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The Raman and photoluminescence spectra of ternary alloyed CdSeqsTeq
quantum dots (QDs) have been studied at temperatures between 84 K and 293
K. The average diameter of QDs is about 5.1 nm. The temperature dependence
of the longitudinal optical (LO) phonon frequencies and the phonon band
width was analyzed and the anharmonic constants relating to various high-
order phonon processes was determined. While the three-phonon processes
plays a dominant role in the temperature-dependent shift of the LO-phonon
frequencies, the four-phonon processes contribute to the increase of the pho-
non linewidth with increasing temperature. The photoluminescence (PL)
spectra were used to study the temperature dependence of the bandgap, the
linewidth and the integrated PL intensity. At low temperatures below about
120 K, the PL linewidth decreases and the PL intensity increases as tem-
perature increases. This temperature behavior can be ascribed to the exciton

fine structure.
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INTRODUCTION

Alloy quantum dots are attractive because of their
potential applications in optoelectronics. The advan-
tage of alloy quantum dots (QDs) is the possibility to
change, among various physical properties, the
optical properties of the materials by controlling
the composition and/or the size of the QDs. In
addition, alloy QDs have good photochemical sta-
bility, higher crystallinity and high photolumines-
cent quantum yields.! Ternary alloyed CdSe;_, Te,
(abbreviated as CdSeTe) exhibits a so-called bowing
effect, i.e., the plot of the band gap versus the
composition is concave upwards. Therefore, the
band gap of CdSeTe can be smaller than that of
constituent binary parents CdSe and CdTe.?
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Thanks to the bowing effect, the light absorption
range of CdSeTe can be shifted to the near-infrared
region. This property can be exploited for construc-
tion of solar cells and near-infrared luminescent
probers for in vivo molecular imaging and biomar-
ker detection etc. Recently, Zou et al.” proposed the
development of temperature-independent quantum
dot light-emitting diodes (QLEDs) based on
CdSe;_, Te, alloyed QDs. By changing the Se-to-Te
molar ratio of CdSeTe alloyed QDs, the energy
levels of alloyed QDs can be adjusted so that the
decrease in emission energy due to temperature-
dependent lattice dilation will be offset by the
increase in emission energy of trap-related exciton
recombination. Thus, the quantum dots with tem-
perature-independent emission peak can be
produced.

Raman (RS) and photoluminescence (PL) spec-
troscopy are important tools to study the physical
properties of materials samples, namely
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semiconductor QDs. It is known that when the
temperature is changed, Raman and PL spectra also
change. These changes are the shift in the line
position, the change of the linewidth and the
intensity. These changes are used for investigation
of the vibrational and optical properties, e.g., the
confinement effect on phonon and charge carrier
structures,* electron/exciton—phonon interactions.’
Furthermore, Raman and PL measurements have
advantages that they are fast, sensitive and nonde-
structive means for investigation of crystallinity,
electronic properties and so on.

In existing literature, to the best of our knowl-
edge, there are no reports on the temperature
dependence of Raman and PL spectra of alloyed
CdSeTe QDs. Talwar et al.® reported on low-tem-
perature (80 K) Raman scattering of bulk CdSeTe
alloy. The authors of Ref. 7 revealed the possibility
to determine the composition for CdSeTe nanocrys-
tals embedded in glass by wusing Raman
measurements.

In the present work, we have used the tempera-
ture dependence of Raman and PL spectra to
investigate alloyed CdSe3Te o7 QDs. The temper-
ature range is from 84 K to 293 K. We used the
Raman spectra to determine the anharmonicity of
the sample. The temperature dependence of the
band gap has been obtained by fitting the PL
signals. The variation with temperature of the full
width at half maximum (FWHM) of the PL spectra
was also studied. We found that the PL intensity
increases when the temperature increases from 84
to about 120 K. Then, it decreases with increasing
temperature as expected. The increase of the PL
intensity with increasing temperature at low tem-
peratures was also observed in several semiconduc-
tors nanocrystals such as CdSe QDs,® CdTe QDs”
and PbSe QDs.! It is suggested that this low-
temperature behavior is coming from the exciton
fine structure or the dark-bright exciton splitting,
i.e., the splitting of the exciton level into dark
exciton and bright exciton by electron-hole
exchange interaction. The increase of the PL inten-
sity is due to the transition from dark state to bright
state. This is also attributed to some ligands on the
surface of QDs.!!

