
Optics Communications 281 (2008) 5838–5841
Contents lists available at ScienceDirect

Optics Communications

journal homepage: www.elsevier .com/locate/optcom
Spectral dependence of the optical absorption temperature coefficient
of CdS1�xSex nanocrystallites embedded in a silicate glass

L. Grigorian a, P. Petrosyan a,*, H. Petrosyan a, V. Bellani b

a Department of Physics, Yerevan State University, 123 Ovsep Emin, 375025 Yerevan, Armenia
b CNISM-INFM and Dipartimento di Fisica ‘‘A.Volta”, Università degli Studi Pavia, 27100 Pavia, Italy
a r t i c l e i n f o

Article history:
Received 6 March 2008
Received in revised form 1 August 2008
Accepted 6 August 2008

PACS:
78.67.Bf
81.07.Bc
.

0030-4018/$ - see front matter � 2008 Elsevier B.V. A
doi:10.1016/j.optcom.2008.08.007

* Corresponding author.
E-mail address: spetrosyan@rau.am (P. Petrosyan)
a b s t r a c t

The absorption temperature coefficient of CdS1�xSex nanocrystallites embedded in a silicate glass has
been studied in the temperature range above room temperature at different technological regimes and
sizes of nanocrystals. To understand the optical properties of silicate glasses with semiconductor nano-
crystallites, especially that at the initial stage of their formation, it is necessary to include the structural
changes occurring in the nanocrystals during the heat treatment.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Semiconductor CdS1�xSex quantum dots (QDs) embedded in a sil-
icate glass matrix has attracted considerable attention over the past
years because of their novel optical and dynamical properties asso-
ciated with the quantum confinement effects [1–3]. Such silicate
glasses span the visible region of the spectrum and can be used in
developing new optoelectronic devices, for example, optical filters,
optically bistable elements, switches, modulators, light emitting
diodes and so on [4–7]. These systems have been also intensely re-
searched for their large and tuneable third order nonlinearity near
the band edge [8]. In the recent years optical linear and non-linear
spectroscopy, high resolution transmission electron microscopy
[9–11], micro-Raman and X-ray diffraction experiments [1,12–13]
have been carried out with the aim to understand the dependence
of the optical and electrical properties of such composite materials
on the QD average size and size (shape) distribution.

The optical properties of silicate glasses containing semicon-
ductor nanocrystallites are controlled by their mean size and size
distribution. Particularly, the dependence of the optical absorption
edge on the nanocrystal size is explained in terms of the quantum
size effect in nanocrystals. However to understand more in detail
the optical properties of silicate glasses with semiconductor nano-
crystallites, especially the properties at the initial stage of their for-
mation, it is necessary to also include the structural changes
occurring in the nanocrystals.
ll rights reserved.

.

The aim of this study is the effect of the structural changes
in semiconductor CdS1�xSex nanocrystallites occurring during
their heat treatment on the optical properties of silicate glasses con-
taining them. For this purpose, we studied the behaviour of the
absorption temperature coefficient of CdS1�xSex nanocrystallites
embedded in a silicate glass at different technological regimes and
having different average size.

The samples have been grown using the standard glass technol-
ogy. The total amount of semiconductor constituents (CdS and
CdSe) in the initial batch was about 1% in weight. The melting pro-
cess was carried out at temperatures of 1350–1400 �C. After the
fast cooling of the melt, a supersaturated solid solution is formed.
During the last heat treatment the disintegration process starts,
resulting in a fluctuational formation of semiconductor nanocrys-
tallites [12].

2. Experimental results and discussions

The transmission and reflectance spectra of the samples have
been measured in the temperature range of 20–400 �C, where the
changes in the sample temperature lead only to the reversible
changes in the optical band gap and coloration of the samples.

