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Abstract

We report the synthesis and characterization of Type-II ZnSe/CdS semiconductor nanocrys-
tals that exhibit strong charge separation, high photoluminescence quantum yields, low optical
gain thresholds, and alloyed core-shell interfaces. Shell growth rates and the degree of alloying
both depend strongly on the shelling temperature. The core-shell NCs exhibit band edge PL
with emission wavelengths spanning the blue to orange region of the electromagnetic spectrum
(380-562 nm). Fluorescence quantum yields up to 75 % can be obtained by deposition of an
additional ZnS layer. Transient absorption spectroscopy reveals that the population of the first
two exciton states (1S.-1Sy, 1S.-2S;,) in the Type II structures can be controlled by alloying.

Increased alloying leads to greater population of the 2S hole state exciton.

INTRODUCTION

Core/shell structures have been used extensively to control the electronic structure of semiconduc-
tor nanocrystals or quantum dots (QDs). 1=4 Three different structures are commonly recognized:
In a type-I structure, the charge carriers are confined to the particle core by the large band offsets
of both the conduction and valence bands of the shell material. Conversely, in a type-II structure
there is separation of excited electrons and holes into either the core or shell by a staggered band
structure, leading to extended exciton lifetimes and luminescence emission energies below what is
achievable with either the core or shell material alone. The intermediate case, in which one charge
carrier is localized to the core and the other is delocalized over the whole structure is known as
type—Il/ 2 or quasi—type—H.5

In contrast to type-I structures, which are now routinely prepared with photoluminescence
quantum yields (PL QY) close to unity,® type-II particles have long suffered from comparatively
weak luminescence and low chemical- and photo-stability.”-8 These problems are to some extent
intrinsic to type-II structures: Charge carrier localization into two different regions of a particle
decreases the overlap of their wavefunctions and thereby the probability for radiative recombina-

tion. Furthermore, one of the charge carrier wavefunctions is strongly localized near the surface,
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facilitating extraction by a scavenger, opening additional non-radiative relaxation pathways, and
enhancing the rates of photocorrosion.

A high PL QY for type-II particles is of major interest, because these systems possess extremely
large, internal dipole moments in the excited state. These cause a Stark-shift of the biexciton
absorption to higher energies. If absorption of a second photon is sufficiently blue-shifted above
the ensemble line width, generation of single excitons does not result in optical transparency at
the exciton ground state energy nor does it lead to Auger excitation of the excited charge carriers,
and gain is expected to occur at excitation levels below an average excited nano crystal (NC)
population of (N) = 1. This makes these particles ideal contestants for lasing in the single exciton
regime. >!% In recent years progress has been made towards increasing the luminescence of type-II

11,12

particles through improved preparative routes and by growing additional shells that separate

both charge carriers from the particle surface in a "type-II in type-1" core/shell/shell structure. '3

Bulk ZnSe and CdS have a calculated conduction band offset of 0.63 eV, which is larger than
that of CdSe/CdTe (0.27 eV), another often-used combination for the fabrication of type-II QDs.
Theoretical and experimental values of the valence band offsets for ZnSe/CdS and CdSe/CdTe vary,
but tend to have a slightly smaller value for ZnSe/CdS (0.35 eV) than CdSe/CdTe (0.59 eV).!41°
Considering the higher effective mass of the electron compared to the hole, one can expect efficient
charge carrier separation in the ZnSe/CdS heterostructure.

Here we describe the synthesis of highly luminescent ZnSe/CdS type-1I nanoparticles with

1.29 and our own

temperature-dependent interface alloying, based on a recent study by Chen et a
work.?! The alloyed interface was shown to reduce Auger recombination that competes with exci-
ton and biexciton emission.?> As Kaniyankandy et al. have demonstrated recently for CdSe/CdTe
particles, a gradient alloy between core and shell enhances both PL. QY and charge separation via
reduced lattice mismatch and formation of a "separating funnel" for the charges along the gradi-
ent.?3 Their layer-by-layer approach of adding mixed Se and Te precursors yielded particles with

an alloyed interface, which exhibited twice the fluorescence quantum yield compared to similar

particles with sharp core/shell interfaces. However, the ensemble PL QY was overall quite low



(< 1%) due to synthesis in aqueous solution.

