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le and reproducible one-step
synthesis of b-NaYF4:Er

3+@NaYbF4@NaYF4
upconversion nanoparticles for Sb2(S,Se)3 solar
cells with enhanced efficiency†

Xin Jin,a Shin Woei Leow,a Yanan Fanga and Lydia Helena Wong *ab

Usingmultilayer structures of upconversion nanophosphors is widely considered an effective and necessary

strategy to achieve efficient luminescence. However, the synthesis of high-quality upconversion

nanoparticles in a controllable and reproducible manner remains a challenge, especially for the

monodisperse growth of core–shell–shell nanocrystals. Herein, we present a well-designed heating

strategy that realizes the one-step synthesis of a hexagonal NaYF4 host with ideal particle size and shape

and further enables us to accomplish the successive growth of a spherical core containing an activator

and conformal dual shells containing a sensitizer. In particular, we discuss the upconversion

luminescence mechanism of Yb3+/Er3+ co-doped nanoparticles in detail, which were further introduced

into Sb2(S,Se)3 solar cells as an extra light harvester, yielding a nominal power conversion efficiency of

9.17%. The present work helps to further clarify the effect of thermal conditions on the crystal growth

and luminescence properties of upconversion nanoparticles, which is important for their practical

applications.
10th anniversary

Congratulations to the J. Mater. Chem. A on its important 10th anniversary milestone. We have been loyal JMCA submitters from its inception and have been
avidly following its published articles that cover a diverse range of scientic research on materials for energy and sustainability. It is thrilling to be part of the
growth and success of J. Mater. Chem. A over the past decade. We extend our best wishes to J. Mater. Chem. A for continued success in the decades to come and
eagerly anticipate collaborating on and reading more exceptional publications from this esteemed journal.
Introduction

Photon upconversion (UC) materials with the ability to convert
low-energy near-infrared (NIR) excitation to high-energy visible
emission have been a hot topic in materials science given their
potential applications, mainly in laser physics and bioimaging,1–4

and more recently, in photovoltaics.5–9 Among UC materials,
lanthanide (Ln)-doped upconversion nanoparticles (UCNPs) were
widely studied for their high chemical stability, long excited state
lifetime and sharp emission bandwidth.10 With the rapid devel-
opment of nanoscience, a variety of Ln-doped UCNPs have been
successfully synthesized based on different routes, such as sol-
vothermal, hydrothermal and thermal decomposition
methods.11–14 In particular, hexagonal NaYF4 (b phase) possesses
ring, Nanyang Technological University,

wong@ntu.edu.sg

nological Enterprise (CREATE), 1 Create

tion (ESI) available. See DOI:

12992–12998
lower phonon energy than cubic NaYF4 (a phase) and is consid-
ered one of the most efficient host materials for green/red
upconversion from the combination of trivalent Yb3+ sensitizer
and Er3+ activator under NIR excitation.15,16

However, in order to avoid concentration quenching effects,
low doping concentrations of activator ions and sensitizer ions
are usually adopted,17 while surface quenching caused by
surface defects and solvent adsorption cannot be ignored.18,19

All of these factors together suppress the quantum yield (QY) of
UCNPs and become the biggest problem for their practical
application. To date, some schemes have been proposed to
solve this problem, such as epitaxial growth of core–shell
nanostructures and spatial separation strategies.20–22 Among
them, Liu et al. innovatively proposed novel core–shell–shell
structured UCNPs of NaYF4@NaYbF4:8%Er@NaYF4, starting
from the synthesis of a small-sized a-NaYF4 core, and pointed
out that a high sensitizer content as well as an inert shell are
important for upconversion luminescence (UCL).23 Recently,
a modied core–shell–shell structure of b-NaYF4:10%
Er@NaYbF4@NaYF4 was successfully employed for UCNPs by
This journal is © The Royal Society of Chemistry 2023

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ta00241a&domain=pdf&date_stamp=2023-06-17
http://orcid.org/0000-0001-9059-1745
https://doi.org/10.1039/d3ta00241a
https://doi.org/10.1039/d3ta00241a
https://rsc.66557.net/en/journals/journal/TA
https://rsc.66557.net/en/journals/journal/TA?issueid=TA011024


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
5 

ap
rí

l 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
1.

