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1. Introduction

Type-II heterostructures of the semi-
conductor nanoplatelets (NPLs) are an 
interesting electronic group of NPLs that 
provide an excellent platform for excep-
tional properties, such as long lifetime 
photoluminescence (PL), huge stokes 
shift, PL wavelength tunability, and 
broad emission spectra, that are not pos-
sible to achieve through type-I hetero-
structures.[1,2] The fundamental feature 
of these type-II NPLs originates from 
the spatial separation of the carriers to 
distinct domains, in which the emis-
sion happens through radiative recom-
bination of the electrons and holes at 
the interface.[3,4] To obtain this electronic 
structure, both the valance and conduc-
tion band of one domain must be either 
on a higher or lower energy level than 
the adjacent domain.[5,6] In this regard, 
electron wavefunction mostly resides in 
one domain while the wavefunction of 
the hole is separated into the other one. 

The nature of this separation, alongside with this special band 
alignment, causes a decrease in the recombination energy com-
pared to the band edge energy, which shows its effect in the  
red-shifted emission.[7]

For the semiconductor NPLs, the predominant Type-II  
heterostructure is core/crown geometry, in which the second 
semiconductor is laterally grown on the seed NPLs. The first 
type-II colloidal NPLs were synthesized via seed-mediated 
growth of CdTe crown on CdSe core.[8] This chemical approach 
is still widely used for crown growth of either type-I or type-II 
core/crown NPLs, for its versatility and precision.[9–15] Although 
CdSe/CdTe core/crown is the common heterostructure of 
interest among the type-II NPLs,[8,16] other compositions such 
as CdSe/CdSeTe,[16] CdS/ZnSe,[17] CdTe–CdSe inverted type-II[16] 
and CdSe/ZnSe dots-on-plates[17] have also been investigated 
as potential heterostructures. Recently, more sophisticated 
heterostructures have been developed for type-II nanoplatelets 
with two crowns being grown on the seed core.[18] Khan et al.[19]  
proposed a two-crown heterostructure in which the intermediate 

Characterized by their strong 1D confinement and long-lifetime red-shifted 
emission spectra, colloidal nanoplatelets (NPLs) with type-II electronic structure 
provide an exciting ground to design complex heterostructures with remarkable 
properties. This work demonstrates the synthesis and optical characterization of 
CdSe/CdSeTe/CdTe core/crown/crown NPLs having a step-wise gradient elec-
tronic structure and disproportional wavefunction distribution, in which the exci-
tonic properties of the electron and hole can be finely tuned through adjusting 
the geometry of the intermediate crown. The first crown with staggered con-
figuration gives rise to a series of direct and indirect transition channels that 
activation/deactivation of each channel is possible through wavefunction engi-
neering. Moreover, these NPLs allow for switching between active channels with 
temperature, where lattice contraction directly affects the electron–hole (e–h) 
overlap. Dominated by the indirect transition channels over direct transitions, 
the lifetime of the NPLs starts to increase at 9 K, indicative of low dark-bright 
exciton splitting energy. The charge transfer states from the two type-II inter-
faces promote a large number of indirect transitions, which effectively increase 
the absorption of low-energy photons critical for nonlinear properties. As a 
result, these NPLs demonstrate exceptionally high two-photon absorption cross-
sections with the highest value of 12.9 × 106 GM and superlinear behavior.
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crown of CdS acts as an electron barrier that inhibits the 
propagation of the electrons into the outermost CdTe crown. 
These multi-crown heterostructures are especially inter-
esting as they offer multiple tunable recombination channels,  
which can be further modified toward cascade structure with 
bi- and tri-emission characteristics.

The characteristic feature of type-II heterostructures is the 
long-lived emission,[20–25] which is induced by the charge sepa-
ration that slows down the recombination at the interface of the 
domains. In this way, the strong Coulombic attraction between 
electron and hole is alleviated and the fast exciton decay is 
hindered, which is crucial for light-harvesting or photocatalytic 
applications.[6,26] Moreover, the origin of the emission that 
determines the emission wavelength depends on the hetero-
structure’s design, such as the volume, shape and composi-
tion of the domains, and the environmental condition, such 
as the solvent, temperature and external charge injection.[27–29] 
Numerous studies have been conducted on the physics that gov-
erns the carrier dynamics in type-II heterostructures.[30] Most 
of these studies investigate the carrier’s dynamics through the 
time-correlated photon counting absorption and emission and 
the active radiative and non-radiative channels that determine 
the optical behavior.[22]

