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1. Experimental methods

Chemicals: Zinc acetate (Zn(acet),, 99.99%, metals basis), 1-octadecene (ODE, 90%) and tri-
n-octylphosphine (TOP, > 99%) were purchased from UniAm (Korea). Cadmium oxide (CdO,
99.95%, metals basis), Se (99.99%, powder), S (99.998%, powder), oleic acid (OA, 90%), 1-
dodecanethiol (DDT, >98%), and myristic acid (MA, > 99%) were obtained from Alfa Aesar.
Poly(amidoamine) dendrimers, ethanolamine (99.5 %), and 2-methoxyethanol (99.8 %) were
acquired from Sigma-Aldrich. All organic solvents were used as received from Daejung

(Korea) without purification.

0D Precursors: Cationic precursors (0.5 M cadmium oleate (Cd(OA);) and 0.5 M zinc oleate
(Zn(OA),)) were prepared by degassing 100 mmol of CdO (or Zn(acet),) in a mixed solution
of 100 mL of OA and 100 mL of ODE at 110 °C for 2 hr, followed by back-filling with Ar.
The reaction flask was then heated up to 250 °C for 1 hr, degassed at 110 °C for 2 hr, and
back-filled with Ar. Anionic precursors [2 M selenium in tri-n-octylphosphine (TOPSe) and 2
M sulfur in tri-n-octylphosphine (TOPS)] were prepared by dissolving 20 mmol of selenium
and sulfur power in 10 mL of TOP under Ar atmosphere at 100 °C for 1 hr. 0.5 M DDT
precursor was prepared by diluting 10 mmol of DDT in ODE with a total volume of 20 mL.

Synthesis of QDs: All QD synthesis was conducted with a typical Schlenk line technique
under Ar atmosphere.SI'S4 For CdSe (» = 2 nm)/CdS (2 = 6 nm) QDs,"" we first synthesized a
CdSe core with a radius of 2 nm and separately conducted CdS shelling by supplying desired
amounts of 0.5 M Cd(OA), and 0.5 M DDT into the reaction vessel containing the CdSe core
solution (1 g of CdSe core in 15 mL of ODE) at a rate of 2 mL/hr. The reaction temperature
was maintained at 300 °C throughout the CdS shelling process. CdSe (» = 2 nm)/Cd;.xZnxS
(h = 6 nm) red QDs,** Cd,.xZnxSe ( = 1.5 nm)/ZnS (h = 6.2 nm) green QDs,> and Cd,.
xZnxS (r = 2 nm)/ZnS (h = 2.3 nm) blue QDs>* were synthesized by one-pot synthetic
methods. The resultant QDs were purified five times via the precipitation/redispersion

method and dispersed in toluene for further experiments.

Device fabrication: 7ZnO films were prepared using a previously reported method™® with
minor modifications. Prior to film formation, ZnO precursor was prepared by dissolving 1 g

of Zn(acet), and 0.28 g of ethanolamine in 10 mL of 2-methoxyethanol for 12 hr. The



resulting ZnO precursor was spun-cast on patterned ITO substrates with a spin rate of 3000
rpm for 30 s to form ZnO films. The ZnO films were then annealed at 300 °C under air for 1
hr. PAD ligand layers were formed on the ZnO film by spin-casting PAD ligand solutions
diluted in ethanol (2 mg/mL) with a spin-rate of 4000 rpm for 30 s. The weakly bound PAD
ligands were washed by spin-casting PAD//ZnO substrates with pure ethanol under the same
spin condition. QD dispersions (20 mg/mL in toluene) were then deposited on PAD//ZnO
substrates at 4000 rpm for 30 s, followed by a washing step (spin-casting with pure toluene).

CBP, MoOx, and Al electrode layers were thermally evaporated under a vapor pressure of 2 x

10 torr onto QD//PAD//ZnO//ITO substrates at deposition rates of 0.8-1 As™', 0.3 As™,

and 4-5 A-s™!, respectively. For solution-processed QLEDs, Poly(9-vinylcarbazole) (PVK)

dissolved in chlorobenzene at a concentration of 15mg/mlL was spun-cast onto
QD//PAD//ZnO//ITO substrates at 3000 rpm for 60 s and annealed at 140 ° C for 30 min

under Ar atmosphere, followed by thermal evaporation of MoOy and Al electrodes.

