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Table S1. Norminal glass compositions (mol%) for preparing dual-phase glasses containing
Tm: NaYbF, UCNCs and CsPbBr; PQDs. The total mole content of glass composition is not

fixed to 100% for better comparison throughout the text.

C"(‘:I‘llf)‘l’f;:)i"“ GeO, B,0; ZnO CaO Na,0 PbO  CsBr | YbF; TmF;
SO 50 20 | 5 | 3 6 0 12 5 0.1
St | 50 |20 | 5 | 3 6 1 12 5 1 01
2 50 |20 | 5 | 3 6 3 12 5 01
S350 |20 | 5 | 3 6 5 12 5 1 01
sS4 s0 | 20 5 | 3 6 7 12 5 | 01
Ss| 50 | 20 | 5 | 3 6 3 8 5 1 01
S6 | s0 | 20 5 | 3 6 3 16 5 1 01
S7 50 |20 | 5 | 3 6 3 20 5 1 01
Sample | S8 | 50 | 20 | 5 | 3 6 3 12 3 | o0l
9 50 20 | 5 | 3 6 0 12 g8 | 0.1
S10) 50 20 | 5 | 3 6 1 12 8§ | 0.1
Si1| 50 | 20 | 5 | 3 6 3 12 g8 | 0.1
s12) 50 | 20 | 5 | 3 6 5 12 g8 | 0.1
S13/ 50 | 20 | 5 | 3 6 7 12 g8 | 0.1
S14) 50 20 | 5 | 3 6 3 8 § | 0.1
S15| s0 | 20 | 5 | 3 6 3 16 8§ | 0.1
S16| 50 20 | 5 | 3 6 3 20 g8 | 0.1

The mole contents of PbO (x mol%, x=1, 3, 5, 7), CsBr (y mol%, y=8, 12, 16, 20) and YbF;
(z mol%, z=3, 5, 8) components in the glasses are modified to achieve dual-phase glasses with

desirable crystallization phases and optimal optical performance.
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Table S2. The fitted decay parameters for PL and UC exciton recombination of CsPbBr;
PQDs in dual-phase glasses with different PbO contents (x=1, 3, 5, 7 mol%, fixed 12 mol%

CsBr, 5 mol% YbF3).

A tms) Ay w(ns) As T3(0S)  Te(ns)
PL x=1 3752 9.67 1622 50.11 258 258.82 117
PL x=3 5390 12.11 2523 62.95 479 286.72 138
PL x=5 4357 5.40 1284 36.24 140 186.56 69
PL x=7 4540 4.32 1044 24.65 129 114.26 40

UC x=3 9461 185.00 1446 351.09 -- -- 222

Owing to their non-single-exponential features, PL decay curves of exciton

recombination can be described by the following three-exponential expression

I =Aiexp ( — T—tl) + Azexp ( — T—tz) + Aszexp ( — T—ts)

Where A4, A; and Ajz are the fitting constants, 71, 7, and 73 are the corresponding decay times,
respectively. The average lifetime can be determined by the following equation

Tave = (A1T] + A2T5 + AgT8)/(A1T1 + AgTy + A3Ts)

All the values are tabulated in Table S2.

Similarly, UC decay curves of exciton recombination can be described by the two-exponential

expression and the related parameters are also provided in Table S2 for comparison.
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Derivation of absolute temperature sensitivity and relative sensitivity

In the investiaged dual-phase embedded glass, exciton recombination and Tm3" 3F, ;—3Hg
transition are temperature detecting signals for their significant temperature-sensitive emissions,
while Tm?**: 'G4—3*Hg and 'G,—3F; transitions act as the reference signals for their relatively
temperature-insensitive emissions. Herein, FIR1 can be easily deduced according to the
expression of temperature-dependent exciton recombination [51:52]

1

I s em
FIR] = —2" ~

1 ~ .
477 nm B + Cexp( AE/kBT)

where B and C are constants, T is absolute temperature, kg is Boltzmann constant. AE is nominal
thermal quenching activation energy for the CsPbBr; PQDs and Tm3" 'G, — 3Hg dual-emitting
system. On the other hand, FIR2 data can be well fitted to temperature by the following
exponential equation [53:54]

1707 mm -F
FIR2 =7 = D+ Ex exp(” /)

where D, E and F are constants.

According to these two FIR equations, absolute temperature sensitivity (S,) and relative
temperature sensitivity (S,) can be further derived and expressed by the following equations.
For FIR1

—AE
Cexp( / kBT)

AFIR1 AE
Sa(523/477) = |7 | TR e
B+ Cexp( /sz)
—AE
C
1 9FIR1 exp( / kepT) AE

Sr(523/477) = W| X 100% = X oz X 100%

—AE
B + Cexp( / kBT)

For FIR2
dFIR2 -F EF
Sa(707/650) = | 1 |= exp( /T) X7z
—F
1 9FIR2 exp("" /1) EF
Sr(707/650) = W| X 100% = X a3 X 100%

D+ E X exp( _F/T)
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Table S3. Absolute/relative sensitivities and temperature range of optical temperature sensors

based on several typical luminescent materials.

