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The excitonic nature of the optical transitions in tetrapod-shaped colloidal CdTe nanocrystals is
assessed by means of photomodulated transmittance spectroscopy. The line-shape analysis of the
photomodulation transmittance spectra indicates the photoinduced Stark effect as the dominant
modulation mechanism, and the presence of excitonic transitions even at room temperature, with an
exciton binding energy of about 25 meV, larger than the bulk value. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2335801�

Colloidal nanocrystals are promising materials in differ-
ent fields of nanoscience and nanotechnology. Spherical1 and
rod-shaped2 nanocrystals of different sizes, for instance, have
been proposed for applications in biological tagging3 as ad-
ditives in plastic solar cells4,5 and optoelectronic devices.6

More advanced applications can be envisaged if we consider
nanocrystals with more complex morphology, such as
tetrapods.7 A tetrapod-shaped nanocrystal is formed by four
arms that branch out at tetrahedral angles from a central re-
gion. Due to their shape, tetrapods are appealing for opto-
electronic devices, where charge migration phenomena rep-
resent a critical parameter.5,8 Cui et al., for instance, have
employed a single electron transistor approach, in which
three arms of a CdTe tetrapod-shaped nanocrystal are con-
tacted with metal electrodes to understand how charge carri-
ers move through branching points.9 Although the carrier dy-
namics in these branched structures is of great interest, a few
experimental and theoretical works have exhaustively inves-
tigated the complicated band structure of a tetrapod.10 Some
of us studied in a previous work11 the carrier confinement in
CdTe tetrapod by means of absorption and photoluminescenc
measurements as a function of the tetrapod size. The ob-
served optical transitions were assigned to tetrapod excited
states by a theoretical calculation based on the envelope-
function approximation.

In this letter, we assess the excitonic nature of the elec-
tronic transitions in CdTe tetrapod-shaped nanocrystals by
photomodulated transmittance measurements �PMT� per-
formed at various temperatures, evidencing the excitonic
resonances even at room temperature and elucidating the ori-
gin of the modulation mechanism. The photomodulated
transmittance12 is a nondestructive technique in which a con-
tactless electric field modulation is produced by a laser
beam. Due to the suppression of substrate and continuum
state contributions, the PMT shows an intrinsic enhanced
sensitivity compared to linear absorption measurements. In
the past, several groups have applied modulation spectros-
copy to investigate the origin of the built-in dipole moment
in CdSe spherical and rod-shaped nanocrystals.13 Only re-
cently, photomodulated transmittance spectroscopy has been

used to characterize the E0 critical-point structure in ZnO
nanowires.14

In this work, photomodulation transmittance was carried
out on two classes of tetrapod samples characterized by dif-
ferent sizes and aspect ratios. The synthesis of CdTe tetra-
pods was performed according to the protocol described by
Carbone et al.15 The size of the samples was assessed by
transmission electron microscopy �TEM� analysis �Figs. 1�a�
and 1�b��, with accuracy better than 5%. The TEM images
show a good homogeneity of the two samples and a rather
narrow distribution of arm diameters �d� and lengths �l�,
whose average values were found to be d=7.2 nm and l
=50 nm for sample SAM1 and d=5.7 nm and l=30 nm for
SAM2.

For the temperature-dependent PMT measurements the
tetrapod samples were dispersed in a polystyrene film and
the film was attached on a sapphire plate onto the cold finger
of a cryostat. A 200 W halogen tungsten lamp was dispersed
by a 0.5 m monochromator, producing the probe beam,
whereas a 5 mW blue line of an Ar+ laser �458 nm�, chopped
at a frequency of 115 Hz, was used as the modulator beam.
Both the ac and dc parts of the transmitted light, proportional
to the transmittance changes �T and to the transmittance T,

a�Author to whom correspondence should be addressed; electronic mail:
davide.tari@unile.it

FIG. 1. Transmission electron micrographs �TEM� of the two CdTe tetrapod
samples: SAM1 �a� and SAM2 �b�. In each sample the central dark spot is
due to the tetrapod arm towards the incoming electron beam.
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respectively, were detected by a Si photodiode using a
lock-in amplifier.

Figures 2�a� and 2�b� show the photomodulation trans-
mission spectra of the two samples recorded in the range of
20–300 K. The PMT spectra exhibit several resonances cor-
responding to different electron-hole transitions. The spectral
line shape was accurately calculated �see below� to deter-
mine the transition energies marked by the vertical arrows at
low temperature in Figs. 2�a� and 2�b�. In both samples we
could identify three main optical transitions, labeled E1e-1h,
E2e-2h, and E3e-3h, whose spectral features were size and tem-
perature dependent. In the smaller tetrapod sample, the
whole spectrum is blueshifted with respect to the larger tet-
rapod sample, as expected from the stronger quantum size
effect. In fact, the energy of the ground level transition in-
creases from 1.758 eV in SAM1 to 1.814 eV in SAM2. In
addition, the energy spacing between the two lower energy
features is remarkably larger in the smaller sample �about
60 meV� as compared to the larger sample �about 40 meV�.