EXPERIMENT

The preparation of CdSe;_,Te, ternary alloyed
QDs has been described in our previous publica-
tions.'>!® Therefore, we will give a brief description
in the following.

The precursors included cadmium acetate dehy-
drate (Cd(Ac)s - 2H50), selenium powder, and tel-
lurium powder as sources of Cd, Se and Te,
respectively. Oleic acid (OA) was used as surface
ligands and 1-octadecene (ODE) and trioctylphos-
phine (TOP) as the reaction medium. After careful
investigation'® we have found out the best condi-
tions for the synthesis: the growth temperature is

260°C, the growth time is 10 min. The growth
temperature of 260°C has been chosen since it

allows the best incorporation of both Te and Se into
alloyed CdSeTe QDs.

CHARACTERIZATION

The QD samples were analyzed by micro-Raman
spectroscopy (XploRA-Horiba). The excitation was
performed by using a solid state laser with excita-
tion line at 532nm (25 mW). The laser power was
100mW. The spot size of the laser beam was 1 um.
The spectral resolution was 2cm~!. The acquisition
time ranged from 30s to 120s, but normally was
30s. A charge coupled device (CCD) with four
gratings with 600 slits/mm, 1200 slits/'mm, 1800
slits/mm and 2400 slits/mm was used for detecting
signals. The measuring range was from 100 cm™! to
4000 cm . We used the combination of the Raman
XploRA Plus system with the THMS 600 Linkam
temperature control system to carry out Raman and
PL measurements at low temperatures from 84 K to
293 K. The Lynksys-32 sofware with temperature
adjustment of 0.1 K was applied to control the
THMS 600 system. A Xenon 450 W light with
excitation wavelength selected at 532 nm was used
for PL. measurements. Transmission electron micro-
scopy (TEM) measurements were carried out using
a JEOL Jem 1010 microscope operating at 100 kV.

The TEM images of the CdTeSe QD samples have
been presented in Ref. 13. The average QD size of
5.1 nm was determined from the obtained TEM
images. The PL quantum yield of the samples
reached a value of 24.9%. The powder x-ray diffrac-
tion (XRD) patterns and Raman analysis showed
the alloy structure of the QDs. The QDs composition
x = 0.7 was obtained from Raman spectra.’ For all
samples, the crystal lattice was found to be of
zincblende structure.

RESULTS AND DISCUSSION

Temperature-Dependent Raman Shifts
and FWHM

The Raman spectra of alloyed CdSe; ,Te, QDs
with x = 0.7 at different temperatures from 84 K to
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Fig. 1. Raman spectra of alloyed CdSe3Teo7; QDs measured at
temperature range from 84 K to 293 K.
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293 K is shown in Fig. 1. It is clearly seen from the
figure that, similar to bulk CdSeTe, the Raman
spectra of CdSeTe QDs exhibit a two-mode behav-
ior, i.e., show both a “CdTe-like” mode (denoted by
LO;) and a “CdSe-like” mode (denoted by LOg) of
optical phonon frequencies at about 160cm~! and
190 cm ™!, respectively. It is noted that the longitu-
dinal optical (LO) phonon frequency is about
170 cm ! for bulk CdTe and 210 cm ! for bulk CdSe.
Furthermore, as the temperature increases, the
phonon frequencies are shifted to lower region,
showing a redshift. Meanwhile, the intensities
decrease, the linewidths increase and the peaks in
the spectra are less pronounced. At low tempera-
tures, broad side bands appear at higher frequency,
showing the contribution of higher (the second and
the third) order processes.

The temperature dependence of Raman frequen-
cies and linewidths in a bulk semiconductor was
studied by Balkanski et al.'* They explained this
temperature dependence by the anharmonicity in
the vibrational potential, which leads to decay of the
zone-center optical phonon into two, three or more
phonons without or with absorption of another
phonon, corresponding to cubic, quartic or higher
order anharmonicities. In nanocrystals, the g-vector
selection rule may relax, which enhances these
phonon couplings and changes the temperature
dependence of Raman frequencies and linewidths.