11
.2

02
4 

03
:4

9:
36

. 
View Article Online
Zhou et al. where the core containing Er3+ activator ions was
converted from its a phase based on a two-step ripening process
and spatially separated from the Yb3+ sensitizer in the shell.
This ingenious design effectively breaks the limits of the
concentration quenching issue and achieved a high QY of
6.82% at low excitation power density levels.21 The aforemen-
tioned progress provides ample evidence that an elaborated
structural design along with rational elemental distribution of
lanthanides is important for UCNPs to achieve intense lumi-
nescence efficiency. What's more, a two-step synthesis strategy
of growing b-NaYF4 crystals from a-NaYF4 precursors by
Ostwald-ripening is widely accepted for better control of particle
size and shape, but this usually requires a longer preparation
cycle.19,24,25 Despite the recent advances that have given a strong
impetus to the development of upconversion techniques, the
synthesis of high-quality UCNPs with specic sizes and
morphologies in a facile manner remains a challenge. This is
especially the case for multilayered core–shell–shell structures,
which is usually caused by the use of complex technical
schemes or indiscriminate parameter settings during the
preparation process. In addition, the promising design of
spatial separation of the activator and sensitizer in the core and
shell for mitigating the concentration quenching effect also
needs more exploration and validation.

In addition, as an important application direction for
UCNPs, there have been many studies exploring the use of
UCNPs to collect near-infrared solar photons and then absorb
the emitted high-energy photons to generate additional photo-
current for solar cells. It is well known that the AM 1.5G spec-
trum covers a wide range of photons from ultraviolet to infrared
wavelengths, but single-junction solar cells are able to utilize
only a fraction of the spectrum due to their dened band gap. In
principle, photons with energy below the band gap (absorption
threshold) are not absorbed, which is a fundamental factor
limiting device efficiency. Introducing upconversion nano-
materials with spectral conversion capabilities into solar cells is
a very promising strategy for efficiency enhancement beyond
the conventional Schockley–Quisser limit. UCNPs are usually
placed on the back side of the device substrate or in the electron
transport or light harvesting layers,8,26–28 which require addi-
tional processing to make their combination work well. There-
fore, there is an urgent need to explore a new combination
strategy that will simplify the device preparation process as well
as improve process reproducibility.

In this study, we aim to provide a one-step synthesis strategy
to prepare core–shell–shell structured UCNPs with controllable
particle shape and size. The inuence of thermal conditions on
crystal growth properties and luminescent properties has been
investigated in detail. We also show that UCL emission can be
shied synchronously from green to blue and red by simply
replacing the activator ions based on the current synthetic
strategy. Furthermore, considering the inherent ability of
UCNPs to convert near-infrared light to visible light, we further
incorporated Yb3+/Er3+ co-doped UCNPs into n-i-p Sb2(S,Se)3
thin lm solar cells which is a very promising next-generation
thin-lm solar cell technology with an absorption threshold of
about 800 nm. We believe that the power conversion efficiency
This journal is © The Royal Society of Chemistry 2023
can be improved by obtaining additional photocurrent origi-
nating from the upconversion process.
Results and discussion
Synthesizing lanthanide-doped UCNPs with a core–shell–shell
structure

It is well known that NaYF4 naturally crystallizes as a cubic
phase (a-NaYF4) or a hexagonal phase (b-NaYF4), as shown in
Fig. 1a, depending on the crystal growth conditions. Further-
more, many studies have shown that b-NaYF4 is able to provide
a more efficient host lattice for the accommodation of lantha-
nide ions compared to the cubic one and therefore usually
yields a higher upconversion QY. In view of this, it is necessary
to rst clarify the effect of synthesis conditions on the crystal
growth of NaYF4. The detailed synthesis procedures of the
nanocrystals can be found in the Experimental section. Fig. 1b
depicts the typical temperature prole for growing NaYF4,
which contains three heating zones: a low temperature stage
(tzoneI < 100 °C) used for removing most of the impurities such
as water and air, a second medium temperature stage (100 °C <
tzoneII < 150 °C) for further eliminating tightly adsorbed resi-
dues, and a third high temperature stage (tzoneIII > 260 °C) for
crystal growth. As shown in Fig. 1c, the structural information of
the corresponding products was determined by X-ray diffraction
(XRD). It can be seen that nanoparticles grown at a relatively low
temperature of 280 °C in zone III tend to crystallize into the
a phase (prole 1), as reected by the diffraction peaks at
28.44°, 32.89°, 47.01° and 55.72°, corresponding to the (111),
(200), (220) and (311) planes of cubic NaYF4 (JCPDS No. 06-
0342), respectively. In contrast, nanoparticles prepared at
a higher growth temperature of 320 °C (temperature proles 2, 3
and 4) have hexagonal structures (JCPDS No. 16-0334).

