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1. Photoluminescence quantum yields of nanocrystals

Photoluminescence quantum yields (PL QYs) of synthesized CdSe/CdS core/shell (C/S) NCs
and CdS/CdSe/CdS core/spherical quantum well/shell (SQW) NCs are characterized at the
excitation wavelength (450 nm) with the absolute PL QY measurement system (QE-2100,
Otsuka Photal Electronics) that utilizes an integrating hemisphere, a low stray light spectrometer
and fluorescent re-excitation elimination. To correlate the heterostructure parameters with the
final optical properties, we plot PL QYs of C/S NCs (» = 1.5 nm) and SQW NCs (#// = 1.3/0.9
nm) as a function of the CdS shell thickness (Figure S1). PL QYs of CdSe(» = 1.5 nm)/CdS C/S

NCs are also taken from literatures for statistics.! >
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Figure S1. PL QYs of CdSe/CdS (C/S) and CdS/CdSe/CdS (SQW) NCs as a function of the CdS

shell thickness.



2. Synthesis and characterization of nanocrystals

Chemicals: Cadmium oxide (CdO, 99.95 %, metals basis), zinc acetate (Zn(acet),, 99.999%,
metals basis) and tri-n-octylphosphine (TOP, technical grade, 90%) were purchased from Alfa
Aesar. Se (99.99 %, powder), S (99.998 %, powder), oleic acid (OA, 90 %), 1-dodecanethiol
(DDT, > 98 %), 1-octadecene (ODE, 90 %, technical grade) and myristic acid (MA, > 99 %)
were purchased from Sigma Aldrich. All organic solvents were acquired from Daejung (Korea).
All chemicals were used as received.

Precursors: All NC syntheses were carried out using the Schlenk line technique under Ar
atmosphere. Cationic precursors [0.5 M cadmium oleate (Cd(OA),) and 0.5 M zinc oleate
(Zn(OA);] were prepared by dissolving CdO (100 mmol) (or Zn(acet),) in mixed solvent of OA
(100 mL) and ODE (100 mL) under Ar atmosphere at 250 °C for 1 hr, degassing at 110 °C for 2
hr, and filling with Ar. Anionic precursors [2 M TOPSe and 2 M TOPS] were prepared by
dissolving selenium and sulfur power (20 mmol) in 10 mL of TOP under Ar atmosphere at 100
°C for 1 hr.

Synthesis of CdS/CdSe/CdS SOW NCs: For preparing CdS ( = 1.3 nm) seeds, Cd(OA);, (0.3
mmol) was added in 3-neck flask containing of ODE (9 mL) and heated up to 270 °C. At the
elevated temperature, the 0.25 M S-ODE (0.5 mL, S dissolved in ODE) precursor was rapidly
injected into the reaction vessel to create nuclei and cooled down to 250 °C for further growth.
The reaction was proceeded for 10 min. Larger sized CdS (r = 1.5 or 2.0 nm) seeds were
synthesized by adding mixed Cd and S precursors (0.1 M Cd(OA), and 0.1 M TOPS) into the
reaction flask containing CdS (r = 1.3 nm) seeds at a rate of 5 mL/hr at 250 °C. After the
precursor injection, the reaction flask was maintained at the elevated temperature for more 10

min and cooled down to room temperature to complete the reaction. The resultant NCs were



purified twice by precipitation (ethanol)/redispersion(toluene) method. For CdSe emissive layer
growth, the desired amount of mixed Cd and Se precursors [0.1 M Cd(OA), and 0.1 M TOPSe]
diluted in ODE was injected into the 3-neck flask containing CdS seeds (0.1 g) and ODE (10
mL) at 300 °C at a rate of 5 mL/hr. After injecting the precursors, the reaction flask was cooled
down to room temperature and the CdS/CdS NCs were purified twice. For CdS shelling,
CdS/CdSe NCs (0.1 g) and ODE (10 mL) were loaded into the flask and 0.5 M Cd(OA), and 0.5
M DDT were added separately into the reaction solution at a rate of 2 mL/hr. The reaction
temperature was maintained at 300 °C for the entire CdS shelling process and cooled down to
room temperature to stop the reaction. Final products were purified twice and dispersed in
toluene for further characterization.

Synthesis of CdSe/CdS core/shell NCs: CdSe NCs (r = 1.5 nm) were synthesized by the
previously reported method.'® For CdS shelling, CdSe NCs (0.1 g) were added to a 3-neck flask
containing ODE (8 mL) and 0.5 M Cd(OA);, (0.6 mL) at 300 °C under Ar atmosphere. At the
elevated temperature, 0.5 M Cd(OA), and 0.5 M 1-DDT precursors were injected separately into
the reaction vessel at a rate of 2 mL/hr. The reaction temperature was maintained at 300 °C
throughout the CdS shelling process. The resultant NCs were purified twice by the
precipitation/redispersion method and dispersed in toluene for further characterization.

