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This study reports the observation of changes in critical point energy at � and L points and an increase in
spin-orbit splitting energy of cubic CdTe nanoparticles in comparison to the bulk single-crystal value. �1 and
�2 spectra of CdTe nanoparticles, accurately derived from spectroscopic ellipsometry measurements on CdTe
nanoparticles dispersed in SiO2 films, show E0, E0+�0, E1, and E1+�1 critical points at 1.75, 2.74, 3.29, and
3.83 eV, respectively. Glancing-angle x-ray diffraction and high-resolution transmission electron microscopy
investigations confirm cubic CdTe nanoparticles with good crystallinity and a nonspherical shape. Variable
magnitudes of size-induced stress along the minor and major axes cause dissimilar shifts of heavy-hole and
split-off bands resulting in a positive contribution to spin-orbit splitting energy, in addition to the small size.
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INTRODUCTION

Spin-orbit �SO� splitting is an essential characteristic of
the electronic band structure of semiconductor materials.1 It
arises due to the interaction of the intrinsic magnetic moment
of the electron spin with the magnetic field generated by
electron motion. The magnitude of the SO splitting is known
to affect the location of the lowest hole levels in the valence
band of microcrystals and thus any change in SO splitt-
ing is bound to affect the luminescent properties of
semiconductors.2 In cubic and hexagonal crystals, the three
valence bands �j ,mj�= �3/2 , ±3/2�, �3/2 , ±1/2�, and
�1/2 , ±1/2� are called the heavy-hole �A�, light-hole �B�,
and split-off hole �C� subbands, respectively.3 The crystal-
field splitting between A and B subbands arises due to the
anisotropy of the hexagonal structure. In cubic crystal struc-
tures, the doubly degenerate A and B bands �the crystal-field
splitting is zero� and a lower nondegenerate C band are sepa-
rated by the SO splitting. In bulk and thin-film semiconduc-
tors, modifications in crystal structure due to stress or lattice
distortion influence the magnitude of the SO splitting.4,5

Some theoretical work has been carried out to study the ef-
fect of nanoparticle size and shape on A, B, and C subbands
in CdX �X=S, Se, and Te� nanoparticles.1,3,6,7 Using the
multiband effective-mass approximation, Efros et al. theo-
retically showed a possible increase �or decrease� of crystal-
field splitting in oblate- �or prolate-� shaped CdSe nanopar-
ticles and also predicted a mixing of A, B, and C bands due
to shape anisotropy.1 Empirical pseudopotential calculations
carried out by Tomasulo et al. on CdX nanoparticles clearly
show increase in the energy of A, B, and C subbands at
reduced dimensions.3 Although the optical properties of
II-VI semiconductors are probably the most widely investi-
gated nanoparticle characteristic, these experimental studies
are limited to the size-induced shift in the fundamental ab-
sorption edge.6–12 The present study reports on the experi-
mental investigation of the effect of nanoparticle size and
shape on the critical point transitions at the � and L points

and SO splitting energy in any nanoparticle system. The
spectroscopic ellipsometry �SE� technique has been used to
obtain the �1 and �2 spectra of CdTe nanoparticles from the
measurements carried out on CdTe nanoparticles dispersed in
SiO2 films.

It may be mentioned here that nanoparticles dispersed in a
SiO2 matrix represent an ideal configuration for studying the
optical properties of nanoparticles, as the SiO2 matrix pro-
vides a protective environment to the nanoparticle surface
right from its early stages of growth and its transparent na-
ture makes optical characterization easy. In various reports
on the optical properties of nanoparticles dispersed in the
SiO2 matrix, the size-dependent shift of the fundamental ab-
sorption edge has been determined directly from the absor-
bance spectra or from the Tauc plots drawn from transmis-
sion and reflectance data or their derivatives.8–12 Factors like
surface roughness, interference, and thickness nonuniformity
and the presence of the matrix have been completely ig-
nored.