The optical absorption coefficient K at a fixed wavelength of
the samples varies almost linearly with the temperature. Such
dependence for one of the samples is presented in Fig. 1. The optical
absorption temperature coefficient dK/dT, determined for differ-
ent wavelengths, has different behaviour in the short and long
wavelength parts of the spectrum. The close inspection shows
that the dK/dT being positive in long wavelength region becomes
negative for the short wavelengths of excitation. In Fig. 2 the
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Fig. 1. Temperature dependence of the absorption coefficient at a fixed wavelength
for one of the samples.
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Fig. 2. Wavelength-dependence of the optical absorption temperature coefficient
for the samples V after the two steps heat treatment.
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Fig. 3. The spectral dependences of the absorption temperature coefficient for the
samples: (a) P, Q, R, S and (b) T, U.
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wavelength-dependence of the optical absorption temperature
coefficient is presented for the sample subjected to the two steps
heat treatment – short (5 min) at 560 �C and successive long heat-
treated at 400 �C. The different curves correspond to different dura-
tions of the heat treatment at 400 �C. Here the curve V correspond to
the sample without any heat treatment at 400 �C, while the curves
V1, V2, and V3 correspond to the samples subjected to the heat treat-
ment at 400 �C during the 1.11, 2.5 and 3.67 h, respectively. It is seen
that the later heat treatment at 400 �C causes the appearance of dis-
tinctive maxima at the wavelengths 415 and 470 nm.

Such behaviour of the optical absorption temperature coeffi-
cient can be attributed to the interband optical transitions between
quantum-size energy levels in nanocrystallites, appearing in the
glass matrix after the heat treatment. Throughout the whole dis-
cussion it will be assumed that the composition of the crystallites
is governed mainly by the initial amount of semiconductor constit-
uents and is independent on heat treatment time [16]. The electron
microscope studies [14,17,18] show that the crystalline structure
of nanocrystals is formed gradually and takes its final state during
the sufficiently long heat treatment. At the first stage of the heat
treatment, a controlled structure formation takes place but the or-
dered crystal lattice is not completely formed, which is confirmed
by the fact that not all of crystallographic surfaces show reflection
in the electrograms. At the second stage, the reflection in the elec-
trograms is seen from all the crystallographic surfaces but the
maxima are still not a well developed. A further heat treatment
leads to the narrowing of the diffraction rings, which is an indica-
tion of the final formation of ordered crystalline lattice. The nano-
crystallite energy gap is vague until the crystal lattice is completely
formed. The process of the crystalline structure formation and
appearance of the corresponding energy gap is also manifested
by the appearance of peaks in the spectral dependence of the tem-
perature coefficient of the optical absorption. In particular, the
spectral peaks of dK/dT observed at 415 and 470 nm (Fig. 2) can
be explained by formation of the two lowest discrete energy levels
in nanocrystallites.

A different sign of dK/dT in the short and long wavelength parts
of the absorption spectra reflects the change with the temperature
in the electron population degree of different energy levels in the
crystallite conduction band. The increase in temperature, causing
the electron transfer to the higher energy levels and, hence, leading
to the higher population degree of upper states and lower popula-
tion degree of ground state, will results in an increase of the inter-
band absorption coefficient in the long wave range and will reduce
it in the short wave range of the spectrum in accordance with the
experimentally observed transmission spectrum.