Furthermore, we found that the thermal history in zones I
and II has a signicant impact on the nal shape of NaYF4
crystals. As shown in Fig. S2b and c,† the lower temperature in
zone II leads to uncontrolled crystal growth and irregular
shapes (temperature prole 2), while omitting zone I directly
leads to the formation of large hexagonal nanoprisms
(temperature prole 4). In comparison, NaYF4 crystals prepared
with temperature prole 3 produced regularly shaped particles
and a narrow size distribution (Fig. S2d†). We believe that the
thermal history regulates the complexation state of the metal
ions with the solvent and impurity molecules, thus affecting the
subsequent nucleation and growth behaviour of the nano-
crystals. Hence, temperature prole 3 is determined to be the
optimal heating strategy for the synthesis of b-NaYF4 crystals.
Based on temperature prole 3, we further investigated the
effect of growth time on the crystal morphology as shown in Fig.
S2d–f.† It can be seen that as the reaction time increases,
besides an increase in particle size, the nal morphology
gradually transitions from spherical to hexagonal nanoplates
and further forms nanorods. This indicates that the NaYF4
crystals tend to grow anisotropically at higher temperatures, i.e.,
promoting the longitudinal growth of the crystals along the c-
axis.
J. Mater. Chem. A, 2023, 11, 12992–12998 | 12993
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Fig. 1 (a) Schematic diagram of the crystal structure of cubic and hexagonal NaYF4. (b) Temperature profiles used for synthesizing UCNPs during
the thermal decomposition process. (c) XRD patterns of NaYF4 nanoparticles synthesized at growth temperatures of 280 °C and 320 °C.
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In addition, many studies have shown that the formation of
b-NaYF4 crystals involves a transition process from the meta-
stable intermediate phase of a-NaYF4 to the thermodynamically
stable phase of b-NaYF4.29,30 In this study, a one-step synthesis
strategy was demonstrated to grow b-NaYF4 nanoparticles effi-
ciently and conveniently with good control over the shape and
size of nanoparticles. The main reason is proposed to be the
high heating rate between zones II and III, reaching 45 °C
min−1, which caused a rapid increase in the growth tempera-
ture from 250 °C to 320 °C in just 1.5 min, where the former was
identied as the temperature point at which the metal
precursor of triuoroacetic acid starts to decompose
Fig. 2 SEM images of (a) NaYF4:10%Er core, (b) NaYF4:10%Er@NaYbF4 c
HRTEM image of a single NaYF4:10%Er core and (e) the corresponding S

12994 | J. Mater. Chem. A, 2023, 11, 12992–12998
substantially in solution. Although we cannot exclude the
possibility that the intermediate a phase is transformed into the
stable b phase at elevated temperatures, the high concentration
of monomers originating from the rapid decomposition of
metal triuoroacetate acts as a powerful driving force that
facilitates the rapid formation of hexagonal phase seeds at the
initial reaction stage, thus growing the desired b-NaYF4 crystals
in such a short period of time.