EXPERIMENTAL METHODS

Chemicals

Cadmium oxide, cadmium acetate, zinc acetate, diethyl zinc in heptane (1 M), n- octadecene, oleic
acid, oleylamine, tri-n-octylphosphine, octane thiol, and selenium were purchased from Sigma-

Aldrich. All chemicals and solvents were used as received without further purification.

ZnSe Particle Synthesis

Zinc selenide nanoparticles were prepared following a modified protocol by Cozzoli et al.?* A
Zn/Se prcursor solution was prepared by mixing 1.34 ml of a 1.7 M solution of selenium in TOP,
5.57 ml TOP, and 2.30 ml of a 1 M solution of diethyl zinc in heptane. 8.61 ml oleylamine were
loaded into a 25 ml three neck flask equipped with a thermocouple, septum, and condenser inside
a nitrogen glove box and heated to 300°C. A piece of glass wool was used to loosely block the top
of the condenser. When the injection temperature was reached 3.21 ml of the injection solution
was swiftly injected, and the temperature was immediately adjusted to 265 °C. The particles were
allowed to grow for 30 min. 1 ml aliquots of the injection solution were added drop-wise over the
course of 5 min every 30 min until the desired particle size was reached.

The reaction mixture was cooled down to room temperature and flocculated with anhydrous
ethanol. After centrifuging the sealed vials at 3000 rcf and removing the supernatant the particles
were redispersed in anhydrous chloroform. Washing was repeated twice and the particles in chlo-
roform were stored inside a nitrogen glove box until further use. ZnSe particle concentration was
approximated from a complete turnover of precursors and corrected by TEM data before and after

shell deposition.



CdS Particle Synthesis

Cadmium sulfide particles were prepared following the method by Cao et al.?> 51.2 mg CdO, 1.0 g
oleic acid, and 12 g ODE were loaded into a 50 ml three neck flask and degassed for 1 h at 120°C
under vacuum. The reaction mixture was then placed under nitrogen and heated to 260 °C. 2 ml of
a 0.1 M solution of sulfur in ODE were swiftly injected into the solution, and the temperature was
set to 240°C. After 15 min growth was stopped by removing the heat source and cooling to room
temperature.

The particles were extracted twice in a separating funnel with a mixture of chloroform and
methanol, precipitated from the chloroform phase with acetone, and stored in chloroform. The QD

concentration was determined by published methods. 2

ZnSe/CdS Particle Synthesis

CdS shell deposition on ZnSe nanocrystals was adapted from Chen et al.?® and our previous
work.?! A cadmium oleate stock solution was prepared by heating 9.6 g (12 ml) of ODE, 0.6 g of
cadmium acetate, and 1.47 g (1.65 ml, 2 equiv) oleic acid to 300°C inside a nitrogen glove box.
The heat source was removed when the solution turned clear, and 1.39 g (1.71 ml, 2 equiv) of
oleylamine was added to prevent gelling of the solution. The final solution was diluted with ODE
as desired.

3 ml of ODE and 3 ml of oleylamine were degassed at 50°C for 30 min under vacuum.
100 nmol of ZnSe particles in chloroform were then added, and the solvent was removed un-
der vacuum for 15 min at 50°C and 15 min at 115°C. The temperature was raised to the chosen
reaction temperature (260-310°C), and starting at 230°C precursor solutions of cadmium oleate
and octane thiol in ODE (3 ml) were added drop-wise with a syringe pump from separate syringes.
The amount of Cd was calculated to yield the desired amount of CdS monolayers, and a 1.2-fold
excess of thiol was used. After the precursor addition was completed the temperature was adjusted
to 200°C and 1 ml oleic acid was slowly added. The reaction mixture was allowed to stir for 1 h

before cooling to room temperature.



The particles were washed three times by flocculating with acetone, centrifuging, and redis-
persing in chloroform. The final product was passed through a syringe filter and stored under

ambient conditions, where it was stable for months.

CdS/ZnSe Particle Synthesis

CdS/ZnSe core/shell particles were prepared following the protocol by Ivanov et al.!!

Briefly,
120 nmol CdS particles in chloroform were mixed with 1.83 ml oleylamine and 6 ml ODE.
Volatiles were removed under vacuum at 120°C for 1 h. The mixture was then heated to 230°C
under a nitrogen atmosphere. The Zn/Se precursor solution was prepared by mixing 110 mg zinc
acetate dihydrate, 141 mg oleic acid, and 5 ml TOP. The solution was sonicated until clear, before
0.5 ml (1 equiv) of a 1 M TOPSe solution was added. The precursor solution was added drop-wise

to the reaction mixture at a rate of 8 ml/h. After all was added the temperature was lowered to

160°C and kept overnight. The particles were washed analogously to CdS particles.

