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Abstract. Multiple exciton (MX) generation is beneficial to many applications of
semiconductors, including photoinduced energy conversion, stimulated emission, and carrier
multiplication. The utility of MX processes is generally enhanced in small-size semiconductor
nanocrystals exhibiting the quantum confinement of photoinduced charges. Unfortunately, a

reduced particle volume can also accelerate the non-radiative Auger decay of multiple
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excitations, greatly diminishing the MX feasibility in nanocrystal-based photovoltaic, laser, and
photoelectrochemical devices. Here, we demonstrate that such Auger recombination of
biexcitons could be suppressed through the use of a quantum-well (QW) nanoshell architecture.
The reported nanoscale geometry effectively reduces Coulomb interactions between
photoinduced charges underlying Auger decay. This leads to increased biexciton lifetimes, as
was demonstrated in this work through methods of ultrafast spectroscopy. In particular, we
observed that the biexciton lifetime of CdSe-based QW nanoshells (CdS/CdSe/CdS) was
increased more than thirty times relative to zero-dimensional CdSe NCs. The slower biexciton
decay in QW nanoshells was attributed to a large confinement volume, which compared

favorably to other existing MX architectures.

Multiple excitons (MX) play an important role in the photoinduced dynamics of
semiconductor nanocrystals. The utilization of multiexciton effects in photovoltaic'-* and
photoelectrochemical*3 devices has long been considered for converting the energy of a single
high-energy photon into multiple carriers as a mechanism for mitigating thermal energy losses.
Likewise, MXs are essential for the operation of quantum dot lasers,%° where multiple excitons
are required for achieving the excited-state population inversion, and was recently considered as
a strategy for carrier concentration in multi-electron photocatalytic reactions (e.g. H, production,
water oxidation).!®!3 The advancement of these applications faces an important challenge of
overcoming the fast non-radiative Auger decay of multiple excitations in semiconductor
nanocrystals.” This process is known to cause a reduced trion emission in nanocrystals and is
often invoked to explain photoluminescence blinking in single quantum dots.'# Even in the case
of longer-lived biexciton populations (n = 2), the Auger decay time constant could be as short as
just a few picoseconds (e.g. CdSe or PbSe NCs),!>16 representing the predominant mechanism of

carrier loss in laser and photovoltaic applications of these materials.!”-!8
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Within the framework of Interacting Formalism,'® the Auger recombination rate
decreases linearly with the nanoparticle volume (I'"! ~ V09-1.1) 2024 Ag 3 result, the general
solution for enhancing the biexciton lifetime of semiconductors is often sought through
nanoscale geometries that offer a reduced confinement in one or two spatial dimensions. Along
these lines, zero-dimensional nanocrystals have given way to architectures featuring mixed
dimensionalities, such as alloyed core/shell  nanoparticles,>2¢  nanorod-shaped
heterostructures,?’-3! and nanoplatelets (NPLs),32-3#3536 where the increased confinement volume

leads to long-lived biexcitons.

Quantum-Dot Quantum-Well (QDQW) systems3’-*® represent another example of low-
dimensional colloids that could potentially result in suppressed Auger recombination of
biexcitons. The quantum confined layer in these materials (e.g. CdSe, HgS) is sandwiched
between the core and shell domains comprising a wider-gap semiconductor (e.g. CdS, ZnS). The
resulting energy gradient leads to the formation of two-dimensional excitons that reside primarily
in the intermediate shell and therefore exhibit an increased confinement volume. Recently, such
quantum-well layers were successfully grown onto bulk-size core domains.*>° An important
advantage of the bulk-seeded “nanoshell” geometry was associated with the ability to preserve
the radial confinement of photoinduced charges regardless of the particle size. Consequently, all
three dimensions of nanoshells could exceed the exciton Bohr radius enabling a significant
increase in the exciton confinement volume.*® The reported nanomaterials, however, employed a
single-barrier CdS/CdSe architecture (Fig. SF1), where the carrier delocalization at unpassivated

CdSe surfaces interfered with the biexciton dynamics.
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51 Figure 1. (a). Schematic illustration of a CdSy,;,/CdSe/CdSge;; quantum-well nanoshell geometry
along with a projected carrier localization pattern. The energy offset of CdSe and CdS valence
>4 bands promotes a strong localization of photoinduced holes within the CdSe shell, meanwhile,

56 the energetic proximity of electronic states in CdSy,x and CdSe domains, as well as low effective
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masses of CdSy,x and CdSe electrons cause the delocalization of photoinduced electron wave
functions over the entire nanocrystal volume. (b). An estimated quantum-confinement volume
corresponding to several reported MX geometries. From left to right: spherical CdSe quantum
dots (diameter = 4 nm), CdSe/CdS dot-in-a-rod (dot diameter = 4 nm, rod length = 30 nm),
CdSe/CdS core/shell (core radius = 2 nm, shell radius = 10 nm), CdSe/CdS nanosheets (20 nm x
20 nm x 2nm), QW nanoshells, reported here (CdSe shell radius = 6 nm, shell thickness = 2 nm,

total radius = 10 nm).