EXPERIMENT

CdTe nanoparticles dispersed in SiO2 films �CdTe:SiO2
samples� have been grown by the magnetron sputtering
technique. High-quality elemental Cd and Te targets
have been fixed onto a 2-in. diameter SiO2 slab for
depositing CdTe:SiO2 films. Argon partial pressure of
3.75�10−2 Torr at a flow rate of 10 SCCM �SCCM denotes
cm3/min at STP� is maintained during sputtering. A power of
120 W from a 13.56 MHz rf generator has been used for
sputtering. Substrate rotation at 8 rpm has been employed to
achieve deposition uniformity. Samples A2, A4, and A6 have
been formed by postdeposition heat treatment of as-
deposited CdTe:SiO2 samples �sample A0� in vacuum at
5�10−6 Torr at temperatures 200, 400, and 600 °C, respec-
tively. A conventional transmission electron microscope
�TEM� JEOL JEM 200 CX and a high-resolution field-
emission transmission electron microscope 2010 UHR-
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JEOL �resolution=0.14 nm� at 200 keV have been used to
study the crystal structure, size, and shape of the CdTe nano-
particles. A variable-angle spectroscopic ellipsometer
VASE® �J. A. Woollam Co., Inc.� at 57.5°, 62.5°, and 67.5°
incident angles in the 0.725–4.6 eV photon energy range has
been used for carrying out SE measurements. VASE is a
rotating-analyzer ellipsometer equipped with an autoretarder,
which is useful for measuring the depolarization caused by
surface roughness, thickness nonuniformity, and backside re-
flection from the glass substrate.

RESULTS AND DISCUSSIONS

Figure 1 shows the glancing-angle x-ray diffraction
�GAXRD� spectra of CdTe:SiO2 samples A0, A2, A4, and
A6. Curves a and b in Fig. 1 indicates that samples A0 and
A2 are amorphous in nature. In the GAXRD spectrum of
sample A4 �curve c�, peaks corresponding to the cubic CdTe
start appearing. The spectrum of the A6 sample �curve d�
shows predominantly peaks corresponding to the cubic �fcc�
phase of CdTe. The �hkl� values assigned to peaks corre-
sponding to the cubic CdTe are in agreement with standard
JCPDS values.13 The above results and TEM analysis of
these samples show that well-defined CdTe nanoparticles are
formed at annealing temperature of 600 °C.14 It may also be
mentioned that the crystallization temperature for CdTe is
around 565 °C.15

Using SE, the analysis was carried out in two steps. In the
first step, the effective optical functions of the CdTe:SiO2
matrix were determined by a three-layer optical model
�glass substrate+CdTe:SiO2 layer+surface roughness� sepa-
rating the absorption due to the glass substrate. The three-
layer optical model used for this analysis is shown in Fig. 2.
Since the extinction coefficient of the samples is negligibly
small in the wavelength region ��1.5 eV, the refractive in-
dex and thickness of the CdTe:SiO2 matrix were the only
two unknown parameters that needed to be determined. At
the same time we are measuring two unknowns �� and ��
over a large energy range at multiple incident angles. Hence
a regression analysis that satisfies multiple data sets would
provide a very accurate thickness value. After obtaining the
thickness of the CdTe:SiO2 layer, the optical constants for

the spectral regions are obtained using a point-by-point fit
starting from the transparent region. By using the obtained
thickness and refractive index values in the transparent re-
gion, a wavelength-by-wavelength fit was performed over
the entire spectral region and the values of optical functions
were determined in the whole energy range. The optical
function spectrum was further refined by regression analysis
using a general oscillator layer created from the starting
spectra. A general oscillator layer consisting of a Gaussian-
broadened polynomial superposition semiconductor oscilla-
tor and several harmonic oscillators was used to simulate
different electronic transitions in the optical spectra.16 The
optical constants of the CdTe:SiO2/glass structure were gen-
erated using this general oscillator layer incorporated in the
above mentioned three-layer optical model. Software em-
ploying the Levenberg-Marquardt algorithm was used to
minimize error between the fitted and the measured data.16

By using the experimental standard deviation as the weight-
ing parameter in the fit, the contributions due to noise in the
mean square error are reduced significantly. A detailed de-
scription of this can be found elsewhere.17,18 The �2 spectrum
thus obtained is due to CdTe nanoparticles and is shown as a
simulated curve in Fig. 3. Our earlier studies have shown the
presence of a 1–2 nm thick amorphous CdTeO3 layer around
CdTe nanoparticles.19 Due to the large band gap of CdTeO3
�3.98 eV� and small shell thickness, the contribution of
CdTeO3 to the dielectric structure of CdTe nanoparticles is
expected to be insignificant. It will also be too complicated
to take it into account in the optical model.

