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ABSTRACT: This work reports a novel dual-phase glass containing Tm:NaYbF4
upconverting nanocrystals (UCNCs) and CsPbBr3 perovskite nanocrystals (PNCs).
The advantages of this kind of nanocomposite are that it provides a solid inorganic glass
host for the in situ co-growth of UCNCs and PNCs, and protects PNCs against
decomposition affected by the external environment. Tm:NaYbF4 NC-sensitized stable
CsPbBr3 PNCs photon UC emission in PNCs is achieved under the irradiation of a 980
nm near-infrared (NIR) laser, and the mechanism is evidenced to be radiative energy
transfer (ET) from Tm3+: 1G4 state to PNCs rather than nonradiative Förster resonance
ET. Consequently, the decay lifetime of exciton recombination is remarkably lengthened
from intrinsic nanoseconds to milliseconds since carriers in PNCs are fed from the long-
lifetime Tm3+ intermediate state. Under the simultaneous excitation of the ultraviolet
(UV) light and NIR laser, dual-modal photon UC and downshifting (DS) emissions from ultra-stable CsPbBr3 PNCs in the glass are
observed, and the combined UC/DS emitting color can be easily altered by modifying the pumping light power. In addition, UC
exciton recombination and Tm3+ 4f−4f transitions are found to be highly temperature sensitive. All these unique emissive features
enable the practical applications of the developed dual-phase glass in advanced anti-counterfeit and accurate temperature detection.
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1. INTRODUCTION

All-inorganic cesium lead halide (CsPbX3, X = Cl, Br, and I)
perovskite nanocrystals (PNCs) or quantum dots have been
extensively investigated in recent years.1−7 Benefited from their
superior optical performance, such as narrow full width at half
maxima (FWHM), precisely tunable bandgap, large absorption
cross-section, and high photoluminescence quantum yield
(PLQY), PNCs have been explored for promising applications
in lighting, display, and lasing.8−14 However, different from PL
or downshifting (DS) emission, nonlinear upconverting (UC)
emission in PNCs is difficult to be achieved because of the
absence of the intermediate energy level and the low efficiency
(<10−8) of multiphoton absorption.15−19 In addition,
expensive high-energy pulsed lasers are required to excite
PNCs. In contrast, trivalent lanthanide (Ln3+)-doped NCs can
produce more efficient (>10−3) UC emissions via a multistep
photon absorption and successive energy transfer (ET)
processes with the assistance of multiple intermediate excited
states of Ln3+ and can thus be efficiently pumped by a low-cost
continuous-wave diode laser.20−23 Unfortunately, there are
inherent shortages of wavelength tunability for Ln-doped
UCNCs due to the defined and discrete energy states of Ln3+

ions. Therefore, it is interesting to combine these two kinds of

materials together and investigate their optical interactions to
explore new emitting materials.
Recently, UC luminescence in PNCs has been reported by

radiative reabsorption from Yb/Tm:LiYF4 NCs instead of a
nonradiative Förster resonance energy transfer (FRET)
process, where Yb/Tm:LiYF4 UCNCs act as an effective
sensitizer of PNCs to improve their UC efficiency.24

Accordingly, fine color-tunable emissions with wavelengths
beyond the availability of Ln3+ are realized by tuning bandgaps
of PNCs under the excitation of a low-power laser diode.
Unfortunately, the experimental scheme was achieved by
mechanically mixing UCNCs with PNCs in a solution, and
PNCs suffered from instability with the prolongation of the
storage time due to their ionic crystal feature and low
formation energy. Therefore, it is highly desirable to explore a
new route to solve this intrinsic drawback.
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In the present work, Tm:NaYbF4 and CsPbBr3 dual-phase
nanoparticles were simultaneously precipitated inside the same
glass via an in situ melt-quenching and subsequent glass
crystallization technique. Among several strategies to improve
the stability of PNCs, it has been proved that the method to
incorporate PNCs into a robust inorganic oxide glass can really
solve the issue of poor long-term stability of PNCs.25−30 As far
as we know, there is still no report concerning the
simultaneous growth of UCNCs and PNCs in the dual-phase
glass and their relevant optical interactions in this kind of
nanocomposite. As schematically illustrated in Figure 1, in situ

precipitation of both Tm:NaYbF4 NCs and CsPbBr3 PNCs via
heating the well-designed Ge−B−Zn−Ca−Na−Cs−Pb−Yb−
Tm-based oxyhalide glass can induce efficient radiative ET UC
emissions from Tm:NaYbF4 NCs to CsPbBr3 PNCs upon
near-infrared (NIR, 980 nm) laser excitation and can produce
dual-modal UC/DS emissions of PNCs when excited by both
ultraviolet (UV) lamp and NIR laser. Impressively, the
combined UC/DS emissive color can be remarkably altered
by changing the pumping light power, and the UC emissions
from exciton recombination and Tm3+ 4f−4f transitions are
highly temperature sensitive, enabling their practical applica-
tions in anti-counterfeiting and temperature sensing.