Based on the above exploration, we decided to adopt the
optimal heating strategy to grow UCNPs with the core–shell–
shell structure of NaYF4:10%Er3+@NaYbF4@NaYF4, in which
the emitter and sensitizer are spatially separated and placed in
ore–shell, and (c) NaYF4:10%Er@NaYbF4@NaYF4 core–shell–shell. (d)
AED pattern. (f) Particle size statistics based on SEM images.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Schematic diagram showing the emission properties of
UCNPs, (b) schematic illustration of the proposed energy transfer
mechanism, (c) power-dependent emission spectra and (d) the rela-
tionship between emission intensity and excitation power of core–
shell–shell structured NaYF4:10%Er@NaYbF4@NaYF4 UCNPs.
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the core and shell, respectively. Such a conguration has been
shown to not only help increase the upper concentration limit
of the Er3+ emitter, but also alleviate the cross-relaxation
between the Er3+ emitter and the Yb3+ sensitizer.21 In addi-
tion, the outermost NaYF4 shell effectively shields against
adverse interference from the solvent environment. This
multilayer structure of UCNPs was grown sequentially. First, the
NaYF4:10%Er core was prepared based on temperature prole 3
with a growth time of 20 min. The inner and outer shells were
subsequently prepared using a modied temperature prole
with the growth temperature and growth time adjusted to 300 °
C and 10 min, respectively.

Fig. 2a shows the morphology of the NaYF4:10%Er core
collected by SEM operating in transmission electron diffraction
(TED) mode. As shown in the inset, the individual nanoparticles
have fuzzy hexagonal outlines. Fig. 2d shows the high-
resolution TEM (HRTEM) image of a single nanoparticle,
demonstrating clear lattice stripes. The measured d-spacing of
0.30 nm corresponds to the (110) plane of the b phase. The
selected area electron diffraction (SAED) pattern (Fig. 2e) shows
a series of polycrystalline diffraction rings originating from the
(100), (110)/(101), (201) and (300)/(211) planes, in agreement
with the XRD results, proving the b phase nature of the Ln-
doped core. Fig. 2b and c present the morphology of the
UCNPs with the inner and outer shells epitaxially grown on the
core, respectively, and it can be seen that the multilayer nano-
particles still maintain good monodispersity and regularity.
Since Y3+ and Yb3+ have different atomic numbers, they are
detected as contrasting light and dark zones in the bright eld
scanning transmission electron microscopy images. The
formation of core–shell and core–shell–shell is clearly visible in
Fig. 2b and c and suggests that the present synthetic strategy is
capable of achieving conformal epitaxial growth with dual
shells. Here, 60 nanoparticles per sample were randomly
This journal is © The Royal Society of Chemistry 2023
selected for size counting. As shown in Fig. 2f, the core diam-
eter, inner shell thickness and outer shell thickness of the
prepared UCNPs were calculated to be 17 nm, 9 nm and 9 nm,
respectively. This overall size makes them suitable for some
specic electronic device applications, such as thin-lm solar
cells. At this point, we can conclude that the heating strategy
adopted in this study can provide highly stable and controlled
thermodynamic conditions for the growth of multilayer nano-
crystals, thus ensuring the efficient preparation of UCNPs with
the desired shape and size. To demonstrate its universality, we
tried several other lanthanide ion combinations in UCNPs with
similar core–shell structures, including NaYF4:10%
Tm@NaYbF4 and NaYF4:10%Ho@NaYbF4:40%Ce, which are in
excellent dispersion and emit intense blue and red light,
respectively, as shown in Fig. S3.†
Study on upconversion luminescence properties

As illustrated in Fig. 3a, Yb3+ and Er3+ co-doped b-NaYF4 is
widely proven to be an efficient upconversion phosphor, emit-
ting strong green/red light under NIR excitation. Among them,
the green emission is considered a two-photon process, which
involves resonant energy transfer (ET) and phonon-assisted
relaxation. Fig. 3b shows the corresponding energy level
diagram of Yb3+ and Er3+, where Yb3+ can be excited from the
2F7/2 ground state to the 2F5/2 excited state by absorbing a NIR
photon and then transferring its energy to Er3+ ions through
a resonant ET process, which forces the electron in Er3+ to
transit from the 4I15/2 ground state into 4I11/2 excited states.
Subsequently, Er3+ gains energy from the neighbouring Yb3+ ion
via the ET process again and the higher 4F7/2 excited state can be
further populated, followed by non-radiative relaxation to lower
2H11/2 and 4S3/2 states. Finally, green light can be emitted by
radiative transition from the excited 2H11/2 and

