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1. Experimental section
1.1 Materials

Cesium carbonate (99.9%), Cadmium chloride (CdCl,; technical grade), (1-octadecene
(ODE, 90% tech.), oleylamine (OLA, 70% tech.), Oleic acid (OA, 90% tech.), Methylacetate
(MeOAc; anhydrous 99.5%), Octane (anhydrous, >99%), Toluene (anhydrous 99.8%),
Trioctylphosphine (TOP; 97%), Hexane (anhydrous 95%), Chlorobenzene (99.8%), and
Didodecyldimethylammonium bromide (DDAB 98%) were purchased from Sigma Aldrich.
Lead bromide (PbBr,; 99.999%) and Lead chloride (PbCl,; 99.999%) were purchased form
Alfa Aesar. Indium tin oxide-based transparent conductive electrode (~4.5 €/sq) purchased
from AMG. Aqueous solution of PEDOT:PSS (Clevios Al 4083) purchased from Heraeus.
Poly[bis(4-phenyl) (4-butylphenyl) amine] (poly-TPD) and 2,2',2"-(1,3,5-benzinetriyl)tris(1-
phenyl-1-H-benzimidazole) (TPBi; 99.9%) were purchased from OSM. LiF (99.9%) and Al
(99.9%) were purchased form iTASCO.

1.2 Preparation of the nanocrystals

Cesium-oleate solution: Cs,CO; (0.407g), 1.25ml of pre-degassed OA and 20ml ODE were
put into 100ml 3-neck flask and degassed under vacuum at 120 °C for 1h. After degassing, N,
gas was filled into flask and then the temperature was increased to 140 °C.

CsPbBr,Cl NCs synthesis: PbBr; (0.265g), PbCl, (0.1g), 2.5ml pre-degassed OA, 2.5ml pre-
degassed OLA, 2.5ml TOP and 25ml ODE were put into 100ml 3-neck flask and degassed
under vacuum at 120 °C for 1h. After degassing, N, gas was filled into flask and then the
temperature was increased to 180 °C. When the temperature reaches 180 °C, Cesium-oleate
solution (2ml) was swiftly injected into flask. After 10 second, heating mantle was removed
and cooling the flask with ice bath.

Cd-CsPbBr,CI NCs synthesis: Cd concentration was tuned by changing the ratio of PbCl, and
CdCl,. Cd 0.2% NCs was PbBr;, (0.265g), PbCl, (0.085g) and CdCl, (0.01g). Cd 0.4% NCs
was PbBr; (0.265g), PbCl, (0.07g) and CdCl, (0.02g). Cd 0.8% was PbBr, (0.265g), PbCl,

(0.04g) and CdCl, (0.04g). All the other parameters were kept unchanged.



Purification: 15ml of crude solution and 35ml of MeOAc as an anti-solvent, were mixed and
centrifuged 8,000rpm for Smin. After that, supernatant was discarded. Dispersing the
remaining NCs in 5ml of hexane, 8ml of MeOAc was added in NCs solution and centrifuged
at 8,000rpm for Smin. The purified NCs was dispersed in Sml hexane and filtered with 0.2pm
PTFE syringe filter (Whatman) and stored.

Ligand exchange: Purified OA and OLA capped NCs are dispersed in toluene (8mg ml-'). OA
(100 pL) and 0.05M DDAB solution (23.1mg ml! in toluene) 200 pL are added into NCs
solution and stirring 30min. For purification, 2ml MeOAc was added in exchanged NCs
solution 1ml, and centrifuged at 8000rpm for Smin. The NCs were dispersed in octane (Smg

