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Co-doped NaYF4:Yb/Er/Tm upconversion
luminescent coating to enhance the efficiency of
photovoltaic cells†

Shaoqi Zhu,ab Xiaofeng Xie, *ab Lin Han,c Haiming Li,c Chenglin Shi,c Yong Yangc

and Jing Sun *ab

The use of upconversion luminescent materials to broaden the utilization range of the solar spectrum to

enhance the efficiency of photovoltaic cells offers a promising and sustainable approach. However, the

low luminescence intensity and easy quenching of upconversion luminescent materials bring serious

challenges to the practical application. Herein, a novel method using Co2+ ion doping to regulate the

luminescence properties of NaYF4:Yb/Er/Tm is proposed. NaYF4:Yb/Er/Tm microcrystals doped with

different proportions of Co2+ ions are prepared and used as coatings on the surface of photovoltaic

cells. Co2+ ions regulate the crystallinity and size of the NaYF4:Yb/Er/Tm microcrystals and reduce the

crystal field symmetry of the activator (Er3+ and Tm3+) ions. The results show that the emission intensity

of green and red light is 18.19% and 83.24% times higher than that of undoped Co2+ ion materials,

respectively. Besides, the efficiency of photovoltaic cells after coating Co2+ ion doped NaYF4:Yb/Er/Tm

is 2.08% higher than that of the uncoated one. This work underscores the importance of Co2+ ion

doping to improve and enhance the luminescence properties of NaYF4:Yb/Er/Tm, to further enhance

the efficiency of photovoltaic cells.

1. Introduction

The development of photonic conversion materials could har-
ness an underutilized part of the solar spectrum to address
the growing demand for renewable energy.1 Photovoltaic cells
absorb solar radiation in the wavelength range of 300–1100 nm,
mainly absorbing visible photons, while infrared photons are
not fully utilized.2,3 A wider absorption spectrum is very much
needed in photovoltaic cell applications.4 The current annual
use of solar energy is well below 1% of the total energy
consumption, and more efficient and cheaper photovoltaic
systems must be developed to achieve large-scale energy
utilization.5 In the past decade, there have been many research
studies related to upconversion phenomena, including the
luminescence mechanism, material design and application.6–9

Rare-earth doped upconversion luminescent materials can
convert infrared photons to visible photons by upconversion
luminescence and so broaden the spectral response range of

photovoltaic cells to solar irradiation and improve the light
absorption capacity and photoelectric conversion efficiency of
photovoltaic cells.10 b-NaYF4 is considered one of the most
efficient host materials for upconversion luminescence with
combining a Yb3+ sensitizer and an activator (Er3+, Tm3+, and
Ho3+) under infrared excitation.11 Many lanthanide (Ln)-doped
upconversion luminescence materials have been successfully
synthesized based on solvothermal, hydrothermal, precipita-
tion and thermal decomposition methods.12,13 However, the
upconversion luminescent materials doped with rare earth
elements have the problems of low fluorescence intensity and
easy quenching, which limits the application in improving the
photovoltaic performance.14 Based on the research over the
past decade, Goldschmidt et al.4 concluded that the upconver-
sion field needs further development to become a relevant
technology choice in the photovoltaic field.

Previously, intensive efforts have been put to improve the
upconversion luminescence intensity of NaYF4:Ln3+, such as via
core–shell structure construction,15 plasmon resonance,16,17 dye
sensitization, ion exchange and so on.18 But the synthesis of
high-quality NaYF4:Ln3+ with specific sizes and morphologies in
a simple way is still a challenge.19 Impurity doping has recently
been recognized as having a significant influence on the crystal
phase, size and luminescence properties of NaYF4:Ln3+ materials
with simple synthesis.20,21 The results show that transition metal
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(TMn+) ion doping can effectively utilize and regulate the lumi-
nescence efficiency of Ln3+ ions.22 A variety of TMn+ ions (such as
Mn2+,23 Fe3+,24 Cu2+,25 Zn2+,26–28 Zr4+,29 and Mo2+30) doped
upconversion luminescence materials have been well studied.
Chauhan et al. prepared Zn2+ doped GdVO4:Yb3+/Er3+ by using a
co-precipitation method, and attempted to independently ana-
lyze the effects of lattice shrinkage and particle size on lumines-
cence intensity.31 Du et al. synthesized Cu2+ doped NaYF4:Yb/Er
microrods via a solvothermal method to control the crystal phase
and size at the same time, and enhanced the green and red
emissions by 37 and 25 times, respectively.25 However, there are
few reports on the study of Co2+ ion doped NaYF4:Ln3+ systems,
especially in the field of photovoltaic efficiency enhancement.