4S3/2 states into
the 4I15/2 ground state. The above discussion is demonstrated in
our study. As shown in the power-dependent UCL spectra
(Fig. 3c), it is clear that three emission peaks centered at 522,
541 and 655 nm appear on each spectrum, corresponding to the
green emission of 2H11/2–

4I15/2 and
4S3/2–

4I15/2 and red emission
of 4F9/2–

4I15/2 from Er3+ ions, respectively. It should be noted
here that the observed broadening of the emission peaks is
a consequence of the overlap of the closed sub-energy levels
caused by the Stark splitting of the corresponding energy levels,
which is common in rare-earth ion-doped upconversion
materials.31,32

Fig. 3d plots the double logarithmic curve of the emission
intensity versus excitation power for calculating the number of
photons involved in the UCL process. For the green emission, the
value is determined to be 2.2, which is in agreement with the two-
photon excitation theory described above. However, the red
emission corresponds to a value of 2.9, which suggests the exis-
tence of a three-photon upconversion process in our core–shell–
shell structured UCNPs and directly rules out the possibility of
two previously proposed two-photon theories that the funda-
mental 4F9/2 for red emission can be populated by either a mul-
tiphonon relaxation process from the initially pumped 4S3/2 green
emitting state or a multiphonon assisted relaxation from the 4I11/
J. Mater. Chem. A, 2023, 11, 12992–12998 | 12995
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2 excited state to a lower 4I13/2 state followed by ET-driven
transition.

More importantly, we note here that the intensity ratio of red
to green light increases monotonically with increasing excita-
tion power, as shown in the inset of Fig. 3c. This phenomenon
can also be visualized in the luminescence photograph (Fig.
S4†), where the emitted light gradually switches from green to
yellow and red as the excitation power density increases. This
supports the proposition that red emission is produced from
a three-photon process, and the generation route is closely
intertwined with the green UCL process. In addition, the high
doping concentration (10% Er3+) of the core in this study should
also be considered. Based on these conditions, we suggest that
there exists a cross-relaxation process involved in the red
emission. As shown in Fig. 3b, aer the initial population of 4S3/
2 green emitting states by two consecutive ET processes and
subsequent nonradiative relaxation, the 4I13/2 reservoir state can
be populated through a cross-relaxation process between two
adjacent Er3+ ions 4S3/2 + 4I15/2 / 4I13/2 + 4I11/2, which further
populates the 4F9/2 red emitting state and nally the red light is
released via radiative transition to the 4I15/2 ground state. The
above explanation of cross-relaxation is reasonable if we
consider the following two pieces of evidence: (1) the population
of the intermediate 4I13/2 state used for red emission is at the
expense of preestablished 4S3/2 green emitting states, which is
consistent with the experimentally observed increase in the R/G
ratio; (2) the high Er3+ doping concentration and higher exci-
tation power can provide closer atomic distances and more
excited states to promote the cross-relaxation.
Fig. 4 (a) Schematic illustration of Sb2(S,Se)3 solar cells using the UCN
robenzene solution of Spiro-OMeTAD and UCNPs and its coating. (c) Ph
a 980 nm NIR laser switched on and off. (d) The current density–voltag
a 980 nm laser and their combination. (e) J–V characteristics of solar ce
number of scan points). (f) Plot of short circuit current density versus th

12996 | J. Mater. Chem. A, 2023, 11, 12992–12998
Application of UCNPs in solar cells

As shown in Fig. S5a,†we realized that the emission spectrum of
the prepared NaYF4:10%Er3+@NaYbF4@NaYF4 material
matches well with the optical absorption of inorganic antimony
sulfoselenide (Sb2(S,Se)3), where the latter is a very promising
material for next generation solar cells. Therefore, we tried to
embed the as-prepared UCNPs into Sb2(S,Se)3 cell devices to
enhance the photocurrent (Fig. 4a). The electrical properties of
the reference cell and its corresponding cross-sectional SEM
image are shown in Fig. S6.†