Here, we report on the synthesis of semiconductor quantum-well nanoshells exhibiting
long-lived biexciton populations. The unique feature of the demonstrated nanoparticle
architecture lies in the one-dimensional confinement of excitons within the surface layer (CdSe)
of the bulk-size semiconductor nanoparticle (CdSpyx). In this geometry (Fig. 1a), all three
dimensions of CdSy/CdSe/CdSg,.; core/shell/shell nanostructures are allowed to exceed the
exciton Bohr radius, lifting spatial limitations on the total particle size. We show that such
arrangement of semiconductor domains allows increasing the volume of the carrier confinement
more effectively than by using other zero-, one-, or two-dimensional geometries (Fig. 1b), which
makes the reported architecture particularly suitable for suppressing Auger recombination
processes. By using the femtosecond transient absorption spectroscopy, we demonstrate that the
biexciton lifetime of CdSy,;/CdSe/CdSqpe; nanostructures featuring a 10-nm-diameter CdSe shell
(> = 1.24 ns) can be increased more than thirty times compared to that of zero-dimensional CdSe
nanocrystals. The observed biexciton lifetime was found to be inversely proportional to the
thickness of the quantum confined layer, which was attributed to the size-depended tuning of
CdSe energy levels at CdSe/CdS interfaces. Our study has also revealed a significant
contribution of surface recombination processes to single exciton decay in bulk-seeded
nanoshells (quantum yield (QY) < 17%), as compared to similar processes in smaller-diameter

QDQW (QY = 30-90%). Since the surface recombination could potentially affect the biexciton
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dynamics on par with Auger processes, we believe that future improvements in the surface
chemistry of these materials should result in further increases in the biexciton lifetime. Overall,
the demonstrated suppression of Auger processes in CdSy,, /CdSe/CdSq;e; nanoshells is expected
to encourage the utilization of these nanostructures in MX applications (multiple exciton
generation, stimulated emission), particularly since the reported geometry could be extended to a
plethora of QDQW semiconductor combinations (e.g. CdS/HgS/CdS, ZnSe/InP/ZnSe,
ZnS/CdS/ZnS). In addition to enhanced biexciton lifetimes, an important advantage of the
nanoshell architecture includes a continuous density of excited states,3*4+3! which permits lasing
without the complete occupation of the CB edge,’? similar to nanoplatelets®3* and nanosheets
colloids.’> Finally, a nearly spherical shape of nanoshells is expected to facilitate the assembly of
these nanostructures into solids and superlattices,’®7 a task which could be challenging in the

case of non-spherical 1D and 2D colloids.

RESULTS AND DISCUSSION

Figure la shows a projected pattern of carrier confinement in CdSy,/CdSe/CdSgen
quantum well nanoshells. A relatively high energy of the CdSe valence band (VB) edge is
expected to result in a strong confinement of photoinduced holes within the CdSe domain.>® In
contrast, photoinduced electrons are likely to become delocalized over the entire nanoparticle
volume due to nearly degenerate energies of conduction band (CB) edges in the two materials.>®
Under these conditions, the ensuing nature of electron-hole Coulomb interactions in QW
nanoshells is strongly dependent on the relative offset of CB energies in CdS and CdSe
semiconductors. If the global minimum of CB electrons lies in CdSe (type I confinement), the

corresponding electron-hole spatial overlap will be greater than when such minimum is found in
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the CdS material (quasi-type II confinement). Since the electron-hole overlap directly affects
Coulomb interactions between photoinduced charges, the ultimate offset of CB energies in QW
nanoshells should play an important role in determining the rate of corresponding Auger
processes. To understand the magnitude of this effect, we have explored both aforementioned
types of carrier confinement, which was accomplished by varying the thickness of the CdSe

layer in CdSy,/CdSe/CdSgpe;r QW nanoshells.
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Figure 2. Characterization of three quantum-confined CdSe morphologies. (a). A TEM image of
zero-dimensional CdSe nanocrystals (d = 5.6 nm, see Fig. SF3a for the statistical size analysis).
(b). A TEM image of 12.8-nm CdS/CdSe nanoshells featuring a 6.2-nm CdS core domain. (c). A
TEM image of 23.8-nm CdS,,;/CdSe/CdSsen QW nanoshells. (d-f). Emission and absorption
profiles of three aforementioned CdSe morphologies, including (d). 5.6-nm CdSe NCs; (e).
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CdS/CdSe nanoshells; and (f). 23.8-nm CdSy,;/CdSe/CdSs.en QW nanoshells. The statistical

analysis of size distributions is given in Fig. SF3.

