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Temperature and Size Dependence of Nonradiative Relaxation and Exciton-Phonon
Coupling in Colloidal CdTe Quantum Dots
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We report on the temperature and size dependence of the photoluminescence of core CdTe colloidal quantum
dots (QDs). We show that at temperatures lower than 170 K a thermally activated transition between two
different states separated by about 12-20 meV takes place. At temperatures higher than 170 K, the main
nonradiative process is thermal escape assisted by multiple longitudinal optical (LO) phonons absorption.
Moreover, we show that quantum confinement affects both the exciton-acoustic phonons and the exciton-
LO phonons coupling. The coupling constant with acoustic phonons is strongly enhanced in QDs (up to
31µeV/K) with respect bulk CdTe (0.7µeV/K). On the contrary, the exciton-LO phonons coupling constant
decreases as the dot size decreases (down to 14 meV with respect 24.5 meV in the bulk).

I. Introduction

Semiconductor nanocrystals have attracted considerable inter-
est in the last years, because of their potential applications to
light emitting diodes (LEDs),1,2 photovoltaic cells,3 and optically
pumped lasers.4 Colloidal semiconductor quantum dots (QDs)
have been also coupled to biological molecules such as proteins
and DNA.5,6 These QDs bioconjugates can be used as biomedi-
cal fluorescence labels for investigating biomolecular interac-
tions and developing high-sensivity detection and imaging
systems.5,6 Nowadays, advanced colloidal synthesis techniques
allow the growth of highly monodispersed7 II-VI QDs with
high-photoluminescence (PL) quantum yield.8,9 A detailed study
of the QDs photophysics with a particular attention to nonradi-
ative processes is not only interesting for fundamental physics,
but it is also relevant to the exploitation of nanocrystals in
practical applications. To date, several relaxation processes have
been proposed to explain the photophysics of CdSe QDs, includ-
ing the thermally activated exciton transition from dark to bright
states10 and carriers surface localization in trap states.11 More-
over, it has been shown that at room temperature the main
nonradiative process in CdSe/ZnS core/shell QDs is thermal
escape, assisted by multiple longitudinal optical (LO) phonons
absorption,12 while at low temperature evidence for carrier
trapping at surface defects was found. Despite these results, the
role and the chemical origin37 of the surface defect states in the
radiative and nonradiative relaxation in nanocrystals has not been
clarified completely. The existence of surface states due to
unpassivated dangling bonds has been invoked to explain
anomalous red-shifted emission bands in colloidal nanocrys-

tals.11 On the contrary, it has been recently shown that above-
gap trap states13 affect the ultrafast relaxation dynamics14 and
the single nanoparticle PL spectra of CdSe quantum rods15 due
to charge trapping and local electric field fluctuations. These
effects are expected to be dependent on the chemical composi-
tion of the QDs on the density of surface defects and on the
nanocrystals size.

In this work, we performed a detailed analysis of the PL
temperature dependence of colloidal CdTe core QDs with
diameters varying between 4.2 and 5.9 nm. We found that the
QDs PL is due to a thermally activated transition between two
different states at low temperatures.

Moreover, we investigated the size dependence of the
coupling with both acoustical and optical phonons. We show
that the acoustic phonons coupling constant is strongly increased,
up to 31µeV/K with respect to the bulk CdTe (0.7µeV/K). On
the other hand, the LO phonons coupling constant is reduced
down to 14 meV for the smallest dots with respect to the bulk
(24.5 meV). We show that the main nonradiative process
affecting the PL quantum yield at high temperature is thermal
escape assisted by multiple LO phonons absorption. The average
number of phonons assisting the thermal escape increases from
4 for the 5.9 nm diameter dots up to 6 for the 4.2 nm ones,
which is in quantitative agreement with the increased energy
splitting occurring in the smaller dots.

II. Experiment

We prepared CdTe QDs of different sizes, following the
method described in ref 16. The average diameter of the dots
was estimated by TEM measurements to be 4.2, 4.9, and 5.9
nm for samples A1, A2, and A3, respectively. The QDs have
been deposited by drop casting from chloroform solution on
Si-SiO2 substrates. For each sample, we performed PL mea-
surements in the temperature range of 15÷ 300 K in steps of
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10 K. The samples were excited by ion Argon laser (λ ) 458
nm). The sample emission was dispersed by a monochromator
(0.32 m focal length) and detected by a Si-CCD camera. The
PL measurements were performed in vacuum in a closed-cycle
He cryostat. The absorption spectra were measured in solution
with a spectrophotometer.

