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Experimental Section

Materials

Cesium bromide (CsBr, 99.99%), Silver bromide (AgBr, 99.99%), Hydrobromic acid (HBr, 48
wt.% in H,0) and Hypophoaphoeous acid (H3PO,, 50 wt.% in H,0) was purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. Cuprous bromide (CuBr, 99.99%) was bought from TClI
Shanghai Chemicals Industry Co., Ltd. All of the chemicals were used without further

purifications.

Synthesis of Cs3Cu,Brs Single Crystals

1.0 mmol CsBr, 0.25 mmol CuBr was added to 5 mL glass vial. 1.0 mL HBr and 0.2 mL H3PO,
was then added. The mixture was heated to 165 °C on a hot plate for 30 min to dissolve the
powders. Blue-emissive crystals were yielded after naturally cooling the solutions at ambient
conditions, while the needle-like cyan-emissive crystals were yield after rapidly cooling down

the hot solutions. The needle-like cyan-emissive crystals were unstable in ambient conditions.

Synthesis of Ag-alloyed Cs;Cu,Brs Single Crystals

To synthesize Ag-alloyed Cs3Cu,Brs single crystals, 1.0 mmol CsBr, 0.25 mmol CuBr and x mg (x
=5, 10, 20, 30 and 40 mg) was added to 5 mL glass vial. 1.0 mL HBr and 0.2 mL H5PO, was then
added. The mixture was heated to 165 °C on a hot plate for 30 min to dissolve the powders.
Colorless crystals were yielded after naturally cooling at ambient conditions, the synthesized

crystals were named as B-Cs3Cu,Brs:xAg* (x = 6.52%, 12.40%, 17.32%, 20.56% and 32.35%.). The



product with addtion of 5 mg Ag is unstable and will transform to 0D blue emissive Cs3Cu,Brs

within seveal minutes in solutions.

Characterization

Powder X-ray diffraction (XRD) measurements were performed on a Rigaku smartlab9kw
diffractometer equipped with Cu Ka radiation. Room-temperature photoluminescence (PL),
time-resolved PL, temperature-dependent PL spectra were recorded on the FLS 1000 Edinburgh
Instruments spectrofluorimeter equipped with a xenon lamp as the excitation source. Single
Crystal X-ray diffraction (SCXRD) results were acqgiured by Rigaku Oxford XtaLAB Synergy-DW
diffractometer with monochromated Mo Ka radiation (A = 0.7107 A). X-ray photoelectron
spectroscopy (XPS) measurements were performed by using Thermofisher ESCALAB Xi+ with
the X-ray source of monochromated Al Ka (hv = 1486.6eV). The absolute quantum yield was
measured by Hamamatsu C9920-02 equipped with integrating sphere. Femtosecond transient
absorption (fs TA) measurements were performed by a pump-probe laser system (800 nm, 50
fs, and 1 kHz repetition rate) based on a regenerative amplified Ti:sapphire laser source
(Spectra Physics). The sample was excited by 340 nm laser pulses generated by a TOPAS Optical
Parametric Amplifier (OPA) which was pumped by the 800 nm pulse. A white light continuum
(WLC) generated by a 2 mm thick CaF, was used as the probe beam. The excitation energy is 44

HW.

Calculation of tetrahedral parameters:

Tetrahedral parameters of Ad and 62 was calculated by the following equations.' 2
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In the above equations, d, and d represents the individual bond length and average bond
length in [CuBr,]* tetrahedron; 6, is the specific Br-Cu-Br bond angle and average in [CuBr,]*
tetrahedron. Ad describes the overall tetrahedral elongation and variation in tetrahedral bond
distance, and the variation and deviation of bond angle in [CuBr,]* tetrahedron could be
reflected by 2. Taking these two parameters into consideration, the distortion of 1D Ag-alloyed

B-Cs3Cu,Brs crystal lattice induced by temperature and Ag ion can be correctly determined.
Computational methods

The DFT calculations were performed on Vienna ab initio Simulation package (VASP) 3 4 with
projector augmented wave (PAW) pseudopotential.> ® The exchange-correlation interaction was
described by Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA).” 8 The kinetic energy cut-off was set to 400 eV. The Brillouin zone was
sampled by Gamma-centered (Monkhorst—Pack) k-point with 2 x 3 x 3, The convergence

criterion of force and energy were set to 0.01 eV A~ and 105 eV, respectively.® 10
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Fig. S1 PXRD patterns of blue-emissive copper bromide crystals, and the crystal strucutre of 0D

Cs3Cu;Brs.
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Fig. S2 PL spectra of OD Cs3Cu,Brsand needle-like crystals.
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Fig. S3 PXRD patterns of needle-shape copper bromide crystals after filtration.