In this study, a novel heterostructure of core/crown/crown 
NPLs with a step-wise band alignment was designed and 
synthesized through a seed-mediated one-pot technique. An 
analogy was drawn between the theoretical and experimental 
results where the geometry of the heterostructure was shown 
to have a critical role in the final properties of the NPLs. The 
intermediate crown with a staggered configuration with the 
core and final crown enables squeezing or loosening of the 
hole wavefunction and shapes the electron-hole (e–h) overlap 
of spatially separated charges. The recombination channel(s) 
can be activated by adjusting the geometry, which determines 
the distinguished type-II characteristics of each set of NPLs. 
The excitonic properties of the multi-crown type-II NPLs were 
shown to be sensitive to the temperature through not only the 
electron-phonon interaction but also the lattice contraction at 
low temperatures, which affects the direct recombination chan-
nels more than the indirect ones. The multi-channel gradient 
heterostructure exhibits a very low onset of lifetime prolonga-
tion temperature of ≈9 K, which indicates low excitons splitting 
energy promising for quantum devices. Moreover, the smooth 
transition between the domains facilitates lower energy photon 
absorption and gives rise to an extremely high two-photon 
absorption cross-section (δ2PA) with superlinear behavior.

2. Results and Discussion

In our samples with the general heterostructure of  
CdSe/CdSe1−xTex/CdTe core/crown/crown, the intermediate 
crown always has a band alignment with the conduction and 
valance band in a staggered position with respect to the core 
and final crown. This alignment assures that, from the energy 
perspective, there would be only one emission from the lowest 
energy path. However, as shown later, not all the samples show 
one peak emission, and for some samples, this dominant emis-
sion may fade away at the expense of other possible channels. 

The general band alignment and all the possible transitions 
for core/crown/crown NPLs are shown in Figure 1a,b, respec-
tively. The first three excitonic transitions (T1, T2, and T3) are 
the intrinsic feature of each domain, which show their effect as 
electron–heavy hole (e–hh) and electron–light hole (e–lh) peaks 
in the absorption spectra of the NPLs. In that regard, the e–hh 
and e–lh transitions for the CdSe core are denoted as T1 and 
always present themselves as two peaks located at ≈510 and 
482 nm, respectively. For T2 and T3, the e–lh transition usually 
fades into the absorption spectra, as shown elsewhere,[8] and 
may become prominent upon overgrowth of the domain.[31] The 
e–hh transition for T2 and T3, on the other hand, usually shows 
a distinct absorption peak that depends on the lateral size and 
composition of the domain. The corresponding position of the 
peaks may be so close to each other, and for some samples, 
these two peaks may show their presence as only one peak; 
however, the emission spectra confirm the co-existence of these 
two domains. Alongside the direct bandgap transitions, there 
are three possible charge transfer (CT) channels denoted to 
the type-II emissions through the interfacial recombination of  
the excitons (Figure 1b). These three transitions are responsible 
for the long tail of the absorption spectra, and because of their 
spatially collective recombination nature, they produce a long-
lived spectrally-broad emission.

The synthesis route of these multi-crown NPLs is demon-
strated in Figure 1c. Starting with four monolayers (MLs) CdSe 
core, the first crown was grown via the introduction of an anion 
mixture with the desired ratio of Se and Te alongside the Cd 
precursor. After a brief resting time, the second precursor of 
only-Te was injected into the solution to form the CdTe final 
crown (see the Methods for the details). This approach allows 
us to tune the composition and size of the crowns in a relatively 
simple manner and engineer the final multi-crown hetero-
structure. The X-ray photoelectron spectroscopy (XPS) spectra 
of CdSe/CdSeTe/CdTe core/crown/crown NPLs for three  
participant elements of Cd, Se, and Te are shown in Figure S4,  
Supporting Information. The excellent fit for the elements 
and the binding energies suggest no formation of unwanted  
species, or even if, they were cleared out from the ensemble 
after the cleaning procedure. This is especially important for 
the chalcogenides with a higher tendency to form unwanted 
subspecies.[32,33] The X-ray diffraction (XRD) pattern of the 
NPLs with two different ratios of the intermediate crown is 
shown in Figure S5, Supporting Information. As the share 
of the final crown increases, the peaks tend to shift to lower  
diffraction angles due to the larger lattice constant of CdTe 
compared to CdSe.The optical properties of the NPLs arise 
from the interactive combination of all the transitions dis-
cussed. Due to the constant thickness of the core, core/crown 
and core/crown/crown NPLs, the volume of the domains is 
proportional to their surface area and lateral size, which in 
turn depends on the injected amount of Se-Te and Te precur-
sors. In our study, we investigate the effect of three parame-
ters, namely, the ratio of the crowns, the intermediate crown 
composition and the overall size of two crowns on the electron 
and hole wavefunctions and the recombination dynamics in 
the NPLs. In the first step, we synthesized multi-crown type-II 
NPLs with similar compositions of the intermediate crown but 
having various lateral sizes. The overall size of the intermediate 
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and final crown was kept constant, while their longitudinal 
ratio (r  = dint/df, where dint and df are the longitudinal length 
of the intermediate crown and final crown, respectively, shown 
in Figure  1c) varied to be 1/3, 1/1, and 3/1 through adjusting 
the injected amount of precursors. Figure 1d shows the trans-
mission electron microscopy (TEM) image of the original core 
before the crown growth, where NPLs have a square shape with 
a lateral size of 12.1 ± 1.5 × 10.6 ± 1.5 nm2. After the growth of 
the CdSeTe/CdTe crown, the symmetry of NPLs is disturbed, 
with one of the facets growing faster than the other one. These 
rectangular core/crown/crown NPLs have a lateral size of  
16.1 ± 0.8 × 39.3 ± 3.6 nm2 for the case of r = 3/1 (Figure 1e), 
and their size does not significantly change when r is changed 
to 1/3 (lateral size was measured as 17.9 ± 0.9 × 42.6 ± 3.8 nm2 
for the corresponding NPLs in Figure 1f). The slight change in 
the lateral size for these two sets of NPLs suggests very similar 
growth kinetic of the crowns regardless of the anion. Moreover, 
the huge break in the symmetry of the NPLs points to the 
intrinsic anisotropic growth mechanism from the length to  
the width of the NPLs. The growth dynamics of the NPLs and the 
composition of the domains are discussed in Figures S6 to S9, 
Supporting Information. The absorption and emission spectra 
of these NPLs are shown in Figure 2a,b, respectively. For  
r  = 1/3 and 1/1, the absorption spectra show two peaks at 
583 and 560  nm originating from the CdSe0.5Te0.5 and CdTe 
domains, respectively. The e–hh absorption peak for 4 MLs 
CdTe domain in the case of only CdTe core and CdSe/CdTe 
core/crown NPLs has been reported to be at the same wave-
length.[34,35] Incorporation of selenium in the intermediate 
crown has the alloying effect and it should blue-shift the e–hh 

