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Abstract

Self-assembled Cd(Se,Te) quantum dots with various Se compositions embedded in ZnTe matrix
are grown by molecular beam epitaxy. A huge redshift of the near band edge emission, from
2.1eV to 1.5 eV, with an increasing Se content in the dots is observed. It is accompanied by an
increase of the excitonic lifetime by the factor of 10. We associate these effects to a gradual
change from the direct type I confinement character in CdTe/ZnTe quantum dots to the staggered
type II band alignment in the case of Cd(Se,Te)/ZnTe dots. This interpretation is consistent with
the micro-photoluminescence study of several individual quantum dots, which reveals a gradual
decrease of the biexciton-exciton energy difference with increasing content of Se in the dots
which leads ultimately to the change from binding to antibinding character of biexcitons. The
latter effect originates, most likely, from the increasing Coulomb repulsion between excitons
forming dipoles at the dot/barrier interface.

Semiconductor heterostructures can be classified either as type I or type II depending on the
relative alignment of conduction and valence band edges. In type I heterostructures electrons and
holes are localized in the semiconductor with the smaller energy gap. On the other hand, the
type I heterostructures are characterized by a staggered band alignment, which leads to the
spatial separation of electrons and holes at the interface, as shown in Figure 1a. Quantum dots
(QDs) with a staggered type II band alignment between the dot and barrier semiconductors
exhibit several important advantages compared to their thoroughly-studied type I counterparts.
First of all, their optical emission can be tuned in a quite broad spectral range due to variation of
band edge energies. In particular, one may access the spectral range which is not covered by the
energy gaps of semiconductors constituting heterojunctions'=. This property has enabled, for
instance, the applications of wide band gap semiconductors, such as ZnO/ZnSe, in photovoltaic
devices*®. Another important advantage resulting directly from the electron-hole spatial
separation is the suppression of non-radiative Auger recombination in type II core/shell QDs’™.
Thanks to this effect, the optical gain has been observed even in the low excitation single-exciton
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regime’, opening a path toward the applications of type II QDs in the field of lasing technologies.
This result is particularly interesting in the context of a recent report about the fabrication of high
performance light emitting diodes'® based on Se-containing type I core/shell QDs. On the other
hand, the quite small overlap of electron and hole wavefunctions typical for type II
heterostructures results in the reduction of the optical emission intensity and in long decays.
Therefore, controlling the latter effect might be crucial in view of potential application in
lightening devices.

In most reports concerning optical properties of type II QDs, either ensembles of colloidal
core/shell nanocrystals>!! or ensembles of self-assembled QDs built of III-V'>'* or II-VI'>!6
semiconductors grown by epitaxial methods were investigated. There is only a limited number of
publications about the emission from single type II nanostructures®!”'®, They concern, for
instance, the optical stability and blinking behavior of type II QDs’, as well as a bicolor emission
from single type II core/crown nanoplatelet heterostructures!’. Multiexcitonic complexes from a
single dot have been observed only in the case of Cd(Se,Te)/ZnSe QDs'® in which a rather small
carrier separation effect originates from alloy fluctuations inside the dots. Preforming single dot
spectroscopy on a single type II QD could be advantageous in the context of a recent publication
predicting a significant reduction of the excitonic fine structure splitting in the emission spectra '
which could lead to the creation of polarization entangled photon pairs. Moreover, the electron-
hole spatial separation in type II ZnTe/ZnSe QDs columns results in the presence of coherently
rotating states leading to the observation of Aharonov-Bohm oscillations in an external magnetic
field?*?!.

In this work, we demonstrate a well-controlled transition from type I to type II character of the
band alignment in Cd(Se,Te)/ZnTe QDs resulting from the increase of Se-concentration inside
the dots. This transition is accompanied by a huge redshift of the emission energy of about
600 meV and an increase of the excitonic lifetime by one order of magnitude resulting directly
from the electron-hole separation effect. Moreover, optical emission spectra from individual dots
reveal the presence of several multiexcitonic complexes. In particular, a gradual change from
binding to antibinding character of biexcitons with an increasing Se concentration is found to be
an additional important signature of the type I to type II confinement transition in QDs.