CdSpu/CdSe/CdSgenn quantum well nanoshells were synthesized through a successive
deposition of respective layers via hot-injection colloidal chemistry. First, bulk-size CdS
nanoparticles (d = 5.8 - 13.1 nm) were grown by ripening 4-nm CdS nanocrystalline seeds in the
presence of oleylamine.®*®! The final product containing monodisperse, bulk-size CdS NCs, was
then used for seeding the growth of the CdSe shell.** During the CdSe deposition stage, a
mixture of Cd and Se precursors was gradually introduced into the solution of CdSyux
nanoparticles. Slow injection speeds, controlled by a syringe pump, helped preventing the
formation of isolated CdSe NCs. Typically, the shell growth was continued until the excitonic
feature corresponding to the lowest-energy transition in the CdSe shell (A = 550-630 nm) was
observed in the absorption spectra (see Fig. 2e). The shoulder-like appearance of the exciton
absorption profile in nanoshells was consistent with the two-dimensional character of the carrier
confinement. The onset of the CdSe exciton absorption in CdS/CdSe nanoparticles was
accompanied by the rise of the CdSe band gap photoluminescence (PL) signal, corresponding to
the CB — VB carrier recombination in the shell domain (see Fig. 2e). In addition to the band-
gap PL, the emission profile of CdS/CdSe nanoshells contained a broad spectral feature spanning
the 700-1000 nm range, which was tentatively attributed to the interaction of “core” excitons
with strongly coupled surface states.®> We speculate that such surface emission in nanoshells
could be enhanced relative to that of zero-dimensional CdSe NCs due to the surface localization
of photoinduced holes (Fig. SFla). Their strong interaction with the nanocrystal surface states
could explain a relatively low, 1-3% PL quantum yield (QY) of the band gap emission in large-
diameter (> 12 nm) CdS/CdSe nanoshell quantum dots. Conversely, Cd-(oleate), capped small-
diameter CdS/CdSe nanoshells were shown to exhibit the PL QY of up to 8%.4°
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’ Deore ’Dtotal
Deore (NM)  Hyoy(nm) D, (nm) QY (%)  tyy(ns)
1 CdSe 5.6 Qr  0.039 @
2 CdS,,/CdSe 13.1 2.7 18.4 12 0.13
3 CdS,,/CdSe 6.2 3.3 12.8 2-3 O
4 CdS,,/CdSe 5.8 1.9 9.6 4
5  CdS,,,/CdSe/CdS,,,  13.1 2.7 29.8 4 041
6  CdS,,/CdSe/CdS,.,  13.1 2.7 24.9 87  0.53 }
7 CdS,,,/CdSe/CdS,., 62 3.3 23.8 14 085 0
8  Cds,,,/CdSe/CdS,,, 5.8 1.9 16.2 17 1.24

Figure 3. The summary of structural and optical parameters corresponding to 8 investigated
samples. The sample number in the leftmost column is used as a unique sample ID in the results

and discussion section.

Quantum-well nanoshells (CdSy,/CdSe/CdSg,e) were fabricated by growing a 3-5 nm
CdS layer onto CdS/CdSe core/shell NCs. According to TEM images in Figs. 2b and 2c, the
deposition of the CdS shell was evident through a significant increase in the particle diameter
(see Fig. SF3 for the statistical analysis of particle size distributions). In all investigated QW
nanoshell samples, summarized in Fig. 3, the CdS-shell growth step has resulted in the improved
emission QY. Out of the two strategies for shell deposition, employing either the slow or fast®
injection of precursors, the former method has yielded an overall better quality and a greater PL
QY of QW nanoshells. Generally, the dispersion of CdSy,/CdSe/CdS,e;; particle diameters was

less than 10% (Fig. SF3c,e). On the contrary, the fast growth strategy has resulted in colloids
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exhibiting a partly fragmented shell morphology with a corresponding particle size dispersion of

12.5% (Fig. SF4).

The growth of the CdS passivating layer on CdS/CdSe nanoshells was accompanied by
the red-shift of the band gap emission (Fig. 2f) reflecting the delocalization of electronic wave
functions into the CdSg,; domain. The quantum yield of the band gap PL in
CdSpui/CdSe/CdSqpe nanoparticles has varied between 4 and 17% (Fig. 3) depending on the size
of the CdSy,x core and the quality of the CdSg, layer. For instance, the highest QY value of
17% was observed for quasi-type II 16.2-nm QW nanoshells (sample 7, Fig. 3) featuring a 5.8-
nm CdS core. Type I CdSp/CdSe/CdSg,e; nanostructures (Fig. 2¢) comprising a similar core
size (6.2 nm) yielded a QY of 14%. Overall, the brightness of the CdSe PL was generally lower
for QW nanoshells containing larger-diameter CdSy,x domain. According to Fig. 3, the QY of
QW nanoshells comprising a 13.1-nm CdSy, core did not exceed 8.7%. The lower emissivity of
QW nanoshells comprising a larger dimeter core could indicate a greater probability of non-
radiative surface recombination in large-area CdSe. A possible lattice stress in the quantum-
confined CdSe layer was identified as another potential factor contributing to non-radiative
decay in QW nanoshells. According to x-ray powder diffraction (XRD) analysis of
CdSpui/CdSe/CdSgpep nanoparticles in Fig. 4c (sample 4), only a single set of Bragg peaks,
indexed to the wurtzite CdS crystallographic structure, was observed. Despite the absence of a
distinguishable pattern corresponding to the CdSe diffraction, the asymmetric broadening of CdS
peaks towards lower angles indicated the possibility of the CdSe lattice stress induced by the

adjacent phases of the CdS,. and CdSgp,e; domains.