2. EXPERIMENTAL SECTION
The dual-phase glasses containing NaYbF4 NCs and CsPbBr3 PNCs
were prepared by a traditional melt-quenching and subsequent
heating technique. Herein, Ge−B−Zn−Ca−Na−Cs−Pb−Yb−Tm-
based oxyhalide glass with various glass compositions were designed,
as tabulated in Table S1.
All the raw materials were manually mixed and ground into

powders in the mortar for about 60 min. The obtained mixed powders
were dissolved in a crucible at 1000 °C for 30 min under an ambient
atmosphere. Then the resulting melt was poured into a preheated
copper mold and pressed to form a plate of ∼2 mm thickness to
obtain a precursor glass (PG), and all the obtained glasses were of the
same dimensions all the time. Finally, the dual-phase embedded glass
was successfully prepared through controllable in situ glass
crystallization via heating at 500 °C for 10 h. Also, the glass

containing only Tm3+:NaYbF4 UCNCs was prepared via a similar
procedure.

To identify the crystallization phase, X-ray diffraction (XRD)
analysis was carried out with a powder diffractometer (MiniFlex600
Rigaku) using Cu Kα radiation (λ = 0.154 nm). The microstructure of
the sample was studied by a transmission electron microscope (TEM)
(JEM-2010) operated at 200 kV. Scanning TEM (STEM) image was
obtained using an FEI aberration-corrected Titan Cubed S-Twin
transmission electron microscope operated in a high-angle annular
dark-field (HAADF) mode. The absorption spectrum was measured
by a UV−vis spectrophotometer (UV-2600, Shimadzu) in a
transmittance mode. PL, PL excitation (PLE), and UC emission
spectra for the dual-phase glass samples were recorded on an
Edinburgh Instrument (EI) FLS1000 spectrofluorometer equipped
with continuous (450 W) xenon lamps and a 980 nm laser diode.
PLQYs, defined as ratio of the emitted photons to absorbed ones,
were determined by combining a 15 cm integrated sphere with an
FLS1000 spectrofluorometer. Time-resolved PL traces for exciton
recombination were detected on a fluorescent lifetime spectrometer
(EI, LifeSpec-II) based on a time-correlated single-photon counting
technique under the excitation of a 375 nm picosecond laser. UC
decay curves were recorded with a customized UV to mid-infrared
steady-state and phosphorescence lifetime spectrometer (FSP920-C,
Edinburgh). Temperature-dependent UC emission spectra were
recorded on a Fluorolog 3−22 spectrofluorometer (Horiba JY
Instruments) with an R928P photomultiplier for signal detection
and a temperature controlling stage (THMS600). Notably, the as-
synthesized PNC-embedded glasses (i.e., glass plates) were used for
optical measurements.

Security inks were made by mixing the ground dual-phase glass
powders with commercial blank screen-printing ink (SND-100,
purchased from ZHONGYI INK & PAINT CO., LTD, China).
Using the above luminescent inks, a series of designed patterns were
printed on a black metal plate. UC/DS luminescence images were
recorded by a camera (Canon, EOS 80D, EF-S 18−200 mm f/3.5−
5.6 IS) in an all-manual mode using an NIR laser and UV lamp as
excitation sources.