Self-assembled Cd(Se,Te)/ZnTe quantum dots (QDs) are grown in the molecular beam epitaxy
(MBE) system consisting of two growth chambers connected to each other through ultra-high
vacuum transfer chamber. The first growth chamber (EPI 620) is dedicated to the growth of
tellurium based semiconductors and contains Cd, Zn and Te effusion cells, whereas the second
chamber (from PREVAC) is equipped with Cd and Se effusion cells. All atomic fluxes are
characterized by the beam equivalent pressure (BEP) being of the order of 107 torr. The samples
are grown on a 4 pm thick CdTe buffer deposited on (100)-oriented GaAs substrate in a separate
process. After thermal treatment of CdTe/GaAs hybrid substrate the growth starts with a 1.5 um
thick ZnTe barrier layer deposited at 320°C. It is followed directly by the QDs-layer which
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consists of six monolayers, 2 CdTe full monolayers, 1 CdSe (submonolayer) and 3 CdTe
monolayers. The highest average Se concentration within the dots can be, therefore, estimated to
16.7%. One has to note, however, that in these considerations we neglect the effect of isovalent
substitution of Te atoms with Se, which may lead to the underestimation of this value.
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Figure 1 (a) Band edge alignment in type II (left) and type I (right) heterostructures; arrow —
optical transition (b) Photoluminescence from Cd(Se,Te)/ZnTe self-assembled quantum dots with
various Se concentrations. The spectrum with the maximum at 2.1 eV comes from pure
CdTe/ZnTe quantum dots. A considerable emission redshift is observed with increasing Se
content inside the dots. The QDs were excited by 473 nm laser line at 6 K.

Depending on a particular sample the coverage of the central CdSe — layer is governed by Se-
deposition time. To be more precise, the QDs layer starts with two CdTe monolayers grown by
alternating opening Cd and Te fluxes for 8 seconds at 280°C in the first growth chamber. Next,
the sample is moved to the second growth chamber through the ultra-high vacuum transfer
chamber for CdSe deposition. The substrate temperature in the second growth chamber is raised
up to 280°C and stabilized under Cd flux for 20 minutes. Then, Cd-flux is switched off and Se-
flux opened for a certain time period ranging from 10 s to 60 s depending on a particular sample.
Subsequently, the substrate temperature is decreased under Cd flux and the sample is moved back
to the first chamber. The substrate temperature of 280°C is stabilized again under Cd flux for 30
minutes and the consecutive 3 CdTe monolayers are deposited by the alternating opening of Cd
and Te fluxes for 8 seconds. The QDs formation process is induced by the Te covering method,
i.e., by covering the surface with crystalline Te layer at low substrate temperature and its thermal
desorption?>?3, This process is monitored by the Reflection High Energy Electron Diffraction
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(RHEED) which shows a distinct change from two dimensional to three dimensional character of
the surface typical for the formation of self-assembled QDs, which appears independently of the
coverage of the central CdSe-layer (Supplementary Material, Figure S1). The final step consists
of the deposition of a 60 nm thick ZnTe cap layer at 320°C.

Interestingly, when introducing more than one CdSe monolayer into 6 monolayers thick
CdTe/CdSe/CdTe layer the QDs-formation process does not take place. This is manifested by an
absence of the characteristic 2D-3D transition of the RHEED pattern (Supplementary Material)
and confirmed by the absence of single dot emission in microphotoluminescence spectra, as
discussed further in the text. The interpretation of this observation involves the reduction of the
lattice mismatch between the dot and barrier semiconductors which is the driving force inducing
the QDs formation process.

At this stage, it should be noted that the use of CdTe/CdSe/CdTe multilayer as a starting point for
the formation of QDs reduces also the probability of the creation of ZnSe interfacial layers which
has been observed at CdSe/ZnTe interfaces*.

Low temperature photoluminescence (PL) spectra are measured for all Cd(Se,Te)/ZnTe QDs with
various Se concentrations. For these measurements, the samples are placed in a closed cycle
helium cryostat at 6 K, and are excited with a 473 nm solid state laser. The signal is detected in a
303 mm monochromator (SR303i by Andor) equipped with a CCD camera. The results of these
measurements are presented in Figure 1b. Most importantly, a huge emission energy redshift
from 2.1eV to 1.5eV is observed as a result of increasing Se-concentration inside the dots.
Moreover, we demonstrate that the emission energy can be tuned continuously to any energy
within this spectral range by the variation of CdSe layer coverage controlled during the growth
process.