Fig. 3a and b presents the spectral dependences of the absorp-
tion temperature coefficient for the samples subjected to the heat
treatment at 560 �C (the duration of the treatment for the samples
P, Q, R, S, T and U was, respectively, 3.33, 11.7, 21.7, 30, 43.3 and
106.7 min). As it is seen the increase in the heat treatment time re-
sults in the formation of the maxima in the spectrum of the optical
absorption temperature coefficient, which are shifted with treat-
ment time to the longer wavelength part of the spectrum and
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Fig. 4. The best fit of calculated from Eq. (1) spectral dependence of the absorption
temperature coefficient (continuous line) with the experimental data (circles) for
some representative sample.
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the longer the sample has been heat-treated, the larger is the peak
value of the wavelength-dependence of dK/dT. It is worth noting
that the second maximum appears for the samples which have
been subjected to more than 40-min heat treatment. This maxi-
mum lies in the short-wavelength range of the spectrum (see
Fig. 3b). The observation of the two peaks in the spectral depen-
dence of the temperature coefficient of the optical absorption can-
not be connected with the separate formation of the nanocrystals
CdS and CdSe. The first reason is that the studied samples differ
from each other only by the heat treatment time. As it was men-
tioned above the raise of the heat treatment time can cause only
an increase in size of the nanoinclusions and in their crystal lattice
perfection. Hence, these two maxima must be observed in those
samples which were heat-treated for a shorter period. The second
reason is that the 520 nm and 600 nm wavelengths correspond to
the two maxima for the U-sample, respectively. For the case of bulk
semiconductors the band gap energy of the CdS and CdSe at room
temperature are 2.42 eV (480 nm) and 1.72 eV (698 nm), respec-
tively. Size quantization can lead only to the shift of the absorption
edge towards the short wave range of the spectrum. In this case the
first maximum had to be in the range of waves shorter than
480 nm. And finally, the Raman spectroscopy study of the samples,
carried out by us [10], shows that there is only a single CdS1�xSex

(x = 0.6) phase in the silicate glass matrix.
It was also confirmed that in the growth process the shape of

the formed inclusions changes from spherical to hexagonal prism.
[19,10]. For the absorption temperature dependence the experi-
mental results have been interpreted in accordance with a model,
developed by Wu and co-workers [15], for the interband optical
absorption coefficient of a non uniform semiconductor quantum
dot system, with a size distribution described by a Gaussian func-
tion. Within this model the averaged absorption coefficient of
nanoparticles with cubic shape and average side length a0 can be
expressed as

K ¼ b
a0

X
n2

gðn2Þ
nn2 e

ðn=x�1Þ2

2n2 ð1Þ

where b ¼ 1ffiffiffiffi
2p
p Al

p2h2

� �
is a dimensionless coefficient, A ¼ 2pe2 jPn j2

m2
0�

1=2
r �0cw

, Pn

is the momentum matrix element, er is the dielectric constant of
the host material, g(n2) is the degeneracy of dot energy levels
determined by n2 ¼

P
i

n2
i ði ¼ 1;2;3 . . . ; ni ¼ �1;�2;�3 . . .Þ, n ¼ D

a0
,

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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q
is the standard deviation, x2 ¼ �hw�Eg

p2�h2=2la2
0

(where Eg

is the energy gap of the bulk material, and l�1 ¼ 1
m�e

1
m�

h
is the reduced

mass of an electron-hole pair).
For the simplicity of discussions we used above the model of cu-

bic dots, but, of course, real dots may have other geometrical forms
and energy levels quantum numbers. Therefore the results, pre-
sented here have only qualitative meaning and can differ from that,
for example, for spherical quantum dots by some numerical
factors.

From above expression for K, the spectral dependence of the
absorption temperature coefficient has been calculated,
dK
dT ¼ dK

dEg

dEg

dT . As a ¼ @Eg

@T can be taken as a constant parameter in the
measured temperature range and is known from the experiments,
we have

dK
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When calculating the spectral dependences of the absorption tem-
perature coefficient, only four lowest levels in nanocrystals has
been taken into consideration (n2 = 3, 6, 9, 11). The experimental
spectral dependences of the absorption temperature coefficient
have been best fitted using Eq. (2) with Eg = 1.85 eV.

Using the results from above model the mean nanocrystallite
size for the sample V3 can be estimated to be about 2.48 nm, while
the same size estimated from the absorption edge energy is about
1.8 nm.

In Fig. 4 we report the spectra and the best fit for some repre-
sentative samples. The a0, b, n values found from the best fitting
and the energy of the optical absorption edge Eg (QD) for different
samples are given in Table 1.