According to Balkanski et al.,'* the temperature
dependence of the phonon frequency »(7') and the
linewidth I'(T") of the phonon LO mode at the center
of the Brillouin zone can be written as w(T) =
wo+ Aw(T) and I'(T) =T + AT(T) with
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Here x = (hwo/(2ksT),y = (hwo/(3ksT), wo and 'y
are the intrinsic frequency and linewidth of the LO-
phonon mode, respectively, A, B, C and D are
different anharmonic constants. I'y is related to
the natural lifetime of the Raman intermediate
excited vibrational state.'® Collecting the constants
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w* and T are the Raman frequency and the
linewidth in the harmonic limit, respectively. The
second term in rhs of Eqs. 3 and 4 describes three-
phonon processes and the last one describes four-
phonon processes. Since A, B are much smaller
than w¢ so that w* ~ wy. When the experimental
temperature is not high (in comparison with the
Debye temperature of materials under considera-
tion), high order processes can be neglected. It is
worth noting that for alloys, the anharmonicity is
shown to be dependent on composition.*®

The relations 3 and 4 are applicable to both CdTe-
like and CdSe-like modes.

It is difficult to assess the linewidth data since
there are some factors that affect the width of
Raman lines: disorder in alloys (giving rise to
asymmetric broadening which is independent of
temperature), anharmonic decay of phonons, inho-
mogeneity in nanoparticle size, finite resolution of
the spectrometer.

For fitting the data of line peaks and linewidths of
Raman spectra obtained for TiOy nanocrystals, Zhu
et al.'” calculated the Raman intensity profile using
the Lorentzian function weighted by a Gaussian
function to take into account the contribution of off-
center phonons. Kush et al.'® used the sum of two
Lorentzian functions to fit the asymmetric shape of
the fundamental Raman line of CdSe QDs and
considered it to be due to contribution from two
optical phonon modes—LO and SO (surface optical)
modes. In our case, in order to distinguish overlap-
ping asymmetric lines corresponding to LO; and
LO3 modes, we have fitted the experimental Raman
spectra using a Gauss-Lorentzian function available
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Fig. 2. Temperature variation of CdTe-like (LO4) and CdSe-like

(LO2) mode frequencies of alloyed CdSeTe QDs. The dots are
experimental values and solid lines are the fitted curves.
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Table 1. Best fit parameters for temperature
dependence of LO frequency according to Eq. 3

Phonon mode wp(em1) A(em') B(cm™)
LO; (CdTe-like) 169 3.06 0.15
LOg (CdSe-like) 193 2.0 0.07

in labspec software. The temperature dependence of
CdTe-like mode and CdSe-like mode frequencies is
displayed in Fig. 2. Solid lines in the figure are the
fits to experimental data according to Eq. 3.

The best fit values of the intrinsic frequency wg
and of paremeters A and B are shown in Table I for
both LO; and LOs modes. The value of w( for CdTe-
like LO phonon mode in CdTeSe QDs is 169 cm™!,
meanwhile the bulk CdTe value is 170—173 cm!.**
o for CdSe-like mode is 193 cm ™! in alloy QDs and
215cm™! in bulk CdSe.?° Our values of w, are
smaller than that in bulk samples. This is attrib-
uted to phonon confinement effect.?!

Concerning the anharmonic constants A, B in
Eq. 3 and C, D in Eq. 4, we will compare our results
with that in the case of composition limits, i.e., when
x=1 (CdTe) and x=0 (CdSe). Kush et al.'®
obtained A =4.2cm™ !, B=2.1cm ! for CdSe QDs
with diameter of 4.8 nm and A=52cm™!, B =
0.8cm™! for 6 nm diameter QDs. These values of A
and B are larger than that for CdSe-like (LOg)
phonon mode in our case (alloyed CdTeSe QDs with
5.1 nm average diameter). The authors also
obtained A =47.1cm™!, B=0.0018cm™! for bulk
CdSe. Stergiou et al.?? obtained A = 1.11cm™! for
bulk CdTe, neglecting the four-phonon processes in
Eq. 3. These values are smaller than that of our
CdTe-like (LO;) mode. It is hard to give any
explanation to the results.