ZnS Shell Synthesis

100 nmol of either ZnSe/CdS or CdS/ZnSe particles were placed in a mixture of 3 ml ODE and
3 ml oleylamine and degassed for 1 h at 50°C and then 15 min at 115°C. In the case of ZnSe/CdS
particles the ZnS shell was usually grown directly after the CdS shell in a one-pot synthesis. The
procedure used was analogous to the CdS deposition. The zinc oleate stock solution was prepared

with a 0.2 M concentration, and a 2-fold excess of octane thiol was used during addition. 2!

Characterization

TEM measurements were performed with a Tecnai TF20 high-resolution transmission electron
microscope with 200 kV accelerating voltage.
Absorption spectroscopy was performed on an Agilent 8453 UV/vis spectrometer. PL spectra

and TCSPC was collected in hexane on a Horiba/Jobin Yvon Fluorolog-3 spectrophotometer, using



a 403 nm pulsed diode laser for the fluorescence decay traces. The PL decay curves were fit to a
stretched exponential function.

1(6) =Iy-e~ @/ (1)

The lifetime was calculated from the decay signal using:?’

(1) = 5T ( %) @)
Nanosecond transient absorption spectra were acquired on an Edinburgh Instruments L.P920
spectrometer equipped with an Andor DH720 ICCD camera. Samples were excited using the
355 nm harmonic of a Q-switched Nd: YAG laser (OPOTek Vibrant HE 355 II, pulse width 10 ns,
average pulse energy 38.1 mJ). The samples were diluted to an optical density of 0.3 at the ex-
citation wavelength. Each spectrum is the average of 30 measurements, each taken 10 ns after
the laser pulse and corrected for laser-induced sample fluorescence. Under these excitation con-
ditions approximately 0.75 excitons were formed per nanoparticle. Nanosecond TA spectra were
smoothed using the Savitzky-Golay algorithm of OriginPro 8.6, baseline-corrected, and fitted to
two Gaussian functions to extract the relative bleach intensities.
Femto- to picosecond pump-probe transient absorption (TA) spectroscopy was performed using
a Ti:sapphire mode-locked oscillator (Coherent, Mira Seed) which seeded a Ti:sapphire regenera-
tive amplifier system (Coherent, RegA 9050) to produce pulses of ~50 fs duration with a repetition
rate of 92 kHz with a wavelength centered at 800 nm. A portion of the light was used to generate
the 400 nm pump beam using a BBO (barium borate) crystal. The pump beam was mechanically
chopped at 4.6 kHz and its position in time relative to the probe was manipulated using a variable
optical delay line (Newport, UTS150PP with ESP 300 controller). The visible broadband probe
with a range of approximately 440-760 nm was derived from the residual 800 nm beam focused
onto a 3 mm sapphire crystal (Crystal Systems). After passing through the sample, the probe beam
was analyzed with a CMOS detector (Ultrafast Systems) at 9200 spectra/sec. The pump beam

(80 nJ per pulse) had its polarization orientated at 54.7° with respect to the probe. All spectra were



corrected for the chirp of the supercontinuum probe. Further details are available elsewhere.

To measure amplified stimulated emission particles were drop-cast onto a glass coverslip and
excited with a Q-switched Nd:YAG laser at 532 nm at 10 Hz close to the band edge transition.
The emission was coupled into an optical fibre and detected with an OceanOptics Maya2000 Pro

spectrophotometer.