The interpretation of this result relies on a transition from type I to type II band alignment
induced by an increasing incorporation of Se into Cd(Se,Te) QDs embedded in ZnTe matrix. As
already well established, self-assembled CdTe/ZnTe QDs are characterized by type I confinement
which is manifested by relatively short exciton lifetimes of the order of hundreds of
picoseconds?. On the other hand, the valence band offset in this common anion semiconductor
system is quite small and is mostly caused by the strain and excitonic effects?®. This results, for
instance, in an efficient thermal escape of holes at elevated temperatures leading to thermally
induced quenching of the PL-intensity?”?3. Introduction of Se atoms into CdTe dots shifts both,
valence and conduction band edges, toward lower energies which leads to a transition from type I
to type II character of the confinement®, Figure 1a. Electrons are confined inside the dots and
holes are pushed outside of them. The larger Se concentration the larger electron-hole
wavefunction separation takes place. The extreme case of CdSe/ZnTe semiconductor system is
well-known for its type II staggered band alignment with the optical transition energy at 1.01 eV,
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i.e., well below the energy gaps of ZnTe and CdSe®’. However, self-assembled QDs cannot be
formed in this semiconductor system due to the small lattice mismatch.

At this stage, it should be discussed whether additional effects, such as QDs size variation and
strain conditions within the dots, could also contribute to the observed giant emission energy
shift. Atomic Force Miscroscope (AFM) studies performed on uncapped dots reveal that the
presence of Se inside the dots in concentrations typical for this study does not affect significantly
the QDs morphology (see Supplementary Material, Figure S2). Moreover, we find also that the
increase of the QDs layer thickness from five to eight monolayers in the case of pure CdTe/ZnTe
QDs does not change importantly the emission energy which appears always in the 2.1 eV - 2.2
eV spectral range. These two results indicate that the QDs size variation does not contribute
significantly to the observed redshift of the optical emission. On the other hand, the introduction
of Se into Cd(Se,Te)/ZnTe QDs leads to the decrease of the lattice mismatch between the dot and
the barrier semiconductor. The reduction of the strain within the dots is an important effect which
may contribute significantly to the emission energy in addition to the variation of band edge
energies. Finally, we find that the emission from the Cd(Se,Te)/ZnTe QDs with the highest Se
concentrations appears at energies lower than the bandgaps of CdTe (1.59 eV), CdSe (1.74 eV)
and ZnTe (2.39 eV), Figure 1b. The latter effect can be explained only by the type II staggered
band alignment.

——Cd(Se,Te)at 1.6 eV
——Cd(Se,Te)at 1.8 eV
——CdTeat2.1eV

normalized PL intensity (arb. units)
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Figure 2 Normalized time-resolved PL decays from CdTe/ZnTe and Cd(Se,Te)/ZnTe QDs with
a moderate and high Se concentration emitting at 2.1 eV, 1.8 eV and 1.6 eV, respectively. The
temperature of the measurement is 7 K and the excitation wavelength 400 nm; solid lines are fits
with biexponential functions (see text).

The type II confinement in Cd(Se,Te)/ZnTe QDs is directly evidenced based on the study of PL-
decays from the structures with various Se concentrations. A significant increase of the excitonic
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lifetime is expected in QDs with the staggered type Il band alignment due to decreasing electron-
hole overlap as compared to their type I counterparts. This is, in fact, what is observed in our
experiment. For time resolved PL (TRPL) measurements, the samples are excited by picosecond
laser pulses at 400 nm wavelength. The temporal pulse width of 128 ps for 5 MHz repetition rate
is used for TRPL measurements of bare CdTe/ZnTe QDs, whereas the temporal pulse width of
512 ps for 2 MHz repetition rate is used for Cd(Se,Te)/ZnTe QDs, where significantly longer
decays are observed. The signal is detected with a single-photon counting avalanche photodiode.