III. Results and Discussion

The absorption spectra of the QDs at room temperature (see
Figure 1) show several peaks, corresponding to different optical
transitions. The first three resonances can be reproduced by the
superposition of three Gaussian bands (see Figure 1). The best
fit peak energies clearly show the blue-shift of the first
absorption peak and the increase of the energy splitting among
the confined states, as the dots size decreases. The three first
absorption peaks are due to 1S3/2 f 1Se, 2S3/2 f 1Se, and 1P3/2

f 1Pe transitions.17,18

A typical temperature dependence of the PL spectra is
reported in Figure 2, for sample A2. The spectra exhibit a weak
low-energy tail (not visible in solution) that can be assigned to
emission from the larger dots in the size distribution, enhanced
by Förster transfer (FRET)19 from the smaller dots. As the
temperature increases, the PL spectra show a red-shift of the
peak energy, increasing broadening and decreasing intensity.

In semiconductor nanostructures, the temperature dependence
of the energy gap is usually similar to the bulk semiconductor
one,20-22 except for a temperature-independent energy off-set
due to the quantum confinement. The experimental PL tem-
perature dependence is thus well reproduced by the Varshni
relation

with R andâ consistent with the bulk values. In eq 1,Eg0 is the
energy gap at 0 K,R is the temperature coefficient, and the
value ofâ is close to the Debye temperatureθD of the material.
On the other hand, the experimental PL peak energy temperature
dependence cannot be reproduced by the Varshni relation with
“bulk-like” R andâ when transitions between different states
take place in the investigated temperature range.10,11In our case
the experimental data can be fitted to eq 1 withR andâ values
consistent with bulk CdTe only forT g 150-170 K, while a
weaker temperature dependence is present at low temperature.
Values ofR andâ not consistent with CdTe are instead obtained
by all the data or only theT e 150 K ones. Keepingâ fixed24

at the bulk value22 of 158 K we find a best fit value forR )
3.2× 10-4 eV/K very close to the bulk value (3× 10-4eV/K)
reported in literature.23 For temperatures below 170 K, the
experimental emission energy is lower than the extrapolated
value of theT g 170 K best fit curve with a maximum difference
∆Eg0 at 15 K of the order of 12-20 meV in the three samples.
We observe that for all the samples, the experimental data follow
a bulklike best fit curve forkBT g ∆Eg0 (where kB is the
Boltzmann constant) suggesting that a thermally activated
transition between two different states energetically separated
by ∆Eg0, takes place. This transition could be due to different
possible processes, like the dark-bright exciton transition,10 or
the transitions between intrinsic and surface states, such as
detrapping from surface trap states to intrinsic electronic states,11

or transition from intrinsic states to higher energy-localized
surface states.14 The dark-bright exciton transition can be ruled
out as the typical activation energies25 are much smaller than
the ∆Eg0 values (typically a few meV) and are strongly size
dependent, whereas in our case∆Eg0 does not show any regular
variation with the QDs size (see Table 1). This suggests that a
thermally activated transition involving surface and core states
is responsible for the PL peak temperature dependence. More-
over, the Stokes shift at room temperature shows an expected
increase by decreasing size26 (see Figure 1): 24 meV, 42 meV,
and 52 meV for sample A3, A2, and A1, respectively. This
trend suggests that the nature of the emitting state at room
temperature is intrinsic.

To determine the different nonradiative processes affecting
carriers relaxation, we studied the PL intensity variations with
temperature. In Figure 3 we show the PL intensity dependence
on 1/kBT. For all the samples, the photoluminescence intensity
is almost constant up to about 40 K, while a first thermally
activated PL decrease is visible in the range 40-170 K, followed
by a stronger exponential decrease up to 300 K. In general, the
relaxation processes in QDs include radiative relaxation, Auger
nonradiative scattering,27,28Förster energy transfer between dots
of different dimensions, thermal escape from the dot,31 and
carriers localization at surface states.32,33In our excitation regime
(few W cm-2) the Auger interaction can be neglected, as the
average excitation per dot is (N0) , 1.34 Moreover, FRET can
be neglected because we do not observe significant differences
between the PL spectra obtained from liquid and solid samples.

