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INTRODUCTION

A new branch of the semiconductor physics is
related to the study of the optical and electric proper�
ties of the smallest semiconductor crystals with sizes of
several nanometers [1–3]. Recent interest in the semi�
conductor nanocrystals in silicate glass has been
driven by the applications in optoelectronic devices
[4–6].

In comparison with bulk semiconductors, nanoc�
rystals exhibit limitations on the motion of electrons
and, hence, energy quantization. The positions of dis�
crete energy levels depend on the size and shape of
nanocrystals [7, 8]. The calculations of the energy
spectra are normally performed with allowance for the
distribution of the periodic energy potential and the
limitations on the motion of electrons in the presence
of a periodic field. However the electron microscopy
[9–11] shows imperfect crystal lattice at the initial
stage of the nucleation in nanocrystals. Thus, nanoc�
rystals exhibit both periodic and random potentials
that contribute to the formation of the band structure.
In our opinion, the effect of the random potential on
the band structure and, hence, the optical properties
of semiconductor nanocrystals is of practical and sci�
entific interest.

In this work, we study the effect of random poten�
tial on the optical properties of the CdSxSe1 – x semi�
conductor nanocrystals in silicate glass.

RESULTS AND DISCUSSION

The CdSxSe1 – x nanocrystals in silicate glass were
fabricated using the procedure of [12]. The samples
differ from each other by mean sizes of nanocrystals.
Semiconductor nanocrystals with different sizes and
degrees of perfection of crystal lattice are grown at a
fixed temperature and time of heat treatment of sili�
cate glass. The heat treatment is performed in a com�

puter�controlled oven at a temperature of 530°C. The
temperature of the heat treatment is reached over one
hour, and, then, the samples are stored at a constant
temperature. The annealing of glasses leads to stain�
ing, so that the glass colors range from light yellow to
dark red.

The transmission and photoluminescence spectra
are studied in the wavelength interval 300–900 nm
using Ocean optics USB�4000 and Cary Eclipse fluo�
rescence spectrometers.

Figure 1 shows the transmission spectra of the sam�
ples that are measured prior to and after heat treat�
ment in air (sample T1 is not thermally processed and
the processing times of samples T2–T8 at a tempera�
ture of 530°C are t2 = 5 min, t3 = 15 min, t4 = 35 min,
t5 = 65 min, t6 = 125 min, t7 = 245 min, and t8 =
425 min). It is seen that the heat treatment leads to the
formation of a sharp absorption edge and the red shift
of the absorption edge. Additional heat treatment also
causes variations in the transmittance of the samples:
an increase at the initial stage is followed by a decrease.
A variation in the spectral shape and the edge shift are
due to the formation of nanocrystals and the further
diffusion growth [13]. Using the transmission spectra,
we can determine the mean size of semiconductor
nanocrystals. The experimental transmission spectra
make it possible to calculate the spectral dependence
of absorption coefficient K = K(hν). The experiments
yield minor (less than 4%) reflectance for a wavelength
interval of 350–700 nm. Thus, the reflection can be
disregarded in the analysis of quantity K = K(hν).

The CdSxSe1 – x semiconductor exhibits the direct�
band�gap structure, so that the spectral dependence of
the absorption coefficient is given by

(1)K A
hν
����� hν Eg–( )1/2
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where parameter A = const depends on the effective
masses of electrons and holes, hν is the energy of the
incident photon, and Eg is the band gap. Figure 2 pre�
sents an example of the dependence K = f(hν)2. The
analysis of the absorption spectra shows that the spec�
tra exhibit exponential fragments at hν < Eg and the
square�root dependence at hν > Eg. Using the point of
intersection of the linear fragment of the dependence
K = f(hν)2 and the abscissa axis, we can determine
energy hν0.1 that corresponds to the transitions
between the first energy levels for electrons and holes
that result from the quantum dimensional effect. For
spherical quantum dots the sizes of which are no
greater than the exciton radius, parameter hν0.1 is rep�
resented as [15]

(2)

where Eg0 is the band gap for the bulk sample, μ =

, and R is the mean radius of the quantum dot.