RESULTS AND DISCUSSION

We have prepared ZnSe/CdS by slow addition of cadmium oleate and octane thiol to ZnSe particles
in a 1:1 mixture of 1-octadecene and oleylamine under nitrogen on a Schlenk line. The reaction
temperature was varied between 260 and 310°C, and the precursors were added over the course of
1 h, unless otherwise stated. The ZnSe absorption spectrum shows a sharp 1S exciton transition
at 375 nm, which shifts rapidly towards lower energies upon addition of Cd and S precursors
with a total red-shift of 161 nm at the end of the experiment (Fig. 1A), about twice the shift
observed for CdSe/CdS quasi-type-II particles.?3? With further CdS addition an even larger red-
shift was possible, with the largest observed red-shift being 182 nm. During shell growth the
band gap transition broadens to a weak shoulder in accordance with the expected decrease of
oscillator strength caused by a smaller overlap of the electron and hole wavefunctions. Repeating
the reaction at lower temperatures resulted in a comparable shift of the 1S transition, although the
peak appeared slightly more defined (see supporting information, Fig. S1). When the precursor
injection time was increased from 1 to 2 h at 290°C, the particles exhibited a 10 nm smaller red-
shift (530 nm vs. 540 nm). PL lifetimes for the samples prepared at the two addition rates are the
same within experimental error when fitted to a stretched exponential function, but the exponent
B takes larger values for the slower addition rate, which corresponds to a broader distribution of
lifetimes in the sample (8 = 1 being the limit for a monoexponential decay).

The PL spectra had a Gaussian profile with a Stokes shift of 32 nm from the band edge absorp-

tion peak. When drop-cast onto a glass coverslip and excited at room temperature with a pulsed
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Figure 1: (A) Absorption spectra taken during the growth of 7 ML CdS on 3.6 nm sized ZnSe
particles at 310°C, with samples taken before addition and then every 10 min. The inset shows
stimulated emission of closely packed NCs of a comparable sample with pump fluences between
2 and 22 mJ/cm? (B) TEM micrograph and size distribution of the final ZnSe/CdS sample after
60 min. The particles have a diameter of 7.8 0.6 nm. The inset shows fringes corresponding to
the {200} lattice planes of a single particle.

laser at 532 nm close to the 1S.-1S;, transition a sharp stimulated emission (SE) band was observed
at pump fluences above 4.5 mJ/cm? for an optical density of 1.07 (8.4 % transmittance). The peak
had a full width at half maximum of 4.8 nm, compared to 25 nm for the steady state PL peak width,
and was blue-shifted relative to the PL peak by 2 nm (see inset of Fig. 1A). The shift of the SE
peak to higher energies is indicative of a repulsive biexciton binding energy and Stark shift from
the spatially separated charge carriers.>!=33 No SE was observed for NCs in solution.

The particle diameter was determined to be 7.8 0.6 nm from TEM analysis of the washed
particles after 60 min addition. Based on the measured ZnSe core diameter of 3.3 nm diameter,
2.5 nm (8.6 monolayers) of CdS shell material were deposited (Fig. 1B). Signals in the TEM
images of single particles that correspond to specific lattice planes were extracted via Fourier
transformation. The resulting, filtered image allows the core/shell structure of the nanocrystal to
be enhanced. The mixture of ZnSe and CdS at the interface breaks the periodicity of the lattice and

appears as a gap in the image (see inset of Fig. 1B and supporting information, Fig. S2-3).



Transient Absorption Analysis

In order to better resolve the exciton states that are difficult to observe in steady-state UV/vis spec-
troscopy, nanosecond transient absorption (TA) spectra were acquired using 355 nm excitation of
six ZnSe/CdS samples in hexane, prepared with 3.6 nm cores at shelling temperatures ranging
from 260 to 310°C. All samples showed two clearly separated bleach signals (Fig. 2A) that corre-
sponded closely to the first and second absorption maxima of the nanocrystals and which decayed
with approximately the same lifetime as the PL (data not shown). These signals were assigned to
the 1S.-1S,, and 1S.-2S;, exciton states, respectively. Both exciton states are based on the same
electron level, which dominates the relaxation kinetics as the more mobile charge carrier.3*3
Hewa-Kasakarage et al. have assigned similar bleaches in ZnSe/CdS dot-in-a-rod structures to a
charge separated state 1S.(CdS)-1S;(ZnSe) and to a localized, CdS-based exciton, 1Se—ISh.36 In
our spherically symmetrical system, the 1S,-2S;, exciton has both charges localized in the shell or
in the graded layer, and is therefore equivalent to the CdS-based exciton of the rod system.