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Photonics

o 20 s

X-ray count
X-ray count

CdSe | | _
20 30 40 50 60 1 2 3 4
20 (degrees) X-ray energy (keV)

Figure 4. A high angle annular dark field (HAADF)-STEM image of (a) — a 12.8-nm
CdSpu/CdSe nanoshell (sample 3 in Fig.3), and (b) — a CdSp,/CdSe/CdSghen quantum-well
nanoshell (sample 6). (c). TEM image of 18.4-nm CdSy,/CdSe nanoshells (sample 2)
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comprising a 13.1-nm CdS core. (d). TEM image of 16.2-nm CdSy,;/CdSe/CdSgnen quantum-
well nanoshells (sample 8). (e). An x-ray powder diffraction (XRD) analysis of crystal phases in
18.4-nm CdSy,/CdSe nanoshells (sample 2), suggesting that core/shell nanoparticles grow in a
wurtzite crystallographic phase a with CdSe domain exhibiting a stressed lattice pattern (peak

broadening towards lower angles). (f). EDX analysis of elemental fractions in 18.4-nm

CdSpu/CdSe nanoshells (sample 2).

Spectroscopic data combined with the TEM characterization of a nanoparticle product at
different growth stages were used as the primary strategy for determining the thickness of the
CdSe layer in CdSp,/CdSe/CdSg,en QW nanoshells. Ensuing CdSe-thickness assignments were
found to be consistent with the Energy Dispersive X-ray (EDX) analysis performed on selected
specimens. For instance, relative amplitudes of Sk _gnerr, Sep shen and Cdp gnen X-ray signals in the
18.4-nm CdS/CdSe nanoshells (sample 2, Fig. 4f) suggest a 1:1.4 ratio of CdS to CdSe
semiconductors in these nanoparticles, which falls within 10% of the CdS:CdSe ratio estimated
from the TEM and UV-Vis analysis of the same structures (Figs. 4c and SF3b). The presence of
the CdSe crystal phase in QW nanoshells was also confirmed by EDAX-STEM analysis of

selected areas on a TEM grid (Fig. SF4).

The biexciton dynamics of nanoshell quantum dots was investigated by means of the
femtosecond pump-probe transient absorption spectroscopy, as described in the experimental
section. The laser pump wavelength (A = 420 nm) was set to excite band gap transitions in both
CdS and CdSe domains of nanoshells, which recovery was then probed using white-light
supercontinuum (A = 400-650 nm). The pump power was adjusted using neutral density filters to

produce an average exciton population of <N> = 0.4-1.1 per single nanocrystal (see Fig. SF6).
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To understand the effect of the radial carrier confinement in nanoshells on the ensuing
biexciton dynamics, transient absorption (TA) measurements of CdSp,/CdSe/CdSgen QW
nanoshells were compared with those of zero-dimensional CdSe and unpassivated CdSy,/CdSe
quantum dots. Figure 5b shows the chirp-corrected TA spectra of 5.6-nm CdSe NCs (sample 1).
The excitation pulse resulted in photobleaching of the 1S(e)-1S;,(h) low-energy transition,
denoted as CdSe;s (A = 610 nm), as well as the higher-energy excitation, corresponding to the
combination of 1S(e)-2S;,(h) and 1P(e)-1P3/(h) transitions® labelled A (A = 500 - 540 nm). In
the case of 18.4-nm CdS/CdSe nanoshells, TA spectra revealed two areas of photobleaching as
indicated in Fig. 5e. A stronger AA signal at A = 500 nm was attributed to the excitation-induced
state filling of the 1S(e)-1S5,(h) transition in the CdS core, while the second TA bleach,
observed at lower energies (A = 540 — 610 nm), was attributed to the lowest-energy transition in
the CdSe shell. Notably, the spectral position of the assigned CdSe bleach was correlated with
the steady-state exciton absorption of the CdSe shell (Fig. 5d). In addition to the two negative
AA signals, the TA spectra of both nanostructures contained derivative like distortions, labeled
as B. The two signals had lifetimes comparable to those of 1S(e)-1S;,(h) transitions and were
ascribed to their spectral interactions with the 1P(e) -1P3/2(h) bands.®-% A slow recovery of the
CdS bleach in CdS/CdSe nanoshells (A = 490 nm, Figs. 5e and SF7) indicated the lack of a
significant driving force for the photoinduced electron transfer into the CdSe shell. Indeed, due
to the high degeneracy of hole levels in spherical CdS NCs, the TA bleach of band edge
transitions is primarily contributed by electrons. Consequently, a slow reduction in the ratio of
core-to-shell TA bleach amplitudes as a function of the pump-probe delay is consistent with the

