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ABSTRACT Using time-resolved photoluminescence spectroscopy, we analyze single and multiexciton

emission energies and decay dynamics of CdS/ZnSe core/shell nanocrystals (NCs). The NCs exhibit a characteristic

type-ll band alignment that leads to spatially separated charges; this effect is at the origin of long radiative exciton

lifetimes, repulsive biexciton interaction energies, and reduced Auger recombination efficiencies. We determine

these properties as a function of ZnSe shell thickness and find that the exciton emission energies and the decay

times depend little on this parameter. In contrast, the spectral and dynamic properties of biexcitons vary strongly

with the shell thickness. The considerable shell dependence of the biexciton decay lets us conclude that the

associated Auger process involves the excitation of holes localized in the ZnSe shell. In NCs with thick shells, the

large blue shift of the biexciton emission energy is mainly caused by Coulomb repulsion between electrons

localized in the CdS core. The different sensitivity of exciton and multiexciton characteristics on the ZnSe shell

thickness provides a unique opportunity to tune them independently.
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omposition-, shape- and size-

tunable semiconductor nanocryst-

als (NCs) provide ideal systems to
study charge carrier interactions in nano-
scale structures with designed electron and
hole wave functions. Strong quantum con-
finement in NCs leads to size-tunable emis-
sion and absorption properties,’ large exci-
ton interaction energies,®”* and enhanced
multiexciton processes, including ultrafast
Auger recombination® and Auger heating.®
Whereas in conventional type-I NCs elec-
tron and hole wave functions are confined
within the same spatial location, it has been
shown recently that the composition of
core/shell NCs can be designed such that
the band alignment at the core/shell inter-
face is opposite for electrons and holes.” "'
Consequently, in these type-Il NCs, elec-
tron and hole wave functions are spatially
separated, affecting dramatically such prop-
erties as emission wavelengths,”'° radia-
tive lifetimes," ~'® and optical gain. The lat-
ter can occur with single excitons in type-Il
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NCs,"®" in contrast to type-I NCs, in which
optical gain requires the excitation of mul-
tiple excitons.'®

In this report, we discuss the dynamic
and spectral properties of excitons and
biexcitons in type-Il NCs, and we show how
they depend on the shell thickness of the
heterostructured NCs. In the single exciton
regime, we demonstrate that the emission
is substantially red-shifted and the radiative
recombination process slowed down upon
encapsulating the CdS core with a ZnSe
shell and creating a spatial separation be-
tween electron and hole wave functions.
Longer exciton lifetimes are desirable for
photovoltaic applications, in which the
charge separation process competes with
exciton recombination. While the presence
of the ZnSe shell modifies substantially the
exciton properties, its specific thickness af-
fects them minimally. In contrast, the spec-
tral and dynamic properties of biexcitons
that we observe at high excitation densi-
ties depend significantly on the shell thick-
ness. The repulsive biexciton energy shift,
which is at the origin of the single exciton
lasing capabilities,"®'” is more pronounced
for larger electron—hole separations in NCs
with thick shells because Coulomb attrac-
tion between opposite charges is reduced
and Coulomb repulsion between electrons
in the core start dominating. The ZnSe shell
thickness has an even more dramatic effect
on the decay of biexcitons that is governed
by nonradiative Auger recombination. This
dependence that leads to very long Auger
lifetimes up to 1 ns in NCs with thick shells
lets us conclude that the Auger process in-
volves the excitation of a hole in the ZnSe
shell. Our experimental results from type-I|
NCs with varying shell thicknesses demon-
strate the freedom to tune the spectral and
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dynamic properties of biexcitons without affecting exci-
ton properties substantially.

RESULTS AND DISCUSSION

For our studies we synthesized colloidal core/shell
CdS/ZnSe nanocrystals with type-ll conduction and va-
lence band alignments at the core/shell interface that
results in spatially separated excited electrons and holes
(Figure 1a)."® We produced a series of 7 type-Il NC
samples with an identical CdS core of 1.9 nm radius (de-
termined from the 425 nm emission peak) and with
varying shell thicknesses that resulted in emission
wavelengths between 537 and 561 nm (see Figure 1b).
As a result of weakened quantum confinement, a
thicker shell corresponds to a longer emission wave-
length. We have shown previously that emission at
shorter and longer wavelengths can be obtained with
smaller and larger CdS core sizes, respectively.'® The
large spectral shift between emission energies of the
core and the core/shell NCs is a clear indication of
the designed type-Il band alignment. We then used
time-resolved photoluminescence (PL) spectroscopy to
measure exciton and biexciton energies and dynamics
in these type-Il NCs. The samples were excited at ~400
nm with femtosecond-scale laser pulses, and the emis-
sion was spectrally and temporally resolved. The em-
ployed time-correlated single photon counting system
provided a time resolution of ~70 ps that was sufficient
to study the dynamics of excitons and biexcitons in
type-Il NCs, as will be shown below.