Here, we proposed a new approach to improve the upconver-
sion luminescence intensity of NaYF4:Yb/Er/Tm via Co2+ ion
doping. A series of Co2+ ion doped NaYF4:Yb/Er/Tm upconversion
luminescent materials were prepared by using a hydrothermal
method using rare earth nitrates as precursors. Compared with
the undoped sample, the NaYF4:Yb/Er/Tm doped with Co2+ had
stronger luminescence properties. We systematically studied
the luminescence properties under different concentrations
of Co2+ ion doping and explained the reason for Co2+ ion doping
enhanced luminescence. Finally, the application potential of the
prepared Co2+ ion doped NaYF4:Yb/Er/Tm in enhancing the
photoelectric conversion efficiency of photovoltaic cells was
demonstrated.

2. Results and discussion
2.1. Structure and morphology characterization

The phase composition analysis of the NaYF4:Yb/Er/Tm/Co (18/
2/2/x mol%, x = 0, 5, 15, and 25) samples characterized by XRD
(Fig. 1) showed the phase of the b-NaYF4 crystal structure. The
diffraction peaks correspond well to JCPDS 28-1192, and the
major diffraction peaks located at 17.1371, 29.9601, 30.8071,
43.4721, and 53.7161 correspond to the (100), (110), (101), (201),
and (211) crystal planes of NaYF4 (Fig. 1a). It is obvious that the

diffraction peak intensity decreases with the increase of Co2+

ion doping compared with the undoped Co2+ ion sample. The
decrease of diffraction peak intensity may be caused by struc-
tural changes in the crystal. To further investigate the effect of
Co2+ ions doping on crystal structure, the diffraction peaks
located at 291–321 were amplified. As shown in Fig. 1b, the (110)
and (101) diffraction peaks shift to lower angles after Co2+ ion
doping. According to Bragg’s formula, diffraction peaks located
at lower angles correspond to larger lattice parameters. This
phenomenon may be related to the substitution of impurity
ions at the lattice sites or the occupation of interstitial
positions. Such results are also observed in Ba2+ ions doped
LaVO4:Yb3+/Er3+ nanorods.21 The unit cell parameters of as-
prepared samples were calculated by using the measured XRD
data. As shown in Table 1, it can be observed that the grain size
increases with the addition of Co2+ ions doping. Consistent
with the above analysis results, it is proved that Co2+ ions are
successfully doped into the crystal.

The microscopic morphologies of the synthesized NaYF4:Yb/
Er/Tm/Co (18/2/2/x mol%, x = 0, 5, 15, and 25) samples were
observed by SEM (Fig. 2). The sample of undoped Co2+ ions
showed the typical hexagonal morphology of the b-NaYF4

crystal (Fig. 2a) with a diameter of 2.778 mm and a side length
of 1.411 mm (Fig. S1a, ESI†), while it is relatively thin at
133.3 nm (Fig. S2a, ESI†). When the doped amount of Co2+

ions is 5 mol% (Fig. 2b), the particle size decreases to 1.968 mm
in diameter, and 967.4 nm in side length (Fig. S1b, ESI†) and
increases to about 200 nm in thickness. At the same time, gully
stripes can be seen on the surface (Fig. S2b, ESI†). It may be
that the doping of Co2+ ions affected the crystal growth, and
the force generated by surface charge compensation reduced the
crystallinity of the crystal and made the surface loose. With the
further increase of Co2+ ions, the sample size first increased
and then decreased, the diameter changed from 4.654 mm to
1.642 mm, the side length changed from 2.260 mm to 846.2 nm
(Fig. S1c and d, ESI†), and the thickness changed from 1.213 mm
to 693.7 nm (Fig. S2c and d, ESI†). The crystallinity was improved
with the hexagonal columnar and smoother morphology due to

Fig. 1 (a) XRD patterns of NaYF4:Yb/Er/Tm/Co (18/2/2/x mol%, x = 0, 5, 15, 25) samples; (b) magnified XRD patterns of diffraction peaks range from 29 to
32 degrees.
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reduced surface defects. The size evolution of NaYF4 may be due
to the effect of Co2+ dopant ions on the crystal growth through
surface charge modification, since the Co2+ ions differ in their
valence states from the Y3+ or F� ions that may be substituted.32