delocalization of the electron wave function over the entire nanoparticle volume.
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Figure 5. Measurements of biexciton lifetimes in zero-dimensional CdSe nanocrystals and
CdS/CdSe nanoshells. (a). The absorption profile of 5.6-nm CdSe NCs. (b). The corresponding
TA bleach recovery of the lowest energy 1S(e)—1S;,,(h) transition. (¢). The temporal evolution
of the TA bleach, AA(1S), corresponding to lowest-energy transition in CdSe NCs is shown as
circles. The experimental data was fitted using model calculations based on statistical scaling of
Auger lifetimes and Poisson distribution of initial multi-exciton populations (Ref. 7). The
biexciton lifetime was estimated to be 7, = 39 ps. (d). The absorption profile CdS/CdSe
nanoshells showing the lowest-energy band gap transition in CdSy,x and CdSe domains. (e). The
corresponding TA bleach recovery of the lowest energy CB — VB transitions in CdSy, and
CdSe. The TA dynamics of the CdSe spectral region is magnified in the insert. (f). The temporal

evolution of the measured TA bleach associated with the CdSe shell (circles). The experimental
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data was fitted using Eq. 1 resulting in the biexciton lifetime of 7, = 130 ps. The pump pulse

fluence corresponded to <N> = 0.8 excitons per nanocrystal.

In order to extract biexciton lifetimes from the bleach recovery kinetics in Figs. 5c.f, we
have employed the coupled rate equation formalism,” which assumes: (i) - Poisson distribution of
initial multi-exciton populations in a nanocrystal ensemble, and (ii) - statistical scaling of Auger
lifetimes. Within this strategy, the average number of photons absorbed by a nanoparticle, <N>,
is first estimated from the known excitation pulse power, spectral density, and the sample
absorption profile.%” The average number of absorbed photons per particle is subsequently used
to create the statistical distribution of nanoparticle fractions in the sample that receive n = 0,1,2

. excitons, P(n). To this end, the probability of a nanocrystal absorbing n photons, f(n), is
assumed to follow the Poisson distribution: f(n) = <N >" xe" / n!, as shown in Table ST1. Under
the assumption that multiple excitons in a given nanocrystal decay sequentially (via the Auger
recombination), the temporal evolution of the n-exciton population in a particle, P(n, f), can be
determined by solving coupled rate equations:

dP(n,t) _ Pn+1,1) P(nt)
dt T

(M

T

n+l n

where, 7, represents the lifetime of the n-exciton state. The resulting evolution of multi-exciton
populations, P(n,f), obtained by solving Eq. 1, depends on a single unknown parameter, 7,
corresponding to the Auger-limited biexciton lifetime. The single exciton lifetime, z;, as well as
multi-exciton lifetimes (t,; n>2) entering Eq. 1 can be determined a priori. To this end, z; is
either extracted from the long-time TA bleach recovery at low excitation powers or obtained
from the PL intensity decay (Fig. SF8). The lifetimes of multi-exciton states, z,, are computed
using a statistical scaling law: 7,' =n’(n—1)z,' /4 .68 Owing to relatively low excitation powers
used in present experiments (<N > ~1), we assume that the TA bleach, AA, is contributed by up

to four excitons, such that the average number of excitons per nanocrystal becomes,
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P(t)=4xP(4,t)+3x P(3,t)+2x P(2,¢t)+ P(1,¢) . The resulting parametric curve, P(z,, t), was
used to fit the experimental measured TA bleach, AA(t), in order to determine the best fitting
parameter, 7, (see Table ST1). We note that despite n = 2 being highest exciton occupation
number for zero-dimensional CdSe NCs, due to a continuous electron density in CdS/CdSe

nanoshells, these colloids are likely to support a larger number of band-edge excitons.

Figure 5c¢ shows the TA bleach recovery kinetics for CdSe;s excitations in zero-
dimensional CdSe nanocrystals. The best fit of the experimental data with the multi-exciton
population curve, P(f), has yielded the average biexciton lifetime of 7,(CdSe) = 39 ps. In
applying the fitting procedure, we have used the single exciton lifetime of 7,(CdSe) = 2.2 ns,
which was obtained from the double-exponential fit to the long-time TA data. The value of <N>
= 0.4 was estimated from the excitation pulse fluence and further corroborated by the AA/A
power dependence in Fig. SF6 (according to Ref. 20). Overall, the measured biexciton lifetime
in 5.6-nm CdSe NCs appeared to be within the range of 7, reported by previous works.5-70
Given the small size of these nanocrystals, the corresponding Auger decay was expected to be
enhanced due to a strong interaction of photoinduced charges.

The multiexciton dynamics of CdS/CdSe nanoshells is analyzed in Fig. 5f, showing the
temporal evolution of the integrated TA bleach recovery corresponding to the CB—VB
transition in the CdSe shell. The experimental data was fitted with the multiexciton decay curve
obtained by solving Eq. 1 (blue curve). In this case, a single exciton lifetime of 7; = 2.6 ns (see
Table ST1) was obtained from the double-exponential fit to the long-time TA bleach recovery
spectra. According to the best fit of the experimental data in Fig. 5f, the biexciton lifetime was