The temperature dependence of the full width at
half maximum of LO phonon bands (LO FWHM) for
alloyed CdSeTe QD samples is depicted in Fig. 3
along with the fit according to Eq. 4. As reported in
Ref. 18, the LO FWHM is 10-20cm~! in the
temperature range 80-300 K for binary CdSe QDs.
This value is 2-5 cm ™! for bulk CdTe.?? Meanwhile,
as seen from Fig. 3, the LO FWHM is of 20-30 cm ™!
for alloyed CdSeTe QDs in the same temperature
range, i.e., is much larger than that reported in
Refs. 18 and 22. When the temperature increases,
the lifetime of the Raman intermediate state
decreases, resulting in the broadening of the Raman
line according to the Heisenberg uncertainty prin-
ciple. The anharmonic terms in Eq. 4 give rise to
linear and quadratic variation in temperature
dependence of the linewidth at high temperature.

The best fitting anharmonic constants C and D
are shown in Table II. For bulk CdTe, Stergiou
et al.?? obtained C = 0.88cm™!, taking into account
only three-phonon processes in Eq. 4. In the same
approximation, the value of C =0.006cm™! was
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Fig. 3. Temperature dependence of LO FWHM for CdSeTe QDs.

The dots are the experimental values. Solid lines are the fits to
experimental data.

Table II. Anharmonic constants obtained by fitting
Eq. 4 to the experimental temperature-dependent
linewidth

LO phonon mode C (em™1) D (ecm™)
LO; (CdTe-like) 2.70 0.43
LO; (CdSe-like) 1.48 0.36

Table III. Ratio between anharmonic constants

LO phonon mode B/A D/C
LO; (CdTe-like) 0.05 0.16
LOy (CdSe-like) 0.035 0.24

reported for bulk CdSe in Ref. 18 by Kusch and co-
authors. Compared to values of C given in Table II,
one can see that the value of constant C for alloyed
CdSeTe QDs is greater than that of bulk CdSe and
CdTe, that means the anharmonicity is more effec-
tive in CdSeTe QDs than in bulk materials.

We have calculated the ratios of B/A and D/C for
LO; and LO3 modes in alloyed CdSeTe QDs. The
results are presented in Table III. It is found that
the contribution of the four-phonon processes is
small compared to the three-phonon processes.
Since the ratio B/A is much less than unity, we
can assume that the LO phonon decay into two
phonons is the main mechanism in the temperature
dependent shift of the one-phonon Raman line
centers, leading to the almost linear temperature-
dependence of LO frequencies as seen in Fig. 2. As
concerns the linewidth, although the ratio D/C is
less than unity but not as high as the ratio B/A, one
can expect that the four-phonon term in Eq. 4 still
contributes and gives rise to the non-linear temper-
ature dependence of the linewidth at high temper-
ature. This is reflected in Fig. 3.

Because of the existence of two-mode phonons,
CdSe-like and CdTe-like LO phonons, in ternary
alloyed CdSe;_,Te, QDs, it would be useful to
introduce an average LO-phonon energy Ejro
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related to an effective LO-phonon frequency
(wpo)(x) defined as (following Eq. (16) in Ref. 23)

(or0)(x) = (1 - x) 0fF* (@) +x g (x)  (5)
CdSe cdre

where w;5>(x) and ;G ¢(x) are frequencies of
CdSe-like and CdTe-like LO phonon modes, respec-
tively, in CdSe;_, Te, QDs. Using data in Table I we
obtained E;o = 21.8 meV for CdSe;_, Te, QDs with
x=0.7.

Temperature-Dependent Photoluminescence

Figure 4 shows the temperature-dependent PL
spectra for ternary alloyed CdSe;_,Te, QDs (x =
0.7). The temperature range is from 84 K to 293 K.
It is seen that the curves differ slightly from
symmetric line shapes, especially at high tempera-
tures. Therefore, instead of using a symmetric
Gaussian or Lorentzian function to fit the spectra
to obtain the peak parameters we took a function
f(w) introduced by Korepanov et al.**

flo)=m4 41:26Xp l4ln2 (W)T

Tr r

with

p(w):l—axw exp

2(21)?

2
(w—wO)l o

Here wy is the peak frequency, I is the full width at
half maximum, A is the peak area, a is the
asymmetry parameter, and m is the fraction of the
Gaussian contribution to the line shape.

