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Table S1. Batch to batch variation of optical properties of CdSe/CdS core/shell NPLs including
their PL maximum, FWHM and PLQY.

Sample PL Max (nm) FWHM (nm) PLQY (%)
#1 635 22 48
#2 637 22 56
#3 637 22 52
#4 638 22 46
#5 646 23 60
#6 641 23 58
#7 637 21 95
#8 641 21 60
#9 637 22 58
#10 632 22 59
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Table S2. Batch to batch variation of optical properties of CdSe/CdS/CdxZn1xS core/shell NPLs
including their PL maximum, FWHM and PLQY.

Sample PL Max (nm) FWHM (nm) PLQY (%)
#1 645 21 85
#2 645 23 80
#3 641 22 89
#4 634 24 75
#5 640 22 86
#6 642 24 80
#7 636 22 75
#8 648 23 82
#9 643 22 77
#10 637 22 76
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Figure S1. (a) High-angle annual dark-field scanning transmission electron microscopy (HAADF-
STEM) image of CdSe/CdS core/shell NPLs and (b-d) their high-resolution elemental mapping.
(e) Energy dispersive X-ray spectroscopy (EDS) results of the corresponding image.
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Figure S2. (a) High-angle annual dark-field scanning transmission electron microscopy (HAADF-
STEM) image of CdSe/CdS/CdxZn1xS core/shell NPLs and (b-f) their high-resolution elemental
mapping. (g) Energy dispersive X-ray spectroscopy (EDS) results of the corresponding image.
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Calculation of the Zn to Cd ratio in the shell

For the case of 4 ML CdSe NPLs having four layers of Se and five layers of Cd;
5
Cd(core) = Se(core) X i 5.3

Cd(total) = Cd(core) + Cd(shell)
Cd(shell) = Cd(total) — Cd(core) = 40.3

Zn(shell) 5.
Cd(shell)  40.3

the ratio of Zn to Cd in the shell is =0.13
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Figure S3. Normalized absorbance and photoluminescence spectra of core/shell NPLs synthesized
by using the same CdSe core and having different shell compositions including (a) CdS/CdxZn1xS
graded, (b) CdxZn1xS alloyed, (c) CdS and (d) ZnS shell. Core/shell NPLs with CdS/CdxZn1.xS
graded shell exhibit the highest PLQY among the other core/shell NPLs.

S7



PL Intensity (a.u.)

Integrated PL Intensity (a.u.)

CdSe/CdS core/shell NPLs

ASE threshold
o

1~3.0 pJIcm;f

01 2 3 4 s
Excitation density (uJ/cm?)

——2.640 pJ/ecm?
—2.882 pJiem?
——3.065 pJiem?
——3.091 pJ/em?
——3.101 pJ/em?
——3.111 pJlem?
——3.134 pJlem?

550

T T T
575 600 625

Wavelength (nm)

T
675 700

b)

PL Intensity (a.u.)

Integrated PL Intensity (a.u.)

ASE threshold
1 ~3.1 pdiem?

01 2 3 4 5
Excitation density (1J/cm?)

CdSe/Cds/Cd,Zn,_,S core/shell NPLs

——2.946 pnJ/em?
——3.144 pJ/em?
——3.168 pJicm?
——3.203 pJ/em?
——3.269 pJiem?
——3.327 pJiem?
——3.388 pJ/em?

550

Uy T T
575 600 625

Wavelength (nm)

T
650 675 700

Figure S4. Optical gain performances of core/shell NPLs under femtosecond laser excitation. PL
spectra of (a) CdSe/CdS and (b) CdSe/CdS/CdxZni1xS core/shell NPLs at different excitation
densities together with the inset showing the integrated PL intensity as a function of excitation

