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ADDITIONAL ABSORPTION, PHOTOLUMINESCENCE AND TEM DATA
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Figure S1. (a) Absorption spectra, (b) PL spectra and (c) PL decay traces of CdSe core (green)
and CdSe/CdS core/crown (red) NPLs. For the latter, samples were excited at 331 nm with a
pulsed LED. (d) Table containing the value of absorption and PL peak maximum and the
amplitude-weighted average lifetime of CdSe core and CdSe/CdS core/crown NPLs.
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Figure S2. (a) Absorption spectra, (b) PL spectra and (c) PL decay traces of CdSe core and
CdSe/CdTe core/crown NPLs. For the latter, samples were excited at 405 nm. (d) Table
containing the value of absorption and PL peak maximum and the amplitude-weighted average
lifetime of CdSe core and CdSe/CdTe core/crown NPLs.
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Figure S3. PL spectrum of CdSe/CdTe core/crown NPLs. The emission from the CdSe direct
transition is negligible. The table is the summary of the peak fitting results.

Figure S4. PL spectrum of CdSe/CdS/CdTe CBC NPLs. In contrast with CdSe/CdTe NPLs,
clear features for the CdSe and CdTe direct transitions are observed. The table is the summary
of the peak fitting results.
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Figure S5. Upper panel: PL decay traces of CdSe core (green) CdSe/CdS (yellow), and CBC
(red and purple) NPLs (Batch3) at different emission wavelength. Lower panel: Table
containing the decay amplitudes and lifetimes, and the amplitude-weighted average lifetime of
the different NPLs.
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Figure S6. (a) Absorption and PL of the CBC NPLs with wider CdS barrier (Batch5). (b) PLE
spectra of CBC NPLs at different emission wavelengths.
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before map T . . . after map

Figure S7. HAADF-STEM images (leftmost and rightmost) of CBC NPLs (Batch3) showing
the degradation of the NPL structure after 19 minutes of acquisition of STEM-EDS elemental
maps (using a 1 nm spot size). The acquired elemental maps for Cd, S, Se and Te are shown in
the central panels.
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Figure S8. (a-b) PL spectra of various single CBC NPLs, showing the presence of both CdSe
and type-I1 emission. For single particle PL measurement batch 5 CBC NPLs have been used,
which had PL quantum efficiency of 15%.

Table S1: The peak position and FWHM of CdSe and type Il emission of various single NPLs
and corresponding close-packed thin film.

Type | Type 1l
CdSe/CdS/CdTe
(CBC) NPLs Peak Maximum FWHM Peak Maximum FWHM (nm)
(nm) (nm) (nm)

Film 511.9 13.6 631.4 81.7
SNP 1 510.0 10.8 629.9 88.2
SNP 2 509.9 10.9 632.8 106.1
SNP 3 510.3 10.2 632.2 109.6
SNP 4 510.9 10.7 629.2 74.8
SNP 5 511.5 10.6 631.3 80.6
SNP 6 510.4 10.9 629.5 87.4
SNP 7 509.8 11.2 633.8 90.3

S5



Table S2. The dimensions (obtained from TEM) of CdS barrier and CdTe crown achieved by
injecting different amounts of Cd/S and Te growth solutions. The injection rate of the precursor
solution was always kept at a fixed rate of 3 mL per hour. For some samples, negative values
were be obtained when initial and final particle dimensions were similar, indicating a negligible

CdS barrier and/or CdTe crown growth.
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Figure S9. PL spectra for core, core/barrier
(narrow barrier), (b) Batch2 (medium barrier)

and core/barrier/crown samples of (a) Batchl
and (c) Batch4 (wide barrier, bottom). Next to

the indirect transitions, two additional features are observed that can be assigned to CdSe and

CdTe emission. Relative weights are reported
in Figure S4 and Figure 2 of the main text.

in the table. PL spectra of Batch3 are presented
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Figure S10. (a) Absorption spectra, (b) PL spectra and (c) PL decay traces of CdSe core and
different CdSe/CdTe core/crown NPLs respectively. TEM images of (d) CdSe core and (e)
CdSe/CdTe core/crown (sample c/c_25 min) NPLs. (f) Table containing the dimensions, value
of PL peak maximum and the amplitude-weighted average lifetime of CdSe core and different
CdSe/CdTe core/crown NPLs.

Table S3. Table with the PL peak position and amplitude-weighted average lifetime of the core,
core/barrier and core/barrier/crown NPLs.
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2. THEORETICAL MODELING

Purpose and Method

To better understand the optoelectronic properties of CdSe/CdS/CdTe CBC NPLs, we carried
out numerical simulations of the conduction band electrons and valence band (heavy) holes.