of the CdSeTe domain.[36] However, while CdSe has a higher 
bandgap than CdTe, the shift caused by Se is due to a pheno
menon known as “optical bowing.”[37]

While for most semiconductor alloys, the physical properties, 
such as lattice constant, varies linearly with composition, the 
same behavior is not applicable for bandgap energy.[37,38] The 
bowing behavior of the bandgap energy can be best described 
by E x xE x E bx xBG BG BG( ) (1 ) (1 )A B= + − − − , where EBG(x), EBG

A  
and EBG

B  are bandgap energies of the semiconductor alloy and 
pure semiconductor A and B, respectively, and b is the optical 
bowing parameter.[38] The quadratic term causes deviation from 
linear behavior and in the case of CdSeTe alloy semiconductor, 
decreases its bandgap energy.[39] The origin of optical bowing 
is the long-range disorder in the lattice structure, which brings 
in locally active parameters affecting the bandgap but not the  
lattice constant. The change in the bandgap energy is mainly 
due to the varying tetrahedral bonding angle of Se/Te and Cd 
and different charge distributions on the anions originating 
in different electronegativity.[40] This effect is responsible for 
the nonlinear change in the e–hh peak position and has been 
reported to have a strong influence on CdSeTe alloys.[41] The 
absorption peak of CdSeTe intermediate crown in our hetero-
structure closely correlates with the previous reports of CdSe/
CdSeTe core/crown NPLs in the literature.[31,42] With increasing 
the size of the intermediate crown, the original e–hh peak of 
CdTe has been dissolved into the spectrum (for r = 3/1), which 
we believe is due to the optical bowing and lattice strain exacer-
bation that can be a source for optical nonlinearity.

A dual emission PL is recorded for all three sets of NPLs 
with varying r; however, the peak profile, including position, 

Small 2023, 19, 2205729

Figure 1.  a) Band alignment of the NPLs with the general heterostructure of CdSe/CdSeTe/CdTe core/crown/crown and all the possible direct band-
edge transitions happen in one domain. b) Same as (a) for the possible indirect type-II transitions between two different domains. c) A schematic 
of the synthetic route of CdSe/CdSeTe/CdTe core/crown/crown NPLs. Starting with four monolayers (MLs) CdSe core, two consecutive crowns were 
grown through a single-pot procedure where a mixture of Se-Te was injected for the first crown and then only Te was introduced to the NPLs. d) TEM 
image of 4 MLs CdSe core and e,f) multi-crown NPLs with r equal to 3 and 0.33, respectively. All scale bars are 20 nm.
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linewidth, and peaks ratio, differs drastically for different archi-
tectures. Deconvolution of PL spectra can help to explain the 
origin of the emission for these multi-peak emission NPLs. The 
deconvoluted emission peaks for r = 1/3, 1/1, and 3/1 are shown 
in Figure S10, Supporting Information. For NPLs with r = 3/1, 
one of the fitted peaks is much narrower with full-width-at-
half-maximum (FWHM) of 20  nm than the other one (with 
FWHM of 53  nm). This narrow and higher-energy emission 
peak is originated from the direct recombination within one 
domain and has a smaller Stokes shift than the broader peak. 
The bicolor emissive type–II heterostructure has been reported 
previously for CdSe/CdSexTe1−x core/crown NPLs;[31] however, 
the same heterostructure in other studies shows only one emis-
sion profile when the lateral size of the crown is sufficiently 
large enough.[42] The reason behind these seemingly contradic-
tory results is originated in the sensitive nature of type-II NPLs 
to the environment and complicated interfacial recombination 
dynamics. As a result, the interfacial recombination is not only 
dependent on the energy level of each transition but is also 
extremely sensitive to the size of each domain and the abso-
lute recombination area within the nanocrystal. The configura-
tion of locally excited exciton plays a critical role in coupling/
decoupling of the neighboring exciton by Coulomb interaction 
and whether to block or allow specific transitions.[29] These 
interactions are more sophisticated for a two-crown structure, 
which can also spatially decide on the distance of the electron 

