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We used photoluminescence spectroscopy to resolve two emission features in CdSe/CdMnS/CdS
and CdSe/CdS core/multi-shell nanoplatelet heterostructures. The photoluminescence from the
magnetic sample has a positive circular polarization with a maximum centered at the position of
the lower energy feature. The higher energy feature has a corresponding signature in the absorption
spectrum; this is not the case for the low-energy feature. We have also studied the temporal evolu-
tion of these features using a pulsed-excitation/time-resolved photoluminescence technique to
investigate their corresponding recombination channels. A model was used to analyze the temporal
dynamics of the photoluminescence which yielded two distinct timescales associated with these
recombination channels. The above results indicate that the low-energy feature is associated with
recombination of electrons with holes localized at the core/shell interfaces; the high-energy feature,
on the other hand, is excitonic in nature with the holes confined within the CdSe cores. Published

by AIP Publishing. [http://dx.doi.org/10.1063/1.4953840]

Recently, colloidal semiconductor nanoplatelets (NPL)
have attracted considerable attention.'™ These are quasi two-
dimensional structures grown using relatively inexpensive
solution-based synthesis methods, which have a significant
cost advantage when compared to molecular beam epitaxy
(MBE) and chemical vapor deposition (CVD) growth techni-
ques. In addition, nanoplatelets also offer the following advan-
tages: (a) a tunable emission spectrum, which is narrower than
that of colloidal quantum dots (cQDs)”* and (b) an enhanced
absorption cross-section.'’

Our previous study of CdSe/CdMnS/CdS core/multi-shell
nanoplatelets has shown that the interband emission acquires
a net circular polarization of ¢, (left circular polarization,
LCP) in the presence of an externally applied magnetic
field.” This has been attributed to the exchange interaction
between the carrier spins and those of the Mn ions.!! In contrast,
the non-magnetic (CdSe/CdS) core/multi-shell structures exhibit
o_ (right circular polarization, RCP) net circular polarization
when an external magnetic field is applied.” The photolumines-
cence (PL) spectrum is asymmetric and contains two distinct
spectral features. This asymmetry has been previously observed
in CdSe/CdZnS and CdSe/CdS nanoplatelets.'® In this paper,
we systematically study and discuss these spectral features as
well as their temporal evolution and individual circular polariza-
tions. Based on these results, a model for the recombination
channels associated with each feature is also proposed.

Here, we present data from two sets of nanoplatelet het-
erostructures: (a) a magnetic sample, which is comprised
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of a CdSe core (5 monolayer (ML) in vertical thickness) sur-
rounded by a Cdy 9gsMng 15S shell (1 ML on every side) and
finally an additional CdS shell (1 ML) and (b) a non-
magnetic sample, which is comprised of the same CdSe core
(5 ML) surrounded by only a CdS shell (1 ML) with no Mn
doping. In these samples, one monolayer is approximately
0.3 nm thick, and the lateral core dimensions are 55 = 6 nm
x 10 = 2 nm; the values for these dimensions were obtained
using TEM.” Further details regarding these samples have
been described by Delikanli ef al. where the magnetic (non-
magnetic) sample corresponds to sample 1 (3).”

The PL measurements were carried out by placing the sam-
ples in a variable-temperature, optical magnet cryostat. The
magnetic field was applied along the direction perpendicular to
the sample substrate, hereby referred to as the z-axis. The sam-
ples were excited using the linearly polarized 514.5 nm output
of an argon-ion laser. The experiment was performed in the
Faraday geometry in which the direction of the emitted light
propagation is parallel to the applied magnetic field. The combi-
nation of a quarter-wave plate and a linear polarizer was placed
in appropriate configurations before the spectrometer entrance
slits to separate the LCP (o) from the RCP (¢_) components of
the emission. The PL was spectrally analyzed by a single mono-
chromator equipped with a charged coupled device (CCD). The
time-resolved photoluminescence (trPL) was excited using a
pulsed laser system with a repetition rate of 250 kHz and a pulse
duration of <200 fs with a pulse energy density of 10 uJ/cm’.
The pulsed excitation was generated using an optical parametric
amplifier tuned to 514nm. The trPL was spectrally resolved
using a monochromator and temporally analyzed by a streak
camera with a temporal resolution of 60 ps.

Published by AIP Publishing.
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FIG. 1. PL spectra from the magnetic (a), (b) and non-magnetic (c), (d) samples using an excitation wavelength of 514 nm at a temperature of 7 K. The red (black)
points indicate ¢, (¢_) circularly polarized PL components. The cyan line is the calculated circular polarization. In the upper panels (a), (c), the applied magnetic
field is O T and in the lower panels (b), (d) it is 7 T. The green and blue lines in panels (a) and (c) are the result of a fitting that uses two Gaussian functions to the

asymmetric PL spectra.