In view of the picture sketched in the main text, hole states are calculated using the
Hamiltonian:

1 .
Hh:Ep m ()p+Vself+Vbo+Vs}2ram'
Here my is the (position dependent) hole effective mass, p the three-dimensional momentum
operator, Vseir the self-energy potential arising from the dielectric mismatch between the
inorganic NPL and the organic surroundings —which we calculate taking analytical quantum
well expressions?, Vi is the (squared-well) valence band offset potential and V., the

deformation potential strain Hamiltonian:

b
Vs@rain = (av + E) (Exx + Eyy) + (a, — b) €;,,
with ay and b the valence band deformation potentials, and €;; a strain tensor component.

For the electron, the full Hamiltonian reads:

1 .
He = 2 p —=D+ Vself + Vbo + Vsetram + coul’

me( )

where me is the electron effective mass, V;;,, is the conduction band offset potential, V; the

deformation potential strain Hamiltonian:

stram

e —
Vstram = Q¢ (Exx + Eyy + Ezz)a

with ac the conduction band deformation potential, and V£,,,; the Coulomb attraction exerted
by the hole ground state (localized in the CdTe crown) on the electron, which includes the
enhancement due to the low dielectric constant of the NPL surroundings.

Strain maps are calculated in the continuous medium model by minimizing the elastic energy.
The boundary conditions are zero normal stress for the free surface. The Coulomb potential is
obtained by solving Poisson’s equation with the hole ground state as the source electric charge.
Strain tensor elements, Coulomb electrostatic potential and eigenfunctions of He and Hy are
obtained using Comsol 4.2 software. The calculations are simplified by imposing D2, symmetry
planes to the rectangular NPL, which allows us to identify electron and hole eigenstates by their
point group symmetry. Thus, we label states as |T', n), which is the n-th state of the T irreducible
representation. Material parameters used for the calculations are summarized in Table S3. Also,
band offsets between bulk semiconductor materials are given in Figure 4 of the main text.
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Table S4. Summary of material parameters used in the calculation. mo is the free electron mass.
The relative dielectric constant outside the NPL is 2 and the electron (hole) band offset with the
organic medium 2.5 eV from the bottom (top) of the conduction (valence) band of CdSe. Band
offsets are taken from Ref. 2, deformation potentials ac and av are taken from Ref. 3, relative
dielectric constant are approximate values between static and high-frequency dielectric

constants, CdSe hole masses are taken from Ref. 4, and the rest of parameters from Ref. 5.

Parameter | CdSe CdS CdTe | Parameter CdSe CdS CdTe
me? (Mo) 0.11 0.14 0.09 my? (Mo) 1.14 0.39 0.53
me? (Mo) 0.11 0.14 0.09 my? (Mo) 0.38 0.20 0.14
ac (eV) -2.00 | -2.54 281 | a/b(ev) | 09/-08 | 0.4/-1.05 | 0.89/-1.0

C11 (GPa) 66.7 77 535 &r 10 10 10

C12 (GPa) 46.3 53.9 36.9 a(A) 6.077 5.825 6.481

C44 (GPa) 22.3 23.6 20.2

Results and Discussion

We first analyzed the influence of the CdS barrier on the elastic strain. CdS has a strong lattice
mismatch (over 10%) with CdTe, which is expected to alter the CdS/CdTe interface. Figure
S11 shows the hydrostatic strain in the wide (a) and narrow (b) barrier CBC NPLs (same as in
Figure 4 of the main text). As can be seen, most of the strain concentrates on the CdS barrier
and —especially- on the first nm around the CdS/CdTe interface. By contrast, the center of the
CdSe core and the outer part of the CdTe crown are only weakly affected.
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Figure S11. Hydrostatic strain (Exx + €y, + Gzz) in (a) wide and (b) narrow CdS barrier NPLs.

The top (bottom) panels show an in-plane (vertical) section of the NPLs. Positive and negative
strain are tensile and compressive, respectively.
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The strain is tensile on the CdS side and compressive on the CdTe one. Considering the sign of
the deformation potentials (Table S4), this means that a strain-induced potential well (barrier)
forms on the CdS (CdTe) side of the barrier-crown interface, as seen in Figure 4i-4j of the main
text.