determined to be 7, = 130 ps.
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There are several processes that can potentially contribute to the decay of biexciton
populations in CdS/CdSe nanoshells. In addition to the Auger recombination mechanism,
multiple excitations could undergo a non-radiative decay through interactions with nanoshell
surfaces, as their area is increased in comparison with zero-dimensional structures. Excitons can
also funnel to the potential energy minimum of nanoshells associated with a locally enhanced
CdSe thickness, where Coulomb interactions are increased. To estimate whether Auger
recombination represents the primary process of biexciton decay, we have compared the volume
dependence of measured biexciton lifetimes in CdS/CdSe and zero-dimensional CdSe NCs.
Considering that the quantum-confinement volume of nanoshells, V.o, differs from the
nanoparticle physical volume, the value of V..., was obtained by using a strategy developed for
alloyed-interface CdSe/CdS core/shell NCs.? The employment of the same model in
characterizing photoinduced electrons of CdSe/CdS core/shell and CdS/CdSe nanoshell quantum
dots could be reasonably expected due to the similarity of energy offsets and effective masses in
bulk-like cores of nanoshells and bulk-like shells of CdSe/CdS nanocrystals. To this end, the

effective volume was derived by using localization radii of the electron and hole wave functions,
R, and R, respectively, such that V. =(87/3)x ( XRz) . The value of R, for
nanoshells was determined from the total volume of the shell V.; as follows:
R, = m ). Accordingly, we estimate that for 18.4-nm nanoshells, Vi, 1S 9.8 times
greater than the volume of 5.6-nm CdSe NCs, which places the biexciton lifetime in the 400 ps
range. Consequently, the measured constant 7, = 130 ps falls short of the volume scaling
prediction. The biexciton lifetime of nanoshells also appears shorter than Auger time constants

reported for other two-dimensional forms of nanoscale CdSe, such as CdS/CdSe nanoplatelets

(500 ps)*® or alloyed-interface CdSe/CdS core/shell nanostructures (> 1 ns). A lower than
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expected lifetime of biexcitons in CdS/CdSe nanoshells was tentatively attributed to the
enhanced role of surfaces in a nanoshell geometry, where surface localized photoinduced holes
can drive non-radiative recombination of excitons. The same issue could be responsible for a

relatively short lifetime of single excitons in CdS/CdSe nanoshells (z; = 2.2 ns, see Table ST1).
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Figure 6. Measurements of biexciton lifetimes in CdSy,/CdSe/CdSsen quantum well
nanoshells. (a). The absorption profile of 16.2-nm CdSy,;/CdSe/CdSgne; NCs (sample 8). (b).

The corresponding TA bleach recovery spectra showing the low-energy transitions in CdS and

CdSe domains. The pump fluence corresponded to an average of <N> = 1.1 photons per
nanocrystal. (¢). The temporal evolution of the TA bleach corresponding to CdSe shell excitons
in 16.2-nm CdS,,;/CdSe/CdSgen NCs (circles). The best fit of the experimental data based on
Eq. 1 revealed the biexciton lifetime of 7, = 1.24 ns. (d). The absorption profile of 24.7-nm
CdSpu/CdSe/CdSgen NCs (sample 6). (e). The corresponding TA bleach recovery spectra (<N>
= 0.9 photons per nanocrystal). (f). The temporal evolution of the CdSe TA bleach recovery in
24.7-nm CdSpu/CdSe/CdSqnep NCs (circles). The best fit of the experimental data corresponded

to the biexciton lifetime of 7z, = 530 ps. (g). The absorption profile of 23.9-nm
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CdSpu/CdSe/CdSgen NCs (sample 7). (i). Corresponding TA bleach recovery spectra (<N> =
0.98). (j). The temporal evolution of the CdSe TA bleach recovery in 23.8-nm
CdSpu/CdSe/CdSq,en NCs (circles). The best fit of the experimental data corresponds to the

biexciton lifetime of 7, = 850 ps.

The surface-induced carrier recombination in CdSy,;/CdSe nanoshells was significantly
reduced upon the deposition of the CdSg,ey; layer. The successful neutralization of surface traps in
CdSpui/CdSe/CdSgpen QW nanoshells was evidenced through the enhancement in the PL
quantum yield (from 1-3% to 17%) as well as an apparent increase in the single exciton lifetime
(Fig. SF8). The presence of the ‘“hole-blocking” surface layer in CdSy,/CdSe/CdSgpen
nanostructures has also given rise to characteristic temporal changes in the TA dynamics of CdSe
excitons, as summarized in Fig. 6. For all three investigated geometries of CdSy,;/CdSe/CdSgpen
QW nanoshells, including small-core type II (Fig. 6b), large-core type I (Fig. 6¢), and small-core
type I (Fig. 61) specimens, the recovery of biexciton populations was noticeably slower than in
the case of “unpassivated” CdS/CdSe nanoshells (Fig. 5e). According to the model fit of the
integrated CdSe TA signal, small-core type II CdSp,/CdSe/CdSg,en QW nanoshell geometry
resulted in the longest biexciton lifetime of 7, = 1.24 ns (Fig. 6¢). A somewhat lower decay
constant was observed for small-core type I nanostructures (z, = 0.85 ns, Fig. 6j), exhibiting a
stronger carrier overlap. The comparison of the TA bleach recovery between type I (sample 7)
and type II (sample 8) QW nanoshells has help identifying the effect of the carrier localization on
the value of 7,, as both specimens featured nearly the same CdSp,/CdSe/CdSg,en and CdSpui
diameters (see Fig. 3). As indirect evidence supporting the type I carrier localization assignment

in sample 7, we have observed a rise in the AA(CdSe)/AA(CdS) ratio with increasing pump-
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probe decay (Fig. SF7). The fast growth of this ratio at early times was consistent with the

transfer of excitations from the CdS domain (both CdSy,x and CdSg;e;;) into the CdSe layer.