We further investigated the structure and element distribution
of the NaYF4:Yb/Er/Tm microcrystals with 5 mol% Co2+ ion doping
(Fig. 3). As shown in Fig. 3a, the microcrystal appears to have a
hexagonal structure of uniform growth. The high-resolution TEM
image suggested the distinct lattice fringes in NaYF4:Yb/Er/Tm
microcrystals with 5 mol% Co2+ ion doping with a lattice spacing
of 0.511 nm, which was attributed to the (100) crystal plane of the
b-NaYF4 crystal (Fig. 3b). The (101) and (110) crystal planes of the
b-NaYF4 crystal were further marked by selected area electron
diffraction (SAED) pattern taken at [001] incidence.32 The peaks
of Na, Y, F, Yb, Er, Tm and Co elements can be clearly observed
from the EDS spectra in Fig. 3c, which proved that the Co2+ ions
and lanthanide elements (Yb3+, Er3+, and Tm3+) were successfully
doped in the lattice of the b-NaYF4 crystal.33 The high content of
Co2+ ions and the low content of Er3+ may be due to the error
caused by the coincidence of their main peak positions at about
7 keV. At the same time, the element mapping results show that
each element was uniformly distributed in the NaYF4:Yb/Er/Tm
microcrystals with 5 mol% Co2+ ion doping.

As shown in Fig. 4, the surface chemical composition and
valence state of the elements in the NaYF4:Yb/Er/Tm/Co

(5 mol% Co2+ ions doping) were characterized by X-ray photo-
electron spectroscopy (XPS).34 The XPS survey spectrum reveals
the presence of Na, Y, F, Yb, Er, Tm and Co elements (Fig. 4a).25

The peaks located at 1071.93 eV and 685.23 eV could be
attributed to Na 1s and F 1s (Fig. 4b and d), respectively. The
peaks located at 159.24 eV and 161.28 eV can be assigned to Y
3d5/2 and 3d3/2 (Fig. 4c), respectively. The peaks located at
172.18 eV, 174.60 eV and 186.70 eV could be attributed to Er
4d, Tm 4d and Yb 4d (Fig. 4e), respectively. The peaks located
at 780.22 eV and 794.76 eV correspond to Co 2p3/2 and Co 2p1/2

(Fig. 4f), respectively.35 In addition, the peaks located at
782.99 eV and 800.18 eV could be attributed to the companion
satellite peaks of Co.36 We analyzed the XPS spectra of
Co 2p, Na 1s, Y 3d, and F 1s of four NaYF4:Yb/Er/Tm/Co
(18/2/2/x mol%, x = 0, 5, 15, and 25) samples (Fig. S3, ESI†).
With the increase of Co2+ ion doping, the binding energy of
Co 2p increases gradually, but the binding energy of other
elements is almost unchanged. We hypothesize that Co2+ ions
occupy interstitial positions in the lattice, rather than displa-
cing other atoms, thus causing the lattice to expand.20 The XPS
measured actual molar ratios of prepared NaYF4:Yb/Er/Tm/Co
(18/2/2/x mol%, x = 0, 5, 15, and 25) samples are shown in
Table S1 (ESI†). It can be seen from Table S1 (ESI†) that with the
decrease of Y3+ ions, the Co2+ ions in the sample gradually
increase, which once again proves that Co2+ ions were success-
fully doped into the NaYF4:Yb/Er/Tm crystal.

Ultraviolet-visible-near infrared (UV-Vis-NIR) absorption
spectra (Fig. 5a) reveals that NaYF4:Yb/Er/Tm/Co (18/2/2/x
mol%, x = 0, 5, 15, and 25) samples have an obvious absorption
peak at 980 nm, which is related to the electron transition
2F7/2 - 2F5/2 of Yb3+ ions absorbing photons.37 The chemical
structures of NaYF4:Yb/Er/Tm/Co (18/2/2/x mol%, x = 0, 5, 15,
and 25) samples were detected by infrared spectroscopy (IR) in
Fig. 5b. The peaks in around 1500 cm�1 to 1630 cm�1 originate
from the stretching vibrations of –COO�, and the absorption

Table 1 Cell parameters of as-prepared NaYF4:Yb/Er/Tm/Co (18/2/2/
x mol%, x = 0, 5, 15, 25) samples

No. Co2+ doping content x (%)

Lattice parameter (Å)

