT as shown in
Figure S2. The ET process converts the solar spectrum near
400 nm to 500−600 nm visible range that can be absorbed
better by P3HT, thus leading to a notable increase in IPCE
around 400 nm. However, to our surprise, with further adding
of Eu3+ up to 5 wt %, the IPCE decreases. This decrease may be
ascribed to the quenching of the luminescence that arises from

the introducing of deleterious cross-relaxation by elevated
doping levels.21 Therefore, when the initial loading of Eu3+ is
about 0.025 mol, the device exhibits the best performance.
It is known that the ideal solar cell materials should bear

good optical absorption characteristics first. In order to reveal
the ET process of lanthanide ions codoped core−shell NPs, the
DC photoluminescence (PL) were carried out and shown in
Figure 3. Figure 3a shows the schematic illustration of ET
process in core−shell NPs. In the core−shell NPs, SmPO4 core
acts as a light-harvesting engine to absorb ultraviolet excitation
light and subsequently transfers energy to the Eu3+ doped shell.
Figure 3b shows the PL excitation and DC emission spectra of
Eu3+ in the core−shell NPs. The PL excitation spectrum of
core−shell NPs (Figure 3b, left) was dominated by the near-
UV light excitation lines centered at ∼402 nm that correspond
to the typical 6H5/2 → 4L15/2 transitions of Sm3+.38 The PL
spectra of core−shell NPs were excited at 402 nm, followed by
the emission of Eu3+ in the visible light range (Figure 3b right):
the Eu3+ emission can be achieved via an ET process from the
host (Sm3+) to emitter (Eu3+), resulting in the emission
spectrum of core−shell NPs that consists of line peaks mainly
locating at 592, 612, 650, and 701 nm, corresponding to the
transitions of Eu3+ ions, i.e., 5D0 →

7FJ (J = 1, 2, 3, 4).39 In
addition, the peaks at 527, 539, 618, 696 nm stem from the
transitions of Eu3+ ions: 5D1 →

7F0,
5D1 →

7F1,
5D1 →

7F4, and
5D1 →

7F5, respectively.
14 Note that these luminescence bands

are located in the absorption range of the P3HT (SI, Figure
S2). Combining the excitation and emission spectra, the
ultraviolet irradiation can be absorbed by the donor material in
the HSCs via DC luminescence, which widens the light
absorption range of the HSCs. Core−shell nanophosphors
enable to fully utilize the down-conversion of ultraviolet
absorption by Sm3+ in conjunction with the ET process without
sacrificing the DC luminescence of Eu3+. This unique core−
shell nanophosphors architecture can allow full utilization of
down-converted light and hold great promise in enhancing
photovoltaic performance of solar cells.

3.2. Electron/Hole-Transport Dynamics of BHJs by
Introducing the Core−Shell NPs. Apart from the good
optical absorption characteristics, an ideal solar cell material
also should have efficient charge-transport properties. To reveal
the electron transport properties at the interface of acceptor/
donor BHJs, the steady state and transient PL spectra were
measured in Figure 4. Figure 4a shows the steady state PL
results of donor (P3HT) neat film, core−shell NPs:TiO2/
P3HT BHJ film, respectively, following excitation at 500 nm.

Figure 2. IPCE of core−shell NPs:TiO2 BHJ solar cells with different
initial loading amounts of Eu3+ in the silica shell under illumination of
400 nm laser.
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The emission of core−shell NPs:TiO2/P3HT BHJ was
quenched by over 90% than P3HT emission, because lots of
the charges transport from donor to acceptor in BHJs.6

However, the PL for the BHJ has not yet been completely
quenched, which may be ascribed to the large pores of acceptor
films and hence a greater volume of P3HT is not in direct
contact with the core−shell NPs:TiO2 acceptor. To further
confirm the charge transport of BHJ, the transient PL
spectroscopy was employed to characterize the samples. Figure
4b shows the transient PL signals for the P3HT neat film and
core−shell NPs:TiO2/P3HT BHJ, respectively. Under identical

experimental conditions, the fast component of the PL signal of
the P3HT was greatly reduced when the P3HT was interfaced
with the electron extracting layer (core−shell NPs:TiO2

acceptor). The high degrees of PL quenching indicates that
strong charge transport exists in the blended donor/acceptor
BHJ system. However, due to the limited temporal resoultion
of ∼60 ps, our time-resolved PL decay transients cannot
accurately probe the doping effect (i.e., the tailoring of energy
level of TiO2 here) on electron transport because the electron
transport lifetime is on the order of picoseconds.40 What’s
more, because of the relatively poor singal to noise ratio (SNR),

Figure 3. (a) Schematic design of a lanthanide-doped core−shell NPs for ET process. (b) PL excitation (λem = 614 nm) and DC emission (λex = 402
nm) spectra for single crystalline SmPO4@ Eu3+-doped silica core−shell NPs.

Figure 4. Steady state (a) and transient PL (b) for P3HT and core−shell NPs:TiO2/P3HT films, respectively.

