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Experimental Section

Materials: Oleic acid (OA, 90%) and 1-octadecene (ODE, 90%) were purchased from Alfa
Aesar. Oleylamine (OLA, 80-90%), PbO. (99.999%), NHa4l (99.999%), zirconium
acetylacetonate (98%) and polyethyleneimine (PEI, 99%) were purchased from Aladdin.
Cs2C03 (99.9%) and 2-methoxyethanol (99%) were purchased from J&K. All materials were

used as received.

Synthesis of perovskite QDs: Cesium oleate was prepared by adding Cs.CO3 (2.50 mmol), OA
(2.5 mL), and ODE (30.0 mL) into a 100 mL three-neck flask; the mixture was degassed and
dried under vacuum for 1 h at 120 °C, and heated to 150 °C under N2 until a clear solution was
obtained. For the synthesis of CsPbls QDs with a Pb:Zr molar ratio equal to 1:0.5, 10.0 mL
ODE, 0.376 mmol PbO, 1.128 mmol NHal, and 0.188 mmol zirconium acetylacetonate were
loaded into a 50 mL three-neck flask, degassed and dried by applying vacuum for 1 h at 120
°C; then 2.0 mL OA and 2.0 mL OLA were injected. After the solution became clear, the
temperature was raised to 165 °C, and 0.8 mL of cesium oleate solution was injected. Five
seconds later, the reaction mixture was cooled down to room temperature in an ice-water bath.
Perovskite QDs were separated by centrifugation for 10 min at 5000 rpm, re-dispersed in 2.0
mL of toluene, followed by addition of 2 mL ethyl acetate, centrifugation for 10 min at 10000

rpm, and finally redispersion in 1.0 mL of toluene.

Synthesis of ZnO nanocrystals: A mixture of zinc acetate (0.4403 g) and ethyl alcohol (30.0
mL) was loaded into a 250 mL three-neck flask, degassed at room temperature for 10 min, and
heated to boiling point until the zinc acetate powder was completely dissolved. After 30 min,
the flask was allowed to cool to room temperature naturally. Sodium hydroxide (0.2 g) in ethyl
alcohol (10 mL) was injected into the flask, and the mixture was maintained at room
temperature for 4 h. The product was purified by adding 40 mL n-hexane, followed by
centrifugation for 10 min at 5000 rpm, and the finally obtained precipitate was dissolved in 3
mL of ethyl alcohol.

Device fabrication: Silicon wafers were cleaned successively using soap, deionized water,
ethanol, acetone, and isopropanol. A 200 nm Ag film was deposited onto the silicon substrate
via thermal evaporation, and a solution of ZnO (50 mg mL™) was spin-coated on top of the Ag
film at 1000 rpm for 1 min and annealed in air at 150 °C for 10 min. The substrate was

transferred into a N2 glove-box, and a polyethyleneimine (PEI) 2-methoxyethanol solution (0.2%
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mass fraction) was spin-coated at a speed of 3000 rpm for 1 min and annealed at 125 °C for 10
min. The perovskite QD emissive layer was spin-cast from a 20 mg mL™ QD solution at 1000
rpm for 1 min. TCTA, MoOs3, and Au layers were sequentially deposited by thermal evaporation

in a vacuum deposition clamber under a vacuum of 1 x 10~/ Torr.

Characterization: Absorption and photoluminescence (PL) spectra were measured on a Perkin
Elmer Lambda 950 spectrometer and a Cary Eclipse spectrofluorimeter, respectively.
Transmission electron microscopy (TEM) images were obtained on a FEI Tecnai F20
microscope. Scanning electron microscopy (SEM) images were taken on a JEOL JSM-7500F
system. X-ray diffraction (XRD) data were collected on a Bruker SMART-CCD diffractometer.
The absolute PL quantum yield (QY) of the samples was measured on a fluorescence
spectrometer (FLS920P, Edinburgh Instruments) equipped with an integrating sphere. X-ray
photoelectron spectroscopy (XPS) was done on an ESCALAB250 spectrometer. Time-resolved
PL measurements were performed with a time correlated single-photon counting system on the
FLS920P Edinburgh spectrometer. A 379 nm picosecond diode laser (EPL-375, repetition rate
5 MHz, pulse width 64.8 ps) was used as an excitation source. Ultraviolet photoelectron spectra
(UPS) were collected using a PREVAC system. The J-V—L characteristics and the EL spectra
of LEDs were collected on a Keithley 2400 source meter and a Photo Research spectrometer