The band profile of a typical wide barrier CBC NPL is shown in Figure S12. The figure
completes the data of Figure 4f-4j of the main text for the wide CdS barrier NPL. Left and right
columns show the potential corresponding to valence band (left) and conduction band (right).
The top graphs are a 2D map of the potential on the (x,y) plane at mid-height. The central panels
are 1D profiles along the x- semi-axis (as in Figure 4f-4j) and the bottom ones along the y-
semi-axis. The role of band-offset and strain described in the main text holds all over the NPL
plane. The Coulomb potential that the hole exerts on the electron (blue line) is more attractive
at the CdS/CdTe interface along the x-axis than at the interface along the y-axis (cf. Figure
S12e-S12f). This is because the narrow CdTe crown in the y-direction prevents a buildup of
significant charge density in that region. The self-energy potential provides a constant shift all
over the structure, which does not modify the relative band alignment.
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Figure S12. Potential landscape seen by a valence band hole (left) and a conduction band
electron (right) in wide-barrier CBC NPLs. Top panels show a 2D in-plane cross-section (for z
in the center of the NPL), while mid and bottom panels show the 1D profile along x- and y-
semi-axes. In the 1D plots, red and green lines show the potential excluding and including the
influence of strain, respectively. For electrons, we add Coulomb interaction with the hole
ground state (blue line) to obtain the highest possible barrier at the CdS/CdTe interface.
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The band structure shown in Figure S12 gives rise to preferential localization of electron and
—especially— hole states either in the core or in the crown, as discussed in Figure 5 of the main
text. This can be expected to affect the intraband transition rates from crown to core states,
facilitating the formation of meta-stable states. The precise value of transition rates depends on
the nature of the process (phononic, photonic, Auger, etc), however, quantitative calculations
are beyond the scope of this paper. Assuming phonon decay is involved, as is often the case in
colloidal quantum dots, the high surface-to-volume ratio of NPLs implies that confined, surface
and interface phonon modes are expected to play a role.®” These are not well described in
continuum models like k-p theory. In any case, every scattering mechanism involves coupling
the initial and final electronic states. If these are spatially separated, the scattering becomes less
efficient.

For illustration purposes, we calculated transition dipole matrix elements, which are relevant to
both photonic and phononic intraband processes. We considered that the lowest energy electron
or hole states are s-like, i.e. they form a basis of the Aq irreducible representation in the D2
group. Inturn, x-, y- and z-coordinate operators form the basis of the Bay, B2y and B1y irreducible
representations. Then, the selection rule implies that the final state f should have Bay, B2y and
B1u Symmetry, for x-, y- and z-components of the photon/phonon wave expansion. The largest
dipole moments are expected along the x-direction (the long axis of the NPL). Then, we
compute matrix elements of the kind (B5,,, n’|x|44,n) to evaluate |(f|7]i)|.

We considered as the initial state i the lowest hole (electron) state localized in CdSe (CdTe),
and then computed the matrix element to all lower-energy states, to see if the respective CdSe-
localized hole or CdTe-localized electron state has limited overlap with lower-lying states and
is thus long-lived. The results are summarized in Figure S13. Panels (a) and (b) show the dipole
matrix elements for hole transitions from the CdSe-localized state to all lower energy states,
which are mainly localized in CdTe. One can see the matrix element is orders of magnitude
smaller in wide-barrier NPLs (panel (a)) than in narrow ones (panel (b)). This is because the
strong localization either in the core or in the crown makes the overlap between initial and final
states negligible. This finding supports the formation of meta-stable hole states in the core,
especially in samples with a wide barrier, which may recombine with electrons radiatively
before non-radiative relaxation takes place.

Panels (c) and (d) show the matrix elements for electron transitions from the CdTe crown to
CdSe core localized states. One can notice that the dipole moment is much larger than in the
case of holes. This is because electrons show partial localization on both sides of the CdS
barrier, which implies that relaxation of electrons should be much faster than for holes. The
thickness of the barrier does make a large difference in the average rates. However, in
accordance with experimental observations, narrowing the crown width (panels (¢) and (f)) does
provide an additional suppression of the dipole matrix elements. This is a consequence of the
reduced electron localization on the short sides of the NPL, as mentioned in the discussion of
Figure 5 in the main text.
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Figure S13. Logarithmic plot of dipole matrix element between: (a-b) the lowest hole state
localized in the CdSe core, and all states below, (c-d) the lowest electron state localized in the
CdTe crown, and all states below, (e-f) same as c-d but with narrow CdTe crown. Left and right
columns refer to wide and narrow CdS barrier CBC NPLs. The structures are the same as in
Figure 5 of the main text.
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3. ADDITIONAL FLUORESCENCE UPCONVERSION DATA
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Figure S14. NPL linear saturation curves. (a-c) Linear saturation using 460 nm excitation
monitored at 620, 580, 515 nm which corresponds to the indirect transition, the CdTe crown,

and the CdSe core. Saturation intensities are equals to[&%s0 =165 [0 —
620 cm 580
212 60 — 42 . and are plotted as dashed vertical lines. (d) Linear saturation curve
cm 515 cm

of the indirect transition using 580 nm excitation, exciting the CdTe crown and the indirect

transition monitored at 620 nm. I;“':f:z"o = 7.6% and is plotted as dashed vertical line.
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