Figure 5a displays 293 K PL spectrum and a fit to
measured values using Eq. 6 with m = 0.57. For
comparison, we plotted in Fig. 5b the fits by
Gaussian and Lorentzian functions.
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Fig. 4. PL spectra of CdSeTe QDs measured at different
temperatures from 84 K to 293 K. Inset: normalized PL spectra.
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Temperature Dependence of PL Peak Position

The PL peak energy variation with temperature
is shown in Fig. 6 for CdSeTe QDs. As is well
known, the PL peak energy represents the energy
gap of the sample. Therefore, we can see from the
figure how the band gap E, of alloyed CdSeTe QDs
changes with varying temperature. The fit to the
experimental PL maximum for different fitting
models is also displayed in Fig. 6.

As seen in Fig. 6, the QD energy gap shows a
redshift of about 48 meV when the temperature
increases from 84 K to 293 K. The redshift reflects a
shrink of the band gap with increasing temperature
due to exciton-phonon interaction as suggested by
Wan et al.?® Based on the assumption about two
mechanisms of variation in energy gap with tem-
perature, the thermal expansion of the lattice and
the temperature dependent electron-phonon inter-
action, Varshni?® proposed the following relation to
describe the temperature dependence of the energy

gap

o 2
BT) =E,(0) - 7 ®)

where Eg(0) is the band gap at T=0 K, o is a
parameter associated with lattice expansion due to
temperature changes, [ is a constant of the order of
the Debye temperature @p of the material consid-
ered and related to electron-phonon interaction. The
Varshni relation 8 is originally applied for bulk
semiconductors but it is found to be wvalid for
quantum dots as well.?” « and § vary with the size
and the composition of QDs.

We employ the Varshni model to analyze the
variation with temperature in PL spectra of alloyed
CdSeTe QDs in the temperature range 150-300 K.
It is noted that the band gap E4(0) is now the sum of
the T' = 0 bulk band gap and the quantum confine-
ment energy E,,; of the QD. The fit using Eq. 8 is
displayed in Fig. 6a as solid line. The related fitting
parameters are given in Table IV.

The band gap E,(0) at 0 K for bulk CdTe and
CdSe is 1.61 eV and 1.84 eV, respectively.?® Follow-
ing Singh et al.?® we have calculated the effective
band gap of corresponding QDs and obtained 1.79
eV for CdTe QDs, 2.03 eV for CdSe QDs, both with
the average diameter of 5.1 nm. The band gap of
ternary alloyed CdSe;_, Te, QDs at 7= 0 K can be
evaluated using the formula

EgdSeTe<0) — ngdTe (O) + (]_ — x)EgdSe (O) - b(]- - x)x
(9)

where b is the bowing factor which is taken as 0.75
for x=0.73° The calculated E,(0) for alloyed
CdSeTe QDs is 1.71 €V in good agreement with
the fitting value of 1.763 eV (see Table IV).

We obtained the best fit value of 2.6 x

10%eV K! for o which is very close to the value
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Fig. 5. PL spectrum of CdSeTe QDs at 293 K and the best fits using (a) function (6) suggested by Korepanov et al. and (b) symmetric Gaussian

and Lorentzian functions.
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Fig. 6. PL peak energy vs temperature for alloyed CdSeTe QDs. The solid lines are theoretical fits using (a) Varshni relation (Eq. 8) and (b)
O’Donnell and Chen relation (Eq. 10). The dots are the experimental data.

Table IV. Parameters extracted from fitting to the
Varshni relation (Eq. 8)

E,(0) (eV) «(104eVK™)

B (K)
1.763 2.6 162

of 3x10~*eV K ! for bulk CdTe® and (2.8-4.1) x
10~4eV K ! for bulk CdSe.?! For the constant § we
got a value of 162 K compared to the Debye
temperature @p of 155-170 K for bulk CdTe® and
181-315 K for bulk CdSe.?! The results show that
the temperature dependence of the band gap of QDs
is similar to that of the bulk in the temperature
range considered.

O’Donnell and Chen® claimed that the Varshni
model does not accurately predict the low-temper-
ature behavior of the band gap and the sign of
constant f in some cases. They proposed the equa-
tion describing temperature dependence of band gap

E,(T) = E4(0) — SEo {coth ( 2]2’;‘;) - 1] (10)

in which the fitting parameters are related to
intrinsic electron-phonon interaction of materials.
Here Ej is the average phonon energy (see Eq. 5),

Table V. Parameters obtained from the
temperature-dependent energy gap, fitted by the
O’Donnel and Chen relation (Eq. 10)

E4(0) (eV) S

E LO (meV)

1.756 1.38 21.9

S is the dimensionless coupling constant (referred to
as Huang-Rhys parameter) describing the strength
of electron-phonon coupling.®®

We utilized Eq. 10 to fit the PL peak position for
alloyed CdSeTe QDs for temperature from 150 to
300 K and depicted the fit in Fig. 6b as solid line.
The fitting parameters are listed in Table V.