Sensing FIR T::‘g?a;u Maximal §, Maximal S, Ref.*
materials (K) 8 (K (% K ’
3+. 3+3F, .3
Tm YFs Lol 993 563 0.0184 - [S3]
glass ceramic Lt 16,-F,
Tm3*/Yb3*: [T
Y, Ti 0, T 993.398 - 0.81 [S5]
I(TmJ*:‘G4—r"H6)
phosphor
Tm3+/Y b3 +: I(Tm“: 3F;—3H, )/
STWO, T ott 308-573 0.0062 - [S6]
Ho*"/Tm3"/Yb*: Trmssm,—m,) /
Ba:Y,0s T 293-473 0.0552 0.34 [S7]
Pr3*:
LaMgj 40:Nby sos Leeooomy/— 9oq 593 0.0597 0.73 [S8]
0, I (pe-3p,—Fy)
CD/ RhB Icp /Irns 283-373 0.0201 1.39 [S9]
i Ipqps om/ I : This
dual-phase glass FQDs em 77-350 0.0474 0.98 work
dual-phase glass ™" 300.700 0.4381 1.35 This
It 1G—Fy work
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Figure S1. XRD patterns of a series of dual-phase glass samples: (a) different PbO contents

(fixed 12 mol% CsBr and 5 mol% YDbF3), (b) different CsBr contents (fixed 3 mol% PbO and
5 mol% YDbF3;), (c) different PbO contents (fixed 12 mol% CsBr and 8 mol% YbF;) and (d)
different CsBr contents (fixed 3 mol% PbO and 8 mol% YDbF;). Bars represent standard

diffraction peaks of cubic NaYbF, (JCPDS No. 27-0813) and cubic CsPbBr; (JCPDS No. 54-

0752) crystals.
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glass matrix % N

Figure S2. HAADF-STEM micrograph for a typical CsPbBr; and NaYbF, dual-phase
embedded glass, showing the co-existence of small-size CsPbBr; PNCs (bright contrast) and
large-size Tm: NaYbF4 UCNCs (bright contrast) inside glass matrix (dark contrast). Some of

CsPbBr; PNCs and Tm: NaYbF, UCNCs are marked by circle and rectangle, respectively.
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Figure S3. Quantitative PL spectra of dual-phase glasses with fixed 12 mol% CsBr, fixed 5
mol% YbF; and different PbO contents: (a) x=1 mol%, (b) x=3 mol%, (c) x=5 mol% and (d)
x=7 mol%. PLQY values, defined as the ratio of emitted photons to absorbed photons, can be
accordingly calculated. The reference for PLQY measurement is the blank glass without
perovskite components, and the sharp peak at 365 nm is the excitation light (the integrated area

represents the absorbed intensity).
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Figure S4. Quantitative PL spectra of dual-phase glasses with fixed 3 mol% PbO, fixed 5 mol%
YbF; and different CsBr contents: (a) y=8 mol%, (b) x=12 mol%, (c) x=16 mol% and (d) x=20
mol%. PLQY values, defined as the ratio of emitted photons to absorbed photons, can be
accordingly calculated. (e) The corresponding PL decay behaviors shows the same variation

tendency as PLQYs.
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Figure SS. Quantitative PL spectra of dual-phase glasses with fixed 12 mol% CsBr, fixed 8
mol% YbF; and different PbO contents: (a) x=1 mol%, (b) x=3 mol%, (c) x=5 mol% and (d)
x=7 mol%. PLQY values, defined as the ratio of emitted photons to absorbed photons, can be

accordingly calculated. (e) The corresponding PL decay behaviors shows the same variation

tendency as PLQYs.
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Figure S6. Quantitative PL spectra of dual-phase glasses with fixed 3 mol% PbO, fixed 8 mol%
YbF; and different CsBr contents: (a) y=8 mol%, (b) x=12 mol%, (c) x=16 mol% and (d) x=20
mol%. PLQY values, defined as the ratio of emitted photons to absorbed photons, can be

accordingly calculated.
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Figure S7. UC emission spectra of a series of dual-phase glasses under the excitation of 980

nm NIR laser: (a) various PbO contents (1~7 mol%, fixed 12 mol% CsBr and 5 mol% YbF3),

(b) various CsBr contents (8~20 mol%, fixed 3 mol% PbO and 5 mol% YbF;), (c) various PbO

contents (1~7 mol%, fixed 12 mol% CsBr and 8 mol% YbF;) and (d) various CsBr contents