3. RESULTS AND DISCUSSION

An elaborate design of the glass composition and network
structure is an essential prerequisite for the in situ nucleation/
growth of the specific crystals inside the glass. Herein, PGs
with mole compositions (mol %) of 50GeO2-20B2O3-5ZnO-
3CaO-6Na2O-xPbO-yCsBr-zYbF3-0.1TmF3 (x = 0−7 mol %, y
= 8−20 mol %, z = 3−8 mol %, Table S1) were optimized to
uncover the influence of compositions on glass crystallization.
Notably, the boro-germanate glass has the advantages such as
low melting temperature, excellent chemical durability, and
thermal stability, and moderate solubility of halides, making it
suitable to precipitate PNCs inside the glass through thermal
treatment and providing a stable host to protect PNCs. To
identify the crystallized phase, XRD measurement was
performed on products with different contents of YbF3
(zYbF3, z = 3, 5, 8, mol %) after heat treatment at 500 °C
for 20 h, as shown in Figure 2a. Indeed, XRD patterns
evidenced the simultaneous precipitation of the cubic CsPbBr3
phase (JCPDS No. 54-0752) and cubic NaYbF4 phase (JCPDS
No. 27-0813) inside the glass. With an increase of the YbF3
content, diffraction peaks of both NaYbF4 and CsPbBr3 phases
significantly enhanced, indicating that high-content YbF3 in the
glass is beneficial for the growth of NaYbF4 and CsPbBr3 NCs.
This result is consistent with the previously reported case,
where the introduced fluoride compound broke the tight glass
network and promoted the nucleation/growth of PNCs in the
glass.31 However, with the increase of the PbO or CsBr
content, the growth of the NaYbF4 phase in the glass was

Figure 1. Schematic illustration of the in situ crystallization process of
Tm:NaYbF4 UCNC and CsPbBr3 PNC dual-phases inside a
germanium borate glass via heat treatment, the relevant glass network
of nanocomposites, crystal structures of NaYbF4 and CsPbBr3, and
dual-modal excitable UC/DS exciton recombination (ER). Tm3+ UC
luminescence in NaYbF4 NCs is excited by the NIR laser, and UC ER
of CsPbBr3 PNCs is realized via radiative energy transfer (ET) from
Tm3+ to PNCs. The routine DS ER of CsPbBr3 PNCs is produced
upon the irradiation of a UV lamp.
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suppressed (Figure S1). These results indicate that glass
compositions have a significant impact on the growth of
NaYbF4 and CsPbBr3 dual-phase in the glass, and the optimal
glass compositions should have the appropriate YbF3 content

(5−8 mol %), PbO content (3−5 mol %), and CsBr content
(12−16 mol %). As demonstrated in Figure 2b, the PG is
transparent and colorless, and its apparent color is converted
into yellow after glass crystallization. Upon the irradiation of a

Figure 2. (a) XRD patterns of the dual-phase glass samples with different contents of the YbF3 component in the glasses. Bars represent the
standard diffraction peaks of cubic NaYbF4 (JCPDS No. 27-0813) and cubic CsPbBr3 (JCPDS No. 54-0752) crystals. (b) Photographs of the PG
(left) and dual-phase glass (right) under the irradiation of a daylight (top) and UV lamp (bottom). (c) TEM image and (d) HAADF-STEM
micrograph of a typical CsPbBr3 and NaYbF4 dual-phase glass.

Figure 3. (a) Absorption, PL (λex = 365 nm), and PLE (λem = 523 nm) spectra for a typical NaYbF4 NC and CsPbBr3 PNC dual-phase glass. (b)
Time-resolved PL traces (monitoring 523 nm exciton recombination) for the dual-phase glasses with different PbO contents (fixed 12 mol % CsBr
and 5 mol % YbF3) under the excitation of a 375 nm picosecond laser. The multiexponential fitted curves and the average decay lifetimes are shown
in the figure. PLQY values for the dual-phase glass samples with (c) various PbO contents (fixed 12 mol % CsBr; 5 or 8 mol % YbF3) and (d)
different CsBr contents (fixed 3 mol % PbO; 5 or 8 mol % YbF3).
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UV lamp, a bright green DS luminescence was observed. All
these results suggest the successful growth of CsPbBr3 PNCs
and NaYbF4 NCs in the glass via in situ glass crystallization.
Indeed, the TEM image of a typical dual-phase glass (Figure
2c) evidences the homogeneous distribution of CsPbBr3 PNCs
with sizes of 5−10 nm and Tm:NaYbF4 NCs with sizes of 30−
50 nm in the glass matrix. High-angle annular dark-field
scanning TEM (HAADF-STEM) observation, being sensitive
to the atomic number (Z) difference in the product, was made
to characterize the prepared dual-phase glass. As revealed in
Figures 2d and S2, obvious contrast for CsPbBr3 PNCs (small
sizes, bright), NaYbF4 NCs (large sizes, bright), and the glass
matrix (dark) is distinctly discerned for their large difference in
the atomic number among Cs/Pb/Br (Z = 55/82/35), Na/
Yb/F (11/70/9), and B/Ge/O (Z = 5/32/8), further verifying
the successful precipitation of CsPbBr3 PNCs and NaYbF4
NCs from the GeO2-based amorphous inorganic glass.
To understand the optical properties of CsPbBr3 PNCs