ml") for LED fabrication.
1.3 Device fabrication

For PeLED devices, a conventional device structure consisting of indium tin oxide (ITO) as
anode, poly(ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) and poly[bis(4-
phenyl) (4-butylphenyl) amine] (poly-TPD) as hole transport layer (HTL), Cd-PNCs as
emissive layer, 2,2'.2"-(1,3,5-benzinetriyl)tris(1-phenyl-1-H-benzimidazole) (TPBi) as
electron transport layer (ETL) and exciton blocking layer (EBL), lithium fluoride (LiF) as
electron injection layer (EIL) and aluminum (Al) as cathode; ITO/PEDOT:PSS/poly-TPD/Cd-
PNCs/TPBi/LiF/Al ITO was washed by ultrasonic treatment in deionized water (DI water),
acetone, and 2-propanol for 10 min each. After drying in an oven, the ITO substrates were
treated with O, plasma for 10 min. The PEDOT:PSS(AI 4083) solution was spin coated on
ITO at 4,500 rpm for 40 seconds and annealed at 140 °C on the hotplate for 10 min. The
substrates were transferred into glove box. Poly-TPD (in chlorobenzenel 0mg ml-') layer was
spin coated on PEDOT:PSS layer at 4,000rpm for 40 seconds and annealed at 120°C on the
hotplate for 5 min. After annealed, perovskite nanocrystal (in octane Smg ml-!') emissive layer
was spin coated on poly-TPD layer at 2,000 rpm for 20 seconds. Finally, TPBi (60 nm), LiF
(1 nm), and Al (100 nm) were sequentially deposited at ~10-¢ Torr by the thermal evaporation

method. The area of the Al electrode defines a 0.135 cm? emission area of the device.
1.4 Ab initio calculations

DFT calculations have been performed at the I'- point by using the CP2K code!. The Perdew-
Burke-Ernzerhof (PBE) functional® with DFT-D3 van der Waals correction?, norm-conserving

Goedecker-Teter-Hutter pseudopotentials* and TZVP Gaussian basis set> have been used



along with a density cutoff of 300 Ry on the charge density.

In order to build the mixed CsPbBr,Cl phase, we monitored the energies of two configurations
with 2 Cl ions substituting Br in the [PbBrs]*- octahedra in the 3D CsPbBr; bulk phase: i) two
equatorial CI; ii) CI ions placed in equatorial and axial positions. In both cases the cell has
been relaxed to find the optimal cell parameters. Configuration ii) is more stable than 1) by
0.08 eV and it has been used to build slab models for surface calculations. The energy of
substitution of Br by Cl in CsPbBr; 3D bulk phase has been calculated by considering halide
exchange between Br, / Cl, molecules and the perovskite and it is favored by 0.23 eV. The
energy of Pb substitution by Cd has been calculated by simulating metal exchange between

PbCl, / CdCl, phases and the pristine perovskite.

Surface calculations have been performed in the 2x2 in-plane slab models, by fixing cell
parameters to the optimized values calculated in the bulk and adding 15 A of vacuum along

the non-periodic direction perpendicular to the surface.

Surface formation energies have been calculated starting from the PbBr,, CsBr, CdBr, phases
for CsPbBr; pristine and Cd-doped surfaces and from PbBr,, PbCl,, CsBr, CdCl, for the
CsPbBr,Cl pristine and Cd-doped surfaces, by using the expression

24 (eq 1)
where ES represent the energy of the modelled slab, n; are the numbers of PbBr,, CsBr, PbCl,,
CdCl,, CdBr, units composing the slabs and ; are the energies of the relative phases; A is
the slab surface area. Work function (WF) has been calculated as the difference between the

potential in the vacuum and the VBM of the slab.

1.5 Characterization

SEM were measured with Verios G4 UC (FEI) Smart Lab at the Hanyang LINC + analytical
equipment center (Seoul). with beam energy of 5kV (cross-sectional) and 15 kV (element
mapping). XPS spectra were collected using an angle-resolved photoelectron spectrometer
(Thermo Fisher Scientific, Theta Probe) at the Hanyang LINC + analytical equipment center
(Seoul). A sample-to-detector take-off angle of 30° with respect to surface normal was

employed to selectively obtain surface-oriented signals while excluding bulk-oriented signals.