The observation of a shorter biexciton time constant for type I QW nanoshells (sample 7)
was consistent with a relatively smaller exciton volume in these nanostructures. Furthermore, in
comparison with type I core/shell nanocrystals, the type II localization regime has been predicted
to increase the repulsive component of the Coulomb interaction causing a net repulsion of
biexcitons,”! thus diminishing their corresponding Auger recombination rates. Such an
enhancement of the biexciton lifetime in type II structures has been also observed in CdSe/CdS
core/shell and ZnSe/CdSe core/shell nanostructures.”’-’? Finally, samples featuring a large-size
CdS core yielded the lowest of three biexciton lifetimes, 7, = 0.53 ns. While the exciton volume
for this QW geometry was greater than in the case of small-core type I nanocrystals (sample 7),
the single exciton lifetime for large-core nanoshells was comparatively low (z; = 12.5 ns, Fig.
6f). This was likely the result of enhanced surface recombination caused by a relatively large
surface area of the quantum-confined CdSe. As was stated above, the synthesis of such large-
core QW nanoshells has not been optimized to the same degree as for small-core nanostructures.
We expect, however, that with the future improvements in the surface passivation of large-core
nanoshells, the biexciton time constant could be increased beyond the range of 7, reported for

small-core structures.

CONCLUSIONS

In conclusion, we report on the synthesis of semiconductor quantum-well nanoshells
exhibiting long-lived biexciton populations. The demonstrated nanoparticle architecture utilizes a

CdSpu/CdSe/CdSgen core/shell/shell morphology, which effectively reduces the rate of Auger
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recombination in the quantum-confined layer of CdSe. As a result, the non-radiative decay of
biexcitons becomes suppressed, as was demonstrated in this work by means of the femtosecond
transient absorption spectroscopy. In particular, we show that the biexciton lifetime of
CdSpui/CdSe/CdSgpe nanostructures featuring an 8-nm-diameter CdSe shell (1, = 1.24 ns) was
increased more than thirty times compared to that of zero-dimensional CdSe nanocrystals. We
expect that the demonstrated QW nanoshell architecture could useful in applications where long-
lived biexciton populations are critical to performance. Furthermore, a nearly spherical shape of
QW nanoshells is expected to facilitate the assembly of these nanostructures into solids and

superlattices, a task, which could be challenging in the case of non-spherical 1D and 2D colloids.

METHODS.

Materials. The following materials were used: cadmium oxide (CdO, 99% Aldrich), 1-
octadecene (ODE, 90% Aldrich), oleic acid (OA, 90% Aldrich), sulfur (S, 99.99% Acros),
ethanol (anhydrous, BeanTown Chemical), chloroform (anhydrous, 99% BeanTown Chemical),
oleylamine (OLAM, tech., 70% Aldrich), tri-n-octylphosphine (TOP, 90% Acros), tri-n-
octylphosphine oxide (TOPO, 99.0% Aldrich), selenium powder (Se, 200 mesh, Acros), acetone
(anhydrous, Amresco, ACS grade), All reactions were performed under argon atmosphere using
the standard Schlenk technique. The centrifuge (VWR Clinical 100) used for precipitation
operated at 6500 rpm.

Synthesis of CdS bulk-size nanocrystals. Bulk-size CdS nanocrystals (d= 6 - 14 nm) were
fabricated through digestive ripening of small-diameter CdS nanocrystals prepared according to
Ref. 73. The details of the digestive ripening protocol are given in Ref. 60. Briefly, small-
diameter CdS NC seeds were transferred into a flask containing a mixture of OLAM:ODE =
60:40 (total volume is 7 mL) and degassed at 120 °C to remove chloroform. The reaction
mixture was subsequently heated to 260 °C under argon. When the desired nanoparticle size was

reached, the reaction was stopped by removing the flask from the heating mantle. The NC
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product was separated from the solution by precipitating with acetone and redispersing in

chloroform.

Synthesis of CdS/CdSe nanoshells. The deposition of the CdSe shell onto bulk-like CdS
nanoparticles was performed using a previously reported strategy.*’ First, cadmium oleate was
prepared by dissolving 0.025 g of CdO in the mixture of 0.4 ml of OA and 5.4 mL of ODE under
argon flow at 260 °C and cooled down to room temperature. In a separate flask, 0.015 g of Se
was dissolved in 1 mL of TOP at 120 °C. The TOP-Se mixture was added to Cd-(oleate), at
room temperature. For the CdSe shell deposition, the reaction mixture containing bulk-size CdS
NCs in chloroform, 4 ml of OLAM, and 10 ml of ODE was degassed at 120 °C, switched to
argon, and heated to 260 °C. When the temperature stabilized the combined precursor mixture
was injected into the reaction flask via a syringe pump at a rate of 1 mL/h. Once the desired
CdSe shell size was reached (typically, when the intensity of the CdSe shell PL became
prominent), the reaction was stopped by removing the flask from the heating mantle. The product
was separated from the solution by precipitation with ethanol/acetone mixture (1:2) and was

stored in chloroform.