Cell volume (Å3)a c

1 0 5.96 3.51 107.98
2 5 5.97 3.55 126.52
3 15 5.99 3.56 127.73
4 25 5.98 3.56 127.31

Fig. 2 SEM images of NaYF4:Yb/Er/Tm/Co (18/2/2/x mol%, x = 0, 5, 15, 25) samples: (a) x = 0, (b) x = 5, (c) x = 15 and (d) x = 25.
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peak near 3470 cm�1 is due to the stretching vibration of the –OH
group.38 The peaks near 2300 cm�1 to 2400 cm�1 may originated
from the formation of hydrogen bonds between –COOH and the
linker, resulting in a weak hydroxyl vibration peak.

2.2. Upconversion luminescence properties and mechanism

Fig. 6 shows the upconversion luminescence spectra of NaYF4:
Yb/Er/Tm crystals doped with Co2+ ions at different concentra-
tions, which were excited by a 980 nm laser. As shown in Fig. 6a,
the upconversion emission peak at 487 nm is originated from the
1G4 -

3H6 transition of Tm3+ ions.39 The upconversion emission
peak at 521 nm, 540 nm, 654 nm are originated from the 2H11/2 -
4I15/2, 4S3/2 - 4I15/2, 4F9/2 - 4I15/2 transition of Er3+ ions,
respectively.40 The energy transfer process and upconversion
luminescence mechanism of NaYF4:Yb/Er/Tm crystals is shown

in Fig. 7. The relationship between green and red luminescence
intensity and Co2+ ions doping amount can be seen in Fig. 6b.
When the doping amount of Co2+ ions is 5 mol%, there is
the highest emission intensity of green and red luminescence.
Compared with the sample of undoped Co2+ ions, the green
and red luminescence intensity were enhanced 18.19%
and 83.24%, respectively. The results of luminescence lifetime
decay (Fig. 6c and d) are consistent with the results of lumi-
nescence intensity.41 The highest luminescence lifetime is
obtained when the doping amount of Co2+ ions is 5 mol%,
which again proves that the optimal doping amount of Co2+

ions is about 5 mol%.
To further explore the influence of Co2+ ions doping on the

luminescence process, the logarithmic curve of luminescence
intensity and excitation power is plotted in Fig. 8a and 8b. The

Fig. 3 (a) TEM image, (b) high-resolution TEM image and Selected area electron diffraction (SAED) pattern taken in [001] incidence (top right corner),
(c) EDS spectra and element mapping images of NaYF4:Yb/Er/Tm crystals doped with 5 mol% Co2+ ions.
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relationship between luminescence intensity and excitation
power can be described by the following formula:

IUC p Pn (1)

where IUC is the luminescence intensity, P is excitation power
and n is the number of photons required for certain emission
states.42 By fitting the curves, it is calculated that the slope of
the curves with the emission peak at 520 nm, 540 nm and
654 nm are close to 2, indicating that the upconversion
luminescence is a two-photon process. The addition of Co2+

ions did not change the two-photon process. To investigate the
effect of Co2+ ions doping on the crystal field symmetry of
activator ions Er3+ and Tm3+ in the NaYF4 crystal, Eu3+ was used
as a structural probe to analyze the change (Fig. 8c).43 Since the
5D0 - 7F1 transition does not depend on the ligand field and
5D0 - 7F2 transition increases with decreasing environmental
symmetry, the 5D0 - 7F1/5D0 - 7F2 intensity ratio is used to
characterize the crystal field symmetry of activator ions in the
crystal (Fig. 8d). The 5D0 - 7F1/5D0 - 7F2 intensity ratio
increases with the increase of Co2+ ions doping but decreases

Fig. 4 XPS (a) survey, (b) Na 1s, (c) Y 3d, (d) F 1s, (e) Yb, Er and Tm 4d, (f) Co 2p spectra of NaYF4:Yb/Er/Tm crystals doped with 5 mol% Co2+ ions.
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when the Co2+ ions doping reaches 25 mol%. This shows that the
crystal field symmetry of activator ions decreases with the addi-
tion of a certain amount of Co2+ ions, while the crystal field
symmetry of activator ions increases again with the addition of
too much Co2+ ions due to the increase of crystal crystallinity. The

decrease in the local crystal field symmetry of the activator ions
breaks the forbidden transition rule, which is conducive to the
transition of the f–f electronic state and enhances the upconver-
sion luminescence.24 This result in Fig. 8d confirms the influence
of Co2+ ion doping amount on the luminescence intensity.