PR650 with an adhesive encapsulation in a dark room, respectively.

Calculation of radiative & non-radiative decay rates
The average PL lifetimes (tavg) Were obtained from PL decays by using the following
equation® 2
Tavg = 7y Jy 1O dt 1)
where the integration was performed numerically. The radiative and nonradiative components

of the total PL decay were determined via the following equations

1 av
K—r = TI‘ = TQYg (2)
2 = Tave ©)

Knr nr Qv
where K, Ky, Tr, Tor are the radiative decay rate, nonradiative decay rate, radiative lifetime, and
nonradiative lifetime, respectively. Absolute PL QY's of the samples were obtained using a
fluorescence spectrometer with an integrating sphere under the same excitation wavelength
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(365 nm) as for the PL decay measurements.

It is noted that the Equation (3) ignores the presence of dark (not emitting) dots in the
samples, which may overestimate the nonradiative decay rate.> # If the fraction of bright dots
is p (< 1) and the remaining particles are completely dark on the measurement timescale (time
between pulses in a TCSPC decay time experiment), Equation (3) needs to be corrected as

follows:

1-pxQY
p(1-QY)

= T = 1o feor(P QY), foor(p,QY) = (4)

The correction function in Equation (4) (feor (p, QY) > 1) becomes increasingly important when
the fraction of dark perovskite QDs decreases.> ® For low PL QY value, its dependence on the
fraction of dark/bright perovskite QDs is rather weak; when the PL QY is high, the true
nonradiative rate will be overestimated by some factor between 0 and 1 (but closer to 1). Dark
fraction measurements have been made via QD emission blinking experiments on single
isolated QDs cast from dilute solutions onto solid substrates (i.e. as dry isolated QDs), or in
dilute aqueous solutions in other cases. > ® However, such measurements are not routinely
available either for more concentrated organic solvent solutions or indeed the solid packed QD
films used in LEDs. In the absence of a definitive measurement of fcor (p, QY), it is only
possible to comment on relative trends in Knr using Equation (3), with the tacit assumption that
the overestimation due to ignoring the dark fraction is not changing significantly across a set
of samples. This is probably a less valid assumption when the PL QY is closer to 100%, and

the dark fraction is also influenced by the same material properties as those that govern the PL

QY.



Table S1. PL characteristics, including PL QYs, PL average lifetimes (tavg), radiative decay

rates (Kr), and apparent (determined by using Equation (3)) nonradiative decay rates (Knr) of

the CsPbls QDs with different Pb:Zr ratios.

Molar ratio | PL QY (%0) Tavg (NS) Ky (%106 s1) Knr (x108 s1)
Pb:Zr=1:0 70 50.8 13.9 5.9
Pb:Zr=1:0.5 82 53.9 15.2 3.3
Pb:Zr=1:1 91 58.8 155 15
Pb:Zr=1:2 75 48.3 155 5.2
] —e—Pb:Zr=1:0.5
1 —e—Pb:Zr=1:1
3 —e—PhiZr=1:2
0.1 1 10
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Figure S1. Trap density extraction for the CsPbls QD samples treated with different amount of

Zr, determined by dark current-voltage measurements on electron-only devices with the
structure of ITO/perovskite/TPBI/LiF/Al. Gray lines represent the ohmic regime of each case,
and the orange lines represent the trap-filled limit (TFL) regime and the onset voltage (V1rL).



