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This paper presents the optical temperature dependent properties, over a wide range of temperatures from 4 to 300 K, of
new CdSe/CdsS core/shell colloidal quantum dots (QDs) with varying shell thickness coated and annealed at low temperature. It
was demonstrated that low temperature coating and annealing processes enhanced the photoluminescence (PL) quantum yield
accompanied by variation in the QDs structure, formation of an alloyed interface layer, suppression of the number of defects at
the CdSe/CdS interface, band gap energy red-shift, narrowing of CdS longitudinal optical phonon band, and decrease of the PL

inhomogeneous broadening parameter.
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1. Introduction

Colloidal quantum dots (QDs) are of consider-
able interest due to their size-dependent optical and
electronic properties, which allow implementation
in photovoltaic cells [EI], light-emitting diodes [P],
photocatalysis [E], bioassays [H], and electronics [f].
However, the photostability and emission efficiency
of QDs show a strong dependence on surface quality
[H]. This issue was dealt with by overcoating the QDs
with an inorganic broad band gap material, forming
a core/shell QDs structure [ﬁ These QDs show
a significant improvement of the photoluminescence
quantum yield (PL QY), as well as an increase in their
photostability [B]. CdSe QDs are probably the most
extensively investigated QDs, due to the simplicity of
their preparation using hot-injection processes [@],
enabling accurate control of particle size, shape, and
size distribution [@, @]. In the past decade, a new
generation of high-quality CdSe/CdS QDs was pro-

duced at 310 °C, showing high PL QY and photostabil-
ity [@, @]. Another approach suggested the design of
alloy composition at the core/shell interface to reduce
the crystallographic mismatch and consequently lower
the amount of defect sites [, @]. Such an alloyed
interface also induces changes in carrier distribution
with the existence of a graded interface potential [@],
which led to a suppression of the Auger process in na-
nostructures [2-24]. In the latest work, a new concept
of the thermal cycling procedure of shell deposition
at low temperatures (140 °C) was applied to achieve
high PL QY values up to 85% and sharp emission line
widths [@]. Recently, in our group, a new compre-
hensive method [@], using low temperature coating
at 100 °C with additional higher temperature anneal-
ing at 130 °C, was developed. Simple low temperature
coating approaches allow controlling the formation of
CdSe/CdS QDs with different shell thickness. A con-
trolled post-coating annealing at elevated temperatures
forms a thin alloy interface, achieving exceptionally
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high quality materials, as pronounced in their high
PL QY and stability. However, for applications in op-
toelectronic devices, detailed knowledge of the optical
properties of these new core/shell QDs is required to
understand the effect of low temperature shell growth
and annealing on the crystallographic and electronic
structure of CdSe/CdS core/shell QDs. In this paper,
we present comparative experimental studies concern-
ing the influence of the shell morphology on the op-
tical properties of CdSe/CdS QDs with 3 monolayer
(ML) and 6ML shells, using structural methods, Ra-
man and optical spectroscopy in the temperature range
from 4 to 300 K. It has been shown that the influence
of the coating and annealing processes induces differ-
ent exciton behaviour for 3ML and 6ML core/shell
QDs on their optical properties. The results obtained
demonstrate that low temperature coating and anneal-
ing led to enhanced PL QY and could be accompanied
by variation in the core/shell QDs structure, due to re-
duction of lattice strain, suppression of the number of
defects at the CdSe core surface and at the CdSe/CdS
interface. In addition, the annealing process led to PL
QY enhancement due to the formation of an alloyed
interface, an additional band gap energy (E) red-shift,
narrowing of a CdS longitudinal optical (LO) phonon
band, and additional reduction of the PL inhomogene-
ous broadening parameter /°_, obtained at 4 K.