inside the inorganic glass, PL, PLE, and absorption spectra
were recorded, as shown in Figure 3a. Under 365 nm
excitation, a narrow-band emission peaked at 523 nm with
the FWHM of 21 nm was detected. The UV−vis absorption

spectrum exhibits a sharp absorption band edge at 518 nm
with a relatively smaller Stokes shift of ∼110 cm−1, and the
PLE spectrum shows a similar tendency of the band-to-band
absorption transition. These results indicate that the
luminescence of CsPbBr3 PNCs inside the glass derives from
direct exciton recombination, which is consistent with the case
of CsPbBr3 colloidal PNCs.

25 Time-resolved decay curves for
the dual-phase glasses with different PbO contents (fixed 5 mol
% YbF3 and 12 mol % CsBr) are shown in Figure 3b. Owing to
its nonsingle-exponential features, the PL decay of exciton
recombination can be well described by three-exponential
fitting (Supporting Information), and the fitted parameters are
tabulated in Table S2. The evaluated lifetime values are 117,
138, 69, and 40 ns for the PbO content of 1, 3, 5, 7 mol % in
the glass, respectively. Figure 3c shows the dependence of the
absolute PLQY values on the PbO content, and Figure
S3shows the corresponding quantitative PL spectra. Similar to
the case of lifetime, PLQY exhibits a maximal value of 21.92%
with the PbO content of 3 mol %. When the PbO content is
fixed to 3 mol %, it is found that the optimal CsBr content in
the glass is 16 mol % and the PLQY value reaches 30.78%
(Figures 3d and S4). For the dual-phase glass with 8 mol %

Figure 4. (a) UC emission spectra for the Tm:NaYbF4 single-phase glass and the Tm:NaYbF4 and CsPbBr3 dual-phase glass under 980 nm laser
excitation. For comparison, the PL spectrum of exciton recombination in the dual-phase glass excited by 365 nm light is displayed. (b) UC and PL
decays of CsPbBr3 PNCs (λem = 523 nm) in the dual-phase glass sample upon the excitation of a 980 nm pulse laser and 365 nm UV picosecond
laser, respectively. The multiexponential fitted curves and the average decay lifetimes are provided. UC decay traces for the dual-phase glass samples
with and without (W/O) PNCs by monitoring (c) Tm3+ 349 nm (1I6 →

3F4), (d) 363 nm (1D2 →
3H6), (e) 450 nm (1D2 →

3F4), and (f) 477 nm
(1G4 →

3H6) emissions. The UC decay curve of 523 nm exciton recombination is added for comparison. (g) Simplified energy-level scheme of the
Tm:NaYbF4 and CsPbBr3 dual-phase glass and the proposed radiative energy transfer from Tm3+:1G4 state to PNCs. (h) Long-term stability test by
directly immersing the dual-phase glass in water for 30 days: UC/DS decay lifetimes of exciton recombination versus storing time. Insets are the
corresponding luminescent photographs of the dual-phase glass in water.
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YbF3 content, the same variation tendency can be obtained and
the maximal PLQY value is 35.81% for 3 mol % PbO content
and 16 mol % CsBr content in the glass (Figures 3c,d, S5 and
S6). The improved PLQY of PNCs is believed to be attributed
to the promotion of CsPbBr3 growth inside the glass (i.e., high-
content PNCs embedded in the glass) with the increase of the
YbF3 content, as evidenced in XRD patterns (Figure 2a).
Generally, the detection of Yb3+ luminescence at ∼980 nm
under the excitation of UV light is the direct evidence to
confirm the incorporation of Yb3+ dopants into CsPbBr3
perovskite NCs.32,33 However, no Yb3+ emission is detected
in our samples, indicating that Yb3+ ions have not been doped
in CsPbBr3 PNCs. This is reasonable since Yb3+ ions are
difficult to diffuse into the CsPbBr3 lattice in the present dual-
phase glass samples due to the hindering role of the glass
matrix, which is quite different from the cases of Yb3+-doped
colloidal perovskite NCs prepared by the wet chemical
method.32−35

UC emission spectra for the Tm:NaYbF4 single-phase glass
and the Tm:NaYbF4 and CsPbBr3 dual-phase glass were
recorded under 980 nm laser excitation (Figure 4a). For the
Tm: NaYbF4-embedded glass, typical Tm3+ UC emissions
were detected and divided into three regions: the UV region
with peaks at 349 nm (1I6 →