The intensity of the two bleach signals was independent of excitation power when observed
10 ns after the excitation pulse. However, the ratio of the signals was observed to be a strong
function of the shelling temperature. At low shelling temperatures, (260°C), the exciton ground
state 1S,-1S;, bleach was 1.6 times larger than the 1S.-2S; bleach. This ratio decreased with
increasing shelling temperature, reaching a ratio close to one at 280-290°C, and decreasing to a
ratio of just 0.6 at 310°C (see Fig. 2B). Interestingly, a ratio of 1 coincided with the maximum
observed PL QY of 50 % and minimum global Stokes shift. The PL lifetime closely follows the
trend of the quantum yield until 290°C and deviates slightly towards longer lifetimes at 300°C
and above (Fig. 3A). This shows that the radiative lifetime of the band edge emission is almost
unchanged if the shelling conditions are varied.

Femtosecond transient absorption experiments revealed that the ratio of the bleach signals did
not change significantly during the first 750 ps. The bleach intensity is therefore determined by
state filling on the sub-picosecond timescale below the timescale of the instrument response func-

tion, i.e. the differences between the samples are not caused by ultrafast relaxation kinetics from
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Figure 2: (A) Transient absorption spectra of ZnSe/CdS particles in hexane 10 ns after photoex-
citation for 3.6 nm cores and CdS shells grown at 270°C (top) and 300°C (bottom). The black
dots show the original data, the red curves have been smoothed. (B) The ratio of the integrated
peak intensities of the low to high energy bleach signals plotted against reaction temperature. The
exponential fit (red dotted line) is a guide to the eye. (C) PL peak positions and (D) integrated peak
ratios of the TA spectra for ZnSe/CdS particles grown at 260 °C. The precursors were added over
the course of 1 h and allowed to react for 1 h after complete addition.
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the 2S to 1S hole state. While the general trend was highly reproducible, the bleach intensity ratios
were found to vary slightly with ZnSe core size, with the PL. QY maximum occurring at a higher
temperature of 300°C for smaller 3.3 nm cores.

Starting with 3.6 nm core ZnSe particles, it was found that for a constant reaction time of 1 h the
final particle diameter increased monotonically with increasing shelling temperature up to 310°C
from 5.4 nm to 7.0 nm with an average standard deviation of 8 % (see supporting information,
Fig. S4). While the 1S.-1S;, bleach position also exhibited an increasing red-shift up to a shelling
temperature of 290°C, the shift became smaller again at higher temperatures (Fig. 3B). Since the
shell thickness increases monotonically up to 310°C, the exciton peak energy is not controlled
simply by overall particle size.

To confirm that the observed shift is not simply due to incomplete shell deposition at lower
temperatures, the shell growth was repeated with the same cores at 260 °C, but the colloidal solu-
tion was allowed to react for 1 h after complete precursor addition. Fig. 2C-D show that further
shell growth occurs until the shift of the PL. maximum and bleach intensity ratio both plateau off
after approximately 30 minutes. The shift is accompanied by a visible increase in PL intensity.
The final NCs are spectroscopically similar to particles grown at 270-280 °C without the additional
reaction time. Neither the blue-shifts nor the bleach ratios seen for reactions above 290°C can
be observed. From this we conclude that while higher temperatures accelerate the rate of shell

deposition, they also lead to secondary changes in the core-shell structures.

Exciton Oscillator Strength is Governed by Wavefunction Overlap

We explain the changes in bleach intensity ratio, blue-shift of the exciton peaks at higher shelling
temperatures, and changes in the PL. QY and PL lifetime in terms of increased interfacial alloying
between the ZnSe and CdS semiconductors, as proposed in previous work on CdSe/CdS/ZnS.?!
At lower shelling temperatures, thinner shells are deposited, and both PL QY and lifetime are low
due to fast non-radiative charge carrier recombination caused by crystal faults at the core/shell

interface or particle surface. It has been shown for CdSe/ZnSe particles that up to 270°C no alloy
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Figure 3: (A) PL quantum yields (®, blue) and lifetimes (7, brown) plotted as a function of shelling
temperature. (B) The global Stokes shift (black squares) and the band-edge exciton peak position
in Fig. 2 (red open circles) as a function of shelling temperature. Note that the maximum or
minimum of each parameter occurs at the same shelling temperature.
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formation can be observed,3” and our data suggest a similar limit for ZnSe/CdS. Above 270°C,
deposited Cd?* ions diffuse into the core ZnSe and a graded interface forms, which closes the fast,
non-radiative decay channels and increases the overall PL QY to 50 % and the PL lifetime to (7) =
42 ns. Additionally, stretched exponential fits of the PL decay yield the largest stretching factor