2. Experiment

The synthesis and characterization of CdSe/CdS
core/shell QDs using low temperature coating at
100 °C, with additional higher temperature anneal-
ing at 130 °C, was described in Ref. [@]. The syn-
thesis procedure included three steps: in the first
step, CdSe cores were grown according to the meth-
od developed previously [E]. In the second and
third steps, CdSe/CdS core/shell QDs were pre-
pared using a CdS shell coating program as follows:
(1) the CdSe cores were coated with the CdS shell
at 100 °C for a duration of two hours; (2) the coated
CdSe/CdS core/shell QD samples were annealed
at 130 °C for 90 min, allowing formation of an al-
loyed core/shell interface without changing the QDs
size. The amounts of the added S precursors have
been calculated to reach the shell thickness desired,
in general, 3ML and 6ML, where one ML corre-
sponds to an increase of 0.33 nm of the QD radius (r).
The QD samples obtained after the coating and anneal-
ing stages are referred to hereafter as samples before
annealing (BA) and after annealing (AA).

Five QD samples including one CdSe core sample
with radius of » = 1.7 + 0.5 nm and four CdSe/CdS
core/shell samples BA and AA with 3ML and 6ML, re-

ferred to as BA 3ML, BA 6ML, AA 3ML and AA 6ML,
were then studied by crystallographic measurements,
Raman, and optical spectroscopy in a temperature
range from 4 to 300 K. For this study, the QDs were
(1) dissolved in hexane; (2) drop-casted on a Si wafer;
or (3) dispersed into an ultraviolet (UV) epoxy resin.
The epoxy resin was prepared from commercially
available epoxy resin (Super Sap CCR Epoxy) and slow
hardener (Super Sap CCS), based on polyoxypropylen-
ediamine (CAS# 9046-10-0). The epoxy resin did not
affect the shape and energy position of absorption and
PL spectra.

The samples’ crystal structure was obtained using
transmission electron microscopy (TEM) and X-ray
powder diffraction (XRD) measurements. The QDs
size and shell thicknesses were determined by a direct
analysis of TEM images, which were recorded with
a JEOL 2200 FS electron microscope. XRD patterns
were obtained by a Philips PW1830 X-ray diffractom-
eter. Raman spectra were performed using a micro-
Raman spectrometer (Horiba Jobin Yvon XploRa)
in which excitation was provided by an Nd:YAG
laser at 532 nm. UV-VIS absorption spectra of
the QDs were recorded using a JASCO V-570 UV-
VIS-NIR spectrometer. PL measurements were per-
formed on a homemade fluorescence system. PL QY
was determined relatively to Rhodamine 6G dis-
solved in ethanol (PL QY of Rhodamine 6G in etha-
nol = 95%).

3. Results and discussion

Structural properties of CdSe and CdSe/ CdS QDs ob-
tained at room temperature (RT) are summarized in
Fig. E] Figure E](a) displays the TEM images of the CdSe
core with a radius of 1.7 + 0.5 nm, and Fig. E](b) shows
the corresponding core/shell QDs sample BA 3ML
with r = 2.7 £ 0.5 nm, revealing the monodisper-
sity of the spherically-shaped CdSe cores and core/
shell QDs with slightly inhomogeneous, asymmetric
shapes. TEM images of BA 6ML and AA 6ML core/
shell QDs (not shown here) indicate that their radius is
r=3.7 £ 0.5 nm. Figure E](c) displays the XRD patterns
of the core CdSe QDs (red curve online, the lowest)
and CdSe/CdS QDs (blue and green curves online, the
middle and the highest ones), obtained after different
stages of the coating/annealing processes (see legend).
The vertical lines represent the XRD lines of bulk CdSe
zinc blende (zb) (soft vertical lines), and CdS zb (bold
vertical lines), indicated in the legend. The XRD spec-
trum of CdSe/CdS core/shell samples BA 3ML shows
a shift toward larger 20 values in respect to that of
the CdSe core sample. A more pronounced shift was
found in the XRD spectrum of the AA 3ML sample,
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annealed at 130 °C, supporting the occurrence of alloy-
ing at the core/shell interface during the annealing pro-
cess. The XRD spectra of core/shell QDs are between
those of zinc blende CdSe and CdS.