3F4) and 363 nm (1D2 →
3H6),

the blue region with peaks at 450 nm (1D2 →
3F4) and 477 nm

(1G4 →
3H6), and the red region with peaks at 650 nm (1G4 →

3F4) and 707 nm (2F2,3 → 3H6). Importantly, besides Tm3+

emissions, an extra UC emitting band at 523 nm was observed
for the Tm:NaYbF4 and CsPbBr3 dual-phase embedded glass.
This is attributed to the exciton recombination of CsPbBr3
PNCs in the glass by comparing the PL spectra of the dual-
phase glass under 365 nm UV light excitation (Figure 4a). As
evidenced in Figure S7, the UC emitting intensity of CsPbBr3

PNCs in a series of dual-phase glasses with different glass
compositions under 980 nm laser excitation follows the same
variation tendency of PLQYs, further confirming that 523 nm
band-like UC emission in the present dual-phase glass is
indeed originated from CsPbBr3 PNCs. Furthermore, UC (λex
= 980 nm; λem = 523 nm) and DS (λex = 365 nm; λem = 523
nm) decay behaviors of CsPbBr3 PNCs in the dual-phase glass
sample were investigated, as shown in Figure 4b. It was
discovered that the UC decay lifetime of exciton recombina-
tion is abnormally much longer than the corresponding DS
decay lifetime, which is lengthened from the intrinsic
nanosecond scale (138 ns) to milliseconds (222 μs, Table S2).
To reveal the exact UC emission mechanism of CsPbBr3

PNCs in the dual-phase glass, the UC decay curves of the
Tm3+ 1I6 → 3F4,

1D2 → 3H6,
1D2 → 3F4, and

1G4 → 3H6
transitions in the Tm:NaYbF4 single-phase glass and the
Tm:NaYbF4 and CsPbBr3 dual-phase glass were recorded
under the excitation of a 980 nm pulsed laser (Figure 4c−f).
Also, the UC decay curve for the exciton recombination of
CsPbBr3 PNCs in the dual-phase glass was recorded. Notably,
the UC decay behaviors of Tm3+ 1I6,

1D2, and
1G4 emitting

states have not been altered after the growth of CsPbBr3 PNCs
inside the glass, indicating that the nonradiative FRET from
Tm3+ in NaYbF4 NCs to CsPbBr3 PNCs does not occur in the
present dual-phase glass. Impressively, it was found that the
UC lifetime of exciton recombination (523 nm) was very
approximate to that of the Tm3+ 1G4 → 3H6 (477 nm)
transition for all the investigated dual-phase glass samples
(Figures 4f and S8). More importantly, as shown in Figure S9,
the UC decays of the Tm3+ 1G4 emitting state in the samples
with different CsBr contents (i.e., different amounts of
CsPbBr3 PNCs) are almost identical, further verifying that
there is no extra electron relaxation channel from the Tm3+ 1G4

Figure 5. (a, c) UC emission spectra and (b, d) color coordinates in the CIE diagrams for the Tm:NaYbF4 and CsPbBr3 dual-phase glass under the
simultaneous excitation of 365 nm UV light and 980 nm NIR laser: (a, b) NIR laser power is fixed and UV light power gradually increases; (c, d)
UV light power is fixed and NIR laser power monotonically enhances. The arrows represent an increase of the excitation light power.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c01968
ACS Appl. Mater. Interfaces 2020, 12, 18705−18714

18709

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01968/suppl_file/am0c01968_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01968/suppl_file/am0c01968_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01968/suppl_file/am0c01968_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01968/suppl_file/am0c01968_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01968/suppl_file/am0c01968_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c01968/suppl_file/am0c01968_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01968?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01968?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01968?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c01968?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c01968?ref=pdf


excited state to the conductive band of CsPbBr3 PNCs.
Therefore, all these results evidence that Tm:NaYbF4 UCNC
to CsPbBr3 PNC ET in the dual-phase glass should be a
radiative reabsorption process rather than a nonradiative FRET
one. A simplified diagram of the radiative ET process is
schematically illustrated in Figure 4g. Under 980 nm NIR laser
excitation, successive multiphonon ET UC processes from
Yb3+ to Tm3+ in Tm:NaYbF4 NCs can populate 1I6,