Single Exciton Regime. At low excitation densities, the
NC emission is characterized by its wavelength and ra-
diative lifetime that are relevant to many applications,
including light emitting and harvesting devices. As
shown in Figure 1b, the emission wavelength increases
with increasing ZnSe shell thickness that is primarily a
result of the weakened hole confinement (Figure 1a).
However, this energy shift is comparably small, since
the confinement energy is rather small for holes with a
large effective mass. In contrast, large wavelength tun-
ing can be obtained by varying the CdS core size that
modifies the larger confinement energy of the lighter
electrons.’®

To study radiative lifetimes in type-Il NCs, we ex-
cited the NCs with ~10 p.J/cm? pulses. Since variations
in the pump fluence did not change the PL dynamics or
spectra, we conclude that the applied excitation den-
sity generates predominantly single excitons in the NCs.
In Figure 2a we show the PL decay dynamics of the
NCs with the thinnest and thickest ZnSe shells recorded
at the peak emission wavelength of each sample. A
clear difference between the two is apparent, with a
faster PL decay for the thin-shell NCs. The NCs have a
rather high quantum yield of 30—35%, and spectrally
resolved PL dynamics indicate that energy transfer due
to potential NC agglomeration is negligible in most
samples.?® As concluded previously,?' the dynamics at
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Figure 1. (a) Schematics of the conduction and valence band alignments in
CdS/ZnSe type-Il NCs that lead to spatially separated excited electrons and
holes. (b) Emission spectra of CdS core and CdS/ZnSe core/shell NCs that
have the same core but different shell thicknesses.

short time delay is dominated by NCs with nonradia-
tive decay channels that give rise to the nonideal quan-
tum yield, while the decay at long time delays is domi-
nated by radiative recombination of NCs with ideal
emission efficiencies. Therefore, we determine the ra-
diative lifetime from a fit with a stretched exponential
function, PLoe *", to the PL decay dynamics between
10 and 100 ns. The radiative lifetime is then the first mo-
ment of this function: (t) = T'(3~")/kB, where, T'(x) is
the gamma function. We chose to fit the PL dynamics
with a stretched rather than a single exponential func-
tion because sample inhomogeneities cause a distribu-
tion of decay times. In Figure 2b we plot the radiative
lifetimes obtained from different samples as a function
of their peak emission wavelengths. NCs with the thin-
nest shell (shortest emission wavelength) exhibit a ra-
diative lifetime of ~23 ns that is close to the 19 ns of the
CdS core NCs.?? The increase in ZnSe shell thickness
leads to an increase of the radiative lifetime up to

~45 ns.

This result can be well rationalized by considering
that the radiative lifetime is inversely proportional to
the overlap integral defined as ©® = [(y"[U)]?, between
the electron and hole wave functions ¢ and ",
respectively.'>”'® In type-Il core/shell NCs, the
electron—hole separation increases with the shell thick-
ness,”® and as such, the overlap integral becomes
smaller and the radiative lifetime increases, which is
consistent with our measurements. If we associate the
radiative lifetime of the CdS core with a spatial overlap
of 1, we can deduce the spatial overlap integral for
the type-Il NCs from the radiative lifetimes: ® =
Tcds/Tcds/znse- We determined Tcys of appreciable quan-
tum yield (5—10%) CdS NCs by applying the same pro-
cedure as presented here,? namely by analyzing the
long time PL decay that is dominated by radiative re-
combination even if the NC's quantum yield is nonide-
al.2" Figure 2b indicates that the overlap integral is re-
duced to less than 50% but remains finite even for
relatively thick shells and does not vanish as predicted
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Figure 2. Single exciton regime: (a) Normalized PL decay dynamics of type-ll NCs with a thin and thick (gray and black lines
and emission wavelengths of 537 and 560 nm, respectively) shell. The excitation density is ~10 pJ/cm? (b) Spectral overlap
(gray circles) calculated from radiative lifetimes (black squares) that are obtained from PL decay dynamics as a function of ex-

citon emission wavelength.

by theoretical calculations.?® This can be explained by
Coulomb attraction between the electron in the core
and the hole in the shell that keeps the hole in the vi-
cinity of the core even for increasingly thick shells. Such
Coulomb interactions were neglected in the calcula-
tions of the electron and hole wave functions, ex-
plaining the quantitative differences with our measure-
ments. Despite the difference in absolute values,
experimental and theoretical trends are in agreement
qualitatively.