Crystallographic changes in the core or shell ar-
eas can be monitored by observing the evolution of
the corresponding Raman signal. Figure E](d) exhlb—
its Raman spectra in the range of 100-450 cm™, per-
formed on r = 1.7 £ 0.5 nm core CdSe QDs and on
the corresponding CdSe/CdS QDs with a shell thick-
ness of 3MLs, before and after the annealing processes
(see legend). The Raman spectrum of core QDs shows
a single dominant band at 206.8 cm™ (25.5 meV), relat-
ed to the fundamental LO phonon of CdSe. The spec-
trum of 3ML core/shell QDs after coating shows two
asymmetric bands, corresponding to the LO phonon
contribution of the core CdSe (near 206 cm™) and
the shell CdS near 293 cm™, whereas each band con-
sists of two sub-bands (see Lorentzian function fits),
related to the first-order LO phonons and to surface
optical (SO) phonons at 184 and 285 cm™. It should
be noted that the width of the CdS LO band is broad
(about 60 cm™) and might result from the phonon con-
finement as well as from the non-uniformity of shell
thickness among the QD cores [@]. The shell thick-
ness inhomogeneity signifies that the 3ML shell grown
around the core is not concentric as shown schemati-
cally in Fig. E](d). The Raman spectrum of these core/
shell QDs after the annealing stage exhibits the ap-
pearance of additional sub-bands at 187 cm™ and at
overlapping the CdSe and the CdS spectral features

400
Raman shift (cm™)

Fig. 1. TEM images of (a) CdSe core
(r = 1.7 £ 0.5 nm) and (b) CdSe/CdS
core/shell 3ML QDs sample before
annealing (BA) with r = 2.7 £ 0.5 nm.
(c) XRD patterns of CdSe core and
CdSe/CdS core/shell QD samples as
given in the legend. QDs indexed to
the bulk zinc blende crystal structures
of CdSe and CdS, as shown in the leg-
end. (d) Raman spectra of CdSe core
(green line online, the lowest), core/
shell CdSe/CdS sample BA 3ML af-
ter coating at 100 °C (black line), and
3ML sample after annealing (AA) at
130 °C (red line online, the topmost).
Schematic images of different 3ML
core/shell structures are shown on
the right. All measurements were per-
formed at RT under air conditions.

AA3ML

BB 3ML

Core

at 289.2 cm™ (see purple-coloured online Lorentzian
functions), associated with the LO mode of the Cd-
Se S, alloyed component || @ marked as
CdSe and CdS in the ﬁgure A significant nar-
rowmg of the CdS phonon LO band (25 cm™) reveals
higher homogeneity of CdS shell thickness thus sug-
gesting formation of a concentric core/shell structure,
as presented schematically in Fig. E](d). Furthermore,
the intensity of CdS band is 1.5 times higher than that
of CdS,, , revealing the existence of a thin interfacial
alloyed layer. Thus, the Raman spectrum suggests that
the coating stage at 100 °C (with the amount of added
S precursor required to reach 3ML shell) produces
CdSe/CdS QDs with inhomogeneous shell thickness,
due to the lattice mismatch between the core and shell
material causing lattice strain at the interface. In con-
trast, the low temperature (130 °C) annealing stage can
induce inter-diffusion of the core and shell materials,
creating an alloyed interfacial layer, reducing the lat-
tice strain, and inducing the formation of a CdSe/CdS
structure with homogenous (more symmetric) shell
thickness, defined as a “concentric” structure.

Figure (a) displays the absorbance (dashed
curves) and PL (solid curves) spectra of core CdSe
QDs with an average r = 1.7 + 0.5 nm (red online,
the bottom) and of the corresponding CdSe/CdSQDs
samples BA 3ML (blue online, second from the bot-
tom), AA 3ML (green online, third from the bottom),
BA 6ML (black online, fourth from the bottom), and
AA 6ML (magenta online, fifth from the bottom), ex-
tracted during shell growth and annealing processes.
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Fig. 2. (a) Normalized absorption (solid lines) and PL
(dashed lines) spectra of the CdSe core with r = 1.7 nm
and the corresponding CdSe/CdS QDs after coating at
100 °C with 3ML and 6ML, and after their annealing at
130 °C, as shown in the legend. The QDs were dissolved
in hexane solution and recorded at RT. The PL QY of
samples investigated is indicated on the right. (b) Rep-
resentative temperature-dependent absorption and PL
spectra of CdSe/CdS BA 6ML QDs dispersed in epoxy
resin, the temperatures are given on the right.