For surface etching, Ar" plasma (1 keV, 1 nA) was bombarded onto the PNC surface for 2 to
5 s within the XPS chamber, where the selective elimination of the uppermost surface species
were monitored by the disappearance of N 1s photoelectron signal oriented from surface-
binding OLA. PLQY measurement of the perovskite NCs solution dispersed in hexane was
conducted with a QE-2000 (Otsuka Photal Electronics) equipped with an integrating
hemisphere, and samples were excited at the wavelength of 365 nm. UV-Vis absorption
spectra were measured on a Varian Cary 5000 spectrophotometer. Steady-state PL
measurements were carried out using a pulsed xenon lamp. And time-resolved PL decay
measurements were carried out using a He-Cd laser operating at a wavelength of 375 nm. For
PeLEDs, J-V-L characteristics and device performances were measured using a Konica
Minolta spectroradiometer (CS- 2000) with a Keithley 2400 source meter. PeLED device
characteristics were measured under ambient air conditions without any encapsulation. XRD
patterns were measured using a using an X’Pert-MPD diffractometer (Philips, Netherlands)
employing CuKa radiation. TEM samples were prepared by diluted NC solution in hexane
dropped on an ultrathin carbon film grid. TEM were measured with JEM-2100F model
(JEOL). Solid-state NMR spectra were measured at 11.75 T (National Center for Inter-
University Research Facilities, Seoul National University) with 4 mm Bruker Magic-Angle
Spinning (MAS) probe. PNC samples were packed into Kel-F inserts and were spun at 5 kHz.
133Cs spectra were referenced to solid CsBr (260.3 ppm). Recycle delays of 20 s were used for
all samples. The Fourier transform infrared (FT-IR) was recorded on PerkinElmer Spectrum

Two FT-IR Spectrometer.



Supplementary Note 1. Discrepancy in Cd detection between XPS and EDS techniques

XPS is a surface-sensitive technique, with a confined information (electron escape) depth of
~10 nm, and exclusively detects surface-oriented signals. Thus, XPS measurement can in theory
be regarded as a suitable analytic tool to confirm the presence and binding nature of surface Cd
contents. However, detection of a relatively light element (Cd Z=48) in a matrix of heavy
elements (e.g., Pb Z=82) is normally deemed difficult due to the large photoemission intensities
of heavy elements (which in general scales with Z). Moreover, the overlapping emission lines
of Cd with Pb/Br (e.g., Cd 3d;, and Pb4ds, both ~412 eV) makes the detection of low-level
Cd difficult; a previous comprehensive study of XPS sensitivities estimate this lower limit of
detection to be around 0.3 to 1%, which puts our estimated Cd content (0.2~0.8% with respect
to Pb) on the borderline of detection limit®.

The situation, however, becomes more favorable for EDS (elemental mapping) collected from
an SEM instrument, since the initial excitation comes from the relatively high-energy electrons
(5-20 keV) with respect to that of XPS (Al Ka~1488 eV), which subsequently results in larger
interaction volumes and deeper information depth (roughly >100 nm). Moreover, the
characteristic X-ray emission coming from Cd now has kinetic energies order of magnitude
larger than the photoemission (Cd La=3.1 keV vs Cd 3ds5,=1488-405=1083 eV), which would

make detection in EDS more favorable.



Supplementary Note 2. Surface Cl upon Cd incorporation

It is also noteworthy that the C1/Br ratio gradually increases as PNC becomes Cd-rich, likely as
a consequence of extra Cl incorporation from CdCl,, but dramatically reduced and reached to
the nominal bulk level (closer to halide ratios of neat PNC) upon surface etching (Figure S10).
This implies that the extra Cl species must be preferentially located at the surface of PNCs
rather than in the bulk, consistent with the observation of negligible PL shift for the low-Cd
PNCs (i.e., the bulk halide composition was retained). Indeed, the Cl 2p spectra of both Cd-
bulk and Cd-surface PNCs, upon surface etching, revealed the coexistence of surface and bulk
Cl components (Figure S11)7. Note that the surface/bulk Cl ratio of the PNCs, obtained from
the Cl 2p spectra, are similar to each other (Table S5). These observations collectively suggest
that the extra surface Cl species may contribute to stabilizing the surface Cd?*. This surface Cl
species could further suppress the halide vacancies at the PNC surface by filling the vacant sites

in the vicinity of them without compromising the optical characteristics®°.