Table S2. The onset voltage (V1rL) and the trap density (Nt) of the CsPbls QD films with

different Pb:Zr ratios.
Molar ratio Vel (V) N (cm™)
Pb:Zr=1:0 2.63 1.28 x 107
Ph:Zr=1:0.5 1.38 6.70 x 1016
Pb:Zr=1:1 131 6.36 x 106
Pb:Zr=1:2 1.87 9.08 x 1016
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Figure S2. (a-d) TEM images, (e-h) corresponding size distribution histograms, and (i-1)
corresponding HRTEM images of CsPblz QDs synthesized using different Pb:Zr ratios (1:0,

1:0.5, 1:1, and 1:2, respectively).
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Figure S3. High-resolution XPS spectra of pristine CsPbls QDs (i.e. Pb:Zr = 1:0) and Zr
modified CsPbls QDs with Pb:Zr = 1:1 for (a) Cs 3d, (b) Pb 4f, and (c) I 3d.
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Figure S4. (a) Current density and luminance versus driving voltage, and (b) external quantum
efficiency versus current density of the Zr-modified CsPbls top-emitting Pe-QLEDs with
different thicknesses of TCTA layer.
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Figure S5. Change of the EL intensity during repeated operation cycling (with drive conditions

as described in the main text) of the Zr-modified CsPbls top-emi

tting Pe-QLEDs, in a glove

box, together with representative photographs of operating devices.

(0.71,0.28) *

a h -0 0 Lambertian b .
1.0 =<3 — (D 84

— ——30

5 ——45 N\

J.E’ \

%’ | = 75 © u_?

5 0.5 o

£

-

(1i]
0.0 y : y T Y . 0.0

600 650 700 750 800 0.0

Wavelength (nm)

02 0.4 06
CIE x

0.8

Figure S6. (a) EL spectra of Zr-modified CsPblz (Pb:Zr=1:1) top-emitting Pe-QLEDs at

different viewing angles. (b) CIE coordinate of the EL emission.



Table S3. EL characteristics, including the efficiency roll-off, of several recently reported

green and red emitting Pe-LEDs.

o ) EL peak | EQEmax EQE (%) EQE (%) Efficiency
Emitting material Reference
(nm) (%) @100 mAcm? | @500 mA cm? | roll-off (%)
CsPbl; QDs 686 13.7 125 8.7 This work
BA(CsPbBr3)n-
] 514 8.42 6.5 22.8 !
1PbBrs-PEO films
MAPDbBr3; QDs 524 12.9 6.0 53.5 8
CsPbBr; QDs 512 15.17 6.0 47.3 9
CsPbBrs; films 518 10.5 4.5 52.4 10
CsPbBrs3 films 20.3 9.0 46.8 1
CsPbBrs/MABr
] 525 20.3 12.0 40.9 12
films
MAPDBTr3 films 540 21.8 13.7 37.2 13
Cso0.2FA08Pbl2.sBro2
) 752 17.6 9.0 48.8 14
films
CsPblz QDs 691 13.5 4.2 68.9 5
NFPI7 films 790 12.7 10 21.3 16
CsPblz QDs 691 11.8 8 32.3 g
CsPblz QDs 678 5.92 3.3 44.2 18
CsPbls QDs 682 15.1 55 63.6 9
FAPDI3 films 800 21.6 155 28.2 20




Table S4. EL performance of recently reported red emitting Pe-QLEDs.

Material EL peak (nm) EQEmax (%0) Lmax (cd m?) Reference

CsPbl; 686 13.7 14725 This work
MAPbX3 640 0.53 986 2
CsPbls 698 5.7 206 2
CsPb(Br/I)s 648 6.3 2216 23
CsPbls 688 5.02 748 2
CsPbls 683 7.3 100 %
CsPb(Br/I)s 650 0.05 30 %
CsPbls 690 14.08 1444 2
CsPb(Br/I)s 645 21.3 794 28
CsPho.6aZno ssls 682 15.1 2202 19
CsPbls 678 5.92 1250 18
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