It is seen that the fitting value of the zero-
temperature band gap E,(0) is the same as that
obtained by the Varshni model. The average phonon
energy Erp =21.9meV is in good agreement with
that of 21.8 meV calculated from Raman measure-
ment data (see below Eq. 5).

There are some values of constant S reported for
bulk CdTe, such as S =1.68% and S =4.904.22
Jagtap et al.?® reported the value of S from 1.13 to
1.53 for CdTe QDs capped with a CdS shell with size
decreasing from 4.8 to 3.0 nm. For ternary alloyed
Cdos Hg,,Te QDs, the value of S is 1.17-1.68 for
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QDs with diameter of 2.5—4.2 nm but there is no
trend in S with respect to the size of QDs.?® The
authors of Ref. 36 claimed this lack of trend is due to
the broad size distribution and variation in the
composition of the ternary alloyed QDs. The calcu-
lated value of the Huang-Rhys factor is S ~ 10 for
bulk CdSe and the reported values for CdSe QDs are
much smaller.?” Our best fit value for parameter S
for alloyed CdSeTe QDs is 1.38 which is between the
values reported for CdSe and CdTe QDs.

As shown in Fig. 6, the PL peak position exhibits
a blueshift when the temperature decreases from
300 to about 150 K. In further decrease in temper-
ature, a redshift occurs at about 120 K and then the
peak shifts to higher energy again. It is worth
noting that a similar behavior was observed in the
temperature-dependent emission from CdTe QDs
which is attributed to exciton splitting.®

Temperature Dependence of the FWHM

The temperature dependence of the PL linewidth
due to exciton scattering by acoustic and LO
phonons can be described by the relation®®

. -1
I(T) = Tinn + v0e T + 710 <€k§_g - 1> (11)

where I';,; is the inhomogeneous linewidth which
results from fluctuation in size, shape, and compo-
sition of quantum dots and is temperature-indepen-
dent (considered the linewidth at 0 K). The other
terms describe the homogeneous broadening, in
which the coefficients y,. and y;, are independent
of temperature and characterize the linewidth due
to the exciton-acoustic-phonon and exciton-LO-
phonon interaction, respectively. Er¢ is the average
LO-phonon energy introduced by Eq. 5,

Nio(T) = [exp(Ero/ksT) — 1] (12)

is the Bose-Einstein distribution of LO phonons.
Equation 11 is initially applied to analyze the
temperature variation of exciton luminescence line-
widths in bulk semiconductors and then is also used

0.07 -

0.06 |-

PL FWHM (eV)

0.05} e
100 200 300
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Fig. 7. Temperature dependence of PL FWHM for alloyed CdSeTe
QDs with the average diameter of 5.1 nm. The dots are experimental
values, the solid line is the fit to Eq. 11.
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for low-dimensional structures.®® The FWHM of the
PL spectra of alloyed CdSeTe QDs is depicted in
Fig. 7 as a function of temperature and is fitted to
Eq. 11. The best values of fitting parameters are
tabulated in Table VI.

As pointed out in Ref. 39, the exciton—acoustic-
phonon interaction plays a dominant role in the
temperature dependence of the PL linewidth at
temperatures less than 100 K. The authors of Ref.
36 reported the values of y,, which are 53.2 ueV K1,
53.5ueVK ™!, and 54.4ueVK™! for CdygHg,,Te
QDs with diameter of 2.5 nm, 2.9 nm, and 4.2 nm,
respectively. Their results showed that the PL
linewidth remains independent of temperature up
to 70 K and then increases with increasing temper-
ature in the case of QDs with 2.5 and 2.9 nm
diameter. Meanwhile, the linewidth for 4.2 nm
diameter QDs increases continuously over the tem-
perature range from 15 to 300 K. The analysis of PL
spectra of CdSe/ZnS core-shell QDs with an average
radius of 2.5 nm gives a value of 71 ueVK™! for
parameter y,, which is two times lar%er than the
calculated value for bare CdSe QDs.”® For CdTe
QDs, Morello and co-authors® found that the value
of y,. is large, up to 31 ueV K 1. It can be seen that
the exciton-acoustic phonon coupling constant y,, of
QDs is much greater than that of bulk samples
(theoretical estimation of 0.7ueVK™! for bulk
CdTe* and 8ueVK™! for bulk CdSe).*’ This is
ascribed to the enhancement of exciton coupling
with acoustic phonons in low-dimensional systems,
indicating the effect of confinement.?®