In Figures 1(a) and 1(b), we show the PL spectra from
the magnetic sample at B=0T and B="7T, panels (c) and
(d) depict those under the same conditions for the
non-magnetic sample. The PL is analyzed as ¢ (red) and ¢_
(black). Also plotted is the degree of circular polarization P
(cyan line) defined as (I, — I.)/(I. +1_), where I (I_) is the
intensity of the ¢, (¢_) PL component. The PL has an asym-
metric shape for both samples and can be fit by the sum of
two Gaussian functions with peaks at approximately 1.99
and 2.04 eV for the magnetic sample and 2.01 and 2.03eV
for the non-magnetic sample. These Gaussian functions are
indicated by the green and blue lines marked (i) and (ii),
respectively. The energy-polarization plot in panel (b) shows
that the circular polarization has a maximum approximately
coincident with feature (i). This strongly indicates that the
recombination process associated with feature (i) involves
carriers in the vicinity of Mn ions at the core/shell interfaces
of the magnetic sample. The fact that the hole-Mn exchange
interaction is several times stronger than the electron-Mn
interaction'' suggests that the localized carriers must be
holes. The PL from the non-magnetic sample has a negative
circular polarization in the presence of an applied magnetic
field and exhibits no peak corresponding to either feature.

A superposition of the zero-field transmission and PL
spectra is shown in Figure 2 for the magnetic sample. The
strong absorption feature marked (ii) corresponds to PL fea-
ture (ii) shown in blue. In contrast, PL feature (i) in green
does not have a corresponding absorption feature. Based on
these results, we conclude that feature (ii) is excitonic, while
feature (i) is not."? Absorption feature (iii) in Figure 2 has
been attributed to interband transitions associated with light
holes.” Similar results have been observed for the non-
magnetic sample. In the inset of Fig. 2, we plot the intensity
ratio [;;/I; of the PL features (ii) and (i), as a function of tem-
perature for the magnetic sample. This ratio increases with

increasing temperature, suggesting that recombination chan-
nel (i) involves holes that are localized and as the tempera-
ture increases, a smaller fraction of the photo-excited holes
remains localized. The plot has two distinct regions: a low
temperature region where 7T is between 10K and 90K and a
high temperature region where 7T is between 90 K and 200 K.
While the ratio is increasing, it does not significantly vary in
the low-temperature range; however, in the high-temperature
range, we observe a sharp monotonic increase. From the data
of the inset, we can extract localization energies from each
region using the relationship In(/;;/I;) = —AE/kgT.

A plot of In(Z;;/I;) versus 1/T is shown in Figure 3. The
fit of the data in the low-temperature region has a very small
slope, corresponding to a near-zero localization energy of
0.043 meV which suggests the presence of a band shown in
the inset of Figure 3 in light blue. A possible origin of this
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FIG. 2. Comparison of the zero-field PL (grey) and transmission spectra
(magenta) for the magnetic sample. The blue (green) line is the result of a
Gaussian fit to the high (low) energy component. The feature identified as
(iii) is identified as a transition involving light holes. The inset shows the
evolution of the ratio I;;/I; as a function of temperature.
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FIG. 3. The value of In(I;;/;) is plotted versus 1/T; here, I; and I;; represent
the fitted PL peak intensities. Two temperature regions are identified, and
linear fits to the high (low) temperature data are indicated by the cyan (ma-
genta) dashed line. The inset is a diagram of the recombination scheme of
our core/multi-shell nanoplatelet heterostructures. The vertical axis repre-
sents energy and the horizontal axis, the position along the z (vertical)
dimension. The separation between light grey lines indicates the thickness
of single monolayers. The two proposed recombination channels are indi-
cated by the green and blue arrows marked (i) and (ii) and correspond to the
PL features identified in Figure 1.

band is the localized state energy-variation in the xy-plane of
the nanoplatelet. In contrast, the high temperature region
yields a localization energy of 4.2meV. For this high-
temperature region, thermal energy is now sufficient to
delocalize holes from the interface defect state band to the
bottom of the lowest heavy hole confinement state allowing
recombination via channel (ii).