B = 0.71 (narrowest distribution of lifetimes) for 290°C (see supporting information, Fig. S8).
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Figure 4: Schematic of the wavefunctions (red), band potentials (black), and lowest energy eigen-
values (blue) in core-shell ZnSe/CdS nanocrystals. (A) shows a single potential step, (B) shows
two steps as a first approximation of an alloyed shell. The inner shell consists of ZnSeS, and com-
plete alloying of the core to form ZnCdSe is assumed for simplicity. The alloy causes stronger
confinement of the electron in the shell, and at the same time a slower decay of the wavefunction
towards the core. (C) Cartoon of a ZnSe/CdS core/shell quantum dot showing wavelengths cor-
responding to bulk CdS, ZnSe, and spatially indirect band gap transitions. (D) Plots of the radial
probability distribution for the first electron state (black, dashed line) and the first (red) and second
(blue) hole state reveal a greater overlap of the 1S.-2S;, exciton than for the case of the 1S,.-1Sy,
exciton.

The body of work on cation exchange reactions for II-VI semiconductor nanoparticles suggests
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that alloying at the ZnSe/CdS interface is dominated by cation diffusion, while the anion sublattice
is preserved.3®#! This is confirmed by repeating the shelling at 290°C in the absence of a sulfur
source by just adding an excess of cadmium oleate: The PL spectrum shifts by almost 300 nm from
387 to 675 nm while it undergoes cation exchange from ZnSe to CdSe. The spectrum broadens by
a factor of 3.8 at a concentration at which the composition is expected to be ZnCdSe with a 1:1
metal ion ratio, after which it becomes narrower again (see supporting information, Fig. S9). The
first absorption maximum shifts in a similar manner, but broadens too much to reliably calculate
the peak position.

For thick-shelled particles alloying driven by cation diffusion results in a core with a wide outer
region composed of Zn,Cd;_,Se and a comparably thinner region of Zn;_,Cd,S at the interface.
The band gap of alloyed materials lies between those of the pure, constituent compounds.** For
Zn,Cd;_,Se this lowers the conduction band edge towards that of the shell, while the valence
band edge is raised with an increased potential step to the CdS shell. The intermediate Zn;_,Cd,S
layer will further smoothen the conduction band edge gradient, but forms a potential trough in the
valence band edge and acts as an additional blocking layer for the hole.

The photophysics in the alloy NCs is a result of two competing effects that occur during alloy-
ing: *? Firstly, the potential step function at the conduction band interface broadens to a potential
gradient. Consequently, the charge carriers in low-energy states become more strongly confined
by the rise of potential energy in the diffusion zone. This increases the kinetic energy of the charge
carrier. Secondly, the exponential decay of the wavefunction into the potential wall becomes more
gradual at the interface. This delocalization decreases the kinetic energy of the charge carrier.
The effects are illustrated for the electron wavefunction in Fig. 4A-B, in which the gradient is
approximated by a two-step function. The apparent blue-shift of the exciton absorption peak at
higher temperatures suggests that the confinement term is the dominant contributing factor in the
presented data. While the charge carrier overlap of the excited state is increased due to the delocal-
ization, that of the exciton ground state decreases, causing a longer radiative lifetime of the band

edge emission, as observed in Fig. 3A. The overall shorter PL lifetimes at shelling temperatures of
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300°C and above are caused by nonradiative relaxation channels. For small particles, thick shells,
and high shelling temperatures the core can be completely converted into ZnCdSe, lowering the
inter-band gap below the value expected for bulk ZnSe/CdS interfaces of 2.3 eV (absorption at
539 nm, see Fig. 4C).

This conclusion is supported by the change of the bleach intensity ratio, which is a direct
measurement of the relative oscillator strengths of the two lowest exciton states. With increasing
shelling temperature and shell thickness the electron wavefunction is increasingly confined to the
CdS shell, while the 2S hole is shifted towards the graded interface, thus increasing the wavefunc-
tion overlap. When the overlap becomes large enough the oscillator strength of the high energy
bleach becomes larger than that for the band edge state. Effective mass approximation (EMA)
calculations for particles with a 3.6 nm ZnSe core and a 2.0 nm (7 ML) CdS shell give a wavefunc-
tion overlap of 0.92 for the 1S.-2S;, exciton, compared to 0.28 for the 1S.-1S; ground state (see

Fig. 4D).