1D2, and
1G4 excited states of Tm3+, from which UV, blue, and red
emissions yield. Among these Tm3+ UC emissions, the 1G4 →
3H6 radiation can be effectively reabsorbed by CsPbBr3 PNCs,
which leads to the obvious difference in the relative intensities
of 477 and 650 nm Tm3+ emissions in Tm:NaYbF4 and the
Tm:NaYbF4 and CsPbBr3 spectra (Figure 4a). This radiative
ET can efficiently pump carriers from the valence band to the
conduction band and create electron−hole pairs (excitons) in
CsPbBr3 PNCs, followed by photon emission through exciton
recombination. Therefore, it is reasonable that the UC decay
lifetime of exciton recombination relative to its intrinsic PL
decay is lengthened by 3 orders of magnitude and approaches
to that of the Tm3+:1G4 emitting state because of the slow
population of the PNC excited state from the long-lived Tm3+

1G4 excited state during the radiative ET from UCNCs to
PNCs.
Furthermore, the stability of the dual-phase glass was

investigated by directly immersing it in water for a certain
time period. Time-resolved PL/UC traces for the exciton
recombination of CsPbBr3 PNCs and the evaluated decay
lifetimes show no obvious change (Figures S10a,b, and 4h).
Similarly, UC radiative kinetics of Tm3+ is not remarkably
affected by the elongation of storing time in water (Figure
S10c). Evidently, bright luminescence from the dual-phase
glass remains after immersing the glass in water for 30 days
(inset of Figure 4h) and nearly 100% spectral intensity is
retained (Figure S11). Such superior long-term stability for the
present dual-phase glass is benefited from the effective
protection of PNCs and UCNCs by the solid inorganic
oxide glass.
Benefited from the dual-modal emissive feature of CsPbBr3

PNCs in the dual-phase glass, it is feasible to tune the
combined DS/UC luminescence over a broad spectral range
upon the simultaneous excitation of a 980 nm laser and 365
nm UV light. First, 980 nm laser power is fixed and the power
of incident UV excitation light is gradually raised. As shown in
Figure 5a, the corresponding Tm3+ UC emissions remain
unchanged, while the emission of PNCs is significantly
enhanced. As evidenced in the Commission International de
I’Eclairage (CIE) 1931 chromaticity diagram (Figure 5b), the

combined UC/DS color in the dual-phase glass can alter in a
broad region from red to green with an increase of the UV
excitation light power. Second, the UV excitation light is fixed,
and the NIR laser power gradually increases. As exhibited in
Figure 5c, Tm3+ UC emissions become intensified, while the
emission of PNCs monotonically weakens. This high-power
laser-induced decrease of PNC emission is observed for all the
other dual-phase glass samples under single-modal 980 nm
laser excitation (Figures S12 and S13). Accordingly, the
combined emitting color can be tuned from green to pink with
an increase of 980 nm laser power (Figure 5d). It is well
known that high laser power can result in the enhanced Tm3+

UC emissions due to the multiphoton absorption process.
Notably, the decreased emission of PNCs is believed to be
attributed to a high-power laser-induced heating effect since
the exciton recombination probability of PNCs significantly
decreases with the increase in temperature (Figure S14). The
incident 980 nm laser can be efficiently absorbed by Yb3+ ions
in the present dual-phase glass, and most of them are
converted into heat for the low UC emitting efficiency
(∼10−3). Indeed, this laser-induced photothermal effect can
significantly enhance 2F2,3 → 3H6 (707 nm) UC emission
(Figure 5c) via thermal repopulation between the 3F2,3 and

3H4
states of Tm3+ (Figure S15).
As a proof-of-concept experiment, we demonstrated the

practical application of the dual-phase glass in anti-counter-
feiting benefited from DS/UC dual-modal emissions of PNCs
excitable by UV lamp and NIR laser. A series of luminescent
patterns were designed using the dual-phase glass inks, and the
designed patterns were printed on a metal plate via a screen-
printing technique. As evidenced in Figure 6, all the patterns
(English letters and Chinese characters) show an obvious
change of emitting color with the modification of excitation
sources. Under the irradiation of a 365 nm UV lamp, the
patterns show green luminescence originated from the routine
DS emission of CsPbBr3 PNCs. Upon the irradiation of a 980
nm NIR laser, the patterns exhibit cyan luminescence due to
the combined UC emissions of Tm3+ activators and CsPbBr3
PNCs. Interestingly, dual-color emissions can be detected
upon the simultaneous excitation of a UV lamp and NIR laser,
where the cyan UC luminescence is superposed on the green
DS luminescence via a scanning 980 nm laser on a section of
these letters or characters. Notably, the UC efficiency of PNCs
upon NIR laser excitation is less than the PL efficiency upon
UV light excitation. Therefore, the UC luminescence of the
printed ink is more sensitive to the homogeneity of PNCs than
photoluminescence. This will lead to some white spots for
English letters and Chinese characters upon NIR laser