In Figure 2, normalized TRPL traces from bare CdTe and Cd(Se,Te) QDs with two different Se
concentrations: moderate emitting at 1.8 eV and relatively high emitting at 1.6 eV, are presented.
We observe that the decay times strongly depend on Se concentration inside the dots. The decay
time from pure CdTe/ZnTe QDs is almost at the limit of the temporal resolution of our setup
whereas it increases conspicuously for moderate and, even more, for high Se concentrations
inside of the dots. PL-transients for all studied samples are highly non-exponential and can be
fitted by biexponential decays. Different decay mechanisms are related, most likely, to the
presence of emission lines from single excitons and multiexcitonic complexes within the type II
QD ensemble. Following this interpretation, the long decay time corresponds to the
recombination of single excitons and amounts to 5.6 ns, 32 ns and 57 ns for CdTe and Cd(Se,Te)
QDs with moderate and high Se concentration, respectively. On the other hand, the fast
component of the PL-decays is associated to multiexcitonic complexes, which are characterized
typically by a relatively large number of decay channels’2. In the case of type Il
heterostructures, however, the multiexcitonic decay time may be additionally reduced due the
band bending resulting from the electron-hole pair accumulation at the interfaces***}. The short
decay times are found to be 0.8 ns, 4.9 ns and 8 ns in CdTe and Cd(Se,Te) QDs with moderate
and high Se concentration, respectively. Most importantly, we realize that the long and short
decay times increase both by the factor of about 10 as result of increasing Se concentration inside
Cd(Se,Te) QDs. The gradual increase of the PL lifetime with increasing Se content results
directly from carrier separation at the interface and strongly supports our interpretation in terms
of a type I to type II confinement transition in Cd(Se,Te)/ZnTe QDs.

In order to investigate the emission from individual QDs, a standard setup for micro-
photoluminescence (u-PL) is used. The laser beam with the wavelength of 473 nm is focused
onto ~3 um spot with a microscope objective, whereas the emitted light is collected by the same
objective and detected by a 500 mm-monochromator (SR-500i by Andor) equipped with a CCD
camera. For these measurements, the sample is placed again on a cold finger cryostat at 7 K. In
order to reduce the number of QDs excited simultaneously with the laser beam, 100 nm thick
gold layer with 300 nm - diameter apertures is deposited on the top of the samples®*.

First of all, we observe that the quite broad emissions from Cd(Se,Te)/ZnTe QDs split into
several sharp lines with the spectral width of the order of a few meV originating from individual
QDs. This effect takes place in all studied samples emitting in the spectral range from 2.1 eV to
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1.5 eV independently on the Se concentration inside of them. At this stage, it should be noted that
in the case of Cd(Se,Te)/ZnTe heterostructures where more than one CdSe monolayer is
introduced into the 6 monolayers thick CdTe/CdSe layer, emission lines from individual QDs
cannot be resolved, even in the samples with apertures. Therefore, we conclude that the QDs
formation process has not taken place in these heterostructures and that they should be regarded
as type II Cd(Se,Te)/ZnTe quantum wells. These samples are out of the scope of this report.
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Figure 3 a) Optical emission spectrum from an individual Cd(Se,Te)/ZnTe quantum dot at
various excitation powers ranging from 300 uW to 30 mW. The lines are ascribed either to single
exciton — X, charged exciton - CX and biexciton - XX emission (see text) b) The biexciton
binding energy defined as X - XX spectral distance versus the X emission energy plotted for
several individual quantum dots revealing a gradual change from binding to antibinding character
of biexcitons. Green points - Cd(Se,Te) QDs from several samples with various Se
concentrations, red circles — pure CdTe QDs, reproduced with permission from Physical Review
B 84, 165319 (2011), copyright 2011 American Physical Society®. The temperature of the
measurement is always 7 K, and the excitation performed with 473 nm laser line.



AlP

Publishing

In Figure 3a, a typical excitation fluence dependence of the emission spectrum from a single
Cd(Se,Te) QD is presented. This particular dot originates from the sample characterized by PL-
maximum at 1.6 eV. In the low excitation regime, the optical emission spectrum consists of only
one emission line at 1.593eV (Supplementary Material, S3). With an increasing excitation
fluence additional PL-lines appear consecutively at higher energies. The PL-intensity dependence
on the excitation fluence for all these lines are presented in the Supplementary Material, Figure
S3. The intensity of the peak at 1.593 eV increases almost linearly and saturates at relatively high
fluences, which is a typical behavior of the single exciton line, X. On the other hand, the emission
intensity of the line at 1.598 eV increases superlinearly with the exponent 2.0 which leads us to
associate it with biexciton emission, XX. The double peak at 1.596 eV, i.e., spectrally between X
and XX, is, most likely, related to singly charged excitons, CX. The emission intensities of PL-
lines appearing at relatively high energies, i.e., at 1.600 eV and 1.602 eV, increase quite fast with
the excitation fluence and are characterized by exponents equal to 2.1 and 2.5, respectively. They
can be associated, therefore, to multiexcitonic complexes involving even more charge carriers
such as charged biexcitons or triexcitons. It should be noted here, that the long carrier lifetimes in
type II heterostructures may facilitate the formation of multiexcitonic complexes in type II QDs.
Similar spectra are recorded for several individual QDs. In many cases, however, the emission
spectrum consists of X and XX emission lines only. CX line cannot be identified. Another
example of a single dot emission from a Cd(Se,Te) QD with a relatively small Se concentration is
demonstrated in the Supplementary Material, Figure S4.