Assuming a temperature-independent radiative lifetime due
to the strong confinement regime,29 the temperature dependence
of the PL intensity, taking into account the radiative relaxation,
a thermally activated nonradiative process (with activation
energyEa),30 and the thermal escape is given by12

Figure 1. Room-temperature absorption and PL spectra of the
investigated samples in chloroform solutions (black lines) and best fit
Gaussians (gray lines).

Figure 2. PL spectra as a function of temperature for sample A2.
Inset: experimental energy gap for the same sample (full squares), and
best fit curve (continuous line).

Eg(T) ) Eg0 - R T2

(T + â)
(1)
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whereIPL (T) is the integrated PL intensity at temperatureT, I0

is the 0 K integrated PL intensity, andm is the number of LO
phonons involved in thermal escape of carriers andELO is their
energy.35 The best fit parameters are reported in Table 1.

We observe that the best fit value ofEa is, for all the samples,
very similar to the∆Eg0 values extracted from the PL peak
energy analysis. This suggests that the low-temperature PL
quenching process is due to the same thermally activated
transition between intrinsic and defect states that affect the PL
peak temperature dependence. In epitaxial QDs, simultaneous
presence of an anomalous energy gap temperature dependence
and of a PL quenching process with an activation energy of a
few tens of meV is typical of transitions between intrinsic and
defect states.36 In colloidal nanocrystals, some experiments on
CdTe and CdSe QDs showed the presence of emitting surface
states lying several tens of meV below the band edge emis-
sion,37,38while theoretical results on potentially emitting surface
defect states that resonant with or at higher energy than the band
edge are also present.13 However, the exact chemical origin of
these surface states is not yet known.37 Our results can be due
to a thermally induced detrapping from a surface defect state
to a weakly radiatively coupled intrinsic state or to an unusual
thermally activated trapping. Further experiments, like time-
resolved PL, have to be performed to attribute our results to
trapping or detrapping. Another possible process can be a
thermally activated exciton migration from larger to smaller
dots.39 However, this process is unlikely because the average
distance between different QDs in our samples is of the order
of microns, too large to permit efficient FRET from small to
large dots. AtT g 170 K, we observe a thermal escape process,
where the average number of LO phonons absorbed in the
process clearly increases as the dot diameter decreases from
about 4 to about 6. This is consistent with the increasing energy
difference between adjacent states due to the stronger confine-
ment of smaller dots, which leads to an increase of the energy
that a carrier has to absorb to jump from one state to the
following one. To confirm this conclusion, a quantitative
comparison between the total energy absorbed from the LO
phonons in the thermal escape given byEescape) m(ELO) and
the energy difference between the excited states involved in
the process is required. First of all, we remember that the thermal
escape mainly involves the carrier with the smallest energy
difference between consecutive confined state, which in our case
is the hole, due to its higher effective mass.23 Moreover, as
shown in Figure 1, the two first absorption peaks are due to

1S3/2 f 1Se and 2S3/2f1Se transitions.17,18 This allows us to
estimate the energy difference between the 1S3/2 and the 2S3/2

hole states simply as the difference between the first two
absorption peaks energies (∆E1,2 in Table 1). From the
comparison of∆E1,2 with Eescape) m(ELO) (see Table 1), we
observe an overall very good agreement for all the samples,
suggesting that the thermal escape involves hole states.

Finally, to study the size dependence of exciton-phonon
coupling, we analyzed the temperature dependence of the PL
broadening obtained from the Gaussian deconvolution. The
experimental values of the PL spectrum Full Width at Half-
Maximum (FWHM) (see Figure 4), obtained from a Gaussian
best fit of the spectra, clearly show that the FWHM increases
with the temperature. As the PL broadening is partially
inhomogeneous and partially homogeneous, because of exciton-
phonons scattering, we fitted the experimental FWHM to the
following equation:40

Here, Γinh is the inhomogeneous broadening, which is
temperature independent, and it is due to fluctuations in size,
shape, and composition of the nanocrystals,σ is the exciton-
acoustic phonons coupling coefficient,ΓLO represents the
exciton-LO phonons coupling coefficient, ELO is the LO
phonon energy, andkB is the Boltzmann constant. In all the
investigated samples, the best fit curve well reproduces the
experimental data for the best fit parameters reported in Table
2.