Since the synthesized UCNPs have a small amount of
surfactant (oleic acid) adsorbed on their surface, it can be easily
comixed with commercial Spiro-OMeTAD in chlorobenzene
solution, which enables the preparation of a bifunctional hole
transport layer with a smooth and dense surface, as shown in
Fig. 4b. The mixed solution emitted red light under 980 nm
laser excitation (Fig. S5b†). In addition, theoretical studies
suggest that a promising way to promote the contribution of
upconversion luminescence to photocurrent is to operate the
solar cell under concentrated irradiation.33 Therefore, we tested
the solar cell performance with either AM1.5 illumination,
a 980 nm NIR laser (∼800 mW) or a combination of both. We
rst performed a NIR response test under the combined irra-
diation of sunlight and a 980 nm laser, as shown in Fig. 4c. The
NIR laser source was turned off and on alternately. The uctu-
ation in current indicates that the solar cell responds well to the
laser signal with the help of UCNPs. Fig. 4d shows the J–V
characteristics of a solar cell device under laser, sunlight and
their combination. Compared with the reference device (Fig.
P-embedded hole transporting layer. (b) Digital photo showing chlo-
otocurrent of Sb2(S,Se)3 solar cells tested with continuous sunlight and
e (J–V) characteristics of Sb2(S,Se)3 solar cells under AM 1.5G sunlight,
lls tested under a solo laser with different scan rates (controlled by the
e number of scan points.

This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d3ta00241a


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
5 

ap
rí

l 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
1.

11
.2

02
4 

03
:4

9:
36

. 
View Article Online
S6a†), Sb2(S,Se)3 solar cells with added UCNPs show similar
performance under AM 1.5G illumination. We believe that the
primary reasons are the limited quantum efficiency and narrow
absorption band of Yb3+, which are common problems faced by
current rare earth-doped UCNPs. In addition, the infrared
photons in sunlight that can be captured by UCNPs carry
a limited amount of energy. Therefore, it is necessary to
consider the practical operating environment required for such
a synergistic energy conversion device combining solar cells
and upconversion luminescence in order to obtain appreciable
performance gains. It can be seen that the short-circuit current
density increases from 21.04 mA cm−2 to 24.04 mA cm−2 and
the device attained a nominal power conversion efficiency of
9.17% under additional NIR laser irradiation. To make the
conclusions more rigorous, we further tested the photocurrent
of the solar cell under a 980 nm laser and at different scan rates
(Fig. 4e). The short-circuit current density was found to decrease
gradually with an increasing scan rate, suggesting the existence
of another pathway contributing to photocurrent gain in addi-
tion to the UCL process. We speculate that this was due to the
non-negligible thermal effect caused by the nonradiative tran-
sition of UCNPs when absorbing high-energy lasers. This is
indirectly evidenced by the slight drop in the open circuit
voltage as shown in Fig. 4d. As shown in Fig. 4f, we can
extrapolate the photocurrent gain originating from upconver-
sion luminescence to be about 1.2 mA cm−2, which indicates
that thermal dissipation should be fully considered when
introducing UCNPs into solar cell devices operating under
concentrated sunlight irradiation.

Conclusions

In summary, we have efficiently synthesized monodisperse
hexagonal NaYF4 host crystals based on a customized heating
strategy. It is shown that the thermal history and growth
temperature jointly determine the nal morphology, size and
crystal structure of the nanocrystals. Based on the optimal
synthesis parameters, we successfully prepared a variety of
UCNPs with a core–shell–shell structure doped with different
lanthanides, in which the growth and luminescence properties
of UCNPs based on an Er3+ activator and a Yb3+ sensitizer were
investigated in detail. It was found that the emission can switch
between green, yellow and red depending on the excitation
power density. The red emission was further shown to be
produced from a three-photon process associated with cross-
relaxation between neighbouring Er3+ ions due to the highly
doped Er3+ in the core. Finally, we further introduced the
synthesized UCNPs into Sb2(S,Se)3 solar cells, and the results
conrmed that the photocurrent can be effectively promoted by
the UCNPs.