The QD samples were dissolved in hexane and mea-
sured at RT. The spectra in Fig. @(a) are dominated by
the first excitonic transitions with energy E . .
which are referred to as band-gap energy (E ). The opti-
cal measurements show that the QDs obtained are high
quality samples with well-defined excitonic transitions
in the absorption spectra and narrow absorption and
PL transitions bands. The plot presents a red-shift of
E, in the core/shell structure during shell growth with
respect to the E_of the CdSe cores, caused by the elec-
tron wave function extending into the CdS shell due
to a low energy barrier between the conduction bands
of CdSe and CdS semiconductors. The magnitude of
the E red-shift, during the shell growth, as shown in
Fig. H(a), is greater for 6ML QDs (black lines) and is
about 190 meV. This value is consistent with the data

obtained in literature [ﬂ] for the same size CdSe/CdS
QDs coated at high temperatures. In contrast, the ob-
served E red-shift during the shell growth in the 3ML
sample (g40 meV) is less than that in the same size
CdSe/CdS QDs coated at higher temperature, >140 °C
[@]. This phenomenon can be explained by inho-
mogeneous (irregular) thickness shell growth at low
T =100 °C [E] and is supported by a broad CdS LO
band in the Raman spectrum shown in Fig. E](d). Fur-
ther, as seen in Fig. @(a), annealing of QDs with a 3ML
shell causes an additional red-shift of E up to 50 meV,
which can be attributed to inter-diffusion of the core
and shell materials, creating an alloyed interfacial layer
which reduces the lattice strain, and induces the for-
mation of the CdSe/CdS structure with homogenous
(more symmetric) shell thickness. This is supported
by Raman CdS peak narrowing with the formation of
a thin interfacial alloyed layer (Fig. E](d))

The red-shift (up to 26 meV) in the E_on anneal-
ing at 210 °C of CdSe/CdS core/shell QDs, identi-
cal in size to our samples, was obtained and calcu-
lated recently by D. Kelley in Ref. [@]. The result was
explained by the release of strain pressure on the core.
It has also been recently shown [@3] that the generation
of concentric core/shell QDs could cause a red-shift
(5-40 meV) of E . The experimental observation was
supported by the calculation [@] based on the effective
mass approximation, which predicted a red-shift of E_as
well as a possible reduction of the electron-hole overlap
integral upon displacement of the core and shell cen-
ters with respect to each other. Annealing of QDs with
a 6ML shell causes smaller E red-shifts (up 13 meV)
in the absorption and emission spectra, explained by
reduction in the lattice strain and is in the same val-
ue range [@]. The PL QY of the samples investigated
are presented on the right side of Fig. @(a), and show
that QY increased from 2.5% for core samples to at
least 58% for core/shell samples with 3ML shell thick-
ness. This is the result of the reduction in the number
of CdSe surface defects due to the coating of the core
with an inorganic shell, which will be presented later
in Fig. E(c). The PL QY of the samples with BA 6ML
is about 51%, this value is consistent with the data ob-
tained for the same size core/shell QDs created at high
temperature published in literature [@, @].

An additional enhancement of the PL QY af-
ter annealing can be seen in Fig. @(a), up to 73% for
sample AA 3ML and up to 60% for sample AA 6ML.
Annealing of samples BA 3ML results in concentric
core/shell QDs and produces an alloyed interface,
which reduces not only the lattice strain but probably
the number of defects at the CdSe/CdS interface [],
which is beneficial for reaching high PL QY values.
A strong confinement of the hole within the core and
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delocalization of the electron throughout the entire
CdSe/CdS core/shell QD is indicative of a quasi-
type-II structure [E, @, @] which explains the size-
dependent red-shift of the E_observed above.
Thermally activated processes in the QDs were
studied by following the variation in the absorption
and emission spectra as a function of temperature.
Figure @(b) illustrates a representative set of the ab-
sorption and cw-PL spectra of the BA 6 ML sample,
recorded at various temperatures from 4 to 300 K;
the samples were dispersed in epoxy resin and kept
under oxygen-free conditions. The absorption and
cw-PL spectra are dominated by excitonic transi-
tions with energy E . .~ and are blue-shifted with
the decrease in temperature, resembling a trend found
in high energy band gap II-VI semiconductors.
Temperature-dependent PL measurements of
the CdSe core and corresponding CdSe/CdS core/shell