Figure 5. Normalized femtosecond transient absorption decays of core−shell NPs:TiO2/P3HT (open circle) and TiO2/P3HT (square) films excited
at 400 nm (17 μJ cm−2) probed at 650 nm (a) and at 602 nm (b), respectively. Solid lines are fitting curves with exponential components.
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it cannot effectively monitor all the photoexcited carriers.
Therefore, femotosecond transient absorption spectroscopy
with a temporal resolution of ∼120 fs and a high signal to noise
ration (SNR; 10−4) will be applied, and we would successfully
acquire the electron transport time of BHJ system with or
without incorporating the core−shell NPs.
The decay lifetime is an important parameter related to the

charge-transport properties of material performance,41 which
can be studied by femotosecond transient absorption spectros-
copy (TAS).42−44 Figure S3 in the SI shows the TAS spectra of
BHJs based on pure TiO2/P3HT and blended core−shell
NPs:TiO2/P3HT, respectively. The positive band around 650
nm represents photoinduced excited state absorptions (PA),
originating from the so-called sate-filling effects.45 The negative
band around 602 nm was ascribed to the photobleaching (PB)
of the ground state absorption, which is consistent with the
ultraviolet−visible absorption of P3HT (SI, Figure S2).
Analysis of the PA and PB transients would provide detailed
insight into the photoexcited electron and hole dynamics,
respectively (Figure 5). We have decomposed the PA signals of
these films into four dynamically distinct components that
appear common to the inorganic/organic blend films. These
components include: PA1, a scalar multiple of the laser pulse
autocorrelation function that responses instantaneously to the
applied laser field; PA2, nonradiative decay of hot electron in

P3HT after the high photoenergy excitation (3.10 eV) with a
vibronic relaxation time of τvib1; PA3, the hot electron transfer
from donor to acceptor with transfer time of τhot‑e; PA4, the
contribution of the recombination of the hot electron−hole
pairs with a time constant τre. The PB transients are
decomposed into three components: PB1, a scalar multiple of
the laser pulse autocorrelation function; PB2, nonradiative
decay of hot hole in P3HT a vibronic relaxation time of τvib2;
PB3, the combined contribution of hole transfer from acceptor
to donor with hole transfer time of τh and the geminate
recombination of the electron−hole pairs. All these transients
were fitted with exponential functions,46 and the constants were
sumarized in Table 1. We found that core−shell NPs have little
influence on the hole transport from acceptor to donor, with
almost the same transfer time τh = 6.9 ns. But with blended
core−shell NPs:TiO2 as the acceptor layer present, the hot
electron transfer lifetime was shortened from 30.2 to 16.7 ps,
i.e., more than 44% faster than the pure TiO2 acceptor. Highly
efficient hot electron transport represents one of the most
promising technologies for applications in photovoltaic devices.
Absorption of high-energy photons results in “hot” electrons
and holes, which are both electronically excited and thermally
activated and will lose most of their energies by emitting
phonons (hot carrier cooling) without contributing to electric
power.43,47 Efficient HSCs would not only absorb a wide range

Table 1. Lifetimes and the Amplitudes from Fits to TAS Decays Using the Linear Superposition of Electronic Contributions

lifetime (τ) (amplitude)

core−shell τvibl/ps (A) τhot‑e/ps (B) τre/ns (C) τvibl2/ps (A) τh/ns (B)

NPs:TiO2/P3HT 0.71 ± 0.01 (0.96) 16.7 ± 0.7 (0.16) 4.4 ± 0.2 (0.09) 0.75 ± 0.04 (−0.82) 6.9 ± 0.9 (−0.18)
TiO2/P3HT 0.75 ± 0.01 (0.95) 30.2 ± 1.0 (0.15) 14.0 ± 1.5 (0.14) 0.80 ± 0.04 (−0.81) 6.9 ± 1.0 (−0.19)

Figure 6. High resolution SEM image (a) and cross-sectional SEM image of core−shell NPs:TiO2 (b), cross-sectional SEM image of BHJ device (c),
and schematic diagram of the inorganic/organic HSCs (d).
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of photon energies but also extract a large fraction of the energy
to give high efficiencies by extracting “hot” carriers before they
thermalize to the band edges. After doping with core−shell
NPs, the hot electron transfer becomes more competitive and
core−shell architecture may provide special channel that
benifits hot electron transfer. Thus, the core−shell NPs can
play an important role in the BHJ device performance. The
enhanced charge transports from donor to acceptor that can
improve photovoltaci performances of solar cells are mainly
ascribed to the energy level alignment of acceptor induced by
the core−shell nanophosphors. The conduction band (CB) of
TiO2 have been elevated by 0.38 eV, the energy offest between
CB of TiO2 and the lowest unoccupied molecular orbital of
P3HT has been narrowed (SI, Figure S4 and Table S1), thus
leading to the enhanced electron transfer at the interface. But,
the valence band (VB) of TiO2 stays almost constant, and
thereby, the hole tranfer lifetime virtually does not change.
3.3. Photovoltaic Characterization of the HSCs. To