Figure 6. (a) Schematic illustration of the preparation of the anti-counterfeiting pattern via a screen-printing technique and a single-modal or dual-
modal excitation strategy. Several anti-counterfeiting luminescent patterns of (b) English letters and (c) Chinese characters fabricated from dual-
phase glass inks upon different excitation modes (column 1: daylight, column 2: UV light, column 3: NIR laser, column 4: UV light, and NIR laser).
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excitation due to the high PNC content in the corresponding
regions. It is worthy to mention that the stability of the ink
patterns is excellent owing to the effective protection of
perovskite NCs by the glass matrix. Therefore, these versatile
dual-modal DS/UC emissive patterns excitable by a cheap and
commercial UV lamp and a 980 nm NIR laser are expected to
be adopted as flexible anti-counterfeiting labels for security
application.
As mentioned above, the present dual-phase glass shows

temperature-sensitive UC emissions for both 4f−4f transitions
of Tm3+ and exciton recombination of PNCs, which may
enable it to find a promising application in optical
thermometry. Figure 7a shows the related temperature-
dependent UC emission spectra under 980 nm laser excitation.
Indeed, a remarkable change is found for UC emissions with
an increase of temperature. The histograms of the integrated
UC intensities for exciton recombination (523 nm) of PNCs,
1G4 →

3H6 (477 nm), 1G4 →
3F4 (650 nm), and 2F2,3 →

3H6

(707 nm) transitions of Tm3+ are presented in Figure 7b. With
the elevation of temperature from 83 to 463 K, the UC
intensity of CsPbBr3 PNCs significantly decreases owing to
temperature-induced nonradiative exciton relaxation, while
that of Tm3+ emission at 477 nm (1G4 →

3H6) remains almost
unchanged. On the other hand, when temperature raises from

300 to 463 K, UC emissions corresponding to Tm3+ 3F2,3 →
3H6 and

1G4 →
3F4 transitions exhibit opposite temperature-

dependent behaviors, i.e., the former remarkably increases
while the latter gradually decreases. This is attributed to the
competition of the electron population in Tm3+ 3F2,3 and

3H4
thermally coupled states (TCS).32 Increasing temperature will
populate the upper 3F2,3 state from the lower 3H4 state via
thermal activation, which will further induce a decrease of
electrons in the 1G4 excited state since this state is populated
from 3H4 via the energy transfer upconversion (ETU) process
(Figure S15).
Accordingly, it is possible to realize temperature detection

through experimentally measuring the temperature-sensitive
UC fluorescence intensity ratio (FIR) of the dual-phase glass.
Importantly, benefited from its multiplex UC emissive feature,
we can construct two kinds of FIRs based on 523 nm exciton
emission to the Tm3+ 477 nm 1G4 →

3H6 transition (denoted
as FIR1) and Tm3+ 707 nm 3F2,3 →

3H6 to Tm3+ 650 nm 1G4
→ 3F4 (denoted as FIR2). Herein, exciton recombination and
the Tm3+ 3F2,3 → 3H6 transition are temperature-detecting
signals for their significant temperature-sensitive emissions,
while Tm3+:1G4 →

3H6 and
1G4 →

3F4 transitions act as the
reference signals for their relatively temperature-insensitive
emissions. As shown in Figure 7c,d, FIR1 gradually decreases

Figure 7. (a) Temperature-sensitive UC emission spectra for the dual-phase glass under 980 nm laser excitation. (b) Temperature-dependent
integrated UC intensity of exciton recombination and Tm3+ UC emissions at 477 nm (1G4 →

3H6), 650 nm (1G4 →
3F4) and 707 nm (2F2,3 →

3H6). Measured and fitted plots of (c) fluorescence intensity ratio (FIR) (IPNCs/I477 nm) and (d) FIR (I707 nm/I650 nm) versus temperature. The
fitted curves and the corresponding expressions are provided in the figures. Stars represent the experimentally recorded two FIR values by a
spectroradiometer to determine the actual temperature of an object. (e) Absolute sensitivity Sa and (f) relative sensitivity Sr versus temperature.
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and FIR2 increases with the elevation of temperature. The
sensor sensitivity is an important parameter in determining the
performance of the temperature sensor. Herein, FIR1 can be
easily deduced according to the expression of temperature-
dependent exciton recombination7,25