Synthesis of CdS,,/CdSe/CdSghen quantum well nanoshells. The growth of the CdS
passivating layer on CdS/CdSe nanoshells was performed according to either Cirillo et al.%® or
Jeong et al.”* methodology. The latter method yielded an overall better-quality nanocrystals
exhibiting a relatively greater QY. In this case, cadmium oleate was prepared by degassing a
mixture of 0.034 g of CdO, 0.8 ml of OA, and 5 ml of ODE at 120° C for 30 min followed by
switching the flask to argon atmosphere and heating to 230° C until solution turned clear. At the
same time, a mixture of 0.026 g of S powder and 1.8 ml of TOP was degassed at 120°C for 30
min. Both Cd and S precursors were mixed at room temperature and stored under argon flow. For
the CdS shell deposition, a mixture of CdS/CdSe seeds in chloroform, 4 ml of OLAM, and 10 ml
of ODE was transferred to the reaction flask and degassed at 120°C for 1 hour. Subsequently, the
flask was switched to Ar and heated to 260°C. As soon as the temperature stabilized, the Cd/S
precursor mixture was injected into the flask with the syringe pump at a rate of 2 mL/h. Once the
desired shell size was reached, the reaction was stopped by removing the flask from the heating
mantle. The product was separated from the solution by precipitation with ethanol/acetone

mixture (1:2) and was stored in chloroform.
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Characterization. UV-vis absorption spectra were recorded using a CARY 60 scan
spectrophotometer. High resolution transmission electron microscopy (TEM) measurements
were carried out using JEOL JEM-3011UHR operated at 300 kV. Specimens were prepared by
depositing a drop of NP solution in organic solvent onto a carbon-coated copper grid and
allowing it to dry in air. Powder X-ray diffraction measurements were carried out with a Bruker
D8 Advance PXRD. Luminescence spectra where acquired using a 400-nm PicoQuant PDL 800-
D pulsed laser and measured with an Andor newton®M detector. Time-resolved emission lifetime
spectra where acquired using the same 400-nm pulsed laser and photons where collected and
processed using a SPC-130 TCSPC module from Boston Electronics. Relative quantum yield
measurements where acquired using a GS32 Intelite 532-nm CW DPSS laser (Cyanine3 NHS

ester dye obtained from Lumiprobe was used as the reference).

Transient Absorption Measurements. The femtosecond transient absorption spectrometer used
in these experiments is based on a regeneratively amplified Ti:Sapphire laser system (Hurricane,
Spectra-Physics) that generates a 1-kHz train of 90 fs (thwm), 0.9 mJ/pulses centered at 800 nm.
The amplified beam is 50:50 split. The first beam is sent to a TOPAS-C optical parametric
amplifier to produce 420 nm (or, 500 nm) pulses used for sample excitation. The second beam is
attenuated, sent through a computer-controlled optical delay stage, and then focused onto a 3-
mm CaF, window to produce a white-light continuum (wlc) probe spanning the 345-760 nm
range. The wlc probe beam was focused to a 75 pum diameter spot at the sample position and
overlapped at a 6° angle with the excitation beam focused to a 150 um diameter spot. A fraction
of the wlc probe beam was split off before the sample to be utilized as a reference for the
correction of shot-to-shot pulse-intensity fluctuations. The probe (after the sample) and reference
beams were dispersed by a spectrograph and recorded using a dual 512-pixel diode array detector
synchronized to the 1-kHz repetition rate. The difference between the decadic logarithms of a
probe-to-reference pulse intensity ratio was measured at a specific position of the optical stage
for the case when excitation pulse was on and off. Typically, 300 on and off pairs were averaged
to produce the transient absorption signal (44) at the corresponding delay time, and then the
procedure was repeated for about 10 scans of the optical delay stage. The solutions were kept in
a 1-mm path length cell or in a spinning 2 mm path length cuvette. These two sets of conditions
did not have any noticeable difference on time and spectral evolution of transient absorption

signals. The zero delay time positions at different probe wavelengths were obtained from non-
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resonant electronic responses from neat CHCIl; solvent measured at the same experimental
conditions,” and used for the chirp correction of the measured 44 data. The typical excitation
energy was 0.5 plJ/pulse. The linearity of A4 signals with excitation energy confirmed that
single-photon excitation is responsible for the measured data. The polarization of the excitation
beam was set at the magic angle (54.7°) with respect to the probe beam to eliminate signals from

rotational dynamics of the solute. All experiments were performed at 21 °C.

Supporting information. Experimental section, additional figures and details of calculation. This

material is available free of charge via the Internet at http://pubs.acs.org.
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