Fig. S4 Photograph of the synthisized 1D Cs3(Cu/Ag),Brs crystal under optical microscope.
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Fig. S5 PXRD patterns of Ag-1.07, Ag-1.28, Ag-1.50 and pure Cesuim silver bromide crystals.
(The asterisks represent the CsAgBr, impurities, 1.07, 1.28 and 1.50 represents the Ag/Cu

feeding ratio.)
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Fig. S6 The comparison of the PXRD patterns of needle-like crystals, 1D Cs;(Cu/Ag),Brs and 0D

CSgCUZBr5.
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Fig. S7 Formation energy of OD Cs3Cu,Brs, 1D B-Cs3Cu,Brsand Ag-alloyed B-CssCu,Brs (Slected B-

Cs3Cu,Brs5:32.35%Ag* as model). The formation energies are calculated with respect to the
precursors CsBr, CuBr and AgBr, as E; = E[Cs3Cu,Brs] - 3E[CsBr] - 2E[CuBr], where E is the total

energy. Calculations are performed at 0 K and 0 Gpa.
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Fig. S8 EDS results of B-Cs3Cu,Brs:20.56%Ag*, and the inset table shows the estimated atom

ratio of Cs, Ag, Cu and Br, respectively.
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Fig. S10 (a) PXRD patterns of Ag-alloyed B-Cs3Cu,Brs samples after storing at ambient conditions

for 60 days. (b) thermogravimetric analysis of Ag-alloyed B-CssCu,Brs samples.
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Fig. S14 PL spectra of B-Cs3Cu,Brs:xAg* with fitting by two Gaussian distributions, peak 1 and

peak 2 (Note: In Fig.S13a, 0.07 represents the feeding Ag/Cu ratio.).

11



—6.52%

Normalized AA

—12.40%
— 32.35%

1ns

400 450 500 550 600 650
Wavelength (nm)

Fig. S15 The fs-TA spectra of B-Cs3Cu,Brs:xAg* (x= 6.52%, 12.40% and 32.35%) at the detection

time of 1 ns.
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Fig. S16 Temperature-dependent PL spectra of B-Cs3Cu,Brs:xAg* (x= 6.52%, 17.32%, 20.56% and

32.35%) samples
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Fig. S17 Temperature-dependent PL intensity of B-Cs3Cu,Brs:xAg* (x= 6.52%, 12.40%, 17.32%,

20.56% and 32.35%) samples
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Fig. S18 Temperature-dependent FWHM and fitting curves.
Note. Huang-Rhys factor S is used to describe the strength of electron-phonon coupling, and
the electron-phonon coupling has a strong relationship with the FWHM of emission, meeting
the following equation'!

FWHM =

2.36,/Shw
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where 7% is reduced Planck constant, wpnonon represents phonon frequency, T is temperature,
and kg Boltzmann constant.
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Fig. S19 Temperature-dependent peak position evolution of Ag-alloyed B-Cs;Cu;Brs.
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Fig. S20 PL spectra of Ag-alloyed B-Cs3Cu,Brs at 80 K.
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Fig. S23 Temperature dependence of lifetime in Ag-alloyed B-Cs3Cu,Brs; samples. The filled color

areas represent the sensing range.
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Fig. S24 Linear relationship between temperature and average lifetime of Ag-0.85 in the range

of 80 to 260 K.
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Fig. S26 EL spectra of fabricated LED device based on different B-Cs;Cu,Brs:xAg* samples under

different voltage.
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Table S1. ICP-MS results of Ag and Cu in Ag-alloyed B-Cs;Cu;,Brs.