Synthesis of CdSe/CdxZn;.xS core/shell NCs: Detailed synthesis and structural characterization
was reported previously.'® CdO (1 mmol), MA (3 mmol) and ODE (15 mL) were loaded in 3
neck flask and heated up to 300 °C under the inert conditions to form Cd(MA), complex. After
reactants turned to be optically clear, 2 M TOPSe (0.25 mL) was rapidly injected into the
reaction flask to form CdSe cores. After 3 min of reaction, 3 mL of the 0.5 M Zn(OA), precursor

and DDT (1 mmol) were added separately within 1 min. The reaction was preceded for 30 min to



form Cdg¢Zng 4S inner shell. 0.5 M Cd(OA); (2 mL), 0.5 M Zn(OA), (4 mL) and 2 M TOPS (1.5
mL) were added into the reaction flask within 1 min for CdysZngsS shelling and the reaction
proceeded for 10 min. Final products were repeatedly purified and dispersed in toluene.

Optical Characterization: The absorption and PL spectra of NC dispersions were measured
with the V-670 UV-Visible/NIR spectrometer (Jasco) and the Fluoromax-4 spectrometer
(Horiba). The absolute PL QYs of solution and film samples were measured at the excitation
wavelength (450 nm) with the QE-2100 (Otsuka Photal Electronics). For measuring PL decay
dynamics, the samples were excited at 450 nm (pulse width = 80 ps) at a repetition rate of 2.5
MHz, and PL dynamics were resolved using a time-correlated single-photon counting (TCSPC)
system that consists of avalanche photodiodes (temporal resolution = 350 ps) and a single
channel analyzer (with a Picoquant Timeharp 260) with a 50 ps binning time.

Structural Characterization: The sizes of NCs were characterized with transmission electron
microscopy (Tecnai TF30 ST). The morphology of NC films was analyzed with scanning
electron microscopy (Hitachi S-4300).

Film Stability Test: NC films were stored in an oven at 200 °C. For characterization, the films
were cooled down naturally to room temperature. After characterization, films were again moved

to the oven.
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Figure S2. Absorption and PL spectra and (left) TEM images (right) of CdS seeds with different

radii.



ridulaloh /: /
1.3/0.6/5.3 /)

r/l/h o/

1.3/0.3/5.8 -,
/1

. N 1

13/06/33/\

1.3/0.3/3.8

Absorption & PL intensity (a.u.)
Absorption & PL intensity (a.u.)

/
1.8/0.3/1.8 A 13706/14 /)
13/03/0 /. 1.3/0.6/0 J\
1.6
Energy (eV) Energy (eV)

g

—_ |’ d —

3 J 3

& )

2 r/t/ hA 2>

0 (1.3/1.2/4.9 7]

c c

L 2

£ =

T 131227 T 131528

o3 o3

c c

2 13/12/0/\\ 2 1.3/1.5/0/\

g =3 /

o (]

@ @ -
Q Q S
< 13/12/0/\— <lia1s0 J N\ -~

h 1 =1
20 24 1 : :
Energy (eV) Energy (eV)

Figure S3. (a, d, g, and j) Absorption and PL spectra and (b, c, e, f, h, [, k and 1) TEM images of
CdS/CdSe/CdS SQW NCs with fixed CdS seed radius (» = 1.3 nm) but different emissive layer (/

=0.3, 0.6, 1.2 and 1.5 nm) and shell thicknesses.
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Figure S4. (a and f) Absorption and PL spectra and (b-e and g-j) TEM images of CdS/CdSe/CdS
SQW NCs with different CdS core radii (r = 1.5 or 1.9 nm) and similar volumes of the CdSe

emissive layer. The NC dimensions (7, /, and /) are indicated in the figure.
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Figure S5. Structural and optical characteristics of CdSe/CdS core/shell NCs with varying shell

thicknesses. (a) Absorption, PL spectra and schematic illustration of CdSe/CdS core/shell (C/S)
NCs; r, h, and R denote the radius of CdSe core, the thickness of CdS shell and the total radius,
respectively. (b) Peak PL energies in eV, (c) FWHM, (d) PL QYs, (e¢) PL decay dynamics (inset:
single-exciton radiative recombination time (7;)), and (f-j) TEM images of CdSe/CdS C/S NCs

with varying CdS shell thicknesses (r = 1.5 nm, h =0, 2.0, 2.8, 3.8 and 6.0 nm).
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Figure S6. X-ray diffraction (XRD) patterns of CdSe NCs (» = 1.5 nm) and CdSe/CdS core/shell

NCs with varying shell thickness (» = 1.5 nm, 2 = 0.5, 1.0, 1.5, 2.0 nm). XRD patterns of bulk

zincblende (ZB) CdSe (bottom) and CdS (top) are shown for comparison. XRD patterns are

vertically shifted for visual clarity.
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Figure S7. (a) Absorption and PL spectra and (b,c) TEM images of CdSe (» = 2.0 nm)/CdxZn;.