and hole and make up a dual emission. The change in the PL 
spectra of the samples with different architectures emphasizes 
the switch from one transition channel to another. The decay 
curves, shown in Figure 2c, help to reveal the dynamics behind 
the recombination and the active emission channel(s). The 
sample with r = 3/1 shows the fastest recombination rate, and 
with decreasing the intermediate crown size (dint), the recombi-
nation slows down (decay components and lifetimes are sum-
marized in Table S2, Supporting Information). This was not 
predictable as the recombination distance of electron and hole 
in the final crown and core is increased, and it should take a 
longer time for them to recombine. Moreover, when the inter-
mediate crown size further decreases, the recombination rate 
does not increase for r = 1/3 compared to r = 1/1.

Deconvolution of the peaks for NPLs with r  = 3/1 showed 
the emergence of a distinct narrow peak, which is attributed 
to the direct recombination in the final CdTe crown, T3. The 
time-resolved fluorescence (TRF) measurement now further  
confirms this assumption that an element of fast-decaying 
recombination is due to the band-edge transition in one 
domain. In other words, when the separation distance of 
electron and hole is extensively increased, the probability of 
band-edge recombination of electron and hole in one domain 
also increases. For NPLs with r = 1/1, some portion of this T3 
transition exists, which indicates that the distance is still large 
enough, while for r  = 1/3 NPLs, the short spatial distance of 

Small 2023, 19, 2205729

Figure 2.  a) Absorption profile of CdSe/CdSeTe/CdTe core/crown/crown NPLs with constant composition of the intermediate crown (Se/Te = 1) and 
changing ratio of intermediate to final crown, r. b) PL profile of the same samples. The dotted curves are the deconvoluted peaks for each graph.  
c) TRF decay curves at the emission peak wavelength of the NPLs. d) PLE profile of the NPLs with r = 1 sweeping from the beginning (570 nm) to the 
end (670 nm) of the emission spectra.
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electron-hole completely turns the equilibrium in favor of 
type-II recombination. The minuscule change in the intensity-
averaged luminescence lifetime (τavg) for r = 1/1 and 1/3 NPLs 
also points out to the shorter TCT,3 recombination distance of 
r  = 1/3 NPLs versus fast band-edge recombination of r  = 1/1 
NPLs. The decay curves collected at two emission wavelengths 
of 577 and 627 nm for NPLs with r = 1/3 (shown in Figure S11, 
Supporting Information) indicates that the recombination rate 
at lower wavelength is approximately two times faster than the 
longer wavelength, which suggests the activation of other type-
II transition such as TCT,2.

The photoluminescence excitation (PLE) for the sample with 
r = 1/1 is recorded for emissions between 570 and 670 nm and 
is presented in Figure 2d. For all of the emission wavelengths, 
the e–hh and e–lh peaks of the core are in position and two 
peaks of the crowns can be detected, which shows that both 
crowns are actively responsible for the final type-II emission 
and the apparent emission at all wavelengths is not due the 
two different ensembles of NPLs. Based on the TEM images, 
the NPLs were shown to have a lateral size distribution, which 
can affect the active recombination channel. For core NPLs, the  
distribution accounts for 14.1% in the longitudinal direction 
and by growing two crowns, this distribution is decreased to 
9.1% (for multi-crown NPLs with r  = 3/1), showing a more 
homogenous growth of the crowns. This also shows that a big 
portion of the size inhomogeneity is coming from the core, 
while the crowns are more homogeneous in size. In an extreme 
case, the size distribution of the NPLs can account for part of 
the multi-channel emission of the NPLs by providing a mixture 
of two ensembles with different active recombination channels. 
However, throughout our experiments, the change in r from 
1/3 to 1/1 and 3/1 corresponds to 25% change in the size of the 
crowns, which is well above the overall size distribution of the 
NPLs. Hence, the switches between active channels are princi-
pally due to the change in the absolute domain size. The lateral 
size distribution can increase the FWHM of the emission lines 
and contribute to peak broadening.