We observe that the best fit values of the exciton-acoustic
phonons coupling constantσ are about 3 orders of magnitude

Figure 3. Integrated PL intensity dependence on the samples’
temperature (symbols) and best fit curves (continuous lines) to eq 3.
The data are scaled for clarity.

IPL(T) )
I0

1 + a(e-Ea/kBT) + b(eELO/kBT - 1)-m
(2)

TABLE 1: Best Fit Values of the Activation Energy Ea of
the Low-Temperature Quenching Process and of the
Number m of LO Phonons Absorbed in the Thermal Escapea

sample
Ea

(meV) m
∆Eg0

(meV)
ELO

(meV)
∆E1,2

(meV)
Eescape

(meV)

A1 23.5( 2.0 5.6( 1.7 21 20( 5 124.5 110( 30
A2 13.6( 0.7 4.9( 0.2 12 19.1( 1.5 96.5 94( 4
A3 15.6( 1.7 4.0( 0.3 17 22( 4 82.2 92( 7

a ∆E1,2 is the energy difference between the two first absorption
peaks, whileEescape) m(ELO). The values ofELO and ∆Eg0 are also
reported for clarity.

Figure 4. The fwhm of the PL spectra as a function of temperature
(symbols) for the three samples and respective best fit curves (continu-
ous lines). The data of the sample A2 are vertically translated by 3
meV for clarity.

TABLE 2: Best Fit Values of σ, ΓLO, and ELO for the Three
Samples

sample
σ

(µeV/K)
ΓLO

(meV)
ELO

(meV)

A1 31 ( 7 14( 3 20( 5
A2 33 ( 6 18.3( 0.9 20( 1.5
A3 14 ( 5 21( 4 22( 4

Γ(T) ) Γinh + σT + ΓLO(eELO/kBT - 1)-1 (3)
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higher than the theoretical value estimated by Rudin et al.41

(about 0.72µeV/K) for bulk CdTe. This result is consistent with
the theoretical prediction of a strong increase of the coupling
with acoustic phonons in zero-dimensional systems.12 Moreover,
our results are also in qualitative agreement with the increase
of the acoustic phonons coupling with the increasing two-
dimensional confinement observed in CdTe quantum wells.42

Despite this qualitative agreement, we observe that theσ value,
which determines the low-temperature broadening increase,
could be affected by the intrinsic-defects state transition that
takes place below 170 K. On the contary, the best fit values of
the carrier-LO phonons coupling coefficientΓLO, obtained in a
temperature range where the emission is intrinsic, is smaller
than the theoretical bulk value41 (ΓLO ) 24.5 meV) and
decreases as the QDs size decreases. This result can also be
ascribed to quantum confinement, and it is consistent with
theoretical prediction and experimental observation.12,43,44Fi-
nally, we did not find any dependence on the quantum
confinement for the LO phonon energy, as reported in litera-
ture,45 but its value is within the fitting error consistent with
the bulk value (21.1 meV23).

IV. Conclusions

In conclusion, we studied the temperature and size depen-
dence of the PL spectra in colloidal CdTe core QDs. We dem-
onstrated that at temperatures lower than about 150-170 K a
thermally activated transition between two different states
separated by about 12-20 meV takes place.

We demonstrated that at higher temperature, the main
nonradiative process that limits the quantum efficiency is thermal
escape, induced by multiphonon absorption. The numberm of
phonons involved in the process is dependent on the dots size
and varies from 4, in smallest dots, to about 6 for the largest
ones. Finally, we have studied the size dependence of the
exciton-phonons coupling. We found that it is strongly de-
pendent on the quantum confinement. In particular, the coupling
with acoustic phonons increases with respect bulk material, and
the exciton-optical phonons coupling increases in larger dots.
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