Optical Characterization: UV-vis absorption and photoluminescence spectra were obtained
with a Lambda 35 spectrometer (PerkinElmer) and Fluoromax-4 spectrometer (Horiba
Science), respectively. The absolute PL QYs of film samples were obtained at an excitation
wavelength of 450 nm with a C11347-01 (Hamamatsu Photonics). To characterize the PL
decay dynamics, the samples were excited at 450 nm (pulse width = 80 ps) at a repetition rate
of 1.0 MHz, and PL dynamics were resolved using a time-correlated single-photon counting
(TCSPC) system that consists of a single channel analyzer (with a Picoquant Timeharp 260)

and avalanche photodiodes (Picoquant t-SPAD, timing resolution = 350 ps).

Film Characterization: The adsorption of QDs onto PAD-coated substrates and the traces of
oleic acid ligands were qualitatively investigated using fourier transform infrared
spectroscopy (FT-IR) in attenuated total reflection (ATR) mode (Agilent Technologies Cary
600 Series). Additionally, a quartz crystal microgravimetry (QCM) device (QCM200, SRS)
was employed to quantitatively investigate the mass of PAD-Gn (n =0, 1, 3, 5) onto adsorbed
ZnO films. The mass change (Am) of the adsorbed PAD was calculated from the change in
the QCM frequency (AF), using the Sauerbrey equation.*®
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where Fy (5 MHz) is the fundamental resonance frequency of the crystal, 4 is the electrode

AF(Hz) = - -Am

area, and p, (2.65 g-cm ™) and Hy (2.95 % 10" g-cm™-s7?) are the shear modulus and density of
quartz, respectively. As reported in our previous paper,®® this equation can be simplified as
follows

AF (Hz) =—56.6 x Amy,

where Am, is the mass change per quartz crystal unit area in zg-cm .

The surface morphologies of the films (i.e., ZnO and/or PAD-Gn//ZnO) were
investigated with non-contact mode of atomic force microscopy (AFM) (XE-100, Park
System). X-ray photoelectron spectroscopy (XPS) measurements were performed with a
ULVAC-PHI X-tool Spectrometer (base pressure of 6.7 x 10/ Pa) equipped with
monochromatic Al-Ka X-ray photons (Av = 1486.6 eV). Ultraviolet photoelectron
spectroscopy (UPS) measurements were conducted with an AXIS-NOVA and Ultra DLD
using a He I (21.2 eV for UPS) discharge lamp.

Device Characterization of QLEDs: The current—voltage—luminance (I-V—L) characteristics
of the devices were measured with a Keithley-236 source-measure unit, a Keithley-2000
multimeter unit coupled with a calibrated Si photodiode (Hamamatsu S5227-1010BQ) and a
photomultiplier tube detector. The luminance and efficiencies of QLEDs were calculated
from the photocurrent measurement data obtained with the Si photodiode. The

electroluminescence spectra were obtained using a spectroradiometer (CS-2000).



¥
 2r -+ 0.4 eV
4

c d

Absorbance (a.u.)
PL Intensity (a.u.)

f L L s
450 500 550 600 650 700

Wavelength (nm)

Figure S1. (a) Schematic illustration, (b) energy band diagram, (c) high-resolution TEM
image, and (d) absorbance and PL spectra of of CdSe(» = 2 nm)/CdS (4 = 6 nm) QDs.
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Figure S2. (a-c) High-resolution TEM images and (d-f) absorbance and photoluminescence
spectra of (a, d) CdSe(r = 2 nm)/Cd; xZnxS(k = 6 nm) red-emitting QDs, (b, ¢) Cd; xZnxSe(r
= 1.5 nm)/ZnS(h = 6.2 nm) green-emitting QDs and (¢, f) Cd;.xZnxS(» = 2 nm)/ZnS(h = 2.3