The extreme variation in the recombination behavior points 
out the great sensitivity to the size of the intermediate crown. 
In a broader image, the conditioning of electron and hole land-
scape, where both are energetically separated into different 
domains and then spatially recombined, decides on the pre-
ferred transition channel. The TEM images showed that after 
the growth of the crowns, the shape of the NPLs changes from 
square to rectangular. To better understand the recombination 
dynamics in these type-II rectangular NPLs, we further calculate 
the electron and hole wavefunction distribution and its depend-
ency on the geometry of the NPLs, considering the problem of 
a particle in a box in 2D. While for both square and rectangular 
geometries, the electron charge density remains in the core, the 
asymmetric shape of the multi-crown NPLs brings a dispropor-
tional hole charge density with a dominant fraction on the lon-
gitudinal edges of the final crown instead of the corners in the 
case of square geometry (Figure S12, Supporting Information). 
The electron and hole wavefunctions remain their center of 
position in the core and final crown, respectively, and only for 
higher state energies, they may diffuse into the intermediate 
crown or narrower edges (Figure S13, Supporting Information). 
The dependency of the electron and hole wavefunctions on 

the geometry of the multi-crown NPLs is shown in Figure 3a.  
The electron wavefunction does not show any change with  
r due to the consistency of the core size with the lowest energy 
(see Figure 1a). However, as the size of the intermediate crown 
increases, which can be translated as a smaller final crown, 
the hole wavefunction gradually squeezes in a smaller area. 
The indirect type-II recombination is the result of the overlap 
between the two wavefunctions. The e–h overlap versus r for 
three different compositions of CdSe1−xTex intermediate crown 
is demonstrated in Figure 3b, where regardless of the compo-
sition, the overlap decreases with increasing r. As we squeeze 
the hole wavefunction through changing r, we decrease the 
probability of the excitons interacting with each other at  
different domains; hence, the chance of direct recombina-
tion will increase, as was seen in the PL profile of the samples 
(Figure 2b and Figure S10, Supporting Information).

In calculating the electron and hole wavefunction distribu-
tions, the band alignment of the heterostructure was assumed 
to be unstrained. However, the difference between the lattice  
constant of the domains causes a strain, which can bend the 
conduction and valance band and make a local potential  
barrier or well in the band structure of semiconductor hetero-
junctions.[43,44] The direct recombination channel in the CdTe 
domain points to the retention of the electron in the domain 
and, later, its direct recombination. Bicolor emission was  
previously observed for CdSe/CdSe1−xTex core/crown NPLs, in 
which at crown compositions near to x = 0.5, an emission line 
related to the CdSeTe domain emerges.[31] The strain-induced 
local barrier in the conduction band can prevent the electron 
from transferring to its lowest energy state in the CdSe domain. 
This strain should increase by decreasing the CdSeTe buffer 
layer size and amplifying the CdTe emission. However, with 
decreasing the size of the intermediate crown, the share of the 
CdTe emission decreases and then completely diminishes for 
r = 1/3. The observation shows that the local barrier preventing 
the electron transfer is not the only cause of the switching 
between the channels and probably not the main reason behind 
the retention of the electron.

Initially, the hot electron and hole do not feel the band struc-
ture; however, the electron with a lower effective mass relaxes 
faster than the hole. The direct recombination of retained 
electron and hole in the CdTe domain has a much higher rate  
(in the order of ns with components as fast as hundreds of 
picoseconds)[11] than the indirect recombination, which requires 
the spatial transfer of the charges. As the size of the inter-
mediate crown increases (r  = 3/1), the e–h overlap decreases 
and the transfer of both electron and hole to the intermediate 
crown becomes harder. Previously, it was shown that the  
carrier transfer for CdSe/CdTe/CdSe core/crown/crown NPLs 
with two type-II interfaces is unusually long, in the order of 
hundreds of ps, showing a hindrance in the formation of the 
charge-separated state.[18] Also, in CdSe/CdTe core/crown NPLs, 
the carrier transfer from CdTe and CdSe domains can take up 
to 100 ps.[45] The comparable direct recombination and carrier 
transfer lifetimes in a type-II system enable direct recombina-
tion before charge separation.After investigating the effect of 
the geometry of the crowns, we focus on the effect of the inter-
mediate crown composition on the recombination dynamics. 
Herein, we changed the composition of the intermediate 

Small 2023, 19, 2205729
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crown from selenium-rich to tellurium-rich at constant r = 1/1.  
Figure  3c,d show the absorption and emission spectra of 
three samples with nominal compositions of x  = 0.25, 0.50, 
and 0.75, respectively, in which x is the fraction of Te. As 
the Se concentration increases, the share of the absorbance  
proportion corresponding to the CdSe e–hh peak increases  
relative to CdTe e–hh absorption peak. This increase is due to 
the smooth and gradually decreasing CdSeTe alloyed crown 
peak at high selenium concentrations, shown for CdSe/CdSeTe 

core/crown heterostructure before[31] and makes the share 
of CdSe core peak stronger than the crown. Increasing the 
amount of Se widens the bandgap of CdSeTe alloyed semicon-
ductor with some levels of bowing effect for the composition of 
Te higher than 30%.[28,46] The emission spectra of the samples 
seem to be almost the same for all three compositions, which 
strongly suggests no switch in the active transition channel. 
The results show that it is the size of the intermediate crown 
that decides on the active transition and final recombination 

