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Fig. S1 Temporal evolutions of PL spectra of Zn-Cu-In-Se@ZnS:Mn QDs with different Mn doping

levels.
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Fig. S2 Excitation spectra of Zn-Cu-In-Se@ZnS QDs and Zn-Cu-In-Se@ZnS:Mn QDs with different Mn

doping levels.
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Fig. S3 Time-resolved PL decay curves of Zn-Cu-In-Se@ZnS QDs at different emission wavelengths.
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Fig. S4 XPS spectra of Zn-Cu-In-Se@ZnS QDs and Zn-Cu-In-Se@ZnS:Mn QDs with different Mn
doping levels (a) together with the amplified spectra for Mn element (b), and high-resolution XPS signals

of Cu 2p (c), In 3d (d), and Zn 2p (e) including the experimental results and the fitting results for the QDs

with a Mn doping level of 9.9%.
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Fig. S5 Bright field and confocal fluorescence images of MCF-7 cells treated with 1x PBS, and the scale

bars correspond to 75 pm.
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Fig. S6 Ex vivo 4,4605/,1,780 channel fluorescence image of the major organs including heart, liver,

spleen, lung, and kidney, as well as the tumor tissue captured at 4 h after injection of QDs.
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Time-resolved photoluminescence (TR PL) measurements

The PL decay curves were fit using the multi-exponential function:

n

I(t) = ZBiexp{ZEEE( —t/1) ZBi =1
i=1 , i=1 S(1)

In this expression, 7; represents the decay time constants, B; represents the normalized amplitudes of each
component, and 7 is the number of decay times. Because the photoluminescence decays for all the QDs
are best fit using a three-exponential function (n = 3), the amplitude-weighted average decay lifetime 7.,

of the entire fluorescence decay process was calculated in the form:

Tavg ~—
Z By,
S(2)

ZTiB i S(3)

In this expression, f; represents the relative time-integrated contribution of each respective process to the

overall number of emitted photons (i.e., the emission intensity measured in steady state PL spectra).

The radiative and nonradiative recombination rates with the PLQY were further correlated to understand
the fluorescence behavior of the QDs with different Mn doping levels. The radiative recombination rate
(z;!) can be determined by the experimentally determined PLQY in Figure 1b and the measure average
PL lifetime (,,,) in Table S3 as follows:

-1 _ -1
T, —QYXTavg S(4)

and then the non-radiative recombination rate (z,') was calculated assuming no dark fraction of emitters

and is given as:

-1_ -1 -1
Tor = Tavg~ T r S(5)

The PL decay-fitting data for all curves are summarized in Table S3-SS.
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Table S1 The elemental composition of Zn-Cu-In-Se@ZnS:Mn QDs with different Mn doping levels.

. Mn-doping
Feed proportion of Mn?* (mol %) Zn:Cu:In:Mn
Level
0 (ZCISe@ZnS) 1.00:0.52:1.54:0 0
12 1.00:0.53 : 1.51: 0.06 1.9%
21 1.00:0.45:1.27:0.08 2.9%
39 1.00:0.45:1.24:0.30 9.9%
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Table S2 A comparison of the optical properties of NIR-emitting Cd-free QDs via aqueous synthesis.

Types of QDs Emission maxima PLQY Reference
[nm] (7]
AgS 1050 2.3 (against IR-26) 1
AgS 835 4.3 (against ICG) 2
Ag,S (Ag:S=1.89:1) 1130 1.8 3
Ag,S 1060 0.04-0.11 (against IR-26) 4
AgS 1060 1.26-1.32 (against IR-26) 5
Ag,Te 1060 2.1
Ag,Te/ZnS 1070 5.6 °
Ag, Mn co-doped In,S5/ZnS 743 2.0 (against R6G) 7
Ag)53InS, 710 36.0
Agi1InS, 760 8.0 8
Ago 34210 50InS,/(ZnS); 69 696 55.0
Ag-In-S (Ag:In = 1:5.98) 664 4.0 9
AgInS, 720 6.0
AgInZn,S, 660 15.0 10
AglnS, 720 8.8 11
Ag-In-S/ZnS (Ag:In = 1:5) 652 0.6
Ag-In-S/ZnS (Ag:In = 1:3.3) 716 0.3 =
Ag-In-Se/ZnSe (Ag:In = 10:1) 940 7.0 13
Ag-In-Se/ZnS (Ag:In=1:1.12) 650 20.5 14
Cu-In-S/ZnS (Cu:In=0.33:1) 746 13.8 15
Cu-In-S (Cu:Zn = 1:2.35) 777 4.4
Cu-In-Zn-S (Cu:In:Zn = 1:1.79:5.86) 680 15.7 o
Cu-In-Se (Cu:In = 1:5.13) 650 10.3 17
Cu-In-Se/ZnS (Cu:In = 1:3) 824 43 18
Cu-In-Se (Cu:In = 1:4.5) 765 1.9 19
Zn-Cu-In-Se@ZnS (Zn:Cu:In =
1:0.52:1.54) 749 252
Zn-Cu-In-Se@ZnS:Mn This work
(Zn:Cu In = 1:0.45:1.24, Mn doping ratio 778 18.9

0f 9.9%)
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Table S3 The parameters for three-exponential fitting of the PL decay curves in Figure 1d (i.e.,
normalized amplitude B;, time constant 7; and their normalized products f;, goodness-of-fit parameter y?),
together with the emission peak wavelengths of Zn-Cu-In-Se@ZnS:Mn QDs with different Mn doping

levels.

Aem B N 7| B, ) T By £ 73 Tvgm 5

Mn/[%
el [om]  [%] [%] [ns] [%] [%] [ns] [%] [%] ([ns] [ns]

0 749 309 54 291 507 434 150.0 184 51.5 490.1 3188 1.0

1.9% 751 258 34 277 535 47.0 1528 20.7 489 409.6 273.1 0.9

2.9% 753 265 7.1 202 485 374 1215 250 592 3727 267.0 1.1

9.9% 778 257 43 277 552 49.6 1477 192 46.0 3942 256.0 1.0

Table S4 The parameters for three-exponential fitting of the PL decay curves in Figure 1f (i.c.,
normalized amplitude B;, time constant 7; and their normalized products f;, goodness-of-fit parameter y?),

for different emission wavelengths of the Zn-Cu-In-Se@ZnS:Mn QDs with the Mn doping level of 9.9%.

/Iem B 1 fl 7 B 2 f2 (%) B 3 ﬁ 73 Tavg )
[nm]  [%]  [%] [ns]  [%] [%] [ns] [%] [%] [ns] [ns]

713 222 43 31,6 559 503 1477 219 454 339.8 2300 1.1

778 257 43 277 552 496 1477 192 46.0 3942 2560 1.0

842 2777 45 263 505 426 1437 21.7 532 4174 2841 1.0
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Table S5 The parameters for three-exponential fitting of the PL decay curves in Figure S3 (i.c.,
normalized amplitude B;, time constant 7; and their normalized products f;, goodness-of-fit parameter y?),

for different emission wavelengths of the Zn-Cu-In-Se@ZnS QDs.

}“em B 1 fl 4! BZ ﬁ (%] BS f.;) 73 Tavg )
(nm]  [%] [%] [ns] (%] (%] [ms]  [%] [%] [s] s *
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684 372 59 236 457 427 1383 17.0 514 4473 2903 1.0

750 309 54 291 507 434 1500 184 515 490.1 3188 1.0

814 287 53 33.6 524 458 167.1 189 492 4992 3414 1.1
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