10



Supplementary Note 3. Device operational stabilites

To further investigate the device stability of PeLEDs, we measured the long-term device
stability under a constant voltage of 3.2 V. The time to 50% of initial luminance (Ts) in
optimized device is 140 seconds, which is 2.5 times longer than that of the reference device (56
seconds), as shown in Figure S19a,b. In addition, stable blue emission along with whole
lifetime is observed with identical EL spectra at T,s, Tso and T7s. (See Figure S19c,d), which
signifies an effective suppression of halide segregation as a result of combined surface

engineering through Cd** doping and DDAB passivation.

11
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Figure S15. UPS spectra of Cd-0% and 0.2% Cd-PNCs.
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Figure S16. Cross-sectional scanning electron microscopy image of the prepared PeLED
device. b) Energy level diagram of PeLED device.
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Figure S17. a) Current density—voltage, b) Luminance—voltage, ¢) Luminous efficiency—
current density. d) Normalized electroluminescence spectrum of each PeLED device with

different Cd contents.
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content. Histogram of b) maximum EQE and ¢) maximum luminance of 0 % and 0.2 % Cd
content LED devices, measured from 15 devices.
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at a constant voltage of 3.2V. c-d) Electroluminescence spectra of each step.
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Figure S20. SEM image of a) 0% and b) 0.2% perovskite film and AFM image of ¢) 0%
and d) 0.2% perovskite film.
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film.
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Figure S22. Structural models for bulk a) CsPbBr; 2x2x2 supercell; b) CsPbBr,Cl 2x2x2
supercell.
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Figure S23. Structure and metal-Br bond lengths in the CsBr-terminated (001) surface of the
pristine CsPbBr; (left) and the same phase with Cd substituting Pb at the surface (right).
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Figure S24. Projected density of states (PDOS) on atomic orbitals of the CsBr-terminated
surfaces of pristine and Cd-doped CsPbBr; and CsPbBr,Cl: a) pristine CsPbBr3; b) Cd

substituting lead in the bulk of the CsPbBrj; slab; ¢) Cd substituting lead at the surface of the

CsPbBr; slab; d) pristine CsPbBr,Cl; e) Cd substituting lead in the bulk of the CsPbBr,Cl
slab; f) Cd substituting lead at the surface of the CsPbBr,Cl slab.
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Figure S25. Optimized structures of the Br-Frenkel couple in a) pristine CsPbBr; and b) Cdpy,-
CsPbBr; slabs
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Figure S26. Optimized structures of the (001) surfaces of a) CsPbBr;-PbBr-CdCl, b)
CsPbBr;-CsBr-CdCl,, ¢) CsPbBr,CI-PbBr(CI)-CdCl, d) CsPbBr,CI-CsBr(Cl)-CdCl,, e)
CsPbBr;-PbBr-CdCI*CI- f) CsPbBr;-PbBr-CdCl,-50% g) CsPbBr;-PbBr-CdCl,-100%, h)
CsPbBr;-PbBr-CdCl,-(phase)-initial, i) CsPbBr3;-PbBr-CdCl,-(phase)-optimized.
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Table S1. Inductively coupled plasma mass analysis of Cd-PNCs actual molar ratios of Pb to

Cd.

Nominal molar ratio

Actual molar ratio in

deiianr‘rzlieon in precursor solution PNCs
9 (PbX, : CdCly) (Pb : Cd)
0.1% 0.975:0.025 0.999 : 0.001
0.2% 0.950 : 0.050 0.998 : 0.002
0.4% 0.900 : 0.100 0.996 : 0.004
0.8% 0.800 : 0.200 0.992 : 0.008
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Table S2. Inductively coupled plasma mass analysis of Cd bulk and surface doping PNCs

actual molar ratios of Pb to Cd.