Small 2023, 19, 2205729

Figure 3.  a) The electron (purple) and hole (red) wavefunctions of the NPLs with x = 0.5 and changing r. b) The e–h overlap extracted from the  
corresponding heterostructures with different r and x. c) Absorption and d) PL spectra of the CdSe/CdSe1−xTex/CdTe core/crown/crown NPLs with  
different intermediate compositions. e) Absorption and f) PL spectra of the CdSe/:1 CdSe0.5Te0.5/:1 CdTe core/crown/crown NPLs with different collec-
tive sizes of the crowns, D = dint + df.
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dynamics of the NPLs, regardless of their composition. The the-
oretical calculations results, depicted in Figure 3b, suggests that 
at higher r, the composition of the intermediate crown has little 
to no effect on the e–h overlap, and only at low r it becomes 
decisive. Considering the long e–h separation distance,  
the result makes perfect sense, as the overlap is already 
decreased and just at short distances changing the band align-
ment becomes a prominent parameter. One significant compli-
cation arising from the theoretical calculation is that the NPLs 
with x = 0.5 possess the lowest overlap. The intermediate crown 
tends to act more like a CdSe core or CdTe crown at boundary 
compositions. Hence, as the elemental fraction of Te in the 
intermediate crown gets closer to zero or 1, the prospect of indi-
rect TCT,3 recombination becomes stronger, and for the molar 
fraction of Te (x) equal to 0.5, the intermediate crown has the 
least nature of the core or final crown. The decay curves of the 
samples with different intermediate compositions are shown in 
Figure S14, Supporting Information. In line with the previous 
observations, NPLs with x = 0.5 have the fastest decay rate com-
pared to x = 0.25 or 0.75 indicating the least type-II character-
istic of the sample.

Until now, the collective size of the crowns was kept  
constant and it was only the ratio of dint/df that was changed. 
To investigate the absolute effect of crown size, we changed the 
collective size of the crowns, D  = dint  + df. As the hole wave-
function only resides on the smaller edges of the NPLs, it is 
only the longitudinal length of the multi-crown NPLs that was 
taken into account. Based on the TEM images of the samples 
shown in Figure 1d–f, the absolute collective size of the crowns 
in the longitudinal direction is 28.8 nm, which is designated as 
D = 1.0. With changing the amount of anion precursor injected, 
two sets of multi-crown NPLs with D  = 0.5 (14.4  nm) and  
D  = 1.5 (43.2  nm) were also synthesized. The relative size of 
the collective crowns to the core for these NPLs are 1.2, 2.4, and 
3.8 for D  = 0.5, 1.0, and 1.5, respectively. The absorption and 
emission spectra of three samples with the same r of 1 and the 
same intermediate crown composition of x = 0.50 but different 
D is shown in Figure 3e,f. When D is too small, complete inter-
facial separation of electron and hole does not happen, and 
instead, a small emission peak of CdSe emerges at 512  nm. 
The absorption spectrum does not show any distinct crown 
peak, and instead, a long tail of charge transfer extends from 
the e–hh peak of CdSe to the lower energy side of the spec-
trum. As D increases, the absorption peaks of the two crowns 
become apparent, and a second peak starts to emerge for  
D = 1.0. The decay curves of the NPLs in Figure S15, Supporting 
Information, show that for the smallest collective crown size, 
recombination is slower than for bigger collective crowns with 
D = 1.0 and 1.5. This phenomenon is due to the change in the 
preferred recombination pathway of electron and hole. For the 
NPLs with larger crowns, once dormant transition channels 
(TCT,1 and TCT,2) become more and more favorable over the least 
energy channel of TCT,3. For these channels with no interspace, 
electron and hole travel over a shorter distance, which causes 
a faster recombination dynamic and hence a shorter lifetime. 
Deconvolution of the PL peaks in Figure S16, Supporting Infor-
mation shows that the direct recombination transition channel 
(with FWHM of 21.6 nm) for D = 1.5 is stronger than the case 
of D = 1 (Figure S10, Supporting Information), while NPLs with 

D  = 0.5 are the only ensemble with direct recombination at 
CdSe core with an emission peak wavelength of 513.8 nm.