xS (A= 1.5 and 5.8 nm) NCs.
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Figure S8. (a) FE-SEM images of a SQW NC film and (b-f) cross-sectional FE-SEM images of
films made of various types of NCs with the indicated total radius R. CdS (» = 1.3 nm)/CdSe (/ =
0.9 nm)/CdS (h = 5.2 nm), CdSe (» = 1.5 nm)/CdS (h = 2.0 and 6.0 nm) and CdSe (» = 2.0

nm)/CdyZn;«S (h =2.5 and 5.8 nm) NCs are denoted as ‘SQW’, ‘type I’ and ‘g-type II".
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3. Calculation of critical thickness of shell layer for nanocrystals
To obtain the critical thickness of the CdS shell layer on the CdSe core NCs, we utilized
Matthew and Blakeslee’s equilibrium theory.'” The critical thickness of thin film on substrate

can be calculated as:

_ b (1-vcos?a) he
hc o 2nf (1+v)cosA (ln b T 1) (1)

where b is the magnitude of Burgers vector (b = 1/2<110> for FCC crystals), /is the lattice
mismatch between the film and the substrate (~4.2 %), v is the Poisson ratio (0.454 for zb-CdSe
(111) plane)'® and o is the angle between the dislocation line and its Burgers vector (0.667)."" A
is the angle between the slip direction and the direction in the film plane which is perpendicular
to the line of intersection of the slip plane and the interface (45 °).!” As a result, the calculated
critical thickness of the CdS layer on the CdSe core is 3.3 nm. Although 3-dimensional
nanocrystals have curvatures unlike the thin film, the theoretical value is similar to that obtained
from the experiment (ca. 2.5 nm). On the other hand, due to the smaller lattice mismatch (~4.0

%), the calculated critical thickness of the CdSe layer grown on top of the CdS core is 3.6 nm.
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4. Calculation of electron-hole overlap integral (®..;) for nanocyrstals
In Fig. 5b, the PL QYs of SQW NCs having 1.3/0.3/5.8 nm and 1.3/1.5/4.7 nm dimensions
(CdS core radius/CdSe layer thickness/CdS shell thickness) are 65.5% and 91%, respectively.
We speculate that the drop in the PL QY for SQW NCs with a thinner CdSe emissive layer
(1.3/0.3/5.8 nm) compared to other SQW NCs is due to the reduced radiative recombination rate
resulting from the reduced electron-hole overlap integral. To support this assessment, we
perform theoretical modeling.
The calculations are based on a finite-difference method (FDM), implemented with a
custom code, written using a Python program. Ground state electron and hole wave functions and
their eigen energies are fond by solving the Schrodinger’s equation in the two band KeP

. 2021
formalism.

NCs are modeled using cylindrical coordinates with inclusion of rotational
symmetry. Using this method, full 3D calculations can be realized while the memory
requirements are greatly reduced compared to the approach utilizing a 3D mesh.” The K<P
formalism is following.

[HoiK’pjunk(r){En(k)—ﬁjunk(r)
m : 2m ’

0 0

ik-r

where un is the cell periodic part of the Block function (4, , (r) =e""u, (r)). This form can be

changed to

n' 0 0

21,2
Z{[En(o)"'h k jé‘nn‘_'_iK'pnn'}an' :En(k)a
2m Toom ' "

where a, is the coefficient of the basis function y = Zan¢nyk (r) .
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By merging the all other bands‘ contribution into the simple parameter (o or ay), this matrix

will be simply solved by the following expression.

2 E R
—MV2+—9+UQ(X)—E Ek-Pnn.
2m, 2 m
R 2 E
%k-Pm. ‘;‘h—hvz—%—uh(x)—E
m

0

The wavefunctions of electrons (blue) and holes (red) are shown in Fig. S9. The overlap
integral ((¢,|¢,)?) of the thin-CdSe-layer SQW NC (1.3/0.3/5.8 nm) is 0.17, which is lower
than that of the thick-CdSe-layer SQW NC (1.3/1.5/4.7 nm) wherein {¢.|¢,)? = 0.37.
Consequently, the radiative recombination rate of the thin-CdSe-layer SQW NC is 55% lowere

than that of the thick-layer SQW NC.
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Figure S9. Electron and hole wavefunctions of (a-c) the thin-CdSe-layer SQW NC (1.3/0.3/5.8
nm) and (d-f) the thick-CdSe-layer SQW NC (1.3/1.5/4.7 nm). Cross-section of wavefunctions at
r = () are shown in (a) and (d) where solid-blue and solid-red lines represent electron and hole
wavefunctions, respectively. Probability distribution functions of (b,e) electron and (c,f) hole in

each SQW NCs are presented. Gray-dash lines indicate the NC boundary.
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