Sample Ag (mg/L) Cu (mg/L)  Ag/Cu ratio in feeding solution Actual Ag/Cu ratio
Ag-0.11 2.5131 21.203 11% 6.52%
Ag-0.21 45771 19.048 21% 12.40%
Ag-0.43 9.5196 26.769 43% 17.32%
Ag-0.64 10.445 23.774 64% 20.56%
Ag-0.85 15.877 12.888 85% 32.35%
Table S2. Crystal data and structure refinement for Ag-0.11 and Ag-0.85.
CS3CUZBF5 C53Cu1.5AgolsBr5

Compound

(B—Cs3Cu;,Brs:6.52%Ag*)

(B—Cs3Cu,Brs:32.35%Ag*)

Formula weight (g-mol?)

Temperature (K)
Crystal system

Space group

Cell parameters

Volume (A3)

z
Density (g-cml3)
p (mm™)

F (000)
Theta max (°)
h, K, Imax

GOF.

Final R index

925.36
279
orthorhombic
Cmcm (63)
a=16.2298(6) A
b=9.1626(3) A
€ =9.0004(3) A
a, B, y=90°
1338.42(8)
2
4.592
26.090
1228.0
30.660
23,12,12
1.106
R; =0.0388(942)

WR; = 0.1046(1080)

947.49
297
orthorhombic
Cmcm (63)
a=16.3496(6) A
b=9.2138(3) A
€=9.0533(3) A
a, B,y =90°
1363.81(8)
16
4.615
25.543
1628.0
30.644
22,13,12
1.094
R;=0.0267

WR;=0.0752
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Table S3. The fitted results of the PL decay curves of Ag-alloyed B-Cs;Cu,Brs: xAg*.

Excitation Monitoring Tave
wavelengt wavelengt (
Sample h h T1 (Us) A; Rel1% T, (Us) A, Rel,% vl
s
)
6.52%Ag* 340 nm 502 nm 33.38 1371.84 8.56 149.19 3278.77 91.54 139.28
12.40%Ag* 340 nm 508 nm 1890 2250.22 16.99 90.22 2302.78 83.01 78.09
17.32%Ag* 340 nm 526 nm 6.06 0.1456 27.78 45.92 0.0453 70.22 34.05
20.56%Ag* 340 nm 537 nm 2.81 0.1185 54.16 19.92 0.0142 45.84 10.65
32.35%Ag* 340 nm 545 nm 2.00 0.0368 61.61 12.60 0.0036 38.39 6.07
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Table S4. The bond length and bond angle evolution of B-CssCu;Brs:xAg* (x = 12.40%, 17.32%,
20.56%, 32.35%), r; and r, corresponding to intratetrahedral and intertetrahedral Cu-Cu

distance of [Cu,Brg]* units, respectively.

et

Br

Bond length (A)  12.40% 17.32% 20.56% 32.35%
Cul-Brl 2.4277 2.4293 2.4298 2.472
Cul-Br2 2.4714 2.9012 2.5221 2.508
Cul-Br3 2.9288 2.5385 2.4298 2.919
Cul-Br4 2.4277 2.4293 2.9810 2.472

n 2.9752 3.2327 3.1326 2.9742

r 3.6655 3.5857 3.6185 3.6974

Bond Angles (°)  12.40% 17.32% 20.56% 32.35%
Br1-Cul-Br2 122.741 95.259 113.927 122.404
Br1-Cul-Br3 113.839 113.065 124.977 94.361
Br1-Cul-Bra 94.167 95.259 93.398 113.794
Br2-Cul-Br3 113.839 112.691 113.927 94.361
Br2-Cul-Bra 113.763 124.272 111.187 113.794
Br3-Cul-Bra 94.167 112.691 93.398 114.039
Br-Br-Br 168.29 167.497 167.025 166.58
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Table S5. The refinement crystal

parameters of [B-Cs3Cu,Brs5:32.35%Ag*

under different

temperatures.
Compound Cs3Cuy.5Ag05Brs (B-Cs3Cu,Brs:32.35%Ag*)
Temperature
297 240 160 100
(K)
Formula weight 947.49 947.49 947.49 947.49

Crystal system

Space group

Cell parameters

Volume (A3)

z
Density (g-cml3)
M (mm?)

F (000)
Theta max (°)
h, k, Imax

GOF.