Most importantly, multiexcitons in type II Cd(Se,Te)/ZnTe QDs appear always at higher energies
than single excitons. This finding is, in fact, opposite to the effect observed previously for type I
CdTe/ZnTe QDs®. In the case of the latter, multiexcitonic complexes have been found to be
always characterized by a lower energy compared to single excitons. In order to assess this effect
in a detailed manner, a systematic study of the emission from several individual Cd(Se,Te)/ZnTe
QDs with various Se concentrations from several samples emitting in the spectral range from
1.5eV up to 1.9 eV has been performed. In particular, we focus on the biexciton binding energy
defined as X-XX energy difference. We find that this quantity depends strongly on Se-
concentration in the dots, Figure 3b. In the case of pure CdTe/ZnTe QDs the biexciton binding
energy is always positive revealing a binding character of biexcitons. Its value is quite similar for
all dots, in the range from 12 meV to 15 meV™¥. After introduction of Se into the dots, a gradual
reduction of the biexciton binding energy takes place leading finally to the change of the sign for
the dots emitting at energies below 1.7 eV. We attribute this effect to the increasing electron -
hole spatial separation at the type II interface which leads to the gradual increase of repulsive
Coulomb interaction between the single-sign charge carriers in the biexciton complex. As an
effect, a change from binding to antibinding character of biexcitons occurs.

At this stage, it should be noted that similar transition from binding to antibinding biexciton
character has already been observed in GaN/AIN QDs*. In this completely different
semiconductor system, size dependent charge carrier separation takes place on the basis of large
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spontaneous and piezoelectric polarization and not due to the type II band alignment. On the
other hand, a strong antibinding of biexcitons has been theoretically predicted in type II core/shell
colloidal nanocrystals®’. Therefore, we conclude that the experimental observation of a gradual
transition from binding to antibinding character of biexcitons is a further important signature of
the type I to type II confinement transition.

The appearance of multiexcitonic complexes at higher energies than the single exciton emission
is, in fact, an analogous effect to that observed previously in type II quantum wells. In those
heterostructures a prominent blueshift of the emission energy with increasing excitation fluence
has been observed which is presently regarded as the hallmark of the type II confinement®®3%,
The mechanism laying behind this effect can be summarized as follows: an increasing excitation
fluence results in the charge carriers accumulation at interfaces and formation of electric dipoles.
The resulting electric field is proportional to the number of charge carriers and leads to an
effective increase of the emission energy. In contrast to quantum wells, however, the number of
electrons and holes confined inside a QD is limited. Therefore, only a discrete number the
emission lines appears at higher energies than the excitonic line. Although the emission energy of
the lines associated to individual multiexcitonic complexes stay almost unchanged with an
increasing excitation fluence, the overall center of the luminescence from a single QD shows a
blueshift similar to type II quantum wells.

In summary, Cd(Se,Te)/ZnTe QDs with various Se concentrations controlled by the Se
deposition time are grown in a MBE process. We find that the properties of the optical emission
from these structures are strongly affected by the composition of the dots. First of all, a huge
redshift of the emission energy of about 600 meV, from 2.1 eV to 1.5 eV is observed as result of
increasing Se-concentration. Secondly, we find that the PL decay time increases simultaneously
by one order of magnitude. Finally, the study of several individual QDs emission reveals that the
biexciton binding energy (X-XX spectral distance) changes gradually its character from binding
to antibinding with an increasing Se concentration. All these effects can be explained in terms of
a transition from type I to type II confinement. The redshift of the emission results from the
variation of conduction and valence band in Cd(Se,Te) as a function of Se concentration. The
increase of the PL-decay times reflects directly the spatial separation of electron - hole
wavefunctions. Finally, the variation of the biexciton binding energy is caused by the increase the
repulsive exciton-exciton Coulomb interaction due to electron-hole separation at the type II
interface. The latter effect represents, therefore, an additional important signature of the type I to
type II confinement type transition in quantum dots.

Supplementary material
See supplementary material for RHEED pattern, AFM study of Cd(Se,Te) QDs, and micro-

photoluminescence (u-PL) from a QD with a relatively small Se concentration.
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