density.
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Figure S5. ASE Stability measurements of core/shell NPLs with (a) CdS/CdxZn1S graded and (b)
CdS shell performed under continuous laser excitation at ambient conditions and vacuum. The ASE
stability of core/shell NPLs was measured at an excitation density of two-times higher than their
ASE thresholds. While CdSe/CdS core/shell NPLs exhibit a continuous degradation in the ASE
intensity under vacuum and preserved only ~30% of their initial ASE intensity after 36000 laser
pulses (60 min), a strongly improved stability was observed for the NPLs having graded shell in
vacuum, showing a small progressive intensity increase in the first 22000 laser pulses (~37 min),
followed by a slight degradation. For the stability test performed at ambient conditions, CdSe/CdS
core/shell NPLs exhibit a continuously increased ASE intensity, starting after ~10000 laser pulses
(17 min) and leading to a 2.4 times higher ASE intensity than the starting one. On the other hand,
core/shell NPLs with CdxZn1xS shell showed a stable ASE intensity with a gradually increased
ASE with a final intensity of ~25% higher than the starting one. These findings indicate that
core/shell NPLs having graded shell yield highly stable ASE performance with reduced sensitivity
to any modification on their surfaces during continuous laser pumping. This also supports the
proper surface passivation and confinement of excited charge carriers with the additionally grown
CdxZn1S shell, leading to reduced interaction with the surface trap sites.
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Figure S6. PLQY of core/shell NPLs used for the fabrication of light-emitting-diodes (LEDS).
PLQY measurements were performed using the in-solution and in-film samples of colloidal
NPLs spin-coated on bare and ZnO coated quartz substrates.
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Figure S7. Time-resolved photoluminescence decay curves of core/shell NPLs with (a)
CdS/CdxZn1xS graded and (b) CdS shell. The measurements were performed by using the in-
solution and in-film samples of colloidal NPLs on bare and ZnO coated quartz substrates.
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Table S3. Analysis of time-resolved photoluminescence decay curves of CdSe/CdS/CdxZnixS
core/graded shell NPLs measured by using in-solution and in-film samples of NPLs.

Amplitude-
CdSe/CdS/CdZNninS TRF Decay Components I?i\;::trizri]?:s
core/shell NPLs (ns)
T1 A1 T2 Az Tav
in-solution 20.64 0.91 72.38 0.11 38.07
in-film 9.44 0.72 35.09 0.28 23.94
in-film on ZnO 3.90 0.62 17.02 0.34 12.34

Table S4. Analysis of time-resolved photoluminescence decay curves of CdSe/CdS core/shell
NPLs measured by using in-solution and in-film samples of NPLs.

Amplitude-
average
CdSe/CdS TRF Decay Components Lifetimes
core/shell NPLs (ns)
T1 A1 T2 A2 Tav
in-solution 11.37 0.72 35.58 0.30 26.61
in-film 2.53 0.52 12.53 0.40 9.89
in-film on ZnO 2.55 0.64 11.52 0.31 7.88
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Table S5. Literature survey for colloidal NPL-LEDs fabricated by using different heterostructures

of colloidal NPLs as an emitter.

Electroluminescence EQEmax Luminancemax
Type of NPLs Color (9%) e
CdSe/CdzZnS 4499
core/shell NPLs! Red 0.63
CdSe/CdS
core/crown NPLs? Green 5 33000
CdSe/CdSeTe
core/crown NPLs® Red 3.57 34520
CdSe/CdZnS
core/shell NPLs? Red 8.39 1540
CdSeS core NPLs® Green - ~100
Our study
CdSe/CdS/CdZnS Red 9.92 46000

core/shell NPL
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Figure S8. Literature survey of high performance colloidal NC-LEDs having different shell
compositions. The graph shows the peak EQE vs Joo values of our NPL-LEDs and colloidal NC-

LEDs, which are taken from ref. 15.
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Table S6. Literature survey of high performance colloidal NC-LEDs having different shell
compositions. Peak EQE and Joo values of LEDs with core/shell NCs and NRs are taken from ref.

15.

Type of NCs Electrolcl:J(r)T(i)r;escence E(()O/Ii;qax - A];,gmz)
cor(;;]lssr:allfdNSCs6 Red 20.5 42
corctzjlssh‘zzllcl:ESCS7 Red 18 10
corcéﬂs?\illlzrlllsc:ss Red 1.7 200
C;g/ii/j f;i:ssg Red 1.8 220
ccﬁed/ifx/eclzldli?:ilo Red 7.4 60
ccf;(ejlifm/e?ldlirc]:iﬂ Red 6.09 280
g)(:esli/hi?lzlill ?;2?2 Red 12 12
;(:es/i/hiﬂzlz ?:iis Red 7.3 70

Cgfrillgr?ezl Fi@s Red 135 861
corglgﬁslllcl(\jlzs“" Red 6.1 24
Doublec-:(:]zecrccj)?jﬁtr:ii NRs?® Red 12.05 50
core/alcl::)?:éi(rj:vir:eNPLs?’ Red 3.57 20
corei:cii\%r? ?\ISP Ls? Green 5 80

Our study
Cdse/Cds/CdznS Red 9.92 276

core/shell NPLs
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Figure S9. Operational stability of our NPL LEDs. After the encapsulation of devices inside the
glovebox, we measured their stability outside the glovebox at ambient conditions. We performed
the stability test at constant current density, corresponding to the initial luminance (Lo) of 5000
cd/m? and measured the device half-lifetime (Tso = 1.6 hr), which is defined as the time duration
to observe 50% drop in the luminance. By using the relation of Lo"Tso = constant and assuming an
acceleration actor of n = 1.5, we predicted the half-lifetime of our NPL LEDs at 100 cd/m? as ~560
hr.
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