FIG. 1. GAXRD spectra of �curve a� as-deposited �A0� and
vacuum annealed samples �curve b� A2, �curve c� A4, and �curve d�
A6.

FIG. 2. Four-layer optical model used to simulate the optical
constants. EMA �CdTe+SiO2� layer is a dummy layer with a zero
thickness, which provides variable optical functions to the EMA
layer. The maximum thickness variation will be ±0.5 nm. In the
absence of the dummy layer, the model serves as three-layer model.

FIG. 3. Curve with open squares ��� represents the simulated
values of �2 corresponding to CdTe nanoparticles. These simulated
values provide a match between the measured ��� and fitted �line�
values of �2 spectra corresponding to CdTe nanoparticles dispersed
in SiO2 samples.
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In the second step the optical constants of the CdTe nano-
particles are determined using the effective-medium �EMA�
approximation. In this step, the optical functions of CdTe
nanoparticles are determined again using a three-layer opti-
cal model. This is similar to the three-layer model for the
optical constants of CdTe+SiO2 described in the first step
except the EMA layer using Maxwell-Garnett approxima-
tions. In this model the CdTe+SiO2 becomes a dummy layer
with zero thickness, which provides variable optical func-
tions �oscillator model� to EMA layer. This model takes into
account the optical constants of CdTe+SiO2 matrix and the
optical properties of bulk SiO2.20 Here the volume fraction of
the SiO2 matrix obtained from x-ray photoelectron spectros-
copy measurement �e.g., the value for CdTe:SiO2 is 12:88 in
sample A6, i.e., the cubic nanoparticle sample A6� is used as
an input parameter.19 The oscillator strength along with
broadening are taken as fit parameters. Again the data fit is
carried out simultaneously on three incident angles to im-
prove the confidence limit in the data fit.

In Fig. 4, the fitted �2 spectra of samples A0, A2, A4, and
A6 have been compared with the �2 spectrum of bulk CdTe.
A comparison of the fitted �1 and �2 spectra of CdTe nano-
particles with that of bulk CdTe shows that the dielectric
function spectra of A0, A2, and A4 are quite different from
the bulk spectra. These observations are also consistent with
the GAXRD and TEM results discussed earlier, which show
that CdTe nanoparticles in these samples are not well
formed. The �1 and �2 spectra sensitively depend on the
crystallinity, stoichiometry, and particle size. Therefore, the
spectra for sample A6, which comprises well-crystallized cu-
bic CdTe nanoparticles, have been discussed in detail. In the
dielectric function spectra of nanoparticles shown in Fig. 5,

the �1 value is lower than the corresponding bulk value in the
complete energy range. The �2 values of CdTe nanoparticles
in the energy range 1–3 eV are similar to bulk values,
whereas at energy higher than 3 eV, the �2 values are signifi-
cantly lower than the bulk values. It is well known that the
complex dielectric response is the manifestation of different
interband transitions through Kramer-Kronig relations. The
optical transitions depend on the energy band structure
through the imaginary part of the dielectric constant ��2�.
Hence the dielectric constant is directly proportional to the
optical joint density of states between valence and conduc-
tion band states.21 Since the joint density of states in the case
of nanoparticles is lower than for the corresponding bulk
materials due to the lesser number of electronic states avail-
able due to small size, it is expected that the �2 values in case
of nanoparticles will be lower in comparison to single-crystal
bulk values.22 In addition, the surface polarization effects
due to induced charges at the nanoparticle-matrix interface
can also reduce these values.23 The modified Penn model
also predicts a decrease in the dielectric constant with size.24