Biexciton Regime. In recent years, many studies have
shown that multiple excitons interact much stronger
in NCs than in their bulk counterparts, giving rise to
such phenomena as ultrafast nonradiative Auger re-
combination,® delayed carrier cooling,® and large spec-
tral shifts.2~* Here, we are interested in the spectral and
dynamic properties of biexcitons when varying the
shell thickness of type-Il NCs, and how these proper-
ties compare with type-I NCs. It has been shown be-
fore that biexcitons in type-I NCs display a characteris-
tic red shift in their emission spectrum that is caused by
Coulomb attraction between the excitons. The biexci-
ton binding energy becomes larger for smaller NCs due
to enhanced Coulomb interactions in smaller volumes.
However, for very small NCs, the binding energy is
again reduced.? The dynamics of biexcitons in NCs is
dominated by nonradiative Auger recombination. In
this process an electron—hole pair recombines by excit-
ing an additional electron or hole to a higher energy
level (without emitting a photon). Auger recombina-
tion occurs in the tens of picosecond range in type-I
NCs, and its rate is inversely proportional to the NC
volume.®

To study the dynamics and interaction energies of
biexcitons in type-ll CdS/ZnSe NCs, we increased the
pump fluence of the excitation pulse and analyzed the
PL dynamics. In Figure 3a, we show the PL decays ob-
tained with different excitation densities in the range
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50—750 pJ/cm? from type-Il NCs with exciton emission
wavelength of 546 nm. At high excitation densities, the
time-resolved PL displays a pronounced fast decay
that is negligible at low excitation levels. This acceler-
ated decay in NC emission has previously been associ-
ated with efficient nonradiative Auger recombination of
multiexcitons.? In Figure 3b, we compare the ampli-
tude of the fast-decaying component with the PL inten-
sity at long time delays, At = 5 ns, as a function of exci-
tation density. The latter increases linearly and then
saturates, while the fast amplitude displays an initial
quadratic intensity dependence followed by a slight
saturation behavior. These very different intensity de-
pendencies indicate that the PL intensity at long time
delays is due to exciton recombination, while the fast
initial component is caused by biexciton emission.?
From the saturation behavior of the exciton emission,
we can deduce the absorption cross-section ¢ of the
NCs. Since all multiexcitons eventually decay into single
excitons, the PL at long time delays is proportional to
the probability that a NC has been excited that is 1 —
Po. Py is the probability that a NC is not excited and
given by Poisson statistics, Py = e/, in which / and
fiw are the intensity and the photon energy of the exci-
tation pulse, respectively. Hence, by fitting the inten-
sity dependence of the exciton emission to a function
proportional to 1 — Py, we obtain absorption cross-
sections for the type-ll CdS/ZnSe core/shell NCs in the
range of 0.8—1.8 X 107'> cm? (Figure 3c). Knowing the
absorption cross-section we can determine the average
exciton number per NC, (N) = al/ho. For the measure-
ments in Figure 3a, (N) varies in the range of 0.14—2.1,
confirming that the intensity dependent PL traces indi-
cate the transition between single and biexciton
regime.

Characteristic for the Auger recombination process
of biexcitons is their decay rate, I'yy, that we deduce
from the fast decaying PL signal at high excitation den-
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Figure 3. Dynamic properties in the multiexciton regime: (a) PL decay dynamics at varying excitation densities between 50

and 750 pJ/cm? The excitation density is roughly doubled between each measurement. (b) Excitation density dependence
of the initial fast decaying component (squares) and the PL amplitude at ~5 ns (crosses) fitted with the saturation function
(solid line). Linear and quadratic power dependencies are indicated as dashed and dotted lines, respectively. (c) Absorption
cross-sections obtained from saturation curves. (d) Biexciton decay rate as a function of exciton emission wavelength.

sities (Figure 3d). We take into account a small short-
lived component caused by charge trapping that is
present in PL decays even at low excitation levels. We
find that I'yx decreases with increasing exciton wave-
length and, thereby, with increasing shell thickness. I'yy
is in the 1—10 ns™ ! range, significantly slower than in
conventional type-1 NCs.>” It is noteworthy that novel
type-I NCs with softened confinement potentials have
shown strongly weakened Auger processes.?* The Au-
ger recombination process can be viewed as a two step
process consisting of exciton recombination and en-
ergy transfer to the remaining electron or hole."" The
first process is described by the radiative decay time
and slows down with increasing shell thickness, as a
consequence of the reduced spatial overlap (Figure 2b).
This effect is rather weak and cannot account for the to-
tal variation of I'xx. The second, energy transfer step ac-
counts for the volume dependence of the Auger rate in
type-l NCs*” and must be the major factor that leads
to the strong shell thickness dependence of I'xy. Since
in CdS/ZnSe NCs the shell thickness mainly affects the
hole wave function, we conclude that in the Auger pro-
cess, the exciton recombination energy is transferred
to the hole.