50
Te

CdSe

BA 3ML
AA 3ML
BA 6ML
AA 6ML

50
Temperature (K)

CdSe
BB 3ML

AA 3ML Fig. 3. Representative tempera-

ture-dependence of (a) the nor-
malized PL spectra of CdSe
core QDs recorded at various
temperatures from 4 to 300 K.
The temperature is given in
the legend. The intensity of
the PL spectra at various tem-
peratures is normalized rela-
tive to the dominant exciton
PL band intensity at 300 K.
(b) Ratio of the integrated PL
intensities of the surface trap
band to their corresponding
excitonic PL band of CdSe core
QDs and CdSe/CdS core/shell
samples, as listed in the leg-
end. (c) Effect of shell forma-
tion on the PL spectra of all
investigated core/shell QDs at
100 K, as given in the legend.
The intensity of the PL spec-
tra is normalized to the domi-
nant exciton PL band edge
intensity of CdSe core QDs.
(d) Temperature-dependence
of the dominant exciton PL
FWHM of the samples as
given in the legend. The QDs
dispersed in epoxy resin.

150 250
mperature (K)

150 250

QDs can provide information related to the suppres-
sion of the trap-surface emission band and electron-
phonon interactions. Figure H(a) shows the tempera-
ture-dependent PL spectra (normalized to the exciton
emission band) of CdSe core QDs, which at RT con-
sist only of the near-band gap emission (E, ) band
centered at about 2.2 eV. In contrast, at low tempera-
tures, the PL spectrum contains an additional broad
deep emission band with the full width at half maxi-
mum (FWHM) = 400 meV centered around 1.6 eV,
significantly red-shifted from the QDs E_and caused
by surface-state-mediated recombination [ @].
Figure E(b) illustrates the temperature-dependent
evolution of the surface trap band integrated PL in-
tensities of CdSe core, BA 3ML and AA 3ML samples,
relative to their corresponding normalized excitonic
emission band integrated intensity. The integrated in-
tensity of the trap-surface emission band for the core

>
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and 3ML QDs samples reaches its peak value at tem-
perature T = 100 K. The effect of shell formation on
the PL spectra of the investigated core/shell QDs at
100 K is illustrated in Fig. H(c), the spectra are nor-
malized to the exciton emission PL band intensity.
The results reveal the following: (1) suppression (up
to 50%) of the trap emission band intensity during
shell growth in 3ML samples; (2) further remarkable
suppression of the trap band is achieved (up to 90%)
by the annealing process of the sample. As this takes
place, the exciton emission band FWHM, as seen in
Fig. E(c), becomes even narrower. In samples with
a 6ML shell, the trap emission band is completely
suppressed.

Figure H(d) represents the FWHM of the domi-
nant exciton PL band as a function of temperature
for the samples investigated, revealing a continuous
line broadening with the increase in temperature.
The FWHM of the exciton PL bands are character-
ized by an inhomogeneous, temperature independent
broadening and a homogeneous broadening that de-
rives from temperature dependent exciton-phonon
interactions. The inhomogeneous broadening param-
eter (I, ) can be defined at low (4 K) temperature and
depends on the size, shape and shell inhomogeneity
within the QDs ensemble. The figure shows that I"_
values obtained at 4 K decrease with the increase
of shell thickness from 88 meV for CdSe core QDs
to 80 meV for 3ML samples, and 63 meV for 6ML
core/shell QDs. The I’  decreasing upon the growth
of the shell thickness revealed that the size distribu-
tion of the core/shell QDs was nearly nondispersive.
It is seen in the figure that I values in 3ML samples
further decrease after annealing, down to 75 meV,
confirming improved shell homogeneity of the core/
shell structure due to the formation of a thin alloyed
interface layer with the pronounced suppression of
the defects number at the CdSe/CdS interface. Only
a negligible decrease in I, values was observed after
annealing in 6ML core/shell QDs revealing the ab-
sence of any change in the core/shell structure.