The same argument about the electron retention in the CdTe 
crown can be used to explain the retention of the hole in the 
CdSe core, which makes up for the CdSe emission. For small 
NPLs with D = 0.5, the bicolor PL profile consists of one CdSe 
band-edge emission and one type-II emission. With increasing 
D, the band-edge emission diminishes (Figure  3f), similar 
to the previous report of CdSe/CdTe core/crown NPLs.[47] 
Increasing the size of the crown would increase the lattice 
strain and hence put the hypothetical potential barrier in the 
conduction band at a higher level. However, for both of the 
observations enlarging the crown lead to diminish of the CdSe 
emission, which means the potential barrier is not the leading 
cause of CdSe emission. We believe that, although lattice strain 
can change the electron and hole potential landscapes, but 
the leading effect in the final e–h overlap is the geometry of 
the NPLs. For small-crown NPLs a higher fraction of holes is  
statistically generated in the core region than in the crowns. 
Also, the direct recombination lifetime in the CdSe domain is 
fast, which gives a chance to small portion of the holes in CdSe 
to recombine directly before the carrier transfer to the interface 
and separation takes place.

Incorporation of an intermediate crown changes the band 
alignment of the NPLs, in which the predominant transition is 
dependent on the relative size of the crowns, the overall size of 
the crowns, and to some extent, on the energy level of the inter-
mediate crown. In order to gain further insight into the recom-
bination dynamics, we followed the temperature-dependent PL 
of CdSe/:3 CdSe0.5Te0.5/:1 CdTe NPLs, which are shown to have 
two emission peaks: one direct band-edge and one indirect  
type-II. The relative emission intensity of the two peaks is  
different from what was recorded in Figure 2b due to the change 
in the dielectric medium after the transfer of the NPLs from 
solution to drop-casted film.[29] Figure 4a follows the PL spectra 
at different temperatures. The PL peak wavelength (Figure 4b) 
blue-shifts upon decreasing the temperature due to the lattice 
contraction of the nanocrystal; however, the NPLs demonstrate 
a strange switch from dual emission to single emission. While 
for temperatures above 250K, two emission peaks are resolv-
able, one of the peaks fades away with a further decrease in the 
temperature. The peak deconvolution for the first three tem-
peratures of 295, 250, and 200 K is demonstrated in Figure S18, 
Supporting Information. The change can also be tracked from 
the sudden drop in the PL FWHM from 250 to 200 K presented 
in Figure S19, Supporting Information. This behavior shows 
that the indirect type-II recombination channel dominates 
over the other competitive direct recombination channel at the 
CdTe crown, T3. Conclusively, the direct recombination of the  
multi-crown type-II NPLs is the result of a sufficiently big inter-
mediate crown and thermal activation.

The sudden deactivation of the direct transition channel 
has almost no effect on the evolution of the type-II emission 
peak versus temperature (Figure  4b), where the peak linearly  
blue-shifts as temperature decreases. Upon fitting the PL 
wavelength with Varshney semiempirical equation[48] and 
Bose–Einstein-type equation,[49] both known to best explain 
the bandgap energy with temperature, the values obtained for 
Debye temperature demonstrate high uncertainty and are far 

Small 2023, 19, 2205729
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below the prediction (see the supporting information). Negative  
deviation in Debye temperature has been shown for QDs com-
pared to the bulk semiconductor and was attributed to the 
size dependency of the vibration of confined phonons, which 
decreases in frequency upon reducing the size.[49] However, for 
the present work, the reason behind the low estimation of the 
Debye temperature is the positioning of different lattices with 
different oscillator energies, which leads to low Debye tempera-
tures for each component with high deviation.[12,50] The linear 
dependency predicts that the exciton-phonon interaction is  
negligible in a broad range of temperatures, and the lattice  
contraction plays a bigger role in the indirect bandgap recom-
bination of electron and hole. This was foreseeable as we show 
that the separated electron and hole are too sensitive to the 
interspacing between the core and final CdTe crown.

As one of the powerful tools to understand the recombina-
tion dynamics and properties of the excitons, we also measured 
the temperature-dependent TRF.[51] Figure  4c shows the decay 
curves for CdSe/:3 CdSe0.5Te0.5/:1 CdTe multi-crown NPLs at 
low temperatures, which were fitted with a four-exponential 
function as the emission is originated from different type-
II channels. The average lifetime (τavg) of the sample slightly 
increases with decreasing temperature for T > 15 K; however, 
a sharp increase in τavg from 155 to 177  ns occurs when T is 
further decreased from 15 to 3.5 K. The energy splitting (Δ) 
induced by the e–h exchange is responsible for the increase 
in the lifetime at low T, where the dark state (quasi-forbidden 