Critical points in the second derivative of the �2 spectrum
correspond to the energy at which the joint density of states
shows a strong variation as a function of energy. These criti-
cal point energies were identified by the minimum negative
value of the second derivative of �2 ��2�� as shown in Fig.
6.17,18,25 The �2� spectra of the CdTe nanoparticles show four
critical points E0, E0+�0, E1, and E1+�1 at 1.75, 2.74, 3.29,
and 3.83 eV, respectively. These critical points correspond to
the allowed transitions �8

v-�6
c, �7

v-�6
c, L4,5

v -L6
c, and L6

v-L6
c lev-

els in the electronic band structure of CdTe. E0 is the optical
absorption gap of CdTe at the � point and E1 is the absorp-
tion edge at the L point corresponding to the center and edge
of the first Brillouin zone, respectively. Figure 7 shows the
nonlinear curve fits of the second derivatives of the real and
imaginary parts of the dielectric function in the energy range
corresponding to the critical points E0, E0+�0, E1, and E1
+�1 using the procedure adopted by Lautenschlager et al.26

It may be mentioned here that the degree of divergence �	2�
between experimental and fitted data points is less than 3 and
the accuracy of the energy positions of the critical points
obtained from the fitted curve is less than ±3.0 meV. The
critical point energy positions and corresponding shift with
respect to bulk values are summarized in Table I. The E0 and

FIG. 4. �2 spectra of samples A0, A2, A4, A6, and bulk
CdTe.

FIG. 5. Fitted �1 and �2 spectra of CdTe nanoparticles �NP�
�solid lines� and bulk �dashed lines�.

FIG. 6. Simulated �2� spectra of CdTe nanoparticles showing the
position of critical point transitions. Vertical bars denote critical
point transitions in bulk CdTe �Ref. 13�. Arrows indicate the values
corresponding to CdTe nanoparticles.
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E0+�0 energies are blue-shifted with respect to the corre-
sponding bulk values of 1.5 and 2.3 eV, respectively. It is
important to mention here that there is a scatter in the energy
positions of the critical points reported in the literature,
which may be due to differences in the measurement method,
measurement temperature, or sample conditions. Values ob-
tained from reflectance measurements at 293 K on single-
crystal CdTe have been taken as the standard bulk values.27

The observed shift in E0 of about 250 meV is similar to the
values �300 meV for 10 nm size� calculated for CdTe nano-
particles using the tight-binding approximation in accor-
dance with a 1/D1.42 dependence with D as the nanoparticle
diameter.28 The shift in E0+�0 is about 440 meV in compari-
son to the bulk value. In contrast to E0 and E0+�0, the en-
ergy values of the E1 and E1+�1 transitions show negligible
shifts of about 30 and 60 meV, respectively, with respect to
the bulk values. This may be due to weak confinement at the
L point. At nanoparticle dimensions smaller than or compa-
rable to the Bohr excitonic radius, a size-dependent change
in energy level takes place due to strong-confinement effects.
In this strong-confinement regime, the positions of quantum
levels are described by motions of the electron and hole,
separately.1 At dimensions larger than the Bohr excitonic ra-
dius, the confinement of the electron-hole pair is very weak
and size-dependent changes in energy levels are relatively
smaller.1 In the case of CdTe, the Bohr exciton radii for A
and B subbands of CdTe at the L point are 0.60 and 0.65 nm,
respectively. In comparison to this, the value of the Bohr
radius at the � point is 6.50 nm.29 At CdTe nanoparticle
diameter of 8.5 nm that is significantly higher than the Bohr
exciton radius at the L point, so the effect of confinement is
expected to be very weak. This explains the small shifts ob-
served in the E1 and E1+�1 transition energy levels.