The mean radii of nanocrystals in the samples that
were processed at different processing times are deter�
mined with the aid of expression (2). To determine the
mean radius of nanocrystals, we need energy Eg0,
which depends on parameter x of the CdSxSe1 – x com�
pound. It is well known that the phase decay contains
three stages: nucleation, diffusion growth, and coales�
cence (final stage). At the final stage, the sizes of rela�
tively large crystals increase due to the absorption of

hν0.1 Eg0
�

2π2

2μR2
����������,+=

mnmp

mn mp+
���������������

small crystals [16, 17]. An increase in the time of heat
treatment may lead to the formation of crystals with
sizes that make it possible to neglect the effect of size
quantization. In such samples, the band gap tends
to Eg0. The experiments show that the band gap tends
to a level of 2 eV due to the long�term heat treatment.

The width of the interval of the square�root depen�
dence of the absorption coefficient is determined by
the parabolic dependence of the carrier energy on
wave vector E(k). When the sizes of nanocrystals
increase, the energy spectrum becomes closer to the
spectrum of the bulk CdSxSe1 – x sample. For increas�
ing sizes of nanocrystals, the width of the interval of
the square�root dependence must increase. Such a
width m is given by m = hν0 – hνΔ, where hνΔ is the
energy at which the square�root dependence is started
and hν0 is the maximum photon energy at which the
dependence vanishes. Figure 3 shows the width of the
interval of the square�root dependence versus the size
of nanocrystals. It is seen that the expected increase is
observed up to a certain size of nanocrystals and, then,
the width decreases. Note that such a decrease takes
place when the transparency of the samples decreases.

A deviation from the square�root dependence K =
f(hν) is observed at low frequencies. When the anneal�
ing time increases, interval Δ (Δ = hνΔ – Eg, where hνΔ
is the photon energy at which dependence K = f(hν)2 =
f(hν) reaches the linear fragment), which character�
izes the deviation, decreases (Fig. 4). For semicon�
ductor, the exponential dependence of the absorption
coefficient at energies hν < Eg results from violations of
periodicity of the crystal�lattice potential. For the sys�
tem under study, parameter Δ, which characterizes the
broadening of the absorption edge, can be determined
by the variance of the nanocrystal radius and the pres�
ence of point defects [18]. A decrease in quantity Δ at
the initial stage of the heat treatment indicates that the
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Fig. 1. Transmission spectra of silicate glasses containing
CdSxSe1 – x semiconductor nanocrystals (sample T1 is not
thermally processed and the processing times of samples
T2–T8 at a temperature of 530°C are t2 = 5 min, t3 = 15 min,
t4 = 35 min, t5 = 65 min, t6 = 125 min, t7 = 245 min, and
t8 = 425 min).
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Fig. 2. Plot of quantity K = f(hν)2 vs. energy of incident
photon for sample T6.
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annealing leads to a decrease in the degree of perfec�
tion of the crystal lattice.

The structural changes in nanocrystals must also be
manifested in the photoluminescence spectra. We
study the photoluminescence spectra of the samples
that differ from each other by the durations of addi�
tional heat treatment at a temperature of 530°C.
A mercury lamp with a radiation wavelength of 250 nm
serves as the excitation source in the measurements of
the photoluminescence spectra in a wavelength inter�
val of 300–900 nm.