Experimental details
Synthesis of lanthanide-doped UCNPs with a core–shell–shell
structure

In this study, UCNPs were prepared by the thermal decompo-
sition method. For a typical synthesis procedure of NaYF4
This journal is © The Royal Society of Chemistry 2023
crystals, 0.1 g of Y2O3 was dissolved in 2 ml of deionized water
and 4 ml of triuoroacetic acid (TFA, 87%) in a three-neck ask.
The mixture was heated at 90 °C with magnetic stirring to form
transparent solution. Then metal-TFA precursor powder was
obtained by evaporating the water at 120 °C. Subsequently,
0.34 g of CF3COONa, 10 ml of oleic acid (OA) and 10 ml of 1-
octadecene (ODE) were added into a ask which was connected
to a Schlenk Line (Fig. S1†). Then the mixture was heated using
a heat jacket controlled by a programmable digital controller.
The temperature prole for the whole process was pre-settled.
Aer the program was run, Ar purging and vacuum pumping
were conducted alternately in the low temperature region (T <
130 °C) to remove residual water and oxygen. The growth of
UCNPs was carried out under an Ar gas ow and magnetic
stirring. Aer the reaction was completed, the ask was with-
drawn from the heating jacket and quickly cooled to room
temperature. The yellowish mixture (shown in Fig. S1†) was
precipitated by adding 40 ml of ethanol and then centrifuged at
7000 rpm for 10 min and nally redispersed in 5 ml of cyclo-
hexane. The synthesis procedures for the NaYF4:10%Er core,
NaYbF4 inner shell and NaYF4 outer shell were identical to that
for pure NaYF4, except that 1.5 ml of as-prepared NaYF4:10%Er
solution, 0.197 g of Yb2O3 and 0.34 g of CF3COONa were used
for growing the NaYbF4 inner shell and 2 ml of as-prepared
NaYF4:10%Er@NaYbF4 core–shell solution, 0.113 g of Y2O3,
and 0.34 g of CF3COONa were used for growing the NaYF4 outer
shell. In addition, by replacing the activator with Tm3+ and Ho3+

ions, NaYF4:10%Tm@NaYbF4 and NaYF4:10%
Ho@NaYbF4:40%Ce UCNPs can be prepared in a similar way.

Preparation of Sb2(S,Se)3 solar cells based on the UCNP
embedded HTL

The detailed fabrication procedure of Sb2(S,Se)3 solar cells can
be found in our previous work.34 Briey, the SnO2 electron
transporting layer was rst prepared by the spin-coating
method, followed by the deposition of the CdS layer through
the chemical bath deposition process. Then the Sb2(S,Se)3 light-
absorbing layer was deposited through the hydrothermal
method. It should be noted here that the bandgap of the as-
prepared Sb2(S,Se)3 lm is around 1.55 eV. Aer this, the as-
prepared UCNPs dispersed in cyclohexane were mixed with
Spiro-OMeTAD solution in a ratio of 1 : 4 by volume. Finally, the
above-prepared solution was spin coated onto Sb2(S,Se)3 to
obtain a bifunctional hole transporting layer.

Characterization of UNNPs and solar cell devices

The crystal structure of UCNPs was examined using an X-ray
diffractometer (XRD, Bruker D8 Advance) with Cu-Ka radia-
tion (1.5406 Å). The morphology of nanoparticles was collected
by eld emission SEM (FE-SEM, JOEL JSM-7600F) attached with
a transmission electron detector. We would like to emphasize
here that the TED mode is able to obtain test results similar to
those of scanning transmission electron microscopy, albeit
using a lower (30 kV) accelerating voltage. The microstructure
information of nanoparticles was acquired by transmission
electron microscopy (TEM, JEOL 2100F). The emission
J. Mater. Chem. A, 2023, 11, 12992–12998 | 12997
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spectrum was collected by placing the sample in an integrating
sphere (Labsphere) and exciting it with a 980 nm laser. The
output of the integrating sphere is coupled through an optical
ber to a charge-coupled device (Newton 920 CCD, Andor) in
which the photon is captured.

The current density–voltage (J–V) curves of solar cells were
collected using a Xe-based light source solar simulator (VS-0852
and KEITHLEY 2612A) to provide simulated AM 1.5G illumi-
nation which was calibrated using a standard Si reference cell.
The active area of solar cells is dened using a shadow mask of
0.09 cm2.
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