Final R index

orthorhombic
Cmcm (63)
a=16.3496(6) A
b=9.2138(3) A
€=9.0533(3) A
a, B, y=90°
1363.81(8)
16
4.615
25.543
1628.0
30.644
22,13,12
1.094
R;=0.0267

wR,=0.0752

orthorhombic
Cmcm (63)
a=16.3094(4) A
b=9.1770(2) A
c=9.0242(3) A
a, B, y=90°
1350.66(6)
16
4.660
25.792
1628.0
30.660
23,13,12
1.094
R;=0.0311

wWR,=0.0838

orthorhombic
Cmcm (63)
a=16.2746(4) A
b =9.1408(2) A
c=8.9973(2) A
a, B, y=90°
1338.46(5)
16
4.702
26.027
1628.0
30.660
22,12,12
1.067
R;=0.0304

wWR,=0.0798

orthorhombic
Cmcm (63)
a=16.2466(4) A
b=9.1132(2) A
c=8.9796(2) A
a, B,y =90°
1329.51(5)
16
4.734
26.202
1628.0
30.660
22,13,12
1.086
R;=0.0274

wWR,=0.0714
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Table S6. The fitted results of the PL decay curves at different temperture for PB-

Cs3Cu,Brs:12.40%Ag*.

Temperature (K) Ty (us) rel, % T, (us) rel,% Tave (1S)
80 8.73 1.85 378 98.15 371.2
100 5.38 2.13 338.4 97.87 3313
120 7.049 2.37 315.3 97.63 308.0
140 19.20 2.82 291.6 97.18 283.9
160 23.57 3.45 266.5 96.55 258.1
180 23.21 4.32 242.4 95.68 232.9
200 18.81 5.7 216.7 94.30 205.4
220 21.78 7.4 185.1 92.60 173.0
240 21.24 9.62 152.1 90.38 139.5
260 20 12.56 122.7 87.44 109.8
280 19.23 15.97 94.68 84.03 82.63
300 17.90 19.72 75.88 80.28 64.45
320 14.84 21.36 57.87 78.64 48.68
340 5.79 19.9 31.7 80.10 26.55
360 3.574 22.13 16.19 77.87 13.4
380 2.34 24.22 8.76 75.78 7.2
400 1.34 31.60 4.36 68.40 3.40
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Table S7. The fitted results of the PL decay curves of B-Cs3Cu,Brs:x%Ag*.

Sample Temperature (K) Ty (us) rel,% T, (us) rel,% T3 (us) rels% Tave (1LS)
80 26.51 1.67 355.4 98.33 349.9
6.52%
360 6.17 15.35 33.68 84.65 29.45
80 13.87 4.08 351.9 95.92 338.1
17.32%
360 1.96 28.24 6.44 71.76 5.18
80 4.66 8.7 58.73 14.54 347.9 76.76 276
20.56%
360 0.64 35.06 2.21 64.94 1.66
80 4.44 11.88 46.53 18.68 290.2 69.44 210.7
32.35%
360 0.55 42.08 1.64 57.92 1.18

Table S8. Summary of the recent reports on traditional materials and metal halide-based

thermometry.

Materials Probe range (K)  Olmay (K %) Ref.
YVO,4:YbTm 300-1009 2.13 S12
[C(NH,)3]2SnBry 173-303 6.0 S13
(CoH15N3)ZnCly: Mn2+ 110-290 0.57 s14
N,S-Carbon dots 275-353 1.79 S15
PbS QDs 150-350 1.3 S16
B-Cs3Cu,Brs5:6.52%Ag* 119-351 1.6 This work
B-Cs3CuyBrs:32.35%Ag* 102-246 2.8 This work
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Table S9. Summary of LED device performance based on B-Cs3Cu,Brs:x%Ag*

Sample EQE CRI
-Cs3Cu,Brs:6.52%Ag* 0.35% 69.51
B g
-Cs3Cu,Brs:12.40%Ag* 0.63% 70.35
B g
-Cs3Cu,Brs:17.32%Ag* 0.33% 70.62
B g
-Cs3Cu,Brs:20.56%Ag* 0.64% 71.63
B g
-Cs3Cu,Brs:32.35%Ag* 0.67% 74.2
B g
0D Cs3Cu,Brs+ 32.35%Ag* 0.11% 83.49
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