Figure 5 shows the photoluminescence spectra of
silicate glasses with the CdSxSe1 – x nanocrystals at sev�
eral excitation powers. The radiation power is con�
trolled using the supply voltage of the mercury lamp. It
is seen that the photoluminescence is relatively weak at
the initial stage of the annealing, which can be due to
the absence of the perfect crystal lattice at the initial
stage and, hence, the nonradiative recombination.
When the annealing time increases, the photolumi�
nescence intensity, first, increases and, then,
decreases. Figure 6 presents the dependence of the
maximum photoluminescence intensity on the mean
size of nanocrystals at a supply voltage of the mercury
lamp of 750 V. The edges of the absorption and photo�
luminescence spectra, which correspond to the
recombination of carriers to lower energy levels or
smaller traps, are red�shifted with an increase in the
annealing time. The photoluminescence at wave�
lengths that are greater than the wavelength corre�
sponding to the edge of the absorption band is related
to the recombination of carriers on traps [19]. The
traps are localized at the semiconductor–glass inter�
face or semiconductor surface. The surface traps can
be related to the Cd2+, S2–, and Se2– vacancies or
adsorbed oxygen ions on the semiconductor surface. A
decrease in the transparency, the width of the square�
root dependence, and the maximum luminescence

intensity for the samples with relatively large nanoc�
rystals are presumably due to the formation of new
defects on the semiconductor–matrix interface and
semiconductor surface owing to multiple heat treat�
ment of a single sample. We plan additional study to
substantiate the assumption.

Figure 7 shows the dependence of the mean size of
nanocrystals on the time of heat treatment at a tem�
perature of 530°C. The mean size of nanocrystals is
determined in the approximation that the electron and
hole bands are parabolic, and the electron–hole inter�
action (formula (2)) is disregarded. It is known that
the nucleation is followed by the diffusion growth of
nanocrystals. In the course of the diffusion growth, the
dependence of the mean radius on the time of heat
treatment is given by [11, 17]

(3)

where C0 is the concentration of the semiconductor
phase in the matrix at the beginning of the process, Ce

is the equilibrium concentration of the semiconductor
phase in the matrix, Cp is the semiconductor concen�
tration in nanocrystal, and D is the effective diffusion
coefficient. The experimental dependence of the
mean size of nanocrystals on the time of heat treat�
ment was approximated using the formula R(t) = R0 +

k  and the following results were obtained: R0 = 18.3 Å
and k0 = 0.5 Å/min1/2. Figure 6 shows that the square�
root dependence is observed at t > 50 min. A sharp
increase in the size of nanocrystals at the initial stage
of heat treatment cannot be interpreted using the dif�
fusion process.

The energy of the ground state of a cylindrical
quantum particle that is dispersed in a transparent
dielectric matrix was analyzed in [20]. For a nano�
structure that contains a point defect (δ�function
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Fig. 3. Plot of the width of the interval of square�root
dependence vs. size of nanocrystals.

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0 10 20 30 40 50 60 70 80
Annealing time, min

Δ = hνΔ − Eg, eV

Fig. 4. Plot of parameter Δ vs. annealing time.



TECHNICAL PHYSICS  Vol. 60  No. 5  2015

EFFECT OF RANDOM POTENTIAL ON THE OPTICAL PROPERTIES 727

potential), the dependence of the edge of the absorption
band on the position and amplitude of the δ�shaped
potential was determined. The nanocrystal in the
dielectric matrix represents a 3D infinite potential well

for carriers. Spherical nanocrystals are predominantly
employed in the study of the energy spectrum of carri�
ers in nanocrystals. In this case, the analysis of the
energy levels is reduced to the solution of a conven�
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Fig. 5. Photoluminescence spectra of silicate glasses with the CdSxSe1 – x nanocrystals: (a) prior to heat treatment, and after heat
treatment at a temperature of 530°C at annealing times of (b) 5, (c) 35, and (d) 125 min.
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tional problem that involves the stationary motion of a
particle in a spherically symmetric rectangular well
with an infinite depth. The absorption edge (for R � aB,
where aB is the Bohr radius), which is determined by
the transitions between the main quantum levels of
electrons and holes, is calculated using formula (2).