At higher temperatures, the overall signal intensity
smears out, with a large thermal broadening as usually ob-
served in the absorption spectra. In addition the spectral fea-
tures redshift with increasing temperature �see inset of Figs.
2�a� and 2�b�� following Varshni’s equation:16

Eg�T� = Eg�0� −
aT2

b + T
, �1�

where Eg is the energy gap of the material, T is the tempera-
ture, and a and b are Varshni’s coefficients. The best fit for
both samples is found for values of a and b which are in
good agreement with the typical values reported for CdTe
bulk.17

In order to understand the nature of the energy states as
revealed from the PMT spectra, we need to analyze the
single transition behavior induced by an external perturba-
tion field, as a function of the parameters that govern the
modulation mechanisms. The normalized transmittance
change ��T /T� can be expressed by the following formula:18

�T/T = ���1 + ���2, �2�

where ���1 ,�2� and ���1 ,�2� are the Seraphin coefficients,
and ��1 �related to the reflectance variations� and ��2 �re-
lated to the absorption variations� are the changes in the real
and the imaginary parts of the dielectric function generated
by the modulation beam, respectively. Since in the PMT the
perturbation of the real part of the dielectric function is
neglected,19 only ��2 contributes to the PMT signal. ��2 can

be written as a function of the broadening ���, energy gap
�Eg�, and oscillator strength �f�:20

��2 =
��2

�Eg
� �Eg

�P
� +

��2

��
� ��

�P
� +

��2

�f
� �f

�P
� . �3�

The bracketed coefficients, which depend on the modulation
intensity �indicated with P�, give the weight of the different
modulation mechanisms for each transition. Usually, for tem-
peratures below 150 K the PMT spectrum is described by a
Lorentzian line shape, whereas at higher temperature a
Gaussian absorption profile is more suitable. In our experi-
ments, instead, we found that a Lorentzian profile,21

�T

T
�E� = Im� Aei�

�E − Eg + i��n� , �4�

gives the best line-shape fitting even at room temperature. In
Eq. �4� the amplitude A �which is oscillator strength depen-
dent�, the broadening �, the transition energy Eg, and the
phase angle � have been employed as free parameters in the
fit. In Eq. �4� the exponential coefficient n can take three
discrete values, depending on the type of optical transition.
These are n=2.5 and n=3 for a three-dimensional electron
transition and two-dimensional electron transition, respec-
tively, while n=2 is required to fit an excitonic transition in a
highly confined systems. The best fit of our PMT spectra is
obtained by using a coefficient n=2 in the whole temperature
range of interest �20–300 K�, indicating the occurrence of
excitonic resonances up to room temperature. It is worth not-
ing that the obtained values of � and Eg are in good agree-
ment with those estimated by the fit of the absorption spec-
tra. To support our conclusion we fitted PMT spectra when a
coefficient n equal to 2.5 or 3 is assumed. A fit error analysis
has shown that these values for the coefficient n are inad-
equate in our case.22

Figures 3�b�–3�d� display the expected PMT line shapes
for the three different modulation mechanisms in Eq. �3�,
assuming the Lorentzian profile of �2.

Figures 4�a� and 4�b� display some representative fitting
curves for two samples, at low temperature, using Eqs.
�2�–�4�. The excellent agreement between the best fit curves

FIG. 2. Temperature-dependent photomodulation transmission spectra of
SAM1 �a� and SAM2 �b�. The different curves are shifted for clarity. The
vertical arrows at low temperature indicate the position of the three transi-
tions observed. The inset shows the energy peak fitted by the Varshni func-
tion for E1e-1h and E2e-2h transitions.

FIG. 3. �a� Illustration of the imaginary part of the dielectric function. ��b�–
�d�� Single contributions of the PMT spectra line shape due to transition
energy modulation �b�, broadening modulation �c�, and oscillator strength
modulation �d�. The �b� and �d� functions have been multiplied by −1 to
compare with the line shape of the expected curves.
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and the measured line shape indicates that the PMT spectra
originate primarily from the electric field modulation of the
excitonic transitions rather than from band-to-band transi-
tions, as normally observed in bulk materials. In spite of the
relatively low exciton binding energy in CdTe,23 in the tetra-
pod structure we are able to observe exciton transitions even
at high temperatures. This is attributed to the strong quantum
confinement of the carriers that prevent a complete ioniza-
tion of the exciton, suggesting an exciton binding energy
value higher than the thermal energy at room temperature
�about 25 meV�.

In SAM1 the dispersive antisymmetric line shape of the
E1e-1h transition suggests that the first term in Eq. �3� prevails
over the other two. We assume that the main effect of the
built-in field variation is the redshift of the energy of the
confined state by photoinduced electric field through a
photoinduced Stark effect.24 In several previous works dif-
ferent effects have been proposed to explain the modulation
of the dielectric function.25,26 However, in our study the ex-
perimental evidence and the peculiar structure of the samples
suggest a different origin of the modulation mechanism, i.e.,
a photoinduced Stark effect. We believe that in laser off con-
ditions a built-in field originates from the selective coordina-
tion of the surfactants, which completely passivates the Cd
atoms and only partly the Te dangling bonds, which therefore
act as hole traps.27 When the modulation beam is on, the
photogenerated carriers are trapped on the surface sites, re-
sulting in a screening of the built-in field. For the E2e-2h and
the E3e-3h transitions of SAM1, we can assume that both the
oscillator strength and the broadening are responsible for the
modulation, as they exhibit symmetric spectral forms which
are in qualitative agreement with theoretical predictions.
Similar conclusions can be drawn for SAM2, but for the
E3e-3h transition, for which a considerable contribution of the
energetic term is needed to describe the slight asymmetry
with respect to the base line.

In conclusion, we have explained the excitonic nature of
the optical transitions in CdTe tetrapod-shaped nanocrystals
by performing a photomodulation transmittance study at
various temperatures. The measured spectra show the ex-
pected trends: �i� the broadening and the redshift of the
curves when the temperature increases and �ii� the blueshift
of the features and the enhancement of the energy spacing
between optical transition when the size of sample decreases.
By an accurate line-shape analysis, we have been able to
demonstrate the excitonic nature of the PMT resonances
even at room temperature and to identify the photoinduced
Stark effect as the dominant modulation mechanism.

The authors want to thank G. Rainò for useful discus-
sion. They also thank the expert technical help of P. Cazzato.
This work has been partially supported by the SA-NANO
European project Contract No. STRP013698, and by the
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