Sample Actual molar ratio in PNCs
designation (Pb : Cd)
Cd-Bulk doping .
(15.2%) 0.848 : 0.152
Cd-Surface doping 0.984 - 0.016

(1.6%)
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Table S3. Estimated lattice parameters of the PNCs based on PXRD results

Assigned peak Peak position Calcu_lated Average lattice
Sample (hkl) (20, degree) lattice constant (A)
» degd constant (A)
100 15.46 5.726
Non-doped 111 21.79 5.761 5.754
200 30.95 5.774
100 15.46 5.726
Cd-Surface
(0.1%) 111 21.78 5.765 5.755
200 30.95 5.774
100 15.46 5.726
Cd-Surface
(0.2%) 111 21.81 5.756 5.753
200 30.95 5.774
100 15.46 5.726
Cd-Surface
(0.4%) 111 21.78 5.765 5.754
200 30.97 5.770
100 15.46 5.726
Cd-Surface
(0.8%) 111 21.77 5.768 5.754
200 30.98 5.768
111 15.42 5.739
Cd-Bulk
(15.2%) 111 21.99 5.712 5.723
200 31.26 5.718
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Table S4. Summary of Cd 3ds), peak deconvolution of Cd-PNCs.

Cd@Surface Cd@Bulk
Species
Peak center Peak center
(eV) FWHM (eV) (eV) FWHM (eV)
404.61 1.05 405.55 1.13
As-
prepared o 0
Cd-bulk 65.78% 34.22%
o)
(15.2%) After 404.32 1.17 405.42 1.17
surface
etching 19.29% 80.71%
404.45 1.02 405.30 1.02
As-
Cd- prepared 80.71% 19.29%
surface
(1.6%) After - - - )
surface
etching - -
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Table S5. Summary of Cl 2p peak deconvolution of Cd-PNCs.

Cl@Surface Cl@Bulk
Species Peak — pywnum  PeK M
center (eV) center (V)
(eV) (eV)
197.85 1.34 197.02 1.17
As- 199.35 1.28 198.65 1.26
prepared
Cd-bulk 18.85% 81.15%
(15.2%) After ] ] 197.13 1.26
surface 198.77 1.05
etching - 100.00%
197.60 1.14 196.90 1.18
As- 199.23 1.21 198.53 1.20
prepared
Cd-surface 19.96% 80.04%
(1.6%) After ] ] 196.93 1.01
surface 198.58 0.96
etching : 100.00%
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Table S6. Time-resolved PL decay profiles of perovskite NCs solution capped with OLA and

OA ligands.
Sample T Aq T, A, T3 A; Tavg
configuration (ns) (%) (ns) (%) (ns) (%) (ns)
0% 28.45 3.58 5.34 22.41 0.99 74.01 295
0.1% 32.15 4.03 5.88 23.62 0.82 72.35 3.28
0.2% 37.62 3.72 6.84 22.18 1.24 74.10 3.84
0.4% 37.54 2.99 5.81 19.47 0.91 77.54 2.96
0.8% 32.29 3.22 5.21 20.62 0.92 76.15 2.82

T, T, and T, Lifetimes

T_ : Average lifetime (1. ) which is calculated using 1. _=i=1
avg avg avg

A " A2 and A3: Respective fractional contributions

3

Al - Ti
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Table S7. Time-resolved PL decay profiles of perovskite NCs solution capped with DDAB

ligand.
Sample T Aq T, A, T3 A; Tavg
configuration (ns) (%) (ns) (%) (ns) (%) (ns)

0% 96.84 12.32 28.59 33.35 0.96 54.14 22.04
0.1% 103.85 12.42 33.48 39.43 0.89 48.15 26.53
0.2% 97.25 16.56 28.91 48.97 1.71 34.47 30.85
0.4% 105.87 13.31 29.79 41.91 1.75 44.78 27.26
0.8% 95.53 17.70 28.23 36.08 1.87 46.62 27.97

Ty Ty and T, Lifetimes

T_ : Average lifetime (1. ) which is calculated using 1, _=i=1
avg avg avg

A " A2 and A3: Respective fractional contributions

3

Al - Ti
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Table S8. Summarized device performances of PeLEDs.?