= ≈
+ −Δ

I
I B C E k T

FIR1
1

exp( / )
PNCs em

477 nm B (1)

where B and C are constants, T is absolute temperature, and kB
is the Boltzmann constant. ΔE is the nominal thermal
quenching activation energy for CsPbBr3 PNCs and the
Tm3+ 1G4 → 3H6 dual-emitting system. Indeed, the
experimental data can be well fitted with the correlation
coefficient above 99.8%, and the obtained ΔE value is 102 meV
(Figure 7c), which is close to the exciton binding energy of
125 meV (Figure S14). On the other hand, FIR2 data can be
well fitted to the temperature by the following exponential
equation36,37

= = + × −
I
I

D E F TFIR2 exp( / )707 nm

650 nm (2)

where D, E, and F are constants, which can be determined by
fitting the experimental data (Figure 7d). Therefore, the

absolute temperature sensitivity = ∂
∂( )S

Ta
FIR and the relative

sensitivity = ∂
∂( )S

Tr
1

FIR
FIR can be further derived (Supporting

Information) and are plotted in Figure 7e,f for FIR1 and FIR2,
respectively. FIR1 shows high sensitivity in the low-temper-
ature region (100−300 K) for the remarkable variation of the
UC exciton recombination of PNCs, while FIR2 exhibits high
sensitivity in the high-temperature region (300−700 K) since
relatively high temperature is required to repopulate 3F2,3 and
3H4 TCS (Figure S15). Specifically, the maximal Sr(523/477)
value reaches 0.98% K−1 at 256 K, and the maximal Sr(707/650)
value is as high as 1.35% K−1 at 437 K. Impressively, the
temperature sensitivities for the present dual-phase glass are
comparable or even superior to the previously reported ones
(Table S3).36,38−42 Therefore, considering the wide operating
temperature range and high sensitivity, the strategy based on
the emissions from PNCs and Ln3+ ion-codoped dual-phase
glass is prospective to realize broad/accurate temperature
detection. Herein, we designed a real-time temperature-
measuring system (Figure 8) consisting of a spectroradiometer
(SpectraScan PR670) and a temperature-controlling stage
(Linkam THMS600). The temperature can be calibrated by
comparing the acquired FIR value with the theoretically
calculated FIR curve. As expected, we can accurately determine
the temperature by reading out two FIR values at two distinct
low/high temperatures and indexing from FIR curves. The
values are close to the set temperatures, as illustrated in Figure
7c,d, confirming the feasibility for the proposed temperature-
detecting strategy.

4. CONCLUSIONS
In summary, photon UC emission in PNCs excitable by a low-
cost NIR laser diode is achieved through the co-growth of
Tm:NaYbF4 UCNCs and CsPbBr3 PNCs inside the same glass
matrix. This kind of nanocomposite is fabricated via an in situ
glass crystallization strategy, and the design and optimization
of PG compositions are the necessary prerequisites for the
simultaneous precipitation of UCNC and PNC dual-phases in

the glass. The UC mechanism in PNCs is evidenced to be
Tm:NaYbF4 UCNC-sensitized radiative ET, which is much
more efficient than traditional multiphoton absorption and can
break the distance limitation on ET efficiency by the random
growth of dual-phase nanoparticles in the glass matrix. As a
merit of radiative ET UC emissions, the decay lifetimes of
excitons fed from the long-lifetime intermediate state of Tm3+

have been lengthened by more than 3 orders of magnitude
from ∼100 ns to ∼200 μs. Importantly, the encapsulation of
PNCs and UCNCs in the solid glass can solve the issue of
long-term stability thoroughly, and almost 100% luminescence
of PNCs is retained after directly immersing the product in
water for 30 days. These findings offer a general method to
produce dual-modal UC and DS emissions from glass-
protected ultra-stable PNCs, and the combined luminescence
from exciton recombination and Tm3+ 4f−4f transitions in the
dual-phase glass is highly excitation-source dependent and
temperature sensitive, which will bring new prospects for
application in the optoelectronic field. As proof-of-concept
experiments, we finally demonstrate its practical applications in
high-end anti-counterfeiting and real-time temperature sensing.
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