The plot in Fig. 7 shows two different dependen-
cies of the linewidth on temperature: a high tem-
perature slope and a low-temperature curvature. At
high temperatures, the linewidth increases as the
temperature increases as for most ordinary semi-
conductors, but in the temperature range from 80 to
around 120 K, the linewidth decreases with increas-
ing temperature. This linewidth narrowing at low
temperature may be due to the transfer of excitons
between dark and bright states within each QD of
relatively large sizes as mentioned in Refs. 41-43.
The mentioned temperature dependence of the
linewidth is reflected by the negative sign of the
extracted value of parameter Vacs
Yae = —240 ueVK™!. The absolute value of the fit-
ting y,. is too large compared to the reported ones in
literature, though a value of 380 ueVK ! is
obtained for CdSe platelets.** The temperature

Table VI. The best fit parameters for the
temperature-dependent PL. FWHM using Eq. 11

E;o (meV)

Tinn (meV) 94, (n€V)  yro (meV)

75.8 — 240 90.1 21.97
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behavior of the PL linewidth of the alloyed CdSeTe
QDs needs some additional consideration.

Concerning the exciton—-LO-phonon coupling,
Rudin et al.”” have calculated the linewidth due to
the Frohlich interaction of excitons with LO-pho-
nons, including both exciton bound states and
continuum ones. The correction coming from the
resonant interaction between excitons and photons
to form so called polaritons was also taken into
account. They obtained values of 18.3 meV and 24.5
meV for constant y;, of bulk CdSe and CdTe,
respectively. The experimental values for y; are 53
meV and 35 meV for respective bulk CdSe and
CdTe,*® 207 meV for CdSe bulk material.*® Morello
et al.” utilized Eq. 11 to fit measured PL linewidths
and obtained the best fit values 14 meV, 18.3 meV,
and 21 meV of y;o for CdTe QDs with diameter of
4.2 nm, 4.9 nm, and 5.9 nm, respectively. Their
results showed the exciton—-LO-phonon coupling
constant y;5 of QDs is smaller than the bulk one
and increases as the QDs diameter increases. This
tendency of y;, for QDs can be ascribed to the
overlap of electron and hole wave functions in the
quantum confinement regime. Our extracted value
of y0 is 90.1 meV, larger than most of available
data for QDs but still smaller than the bulk value of
270 meV mentioned above for CdSe.

Temperature-Dependent PL Intensity

Figure 8 shows the temperature variation of the
integrated PL intensity of alloyed CdSeTe QDs. As
discussed in Ref. 36, the behavior of the PL tem-
perature dependence suggests the existence of two
types of nonradiative recombination processes (de-
noted by a and b). In this case, the temperature
dependence of the integrated PL intensity can be
described by the relation®®

Iy
"B, B (13)
1+ Ae T 4 Be %57
where I is the integrated PL intensity at 0 K, E,

and E; are the activation energies associated with
different nonradiative processes. A and B are

Ip(T) =

6000 B

4000 - R

2000

[ ]

0 C 1 1 1 |
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Integrated PL Intensitry (a.u.)

Fig. 8. Integrated PL intensity versus temperature of alloyed
CdSeTe QDs. The dots are experimental values. The solid line is
the fitting curve by Eq. 13.

constants defined as the ratios of the exciton
radiative lifetime t of QDs over the capture time of
exciton 1, and 75, respectively, by nonradiative
recombination centers.

We have used Eq. 13 to fit the experimental data.
The best fit parameters are tabulated in Table VII.