www.acsnano.org

The interaction between multiple excitons affects
not only their lifetimes but also causes a spectral shift
of their emission energy. We show here that the energy
shift associated with biexciton emission in type-Il NCs
differs strongly from that of type-l NCs. In Figure 4a, we
compare the PL spectra at high excitation density ((N)
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Figure 4. Spectral properties in the multiexciton regime: (a) Normalized
time-resolved spectra at At = 0 and 2 ns (filled circles and squares, re-
spectively) obtained with 200 pJ/cm? excitation pulses. For comparison
we show the At = 0 ps spectra obtained with 25 pJ/cm? pulses (gray
shaded area). (b) Biexciton energy shift Ay as a function of exciton emis-
sion wavelength.
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= 0.7) with the time delays At = 0 ps and 2 ns and at
low excitation density ((N)= 0.1) with At = 0 ps. Here,
the zero time delay refers to the moment when the PL
signal at the single exciton wavelength is fully devel-
oped after laser excitation. Within the ps scale time
resolution of our setup, excitons and multiexcitons that
are excited with an excess energy of ~0.8 eV are mostly
relaxed to their ground state.?® Figure 4a shows that
the PL spectrum at At = 2 ns obtained at high excita-
tion density overlaps with the low excitation density PL
spectrum and, therefore, can be assigned to single exci-
ton emission. In contrast, the high excitation density
PL spectrum at At = 0 ps is broadened toward shorter
wavelengths. Applying Poisson statistics with an aver-
age exciton number (N)= 0.7, we determine the per-
centage of NCs with no excitation, single excitons, biex-
citons, and higher multiexcitons to be 50, 35, 12, and
3%, respectively. Hence, the PL spectra at At = 0 ps
must originate primarily from excitons and biexcitons.
The biexciton emission at short wavelengths decays
quickly, as we have seen above, resulting in single exci-
ton emission at long time delays. Such spectral proper-
ties are consistent with time-resolved emission mea-
surements of type-1 NCs.® The main and distinct
difference is that in type-Il NCs the biexciton emission
is blue-shifted toward higher photon energies, while in
type-l NCs the biexcitonic emission is red-shifted with
respect to the single exciton emission. The appearance
of biexciton emission at shorter wavelengths than the
single exciton emission is crucial for enabling optical
gain in type-ll NCs with single excitons.'®

In order to quantify the energy shift between exci-
tons and biexcitons, we need to separate the two con-
tributions in the At = 0 ps PL spectra obtained at high
excitation densities. Biexciton spectra can be obtained
by subtracting the single exciton emission contribution
with a procedure described in ref 3 that takes into ac-
count the single exciton decay dynamics and the Pois-
son distribution of excitons and biexcitons in NCs. Ap-
plying such a procedure, the biexciton energy shift Ayy
is given by the difference in energy between the biexci-
ton and single exciton emission spectra. In Figure 4b,
Ayyx is shown as a function of exciton emission wave-
length and, as such, of ZnSe shell thickness. Because of
the spatially separated electrons and holes, Ay is posi-
tive and indicates Coulomb repulsion® in contrast to
the negative biexciton energy shift in type-I NCs that is
caused by attractive interactions. The Ayy increases up
to ~70 meV with increasing shell thickness, because
the electron—hole separation increases, and therefore,
attractive interactions between electrons and holes di-
minish and the positive interaction energy caused by
Coulomb repulsion of the two core electrons becomes
dominant. These results are consistent with theoretical
modeling based on first-order perturbation calcula-
tions.?* It is worth noting that the biexciton energy
shifts are significantly larger in CdS/ZnSe than in CdTe/
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CdSe NCs for similar dimensions."" CdTe/CdSe NCs
also exhibit a type-Il band alignment, but holes are lo-
calized in the core and electrons in the shell. Since holes
are less confined than electrons, Coulomb repulsion is
weaker in CdTe/CdSe NCs than in the CdS/ZnSe NCs
studied here.