Figure g(,a) presents the E_values as a function of
T for the investigated samples. The figure reveals that
E is red-shifted with the increase in temperature for
both core and core/shell samples, which can be ex-
plained by the lattice deformation potential and ex-
citon-phonon coupling typical to the wide band gap
II-VI semiconductors [é}). Up to about 30 K, E, has
only slight temperature dependence, while at higher
temperatures >30 K it decreases steadily. Further-
more, as seen in Fig. H(a), the Eg values in core/shell
samples with various shell thickness present different
temperature dependence rates, e. g. a smaller band-
edge temperature coefficient in core/shell QDs with

respect to the primary cores, suggesting thermal sta-
bility. Annealing of the core/shell samples has no ad-
ditional influence on the E rate of decrease.

Figure H(b) illustrates the temperature depend-
ence of the emission Stokes shift energy (E,) calcu-
lated from the difference between E _and E, values
of the listed samples, and shows a decrease of the E
with temperature growth. The E_curve of the CdSe
core shows the temperature dependence similar to
that described in Ref. [@], and can be characterized
by size, exciton fine structure, exciton-phonon cou-
pling, PL inhomogeneous and homogeneous broad-
ening. The curves in Fig. H(b) show that the values
of E in core/shell QDs decrease with the increase in
shell thickness and temperature which may be related
to the following factors: (1) an increase of the overall
QDs size due to shell width growth, (2) variation of
the exciton fine structure and exciton-phonon inter-
action due to a quasi-type-II band alignment, with
respect to pure CdSe core QDs. The annealed core/
shell QDs do not show any change in E_ temperature
dependence with comparison to the only coated core/
shell QDs, revealing that E_at T = constant is deter-
mined only by shell thickness.

4. Conclusions

In summary, the studies of the temperature dependent
absorbance and PL properties of CdSe/CdS core/shell
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Fig. 4. Representative temperature-dependence of:
(a) band gap energy (Eg) of CdSe core (red online) with
r=1.7 £ 0.5 nm and the corresponding CdSe/CdS QDs
after coating at 100 °C (blue and black online, BA3 ML
and BA6 ML), and after annealing at 130 °C (green and
magenta online, AA 3ML and AA 6ML) as shown in
the legends of (b); (b) Stokes shift energy (E,) of the QD
samples as listed in the legend, embedded in epoxy resin
matrix.
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samples with 3ML and 6ML shells after CdS coating
on the CdSe core at 100 °C and followed by anneal-
ing at 130 °C led us to conclude the following: (1) low
temperature coating forms 3ML core/shell QDs with
inhomogeneous shell thickness; (2) coating of 6ML
forms homogenous shell thickness; (3) the shell coat-
ing process is accompanied, in both 3ML and 6ML
samples, with suppression of the number of defects
at the CdSe core surface revealing enhanced PL QY.
Analysis of the spectroscopic results suggests that
the CdS coating on the CdSe core at low temperature
induces lattice strain in the core/shell structure, while
PL QY was enhanced remarkably. The annealing that
followed significantly improved the shell homogene-
ity of the 3ML QDs sample due to the formation of
a thin alloyed interface with the pronounced suppres-
sion of the number of defects at the CdSe/CdS inter-
face, gave rise to an E_red-shift and a reducing PL in-
g
homogeneous broadening parameter obtained at 4 K.
This reveals the transformation of the core/shell QDs
structure from a nonconcentric with inhomogene-
ous shell thickness to a concentric with homogeneous
shell thickness structure. In contrast, the annealing
of the 6ML core/shell structure causes only a small
change in PL QY, due to the already concentric core/
shell structure before annealing. This study provides
sufficient evidence that it is possible to grow CdSe/
CdS core/shell heterostructures with high PL QY and
high photostability using low temperature prepara-
tion processes.
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