As already mentioned, there are not many experimental or
theoretical works on the effect of nanoparticle character on
SO splitting and critical point transitions at the L point.
There is only one theoretical study on this subject in which
the effect of size on individual A, B, and C subbands in CdX
nanoparticles has been investigated using empirical pseudo-
potential calculations.3 According to these calculations, in
hexagonal CdS and CdSe nanoparticles, the size-induced

shifts in the positions of A and C subbands are similar and
hence the net change in SO splitting due to size is quite
small. However, in the case of cubic CdTe nanoparticles, the
size-dependent change of individual A, B, and C subbands
increases by different magnitudes and hence the SO splitting
increases in comparison to the single-crystal bulk value. For
a diameter of 4 nm, the increase in SO splitting is predicted
to be about 300 meV. The change in SO splitting decreases
with increase in size and becomes negligible at nanoparticle
diameter larger than 10 nm. In the case of CdSe having the
hexagonal structure, the multiband effective-mass approxi-
mation predicts an additional contribution to the crystal-field
splitting in nonspherical nanoparticles due to anisotropy in
the hole effective-mass values.1 In the case of CdTe nanopar-
ticles having the highly symmetric cubic structure, the elec-
tron and hole effective masses are identical along different
crystallographic directions.23 However, the electron and hole
effective-mass values can change due to the presence of
stress or lattice distortions. It is well known that enhanced
surface-to-volume ratio at reduced dimensions results in
size-induced stress or lattice distortion. A gradual decrease in
lattice constant with decreasing nanoparticle size has been
shown in the case of CdSe nanoparticles, which is related to
the surface energy through the Laplace law.30,31 With reduc-
tion in size, the percentage of surface atoms increases and
thus the average surface pressure per atom increases. This
can be understood in terms of the liquid drop model32 and
bond-length, order, and strength correlations.33 In nonspheri-
cal nanoparticles, the magnitude of size-induced stress will
be different along the minor and major axes. Thus, it is im-
portant to consider the effect of stress on the positions of A,
B, and C bands for describing the effect of shape on the SO
splitting. The effect of stress along the �100� and �111� direc-
tions on the splitting between A and B subbands has been
studied in the case of single-crystal CdTe.34 According to this
study, two deformation potentials are required to describe the
splitting between A and B bands in the case of strained cubic
CdTe crystals having an elastic anisotropy factor of 2.39.
This can result in a crystal-field splitting of the order of
15–20 meV. It has also been shown that a small amount of
tensile stress �about 2.3�109 N/m2� due to the presence of
oxygen atoms can break the degeneracy of A and B bands in
cubic CdTe nanoparticles.35 As already mentioned, the mag-
nitude of the size-induced stress in nonspherical nanopar-
ticles will be relatively larger along the smaller dimension. A
quasicubic model has been used to calculate the effect of
stress along different directions on the band structure of

TABLE I. The values of the critical point energy of CdTe bulk
�Ref. 4� and curve fits of the second derivative of the �2 spectrum of
nanoparticle sample A6.

Samplea E0 E0+�0 �0 E1 E1+�1 �1

Bulk �eV� 1.50 2.30 0.80 3.32 3.89 0.57

NP �eV� 1.75 2.74 0.99 3.29 3.83 0.55

Shift �meV� 250 440 190 −30.0 −60.0 −30.0

aEnergies of critical point transitions are experimentally measured
values at 293 K �Ref. 13�.

FIG. 7. Nonlinear best-fit curves for second derivatives of �1

and �2 spectra. E0 and E0+�0 are the critical point transitions at the
� point and E1 and E1+�1 are the critical point transitions at the L
point.
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nearly cubic crystals.36 These calculations show that the rela-
tive strength of transitions involving A and C bands is modi-
fied differently on application of stress along different direc-
tions but having the same magnitude. If the magnitude of
stress applied along different directions is different, the
above effect will be enhanced further. This explains the large
contribution to the SO splitting due to the nonspherical shape
of the CdTe nanoparticles.

A TEM micrograph of the CdTe:SiO2 sample given in
Fig. 8�a� shows CdTe nanoparticles dispersed in SiO2 matrix.
Typical high-resolution TEM �HRTEM� lattice images of
CdTe nanoparticles in the above sample are also shown in
Figs. 8�b� and 8�c�. The HRTEM lattice images of nanocrys-
tals have been analyzed using image processing and analysis
�IMAGEJ 1.32� software. The HRTEM images clearly demon-
strate that CdTe nanoparticles are well crystallized without
any crystallographic defects and are nonspherical in shape.
The shape of the nanoparticles can be approximately de-
scribed as an ellipsoid with major and minor axes having