For a simple, order of magnitude estimate of Ayy,
we consider the limiting case of a very thick shell, such
that the electron—hole and the hole—hole interactions
are negligible, and Ayy is dominated by the
electron—electron interaction, We « (er)”, in which r
is the electron—electron separation, and ¢ is the high-
frequency dielectric constant. Taking the radius of the
CdS core (1.9 nm) as an average value for the
electron—electron separation and using 5.3 for the
high-frequency dielectric constant of CdS, we obtain
Wee = 143 meV. It is noteworthy that such a simplified
theoretical approach that is based solely on electrostat-
ics of point charges provides the right order of magni-
tude for the measured Ay in type-Il NCs with thick ZnSe
shells. The difference between W and Ayy arises from
the neglected core—shell interface polarization and the
attractive electron—hole Coulomb interactions that
both reduce the biexciton energy shift.*

CONCLUSIONS

In this report we discussed the dynamic and spec-
tral properties of excitons and biexcitons in type-Il CdS/
ZnSe core/shell nanocrystals (NCs) with varying shell
thicknesses. We demonstrated that the biexcitons are
strongly affected by the shell thickness, while the single
exciton properties vary little. In the single exciton re-
gime, we showed that, with increase in the shell thick-
ness, the exciton emission red-shifts by 30 nm and that
the radiative lifetime and the spatial overlap between
electron and hole wave functions decrease by a factor
of 1.75. At higher excitation densities, short-lived biex-
citon emission was observed and determined to be
spectrally blue-shifted with respect to the single exci-
ton emission from the same system. Such a positive
biexciton energy shift can be well rationalized by Cou-
lomb repulsion between like charges in the core and
the shell components of the type-ll NCs. The lifetimes
of biexcitons are longer in type-Il than in type-I NCs and
amount to several hundreds of picoseconds, limited by
nonradiative Auger recombination. Our measurements
with CdS/ZnSe NCs indicate that the Auger process in-
volves the excitation of a hole in the ZnSe shell. Within
the studied range of shell thicknesses, the biexciton en-
ergy shift and the Auger recombination rate vary signifi-
cantly more than the exciton properties. Therefore, the
shell thickness is an ideal parameter to tune biexciton
properties almost independently from the single exci-
ton characteristics, which is important for the use of
these type-Il NCs in potential applications that include
solar cell or optical gain materials.
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EXPERIMENTAL DETAILS

CdS/ZnSe Nanocrystals Synthesis. We synthesized colloidal core/
shell CdS/ZnSe nanocrystals following previously published pro-
cedure.?® The growth of the CdS core was conducted according
to the modified procedure by Cao et al.,*’ in which a mixture of
Cd(AcO); - 2H,0, myristic acid, and a 0.1 M sulfur solution in
1-octadecene (ODE) was heated to 240 °C until the desired size
of CdS cores was achieved. After the core growth, special atten-
tion was devoted to remove any possible adsorbed byproduct
from the surface via several, 30 min-long ultrasonic treatments
of CdS cores in the presence of TOPO or pyridine excess. To over-
coat the CdS cores with ZnSe shells, 0.45 M Zn(AcO); solution in
tri-n-octylphosphine (TOP) and 1 M Se solution in TOP were
mixed together in pure TOP and added dropwise to the CdS NC
solution in an ODE/octadecylamine mixture at 220 °C. After the
deposition, the solution temperature was decreased to 120 °C,
and the NCs were annealed at that temperature for 8—10 h. In
the end, the CdS/ZnSe NCs were once precipitated with acetone
and redissolved in hexane. In the synthesis of these NCs, the
thorough purification of CdS cores and the relatively low ZnSe
overcoating temperatures were utilized to avoid alloying be-
tween the CdS core and the ZnSe shell and to preserve a step-
like alignment of electron and hole bands between core and
shell materials (Figure 1a). The final shape of the core/shell prod-
uct was not perfectly spherical but somewhat tetrahedral. All
measurements in this report were performed with dilute NC so-
lutions in 1 mm thick cuvettes (<10% absorption at the excita-
tion wavelength to avoid large excitation density variations
within the excited volume of NC solution).

Optical Experiments. For time-resolved PL measurements, the
samples were excited at ~400 nm with femtosecond-scale laser
pulses from the frequency-doubled output of a Ti:sapphire am-
plifier operating at a 250 kHz repetition rate. The power of the
excitation beam was varied with neutral density filters to access
different excitation density regimes. The NC PL was spectrally
dispersed in a monochromator, detected with a single photon
counting avalanche photodiode, and temporally resolved with
a time-correlated single photon counting system. Time-resolved
spectra were reconstructed from time-resolved PL decay meas-
urements that were recorded at different wavelengths.
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