(8~20 mol%, fixed 3 mol% PbO and 8 mol% YbF3). All the samples show typical 523 nm UC

emission band originated from exciton recombination of CsPbBr; PQDs inside the glasses.
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Figure S8. UC decay curves for a series of dual-phase glasses by monitoring 349 nm ('Is—-Fy),
363 nm ('D,—3*Hg), 450 nm ('D,—3F,), 477 nm ('G4—>Hg) emissions of Tm3" and 523 nm
exciton recombination of CsPbBr; PQDs: (a-c) different contents of YbF; component (3, 5, 8
mol%) in glasses with fixed 3 mol% PbO and 12 mol% CsBr, and (d) 3 mol% PbO, 16 mol%

CsBr and 5 mol% YbF; components in the glass.
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Figure S9. UC decay curves for a series of dual-phase glasses with different contents of CsBr
component (8~20 mol%, fixed 3 mol% PbO and 5 mol% YbF;) by monitoring Tm3* 477 nm
('G4—>*Hg) emission. As a comparison, UC decay of Tm3" !G4 emitting state for the glass
containing only Tm: NaYbF4 NCs (without CsPbBr; PQDs) is provided. Evidently, decay

behaviors of Tm3* !G4 emitting state are almost identical for all the samples.
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Figure S10. Long-term stability test by directly immersing dual-phase glass in water for 30
days and recording (a) PL decays of exciton recombination, (b) UC decays of exciton
recombination and (c) UC decay of Tm*" 477 nm ('G4—>Hg) emission. With elongation of
storing time in water, PL decay of exciton recombination and UC radiative kinetics of exciton

recombination and Tm3* !G4—3Hg transition in the dual-phase glass are not remarkably altered.
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Figure S11. Long-term stability test by directly immersing dual-phase glass in water for 30
days and recording the corresponding PL spectra of exciton recombination. With increase of

immersing time from 0 to 30 days, no obvious change in PL intensity and spectral profile.
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Figure S12. UC emission spectra for Tm: NaYbF, & CsPbBr; dual-phase glass under single-
modal excitation at 980 nm with different laser power. All the spectra are normalized to Tm>*
477 nm ('G4—>Hg) emission. With increase of NIR laser power, 523 nm UC emission intensity

from exciton recombination gradually weakens owing to laser-induced thermal quenching of

exciton recombination.
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Figure S13. Normalized UC emission spectra for a series of dual-phase glasses under single-
modal excitation at 980 nm with low/high (33 mW or 352 mW) laser power: (a) various PbO
contents (1~7 mol%, fixed 12 mol% CsBr and 5 mol% YDbF3), (b) various CsBr contents (8~20
mol%, fixed 3 mol% PbO and 5 mol% YbF;), (¢) various PbO contents (1~7 mol%, fixed 12
mol% CsBr and 8 mol% YbF;) and (d) various CsBr contents (8~20 mol%, fixed 3 mol% PbO
and 8 mol% YDF3). Compared to the case of low-power laser excitation, 523 nm UC emission

intensity from exciton recombination weakens upon high-power laser excitation for all the

samples.
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Figure S14. (a) Temperature-dependent PL spectra of dual-phase glass under 365 nm UV light

excitation. (b) Integrated emission intensity of CsPbBr; PQDs as a function of temperature. The

fitted curve and the obtained exciton recombination energy (Ey) are provided in the figure.
The important physical parameter of exciton binding energy of CsPbBr; PQDs inside glass

can be estimated with the following equation [7-33]

Iy
I(T) =
1+ Aexp

~Ebjtegn

where /(T) and [, are PL intensities at temperature 7 and 0 K, respectively, 7T is absolute
temperature, 4 is a pre-exponential constant, kp is Boltzmann constant and £, is exciton binding
energy. With increase of temperature, the integrated emission intensity of CsPbBr; PQDs

rapidly decreases, which is caused by temperature quenching. The exciton binding energy is

125 meV by fitting the experimental data with the above-mentioned expression.

*References 7 and 25 are listed in the manuscript.
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Figure S15. Energy level diagrams of Yb** and Tm3" ions, showing the thermally coupled
states of *Hy and 3F,,; and the possible energy transfer processes to populate *Hy, 3F»,3 and 'G,
emitting-states of Tm3".

The 3F, ; and *H, states of Tm?" are eligible to act as thermally coupled states because of
the suitable energy gap between them (~ 2000 cm!). With increase of temperature, the °F,;
states are populated via thermal activation while the 3H, state is depopulated. The population
of 1Gy state of Tm3" is originated from 3Hy one. Therefore, temperature sensitive fluorescence

intensity ratio (FIR) of Tm3" between 3F, 3 —3Hg transition (707 nm) and 'G4—3F, one (650

nm) is expected.
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