Fig. 5 (a) UV-Vis-IR diffuse reflectance spectra and (b) IR spectra of NaYF4:Yb/Er/Tm/Co (18/2/2/x mol%, x = 0, 5, 15, and 25) samples.

Fig. 6 (a) Upconversion emission spectra of NaYF4:Yb/Er/Tm/Co (18/2/2/x mol%, x = 0, 5, 15, and 25) samples under a 980 nm laser excitation; (b) the
green and red upconversion emission intensity versus Co2+ ions doping concentration. Upconversion emission fluorescence lifetime spectra of
NaYF4:Yb/Er/Tm/Co (18/2/2/x mol%, x = 0, 5, 15, and 25) samples under a 980 nm laser excitation: (c) Er3+: 4S3/2 -

4I15/2 and (d) 4F9/2 -
4I15/2 transitions.
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2.3. Efficiency enhancement of PV cells

The tests of the J–V curves were carried out in the solar
simulator as shown in Fig. S4 (ESI†). First, the positive and
negative electrodes of the photovoltaic cell were connected to
the solar simulator (Fig. S4a, ESI†), and then the glass sheet
coated with samples was placed on the photovoltaic cell for

photoelectric conversion test (Fig. S4b, ESI†). The photoelectric
conversion parameters of the cell under infrared (IR) irradia-
tion (Fig. S4c, ESI†) were also tested under the conditions of the
filter (photon wavelength Z 760 nm).

The light transmittance of the glass substrate before and
after coating the NaYF4:Yb/Er/Tm/Co (18/2/2/x mol%, x = 0, 5,
15, and 25) samples was tested (Table 2). The glass substrate
before and after coating has basically no decrease in the visible
light transmittance. J–V curves tested both under one standard
solar intensity irradiation (AM1.5G, 100 mW cm�2) and under
IR (Z760 nm) radiation are shown in Fig. 9. In addition, the
partial magnification curves of Fig. 9a and Fig. 9c are shown in
Fig. 9b and Fig. 9d, respectively. The short circuit current
density of the samples coated under solar radiation slightly
decreases compared with blank glass but increases under IR
light. Electrical parameters of the photovoltaic cell covered with
different samples under standard solar irradiation (AM1.5G,
100 mW cm�2) and IR light are shown in Table 3 and Table 4.
When the photovoltaic cell is covered only by glass without
coating, the photoelectric conversion efficiency (Eff) obtained
by tested was 12.97% (Table 3). However, after coating the
NaYF4:Yb/Er/Tm/Co (18/2/2/x mol%, x = 0, 5, 15, 25) samples,
the efficiency increased to different degrees. According to the

Fig. 7 Energy transfer process and upconversion luminescence mechanism
of NaYF4:Yb/Er/Tm crystals.

Fig. 8 Upconversion emission peak intensity versus laser excitation power of NaYF4:Yb/Er/Tm samples: (a) without and (b) with 5% Co2+ ion doping. (c)
Emission spectra of NaYF4:Yb/Eu/Co (18/2/x mol%, x = 0, 5, 15, 25) samples under a 395 nm laser excitation; (d) dependence of 5D0 - 7F2/5D0 - 7F1

emission intensity ratio on Co2+ doping content.
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calculations, the relative value of the increase in the efficiency
of the samples from 0 mol% to 25 mol% Co2+ ions doping is
1.46%, 2.08%, 1.85% and 1.93%, respectively. Therefore, when
the Co2+ ion doping amount is 5 mol%, the efficiency of the
photovoltaic cell increases the most under solar irradiation,
which is consistent with the results of the above luminescence
intensity (Fig. 6a). Compared with previous studies (Table S2,
ESI†), 5% Co2+ ion doped NaYF4:Yb/Er/Tm upconversion lumi-
nescence material still exhibited advantages of the efficiency
enhancement of the photovoltaic cell. The initial efficiency of
the blank glass covered photovoltaic cell under IR irradiation is
4.98% (Table 4). The relative value of the increase in the
efficiency of the samples from 0 mol% to 25 mol% Co2+ ion
doping is 1.61%, 2.01%, 1.61% and 2.21%, respectively. To

make the data more intuitive, we plotted the enhanced values
of efficiency of the photovoltaic cell in Table 3 and Table 4 in a
bar chart (Fig. S5, ESI†). The results show that the prepared