To determine the origin of the two PL features, we stud-
ied the recombination dynamics in our samples using trPL
spectroscopy. For each time slice (67 = 10ps), the spectrum
is fit to a Gaussian function; examples of the time slices are
given as insets in panels (a) and (b) of figure 4. for the mag-
netic and non-magnetic samples, respectively. In these
insets, the vertical axis represents the normalized PL inten-
sity and the horizontal energy. The spectra shown as insets
correspond to time delays of Ons (blue points) and 3.5ns
(green points). We note that these time slices do not exhibit
the same degree of asymmetry as the PL spectra. A rate
equation-based model that was developed to describe the PL
dynamics is given in the supplementary information.'* The
results of this analysis are summarized in Figures 4(a) and
4(b) for the magnetic (non-magnetic) sample as follows: cal-
culated intensity of the PL feature (i) using dotted green
lines; calculated intensity of the PL feature (ii) using dashed
blue lines; calculated integrated PL intensity using red lines
(sum of green and blue data); and the experimental PL inten-
sity integrated over all wavelengths using black points. The
lifetimes extracted from the rate equations, 7 and 74 (values
summarized in the supplementary material) are discussed in
terms of the following model."*
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FIG. 4. The temporal evolution of the PL intensity from the magnetic sample
is shown in panel (a) and that of the non-magnetic sample is shown in panel
(b) using black points. The calculated intensities of features (i) and (ii) are
shown using dotted green and dashed blue lines, respectively. The sum of
these intensities is indicated by the red lines. The data of the insets represent
time slices of the trPL spectra at At=0ns (blue points) and at At=3.5ns
(green points). These inset spectra have been normalized and dark count-
corrected so as to have the same peak intensity, and the green numbers indi-
cate the magnification factor for the spectra at At=3.5ns.

In this section, we discuss a proposed model that
can explain our experimental observations. In the inset of
Figure 3, we show a diagram of the recombination scheme
for our samples. We attribute the PL features, (i) and (ii) to
the corresponding interband transitions under the same label
shown in the figure. Transition (ii) is excitonic in nature as
indicated by the transmission spectra shown in Figure 2.
Transition (i), on the other hand, does not have a signature in
the absorption spectrum; in addition, for the magnetic sam-
ple, it is associated with a large degree of circular polariza-
tion in the presence of an applied magnetic field, indicating
the participation of carriers in the vicinity of Mn ions which
are located at the core/shell interfaces. Therefore, we attrib-
ute this feature to recombination of electrons with holes
localized at defect states on the core/shell interfaces. This is
shown by the P versus E plot for the magnetic sample shown
in Figure 1(b) (cyan line) where the maximum of P (11%)
occurs at the peak energy of feature (i); the circular polariza-
tion at the peak energy of feature (ii) on the other hand
is only 4%. This evidence allows us to identify the position
of the localized states involved in transition (i) at the core/
shell interface using the hole-magnetic ion interaction as a
marker.

The fast and slow timescales (t; and 7,) obtained from
the rate equation model are identified as closely related to
the corresponding recombination times for channels (ii) and
(i), respectively. The relaxation of holes to the defect states
at the core/shell interface occurs much faster than either of
these timescales.'>'® The short time scale, 7, on the order
of hundreds of picoseconds, is compatible with measure-
ments of the lifetime from CdSe core-only nanoplatelets.'’
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According to Tessier ef al., measurements of core-crown
CdSe/CdS NPLs exhibited a dramatic increase in the fluores-
cence lifetime when a CdS crown was grown (lateral exten-
sion).12 This is in accordance with our observation of
recombination involving holes localized in defect states at
the core/shell interfaces (feature (i)). The stronger hole local-
ization in our samples leads to a decreased electron-hole
wave function overlap and thus a decreased oscillator
strength and an increased lifetime.'”~%°

We have studied spectral characteristics of the two fea-
tures of the emission spectra from both magnetic and non-
magnetic core/multi-shell nanoplatelet heterostructures.
While the high-energy feature has a strong absorption signa-
ture, the low-energy feature has no associated absorption. In
the presence of a magnetic field, the non-magnetic nanopla-
telets have a spectrally featureless, negative PL circular
polarization. In contrast, the positive PL circular polarization
exhibited by the magnetic sample is centered on the low-
energy PL feature. The PL circular polarization from the
magnetic sample is an indication of hole-Mn interaction and
is used as a marker that determines the location of the hole
states participating in recombination channel (i). The trPL
spectra from both samples do not exhibit the pronounced
asymmetry observed in the time-integrated spectra. A rate
equation-based model is proposed which shows that the
lower energy process (i) is significantly slower than the
higher energy process (ii). This approach will be useful for
the analysis of optical measurements in related colloidal
nanoplatelets in the future.
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