Growth of an Additional ZnS Shell

The shell synthesis can be extended to enable deposition of a second shell of ZnS onto type-
IT particles, which acts as a protective layer and isolates the excitons from surface traps. The
method works for both the ZnSe/CdS particles discussed above and the inverse type-1I config-
uration CdS/ZnSe, which has been published by Ivanov et al.!! The PL QY of the latter NCs
improves strongly when they are annealed overnight at 160 °C after synthesis, although this causes
them to acquire a triangular shape, making determination of a precise shell thickness difficult (see
supporting information, Fig. S5).

As previously described for CdSe/CdS/ZnS,?! the optimal temperature for ZnS growth lies
below that for CdS. At 270°C the additional ZnS shell increased the PL QY of ZnSe/CdS NCs
from 27 to 75 %, and of CdS/ZnSe NCs from 9 to 41 %. While CdS/ZnSe particles degraded at
reaction temperatures of 280°C and above (see supporting information, Fig. S6), ZnSe/CdS/ZnS

particles were successfully made at 310°C, albeit with a significantly decreased PL QY (4 %).
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Figure 5: (A) Shift of the PL maximum during successive growth of CdS (white background) and
ZnS (grey background) onto ZnSe particles of 3.3 nm diameter at 310°C. The reaction time is
reset to 0 at the beginning of ZnS deposition. (B) Normalized absorption and PL spectra of the
above particles. Spectra of the cores (black) and completed core/shell and core/shell/shell particles
are shown. (C) PL decay curves of the above particles during ZnS growth. (D) Absorption and
PL spectra of the same reaction performed at 270°C. (E) Absorption and PL spectra of CdS,
CdS/ZnSe, and CdS/ZnSe/ZnS particles with the ZnS shell grown at 270°C.
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ZnSe/CdS/ZnS particles appear spherical and monodisperse (see supporting information, Fig. S7)
and exhibit comparable TA spectra to the ZnSe/CdS particles described above (see supporting
information, Fig. S10). During ZnS deposition the PL spectrum blue-shifts by 21.8 nm, which
amounts to a 15 % reversal of the red-shift induced by the growth of the CdS shell. During the blue-
shift a sharp decrease of the PL lifetime from (7) =27.5 ns down to (7) = 15.6 ns after 60 min and
(1) = 3.9 ns after 120 min was observed at 310°C (Fig. SA-C). This confirms that our postulated

alloying model?!

applies to a wide range of II-VI semiconductors. Diffusion of ions between the
shell materials causes the formation of a gradual increase of the band potential well within the
inner shell. The electron wavefunction is thus more strongly confined to the inner particle. While
for long reaction times the decreased lifetime can be attributed to new, non-radiative relaxation
channels that cause the drop in PL QY, it is likely that an increased overlap of electron and hole
contributes to the faster relaxation, pushing the electronic structure back towards the quasi-type-11

regime. In accordance with the conclusions for ZnSe/CdS the ion diffusion is reduced at 270°C,

causing a smaller blue-shift of 12 nm for ZnSe/CdS/ZnS, and 8 nm for CdS/ZnSe/ZnS (Fig. SD-E).

CONCLUSIONS

In summary, we have shown a simple and versatile route to highly emissive ZnSe/CdS Type-1I
core/shell quantum dots that extends high temperature, alkanethiol-based shell deposition synthe-
sis from CdSe/CdS/ZnS to other II-VI semiconductors. Based on spectroscopic observations, there
is extensive, temperature-dependent interfacial alloying between the core and shell materials. Al-
loying can be used to tune the electronic structure of Type-II particles by controlling the charge
carrier overlap in the interfacial diffusion layer. Shelling temperature, precursor addition rate, ini-
tial core particle size, and final shell thickness all determine the final electronic band structure
and photo physical properties of the resultant core-shell nanocrystals. A reaction temperature of
290-300°C yields the highest PL QY's and smallest Stokes shifts for 3.7 nm cores. The particles

show stimulated emission at room temperature in closely packed samples for low pump fluences
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of 4.5 mJ/cm? and above. An additional layer of ZnS can be grown on both ZnSe/CdS and the

inverse structure CdS/ZnSe in order to significantly improve the luminescence efficiency.

Associated Content

Supporting Information Available

TEM analysis, UV/vis spectra and PL decay curves for different shelling temperatures, TA spectra
for ZnSe/CdS/ZnS particles. This material is available free of charge via the Internet at http:

//pubs.acs.org/.
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