Table 2 Transmittance of glass substrates coated with the samples

Sample

380–760 nm
Tave (%)

760–2500 nm
Tave (%)

200–380 nm
Tave (%)

Blank
glass

Glass with
coating

Blank
glass

Glass with
coating

Blank
glass

Glass with
coating

0% Co2+ 96 96 83.2 83.2 91 91
5% Co2+ 96 96 83.1 83.5 91 91
15% Co2+ 96 96 83.1 82.3 91 91
25% Co2+ 96 96 83.2 82.3 91 91

Fig. 9 (a) J–V curve tested under one standard solar intensity irradiation (AM1.5G, 100 mW cm�2) and (b) a partial magnification of (a); (c) J–V curve
tested under IR light (a filter was used to remove ultraviolet and visible light from solar irradiation, photon wavelength Z 760 nm) and (d) a partial
magnification of (c).

Table 3 Electrical parameters of the photovoltaic cell covered with
different samples under one standard solar intensity irradiation (AM1.5G,
100 mW cm�2)

Sample Jsc (mA cm�2) Voc (V) FF (%) Eff (%) Overall increase (%)

Blank glass 7.50 2.40 71.98 12.97 —
0% Co2+ 7.48 2.43 72.36 13.16 1.46
5% Co2+ 7.48 2.44 72.45 13.24 2.08
15% Co2+ 7.47 2.46 72.50 13.21 1.85
25% Co2+ 7.46 2.44 72.57 13.22 1.93

Table 4 Electrical parameters of the photovoltaic cell covered with
different samples under IR light (4760 nm)

Sample Jsc (mA cm�2) Voc (V) FF (%) Eff (%) Overall increase (%)

Blank glass 2.90 2.30 74.62 4.98 —
0% Co2+ 2.91 2.33 74.84 5.06 1.61
5% Co2+ 2.90 2.33 75.04 5.08 2.01
15% Co2+ 2.89 2.34 75.05 5.06 1.61
25% Co2+ 2.91 2.33 74.99 5.09 2.21
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NaYF4:Yb/Er/Tm upconversion luminescence materials with
Co2+ ion doping can absorb IR photons and convert them into
visible photons used by photovoltaic cells, and broaden the
utilization range of sunlight by photovoltaic cells.

The proposed mechanism diagram for the efficiency enhance-
ment of photovoltaic cell over the Co2+ ion doped NaYF4:Yb/Er/Tm
upconversion luminescence microcrystal is shown in Fig. 10.
Transition metal Co2+ ions doped NaYF4:Yb/Er/Tm upconversion
luminescent microcrystal was successfully prepared and as coat-
ing employed for improving the efficiency of photovoltaic cells.
It’s speculated that Co2+ ion doped NaYF4:Yb/Er/Tm microcrystal
improved the crystallinity and reduced the crystal field symmetry
of activator ions (Er3+ and Tm3+) in the upconversion luminescent
material system, thus contributing to the electron transition in the
4f–4f configuration.44 Therefore, the efficiency of energy transfer
and conversion was improved.45 The improved efficiency of
photovoltaic cell indicates that Co2+ doped NaYF4:Yb/Er/Tm
microcrystal could make full use of infrared photons to convert
visible photons required by photovoltaic cells.

3. Conclusion

In summary, a novel approach was proposed to improve the
efficiency of the photovoltaic cell with the Co2+ doped NaYF4:
Yb/Er/Tm upconversion luminescent material. Different ratios
of Co2+ modulated the morphology and crystallinity of upcon-
version luminescent NaYF4:Yb/Er/Tm microcrystals, with the
best Co-doped NaYF4:Yb/Er/Tm coating sample showing excel-
lent upconversion luminescence intensity and fluorescence
lifetime. The emission intensity of green and red light was
enhanced by 18.19% and 83.24%, respectively. Experiments
revealed that the crystal field symmetry of activator ions
decreased after Co2+ doping. The photoelectric efficiency of
NaYF4:Yb/Er/Tm coating with 5% Co2+ doping on the surface of

photovoltaic cell was increased by 2.08% and 2.01% under solar
and infrared (Z760 nm) irradiation, respectively. The reason
is that the energy transfer and conversion efficiencies have
been improved, and NaYF4:Yb/Er/Tm/Co microcrystals can
make more use of the light energy in the infrared band. This
work provides a new path to increase the utilization of infrared
light in the solar spectrum and improve the photoelectric
conversion efficiency of photovoltaic cells.
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