reveal the efficient electron-transport of BHJ by incorporating
the core−shell NPs, HSCs based on the two different BHJ with
or without incorporating the core−shell NPs were assembled
for comparison. The morphology of acceptor layer is shown in
Figure 6a and b, and it can be observed that although the
contents of core−shell NPs are low, nonetheless a certain
number of larger grains (∼50 nm) still can be observed and
have been dispersed into nanocrystal TiO2 (particle size of ∼20
nm). The surface of the acceptor layer clearly exhibits a loose
structure,48 which on one hand favors the improvement of p−n
contact for BHJ and provides channels for P3HT solution
across the acceptor layer; on the other hand, this kind of
structure is prone to readily adsorb P3HT molecules by
trapping the P3HT solution in the porosity.36 The cross-
sectional SEM image of the BHJ and the schematic diagram of
the HSC are shown in Figure 6c and d, respectively. This

reveals that the different layers and their individual thickness of
FTO, core−shell NPs:TiO2, and P3HT can be clearly
distinguished. Especially, the thickness of BHJ including
core−shell NPs:TiO2 and P3HT was estimated to be about
250 nm. The intimatly contacting interface and suitable
thickness of BHJ mode make for p−n contact and electron
transport (from donor to acceptor).49

Moreover, the morphology of the core−shell NPs doped
TiO2 acceptor film was further characterized by AFM as shown
in Figure 7. As estimated from Figure 7a, the topographic
height was estimated to be 20 nm with a surface roughness of
about 10 nm according to our AFM statistical analysis and this
is in reasonable agreement with the results obtained from
Figure 7b, in which most of the heights are in the range of 20−
25 nm.
The photovoltaic performances of HSCs based on the

different BHJs with different amounts of core−shell NPs were
examined (Figure 8), and photovoltaic parameters are
summarized in Table 2. As observed from Figure 8, under
the identical experimental conditions, it is evident that the
HSCs made from core−shell NPs:TiO2 BHJ demonstrate
better photovoltaic performances than pure TiO2/P3HT BHJ.
With the increase of the doping amounts of nanophosphors,
both open-circuit voltage Voc (from 0.670 to 0.727 V) and
short-circuit current density Jsc (from 5.91 to 7.97 mA cm−2)
increase gradually while the filling factor (FF) only increases
slightly, thus leading to a gradual enhancement of PCE from
1.98% for pure TiO2 to a maximum PCE of 3.3% at 5 wt %.
Note that this efficiency is higher than those of most of the
other inroganic/organic hybrid solar cells so far.6−8 This
demonstrates that the core−shell NP indeed is critical to
enhance electron-transport properties of BHJs and the
photovoltaic performance of HSCs. Besides, it is worth
mentioning that the doping amount of core−shell nano-

Figure 7. AFM images of the TiO2 acceptor with height profile (a) and with flattening processing (b). Below part a is the height profile along the line
and the height difference between the two marked arrows is about 20 nm; the color gradient in the datascale at the right bottom corner indicates the
profile of height distribution in part b.
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phosphors is 5.0 wt % at most relative to (core−shell
NPs:TiO2) acceptor film throughout the whole text except
when otherwise indicated. This is because when exceeding 5.0
wt %, it is not ready to form a flat acceptor film. Last but not
least, this work is initially motivated by understanding the
underlying photogeneration dynamics of core−shell NPs in
HSCs, which should provide some insight into the designing
rule for optimizing photovoltaic devices in future.

4. CONCLUSIONS
In summary, we have successfully prepared photoluminescent
nanophosphor SmPO4@Eu3+-doped SiO2 composite, namely
the encapsulation of SmPO4 nanoparticles into Eu3+-doped
SiO2 shell. The energy transfer of the resulting core−shell
structures from Sm3+ to emitters Eu3+ was studied by PL
measurements, in which the potential to tune DC properties by
combining energy migration and core−shell nanostructure has
been demonstrated. To reveal the doping effect of core−shell
NPs on electron-transport properties, BHJ solar cells with the
intimate interface and suitable thickness of a BHJ were
prepared with or without incorporating core−shell NPs for
comparison. The underlying electron-transport dynamics of
BHJs by incorporating core−shell NPs were clearly unveiled by
steady state, transient PL, and femtosecond transient
absorption spectroscopies. The high degrees of PL quenching
indicate that strong charge transport exists in the blended
core−shell NPs:TiO2/P3HT BHJ devices. Although the hole
transport almost remains unchanged, the electron transport
lifetime was shortened from 30.2 to 16.7 ps. The photovoltaic
performances of core−shell NPs-based BHJ solar cells can be
substantially improved in both Voc and Jsc, thus leading to an
improved PCE from 1.98% to 3.30%. Such enhancements are
mainly ascribed to the excellent DC photoluminescent
properties, efficient electron-transport, and energy transfer in

HSCs which benefited from the unique core−shell architec-
tures and energy level alignment. The core−shell NPs, as
multiplexed luminescent nanobiolabels and photocatalytic
materials, may have versatile and promising applications. The
research described here provides a general approach to
constructing a new class of luminescent materials with unique
core−shell architecture, which achieves synergistic properties
thanks to the structural distinctiveness and property diversity
and potentially enables the tailoring of energy bands within a
nanoscopic region in future work.
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