The results of electron microscopy [21] show that
the CdSxSe1 – x nanocrystals in silicate glass exhibit an
elongated rather than spherical shape. The X�ray dif�
fraction shows that the CdSxSe1 – x particles in silicate
glass exhibit hexagonal structure with lattice constants
a = 4.16 Å and c = 6.76 Å. On the assumption that the
shapes of the growing nanocrystals correspond to the
shape of the unit cell, we may consider cylindrical
nanocrystals with diameter a and height c. The energy
spectrum was calculated in [20] for cylindrical nanoc�
rystals. The energy spectrum of the particle with a
point defect on the end surface of the cylinder is simi�
lar to the spectrum of the defect�free sample. In this
case, the edge of the absorption band is represented as

(4)

where λ0.1 ≈ 2.405 and r and d are the radius and height
of the cylinder, respectively.

The sizes of cylindrical nanocrystals are deter�
mined using expression (4) and ratio a/c. To compare
the sizes with radius R of spherical nanocrystals, which
enters expression (2), we consider a sphere with radius
R* the volume of which coincides with the volume of
cylinder. The calculations show that ratio R/R* is
close to unity and virtually independent of the anneal�
ing time.

In the presence of the point defect, expression (4)
is represented as
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(5)

where quantity y depends on both amplitude and posi�
tion of the δ�shaped potential. The calculations show
that maximum y is reached at the given amplitude
when the defect is located at the center of the cylinder.
The above theoretical procedure was employed for the
calculation of the shift of the absorption edge in the
absence of the defect and in the presence of the defect
at the center of the cylindrical nanocrystal. The shift
can be up to 0.85 eV for the CdSxSe1 – x samples (r =
17.1 Å and d = 27.8 Å) the volume of which is equal to
the volume of a sphere with radius R = 18.3 Å.

To interpret the observed features of the transmis�
sion spectra, we assume the presence of structural
defects at the initial stage of the nanocrystal growth.
Such defects provide a random potential that is added
to the periodic potential of the crystal lattice. The fur�
ther heat treatment leads to an increase in the degree
of perfection of the crystal lattice.

The theoretical calculations of [20] show that the
elimination of defects in the absence of variations in
the sizes of nanocrystals may lead to the shift of the
absorption edge by 0.85 eV. In the experiments, the
50�min heat treatment causes a shift of up to 0.3 eV.
Such a shift cannot be interpreted using the diffusion
growth of nanocrystals, since the diffusion coefficient
in silicate glass is relatively low at a temperature of
530°C.

The spectral dependences of temperature coeffi�
cients of absorption dK/dT were studied in [22] for
samples with different processing times at a tempera�
ture of 560°C. The theoretical spectral dependence of
the absorption coefficient was obtained in [23] for the
dielectric matrix containing semiconductor nanocrys�
tals with the Gaussian size distribution. Such a depen�
dence was used to calculate the spectral dependence of
the temperature coefficient of absorption. The com�
parison of the theoretical and experimental curves
yields the dependence of the variance of nanocrystals
on the heat�treatment time (Fig. 8). The dependence
of the variance of nanocrystals on the heat�treatment
time also proves an increase in the degree of perfection
of the crystal lattice in the course of thermal process�
ing. Figure 8 shows that the heat treatment at a tem�
perature of 560°C leads to a decrease in the variance at
the initial stage and the further saturation. A similar
dependence is obtained for a temperature of 420°C in
spite of an insignificant variation in the size of nanoc�
rystals at such a temperature. A decrease in the vari�
ance at relatively low heat�treatment temperatures can
also be due to an increase in the perfection of the crys�
tal lattice. At the initial stage of the growth of nanoc�
rystals when the energy levels are broadened, the
absorption edge cannot be sharp and the absorption in
such systems is equivalent to the absorption in systems
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with a relatively high variance of the sizes of nanocrys�
tals.

CONCLUSIONS

We have fabricated CdSxSe1 – x semiconductor
nanocrystals in silicate glass and studied their optical
transmission and photoluminescence spectra versus
the degree of perfection of the crystal lattice. The shift
of the absorption edge at the initial stage of the heat
treatment is due to an increase in the degree of perfec�
tion of the crystal lattice in nanocrystals. Such a con�
clusion is proven by the theoretical calculations.
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