nm) blue-emitting QDs.
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Figure S3. Atomic force microscopy (AFM) images of PAD-G3 deposited on ZnO
substrate. The thickness of PAD-G3 in solid state is measured to be approximately 1 nm
from the height profile across bare ZnO (w/o PAD-G3) and PAD-G3 coated ZnO (w/ PAD-
G3).
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Figure S4. (a) FT-IR spectra of PAD-G3 and CdSe(r = 2 nm)/CdS(h = 6 nm) QDs. The OA-
QD denotes oleic acid stabilized CdSe/CdS QDs. (b) FT-IR spectra of PAD-G3, QDs//PAD-
G3, PAD-G3//QDs//PAD-G3 and QDs//PAD-G3//QDs//PAD-G3 films. FT-IR spectra of
OA-QDs (i.e., QDs) and PAD-G3 displayed absorption peaks corresponding to the COO™
symmetric stretching peak (1435 cm ') of OA stabilizers, and to the N-H bending vibrations
of PAD-G3 (1653 and 1550 cm™'), which included amine groups (-NH,).3*5!"" The
alternating deposition of PAD-G3 and QDs showed inverse changes in the peak intensities of
the N-H bending and COO™ symmetric stretching; that is, as the PAD-G3 layer was
deposited onto the outermost QDs layer, the COO™ symmetric stretching peak of the QD
stabilizers at 1435 cm ™' disappeared and the N-H bending peak originating from the PAD-G3
was intensified (see the FT-IR spectrum of the PAD-G3//QD//PAD-G3 in Figure S2b). For
these reasons, we could confirm that PAD G3 replaced the oleic acid via ligand exchange due
to their affinity difference and chemisorbed QDs with their amine functionality. The degree
of relative conversion was calculated by comparing the FT-IR absorption peak area of OA
ligand groups (at 1435cm™') as a bilayer number. In this case, a 100% conversion rate
indicates that the OA ligands are completely replaced by the PAD-G3 when the outermost

layer comprises the PAD-G3. The calculated degree of relative conversion was 72 %.



Figure S5. Atomic force microscopy (AFM) images of (a) ZnO and (b) PAD-G3//Zn0O films.
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Figure S6. Power efficiency (PE) versus voltage of QLEDs with native ligands (w/o
PAD-G3, black (empty circle)) and multi-branched dendrimer ligands (w/ PAD-G3,
red (empty square)).
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Figure S7. Chemical structures of ligands functionalized with (a) primary amine
(poly(amidoamine) dendrimers (PAD), left), thiol (-SH) (pentaerythritol tetrakis (PETT),
right top) and carboxylic acid (1,2,3,4-butanetetracarboxlic acid (BTC), right bottom). (b)
QCM data of multilayered films comprising amine (red square), thiol (green triangle), or
carboxylic acid (black circle) ligands with CdSe/CdS QDs on ZnO film (odd layer number:
ligands, even layer number: QDs). (c¢) Top view SEM images of the QD emissive layers with
PAD-G3 (top left), PETT (top right), BTC (bottom left). The QD density ratios were
calculated from SEM data (w/ PAD-G3: 100%, w/ PETT: 72%, and w/ BTC: 41%)).
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Figure S8. (a) Film PL decay dynamics of CdSe/CdS QDs on PAD-G3, PETT and BTC

interfacial ligands//ZnO//ITO substrates. (b) Current density—voltage—luminance, (c) EQE
versus luminance and (d) EL spectra (@ 10.2 mA/cm?) of QLEDs employing CdSe/CdS QDs
with PAD-G3 (red), PETT (green) and BTC ligands (black).
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Figure S9. UPS spectra of (a) the bare ZnO film and ZnO films coated with PAD ligands and
(b) QDs on the bare ZnO film and ZnO films coated with PAD ligands.
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Figure S10. XPS spectra of N 1S and C 1S of ZnO films coated with PAD ligands.
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Figure S11. (a) VBM and CBM energy levels with type of QDs (CdSe(r =2 nm)/CdS(% = 6
nm), CdSe(r = 2 nm)/Cd; .xZnxS(# = 6 nm), Cd;.xZnxSe(r = 1.5 nm)/ZnS(/# = 6.2 nm) and
Cd, xZnxS(» = 2 nm)/ZnS(h = 2.3 nm) QDs. Normalized EL spectra of QLEDs employing
(b) CdSe(r =2 nm)/Cd; xZnxS(h = 6 nm), (c) Cd;.xZnxSe(r = 1.5 nm)/ZnS(# = 6.2 nm) and
(d) Cd1xZnxS(r = 2 nm)/ZnS(h = 2.3 nm) QDs with PADs (w/ PAD-Gn, colored) and native

ligands (w/o PADs, black).
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Figure S12. (a) Current density—voltage—luminance, (b) EQE versus current densitiy and (c)
EL spectra (@ 10 mA/cmz) of QLEDs employing Cd;.xZnxSe(r = 1.5 nm)/ZnS(k = 4.2 nm)
(black) and Cd,.xZnxSe(r = 1.5 nm)/ZnS(4 = 6.2 nm) (green) without PADs.
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