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Although multi-band emissions of B-NaYF4:Yb*/Er** can be observed from single MCs under ns-pulsed
excitation at high power density, the emissions are concentrated on some wavelengths (such as 654, 542, 522 and
410 nm) in terms of the total UCL produced by each pulse excitation. Figure S1 shows the power-dependent UCL
spectra under the excitation of pulsed laser. The slope of the fitting curve reveals the power efficiency for UCL,
which is based on the formula of Iyc. = P" (where, [ucs represents luminescence intensity, P represents power, #
represents the number requirement of photons).! According to the power-dependent curve of ns-pulsed excitation,
it can be concluded that the UCL increases with the pulsed laser energy. With increasing the Yb*" doping
concentrations, the UCL quenching effect is enhanced and the power efficiency decreases.
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Figure S1 (a), (c), and (e) Power-dependent UCL spectra of a single B-NaY(Yb)F4: Yb/Er (x/2 mol%) MCs in the 375
to 830 nm regions under the excitation of 976 nm ns-pulsed laser. (b), (d), and (f) The dependence of the UC emission
intensity on the excitation intensity for a single B-NaY(Yb)F4: Yb/Er (y/2 mol%) MCs with different UC emission
bands.

In addition, we have also measured the power-dependent UCL spectra and power efficiency under the
excitation of continuous-wave (CW) lasers, as shown in Figure S2. Unlike the ns-pulsed excitation, significant
multiband emission phenomena can be more obviously observed under CW laser excitations. Although the
irradiation power density of ns-pulsed laser excitation is two orders of magnitude greater than that of CW laser
excitation, the excitation duration of ns-pulsed laser is only ~15 ns. As the result, the single MCs only absorbs
photons in a very short period of time and produces a short-lived multiband emissions. It makes the power
efficiency under ns-pulsed excitation higher than CW excitation. However, at the same time, the energy loss rate
of individual MC increases due to the energy migration of Yb-YDb ions.?> ? The effect of Yb-Yb migration makes
the power efficiency lower with increasing the doping concentration under ns-pulsed excitation.
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Figure S2 (a), (e), and (i) P-dependent UCL spectra of a single -NaY(Yb)F4: Yb/Er (x/2 mol%) MC in the 375 to 830 nm wavelength region
by excitation of a 976nm CW laser. (b-d), (f-h), and (j-1) The dependence of the UC emission intensity on the excitation intensity of a CW laser
for a single B-NaY(Yb)F4: Yb/Er (y/2 mol%) MC with different UC emission bands.
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Figure S3 Schematic representation of the transition kinetics on the first 2 us after the 976 nm ns-pulsed excitation in NaYF4: Yb/Er (10/2 mol%). The

green part shows the process of establishing electron populations and the nRP. The blue part shows the all radiative transition of multiband UCL.
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Figure S4 Schematic representation of the transition kinetics on the first 2 ps after the 976 nm ns-pulsed excitation in NaYF4:Yb/Er (40/2 mol%). The

green part shows the process of establishing electron populations and the nRP. The blue part shows the all radiative transition of multiband UCL.
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Figure S5 Schematic representation of the transition kinetics on the first 2 ps after the 976 nm ns-pulsed excitation in NaYF4:Yb/Er (90/2 mol%). The

green part shows the process of establishing electron populations and the nRP. The blue part shows the all radiative transition of multiband UCL.

We have further measured the luminescence properties for the P-NaYbF4:Er’® and compared with the
relatively lower Yb** concentrations MCs. As shown in Figure S6, XRD and SEM results show that the size and
crystalline phase of the B-NaYF4:Er (2 mol%) and NaY(YDb)F4Yb/Er (90/2 mol%) MCs are similar. The
luminescence spectra and evolution spectrum after ns-pulsed excitation of these two kinds of MCs exhibit the
same variation trends, as shown in Figure S7. Then, we further analyze the transition kinetics of f-NaYF4:Er (2
mol%) and NaY(Yb)F4:Yb/Er (90/2 mol%) MCs (Figure S8). The same results can be observed for these two
MC:s. There is no obviously different.