The PL intensity does not change monotonously
with temperature. In the temperature range below
about 120 K, the intensity increases as temperature
increases. Above 120 K, the intensity decreases with
increasing temperature. A similar temperature
dependence of PL intensity is also observed in CdTe
nanocrystals,” CdSe QDs,>” CdSe/ZnS core-shell
QDs,'! and CdSe QDs embedded in a CdS
nanorod.*® This behavior of the intensity variation
with temperature is a feature of the strong confine-
ment and is related to the so-called exciton fine
structure. At lower temperatures, the thermally
activated transfer of population from dark exciton
state (optically forbidden) to bright exciton state
(optically allowed) causes the increase of the emis-
sion intensity with increasing temperature. In the
range of higher temperatures, nonradiative recom-
bination is supported by the increase in phonon
population, leading to the decrease of PL intensity.
As reported in Ref. 9, the exciton energy splitting in
zinc-blende CdTe nanocrystals is estimated to be 5
meV and 13 meV for QDs with diameter of 3.0 nm
and 1.9 nm, respectively. Therefore, the PL inten-
sity increases at low temperatures from 20 to about
40 K for 3.0 nm QDs and from 40 to 60 K for 1.9 nm
QDs. For CdTe/CdS core-shell QDs with radii
greater than 3 nm, the PL intensity increases in
the range of temperature from 15 to 25 K and then
decreases at temperatures above about 50 K.*’

In accordance with the mentioned above, the
nonradiative recombination process denoted by a is
associated with interaction of excitons with LO-
phonons. The obtained value of activation energy
E, =208 meV is in good agreement with the
average LO-phonon energy Epp=21.8 meV
obtained from Raman measurements (see below
Eq. 5). At low temperatures, the nonradiative
recombination is due to exciton fine structure, i.e.,
the splitting of the exciton into dark exciton and
bright exciton by the exchange interaction. The
energy splitting is defined as activation energy E,
which is estimated to be 14.9 meV as described in
Table VII. The PL is then expected to exhibit a
decline at temperatures below 120 — 130 K. It
should be noted that the energy difference between

Table VII. Best parameters obtained from the
temperature-dependent integrated PL intensity
fitted to Eq. 13

A B

17.14 — 13.40 20.8 14.9

E, (meV) E, (meV)
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dark and bright exciton states is 13 meV in CdTe
QDs with 1.9 nm diameter.®

The above explanation on the temperature behav-
ior of the integrated PL intensity of alloyed CeSeTe
QDs is supported by the temperature dependence of
the PL linewidth depicted in Fig. 7 as discussed in
the preceding Subsection.

The temperature dependence of the photolumi-
nescence might be affected by several carrier relax-
ation mechanisms such as radiative recombination,
nonradiative Auger processes, carrier trapping at
surface trap states. This work is a preliminary
study of photoluminescence of ternary alloyed
CdSeTe Qds. For a deeper understanding, it needs
supplementary measurements, e.g. photolumines-
cence decay.

CONCLUSION

In summary, we have studied the fundamental
Raman band and photoluminescence properties of
ternary alloyed CdSe;_,Te, QDs (x =0.7) in the
temperature range from 84 K to 293 K. Various
models have been used to understand the temper-
ature dependence of Raman and photoluminescence
characteristics of the samples. The Raman spectra
of the samples display two distinct peaks, showing
CdTe-like and CdSe-like LO-phonon modes. The
temperature dependence of LO-phonon frequencies
and the LO FWHM exhibits the anharmonic effect.
The decay of the zone-center LO phonon into two
phonons plays dominant role in the temperature-
dependent shift of the LO-phonon frequencies,
meanwhile the four-phonon processes contribute to
the non-linear temperature dependence of the LO-
phonon band width. The average LO-phonon energy
is introduced and has a value of 21.8 meV.

The temperature dependence of the QD band gap
has been obtained from the variation of the PL peak
position with temperature. The redshift of the band
gap when temperature increases is related to the
thermal expansion of the lattice and the change of
electron-phonon coupling. A slight blueshift in the
band gap at 120 — 150 K is ascribed to the exciton
fine structure. The variation of the PL linewidth
and integrated intensity with temperature of our
alloyed CdSeTe QDs samples in the range of high
temperature is similar to that of most semiconduc-
tors, that is, the linewidth increases and the
intensity decreases with increasing temperature.
Interaction of excitons with acoustic and LO
phonons is responsible for such temperature depen-
dence. At temperatures below about 120 K, the PL
linewidth decreases, and the PL intensity increases,
when temperature increases. This anomalous
behavior of the PL linewidth and intensity can be
attributed to the transfer of excitons between dark
and bright states within a QD itself.
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