Turn-on

Sample L max [cd/m?] LE ,ax [cd/A] Wavelength
configuration @ bias @ bias Vélt,lac%e/#] [nm]

0 % 27.75@4.2 1.73@3.0 3.0 474
0.1% 42.26@4.5 2.26@3.0 3.0 474
0.2% 50.55@4.2 2.91@3.0 3.0 475
0.4 % 29.85@3.9 1.79@3.0 3.0 475
0.8 % 24 40@3.6 1.83@3.0 3.0 474

aFull device : ITO/PEDOT:PSS/poly-TPD/perovskite NCs/TPBi/LiF/Al
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Table S9. Calculated values of work function for CsPbBr;_(Cly perovskite slab models with
Cd?" incorporation. As previously found, surface termination (or coverage) has a strong impact
on the perovskite work function (WF). PbBr-terminated show the highest WF (5.9 eV), CsBr-
terminated show the lowest WF (4.6 eV).

System Nature of doping WF (eV)

CsBr terminated

Neat 4.62

CsPbBr; Cd bulk doped 4.69
Cd surface doped 4.70

Neat 4.69

CsPbBr,Cl Cd bulk doped 4.81
Cd surface doped 4.74

PbBr terminated

Neat 5.96

CsPbBr; Cd bulk doped 5.99
Cd surface doped 5.95

Neat 5.93

CsPbBr,ClI Cd bulk doped 5.96
Cd surface doped 5.96
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Table S10. Calculated adsorption energy (E,qs), band gap (E,,,) and work function (WF) of
the differently terminated CsPbBr; and CsPbBr,Cl slabs. E,4 are calculated starting from the
CdCI2 bulk phase and molecule.

Eags (€V
Eci:d;c(:lz ) Eate (V) Eqap (8V) | WF (eV)
olecule CdCl, Phase
CsPbBr;-CsBr-ter-CdCl, -1.56 0.18 2.15 4.98
CsPbBr;-PbBr-ter-CdCl, -1.62 0.11 2.24 6.04
CsPbBr;-PbBr-ter-CdClI*-Cl- -1.41 0.34 2.25 6.12
CsPbBr;-PbBr-ter-CdCl,
(50%) -1.62 0.12 2.23 6.58
CsPbBr;-PbBr-ter-CdCl,
(100%) -1.48 0.27 2.21 6.35
CsPbBr;-PbBr-ter-CdCl,
(100%-CdCl, -layer) / -0.25* / /
CsPbBr,Cl-CsBr-ter-CdCl, -1.42 0.32 2.20 5.11
CsPbBr,CI-PbBr-ter-CdCl, -1.56 0.19 2.35 6.00

* energy of adsorption calculated starting by the optimized layer of CdCl, as reported in

Figure S26 h-i.
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Table S11. Summary of blue (~ 480 nm) emissive perovskite NCs LED performance
parameters in the literature.

Emission

Perovskite peak EOQE PI;QY L'"a"z Reference
[nm] [%] [%] [cd/m?]
Single S e 123 ~100° =500 I;I:%::qagggghg%
per:s\'jgfite CsPLB, 470 47 65 3850 202135, 2008722,
CsPbBr CI__ 479 086 623  29.95 Aczf) e "‘;’gfoﬁ ’_”Ztgfgges
(rg?;t;(:\rxfﬁ%n) art 196 384" 8695 A 020 1908760
CoPb(Br,,Cl, 476 225 32 678 2'31C : 41?’;67%7%/}26;2'1
CNeangy 02 e e A e
e, 0 sy e AGye e s
CsPOBLC,., 469 05 o i 2018 56, 1706226
(Cso.sR(gor.j):glt:SsNio.os) 467 214 86.7° 100~ Ad;(‘)g]pggng”gfr '
(f,liﬁgf;g,'fg) 466 212 28 245 2018 2, 1?%221—2433
(oropauton U333 TR s s
CsPb(Br/Cl), 456 11 318> 432 28 5000280
CsPbBr,Cl 475 371 668°  50.55 Our work

(Cd?*-passivation)

a : solution PLQY

b : film PLQY
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