spin) with the lowest exciton energy level comes into effect.[52,53] 
The dark state, in oppose to the bright state (spin allowed), has 
a much longer lifetime, which upon prevention of thermal 
activation at temperatures corresponding to kBT < Δ (kB is the 
Boltzmann constant) becomes effective.[54,55] Previously, it was 
shown that for the CdTe/CdS core/shell QDs, the lifetime stays 
almost constant between 20 to 120 K.[48] The same behavior was 
also reported for 4 MLs CdSe/CdTe core/crown NPLs except 
that at ≈T > 40 K, lifetime starts to decrease, with two distinctly 
opposing bright and dark decay components.[56] In our case, the 
sudden increase in the lifetime comes at a much lower T; more-
over, only the longest lifetime component shows a meaningful 
increase while the rest stay almost constant (Figure S21, Sup-
porting Information). As one of the requirements of quantum 
devices where it is crucial to minimize the fine structure  
splitting and depletion of dark excitons,[57,58] these multi-crown 
type-II heterostructures offer an adjustable alternative quantum 
system where e–h overlap dominates the e–h exchange reac-
tion and hence the splitting.[59,60] As we showed, with the 
implementation of the intermediate crown, the splitting can 
be finely tuned through the size and composition of the inter-
mediate crown.Type-II electronic heterostructure with direct 
and indirect transitions is known to have strong nonlinear 
properties necessary for photon upconversion.[19,61,62] Also, 2D 
NPLs are known for their intrinsically large linear absorption 
cross-section and giant oscillator strength compared to their 
QD counterparts.[63] As one of the essential prerequisites of 

Small 2023, 19, 2205729

Figure 4.  a) Temperature-dependent PL spectra at different temperatures and b) emission peak position versus temperature extracted from the PL 
spectra for CdSe/:3 CdSe0.5Te0.5/:1CdTe core/crown/crown NPLs. c) PL decay curves for the same samples. The inset shows the evolution of the lifetime 
with temperature. d) Open-aperture z-scan graphs comparing two samples of multi-crown NPLs with the same composition (x = 0.5) and r = 1 and 
different collective crown sizes, D. The black scatter dots correspond to the measurement for only hexane, and the solid lines are the fittings for the 
samples. An increase in the size of the NPLs gives a huge rise in the two-photon absorption cross-section from 1.6 × 106 to 12.9 × 106 GM.
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nonlinear properties, the nanocrystal must have a high two-
photon absorption cross-section (δ2PA) where it can readily 
absorb photons with energies lower than the bandgap. One  
frequently used strategy in type-II heterostructures is benefiting 
from the lower energy charge transfer state. Herein, instead of 
directly exciting an electron in one of the domains, the e–h pair 
is formed as a mixed process of relative delocalization of elec-
tron via charge transfer with the first incident photon and then 
complete delocalization with the second incident photon. To 
assess the δ2PA of our NPLs, we performed an open-aperture 
z-scan with an excitation wavelength (λex) of 800  nm (the 
details are provided in the Supporting Information) on two 
sets of NPLs with identical composition (x = 0.5) and r = 1, and  
different D. For our multi-crown type-II NPLs with r  = 1 and 
lateral size of 634 nm2, δ2PA was measured to be 12.9 × 106 GM, 
the highest reported number for Cd-based nanocrystals to the 
best of our knowledge.[64,65] Smaller NPLs with D = 0.5 demon-
strate drastically lower δ2PA of 1.60 × 106 GM. It was previously 
shown that the lateral size, and consequently the volume of the 
NPLs, is a critical factor;[65,66] however, the change in the size of 
our NPLs was small. For example, for type-I NPLs, the highest 
reported δ2PA was 2.247 × 106 GM, corresponding to 4 MLs 
CdSe core NPLs with a lateral size in the order of 25 000 nm2, 
whereas the same NPLs with 2.5 times smaller lateral size had 
almost 4.5 times lower cross-section, both values in the same 
order. We showed that smaller NPLs (D = 0.5) possess less of 
a type-II electronic structure characteristic, apparent from their 
absorption profile, while NPLs with D = 1 had two prominent 
crown peaks. The observation reveals the critical effect of type-
II electronic structure on the nonlinear properties above the 
conventionally known parameter of size[65,66] and apparent 
superlinear behavior of these heterostructures.

3. Conclusion

In summary, we demonstrate the design and synthesis of  
gradient type-II CdSe/CdSeTe/CdTe core/crown/crown NPLs 
and investigate their excitonic properties. The unique electronic 
heterostructure of these NPLs gives rise to multiple of direct 
band-edge and indirect type-II channels where upon adjusting 
the intermediate crown, the e–h wavefunctions and the overlap 
between them can be adjusted, and the optical properties can 
be tuned. The geometry of the NPLs exhibits a far more critical 
factor in the final optical properties and activation/deactiva-
tion of the channels compared to the composition of the inter-
mediate crown. We showed the sensitive nature of the active 
channels to the temperature that besides the conventional elec-
tron-phonon interaction, the lattice contraction can also change 
the overlap and hence the final emission properties. The  
low-temperature decay behavior of the NPLs revealed a very 
low dark-bright exciton splitting energy, which is originated in 
the localization of the electron and hole at the interface of the 
domains where electrons and holes can readily recombine from 
the many existing indirect channels. Moreover, the NPLs dem-
onstrate an exceptionally high two-photon absorption cross-
section of 12.9 × 106 GM, which scales superlinearly with the 
volume of the NPLs. The result further encourages the design 
and usage of the gradient type-II heterostructures, especially 

for nonlinear applications of photodetectors, bioimaging and 
quantum devices.
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