dimensions 10–11 nm and 7–9 nm, respectively. As shown in
Figs. 8�b� and 8�c�, the �220� planes are oriented at about a
40° angle with the major axis. It is quite probable that the
�111� plane, which makes an angle of 35.11° with the �220�
plane, forms the major axis. In bulk CdTe single crystals, it
has been shown that the growth rate is higher along �111�
directions.37 The HRTEM studies carried out on CdS and
CdSe nanoparticles dispersed in a glass matrix have shown
that the difference in growth rate along different crystallo-
graphic directions results in the evolution of nonspherical
crystals in nanoparticles having size below 10 nm and an-
nealing temperature lower than 700 °C.38 X-ray diffraction
studies carried out on Si nanoparticles have also shown that
different growth rates of Si nanoparticles along the �001� and
�100� directions result in nonspherical shapes.31

The effect of nanoparticle character on the band structure
of CdTe is schematically described in Fig. 9. The shift in the
conduction band �D band� and valence band �A subband� has
been obtained from the experimentally determined value of
�E0 and the theoretically calculated ratio of the shift in the
conduction and valence bands ��ED /�EA�. Tight-binding
calculations carried out on Si nanoparticles having 4 nm size
show the �ED /�EA ratio to be about 2, which increases with
increase in size.39 We have used a value 4 �for 8.5 nm nano-
particles� for estimating �ED and �EA.40 The shift in the
position of the C subband ��EC� can also be estimated from
the shift in the position of the E0+�0 transition �440 meV�
and �ED. Here the �EC /�EA ratio is found to be of the order
of 2. It is interesting to note that the effect of the nanoparticle
nature on the position of the C subband is greater in com-
parison to the A subband, probably due to the higher overlap
of the electron and split-off hole wave functions �in accor-
dance with pseudopotential calculations3� and the smaller
effective-mass value of the split-off hole �in accordance with
the effective-mass approximation1�. Thus, the increase in SO
splitting energy observed in CdTe nanoparticles is due to the
size of the CdTe nanoparticles being of the order of the Bohr
exciton radius at the � point and the nonspherical shape re-
sulting in different magnitudes of stress along the minor and
major axes.

In conclusion, the �1 and �2 spectra of CdTe nanoparticles
derived from SE measurements on CdTe:SiO2/glass

FIG. 8. �a� TEM image showing CdTe nanoparticles dispersed
in SiO2 sample. �b�, �c� Typical HRTEM images showing the non-
spherical shape of CdTe nanoparticles. Nanoparticle dimensions
along major and minor axes are also shown. Plane �220� is oriented
at �40° with respect to major axis. Major �x� and minor �y� axes
have dimensions of 10–11 and 7–9 nm and the average diameter
�y2x�1/3 of the nonspherical nanoparticles is �8.5 nm.

FIG. 9. Schematic diagram showing the comparison of the band
structure of bulk CdTe �solid curves� and CdTe nanoparticles �dot-
ted curves�. Heavy-hole, light-hole, and split-off hole subbands are
denoted as A, B, and C bands, respectively. For clarity, the conduc-
tion band is denoted as the D band. Based on the result of the
present study, the critical point transitions E0 and E0+�0, SO split-
ting �0, shifts in conduction band ��ED�, heavy hole ��EA�, and
split-off subbands ��EC� are also shown.
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samples show lower dielectric function values, especially at
energy greater than 3 eV. The �2� spectrum for CdTe nano-
particles shows the position of four critical points E0, E0
+�0, E1, and E1+�1 at 1.75, 2.74, 3.29, and 3.83 eV, respec-
tively. The effect of confinement has been observed to be
stronger at the � point than at the L point. The observed
increase of SO splitting in CdTe nanoparticles with respect to
the bulk value has been explained due to the combined effect
of size and nonspherical shape. HRTEM investigations show
that CdTe nanoparticles have dimensions of 10–11 and 7–9
nm along the major and minor axes, respectively. Variable
magnitudes of size-induced stress along the major and minor

axes cause dissimilar shifts of heavy and split-off hole bands
with �EC /�EA of the order of 2.
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