Furthermore, we calculated the CIE chromaticity coordinates and the multiband UCL lifetimes, as shown in
Figure S9. It finds that the B-NaYF4+Er (2 mol%) MC moves faster towards red emission compared to
NaY(Yb)F4:Yb/Er (90/2 mol%) MCs. The reason is the increase in the proportion of red emission (654 nm) and
the decay rate of other UCL as the C-1,C-2,C-3 process (see Figure S8) intensifies with the increase in Yb**
concentrations. The multiband emissions lifetime of B-NaYF4:Er (2 mol%) MCs is slightly smaller than that of
NaY(YDb)F4:Yb/Er (90/2 mol%) MC. This is due to the surface leakage of energy caused by the migration of
Yb-Yb as the Yb** concentration increases.? In addition, we have also analyzed the populating process for the
B-NaYbF4:Er (2 mol%) and B-NaY(YDb)F4:Yb/Er (90/2 mol%) MCs. The rising rate of f-NaYbF4:Er (2 mol%)
MC is a little bit faster than B-NaY (Yb)F4: Yb/Er (90/2 mol%) MCs.
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Figure S6 (a) XRD patterns of the as-prepared B-NaY(Yb)F4: Yb/Er (90/2 mol%) and B-NaYbF4: Er (2 mol%) MCs compared to the

known peaks of the hexagonal phase of NaYF4. SEM micrographs of (b-c) B-NaY(Yb)F4: Yb/Er (90/2 mol%) MCs and -NaYbFa:
Er (2 mol%) MCs.
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Figure S7 (a) Spectrum of individual MC emitting total UCL (range from 375 nm to 830 nm) after each ns-pulse excitation. The 0
moment is the starting point of the 976 nm ns-pulsed excitation. Time evolution spectrum of (b,d) B-NaY(Yb)F4: Yb/Er (90/2 mol%)

MC and (c,e) B-NaYbF4: Er (2 mol%) MC measured by superimposed transient spectrum at the same moment.



NaY(Yb)F,: Time (ns)
0 30{40, 50 60/70 9011
Yb/Er (90/2) mol% =
| Polating f8&3Ie S 8888 ¢ #Ials SSSlSS 5,
. 4.(?'.#2 ..... ,Z(P;Vl
7 A H fIP(m 2
: 3n
3.0 + A4 B4
zG7IZ
i 3 = Sn Ko
2.5 — H || i3
A3ii i A ?;”
o b . — A2
£ BET-2: [ | BET2] .
%320 - A V . ‘er
= . : | - : " ‘S;am
B3
??’1 5 |y : ¥ Lt
2l = i I [ | K Yor. o
5 A2 Bprp s T | e
] : | v Ny
: . Y: ¥ [ R oy I
LO A KK Fa T : Y
By : BET1} i °
1 Y ! Y | Y Bc3
: H B2,
0.5 :
’ Al i1 A
0.0 J 0¥ % H y V \/ vVYVY . Vi
Vb 2 Er* 152 "
b NaYbF,: 2 mol% Er 0420 30 40 60! 704 90! 100} Time (ns)
Populating
35 @b§§lf§§$§§§$§'§§§$$bv§o§é\$¢\§Q D,
. ‘Gm IPVI
: Fan
3.0 1 A4: ipy
: ZGﬂ
- A = : : igm ZK:S&
2.5 — I & || i
~ A3i: A g
vy 9 s > — = w_,srz
= (BET2: ¢ - BET-2 ;sa
+2.0 I . . : Fn
= : — : ;S?nm
B-3:
9?1 5 iy H : ¥ Y
elo A : A | : : \ oz o
= A% et Ly ‘ e
g H Yi ¥ vy ";?"--Qiz .
1.0 5 AIA s AA : Ryl A s
: B2 E BET: i °
. iy | Y Y Y B;I *,C-3
E 132",
0.5 — ‘
11 Aaiisa 5
W : . LI | y Yy VY Y . Y
0.0 - £ Lz M
Yb* Er*

Figure S8 Schematic representation of the transition kinetics on the first 100 ns after the 976 nm ns-pulsed excitation in B-NaY(Yb)F4: Yb/Er (90/2
mol%) MC and B-NaYbF: Er (2 mol%) MC. The green part shows the process of establishing electron populations and the nRP. The blue part shows

the all radiative transition of multiband UCL. The red part shows the main populating process of red emission enhancement.
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Figure S9 The 0 moment is the starting point of the 976 nm ns-pulsed excitation. (a) CIE chromaticity coordinates for the multiband
UCL of the single B-NaY(Yb)F4:Yb/Er MC with different Yb*" concentrations and B-NaYbFs: Er (2 mol%) MC. (b) The multiband
UCL lifetimes of single p-NaY (Yb)F4:Yb/Er MC with different Yb doping concentrations and B-NaYbFa: Er (2 mol%) MC.
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