We can see from Table 1 that the increase of the heat treatment
duration leads to nanocrystallites of greater size.

The mean size of the nanocrystallites a0 can be also estimated
from the energy of the optical absorption edge, using the expression:

EgðQDÞ ¼ Eg þ ER
RBp
a0

� �2

ð3Þ

where RB is the exciton Bohr radius in a bulk material, and ER is the
Rydberg constant. In Fig. 5 we report the mean size of nanocrystal-



Table 1
The estimated parameter values for different samples

Sample a0 (nm) b n Eg (QD) (eV)

P 1.8 0.1 � 10�5 0.2 2.78
V 2.02 0.3 � 10�5 0.25 2.51
V1 2.4 0.18 � 10�5 0.14 –
V2 2.46 0.16 � 10�5 0.139 –
V3 2.48 0.16 � 10�5 0.138 –
Q 3.22 0.23 � 10�5 0.155 2.32
R 3.46 0.290 � 10�5 0.155 2.229
S 3.49 0.290 � 10�5 0.155 2.199
T 3.77 0.285 � 10�5 0.155 2.134
U 4.2 0.295 � 10�5 0.155 2.067
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Fig. 5. Calculated from Eq. (2) mean size of the nanocrystallites as a function of heat
treatment time at 560 �C for different values of bulk material band gap energy Eg (d
Eg = 1.85 eV, N Eg = 1.9 eV, . Eg = 1.95 eV). The values of the average size of the
nanocrystals derived from wavelength-dependence of the absorption temperature
coefficient (Table 1) are also shown (with symbol j).
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lites for the samples treated at 560 �C, as a function of the heat
treatment duration, using different values for the band gap energy
of the bulk material (d Eg = 1.85 eV, N Eg = 1.9 eV, . Eg = 1.95 eV).
In the same figure we show (with symbol j) the mean size of the
nanocrystallite shown in Table 1, (the values defined from spectral
dependence of the optical absorption temperature coefficient). It is
seen that if for Eg we use the same value, i.e. 1.85 eV, the mean size
of nanocrystallites is determined from the absorption edge is
approximately 1.5 times smaller than that found from the spectral
dependence of the absorption temperature coefficient. In order to
get nearly the same value for the average sizes, a larger value for
the bulk band-gap energy, Eg = 1.95 eV, should be used in Eq. (3).
The reason for such larger values for the bulk band-gap energy is
not clear yet. It could be explained by the fact that the nanocrystal-
lites in the glass matrix heat treated for different durations may
have different degree of crystalline perfection and therefore differ-
ent values of absorption edge. At present we are developing a the-
oretical model to explain a band structure transformation of
nanocrystallites during the process of crystal lattice formation and
the results will be published elsewhere.
The data presented in Table 1 also show that the heat treatment
at 560 �C reduces the relative standard deviation of the dot size, n,
and the main decrease occurs at the first stage of the heat treat-
ment. Similar behaviour of n is seen also for the samples heat-trea-
ted at 400 �C. The change in n at such low temperature of heat
treatment can not be caused by the very slow diffusion growth
process. Note a decrease of n has the similar effect on the absorp-
tion temperature coefficient as the nanocrystallite formation.

3. Conclusions

The absorption temperature coefficient of CdS1�xSex nanocrys-
tallites embedded in a silicate glass has been studied in the tem-
perature range above room temperature. The temperature
dependence of the absorption coefficient has been shown to be lin-
ear at a fixed wavelength. The electron redistribution between the
energy levels in the conduction band of nanocrystals with increas-
ing temperatures can lead to a different sign of dK/dT in the short
and long wavelength parts of interband absorption spectra. Low
temperature (400 �C) heat treatment without causing diffusion
growth of nanocrystallites, leads to the appearance of well resolved
maxima in the spectral dependence of the absorption temperature
coefficient. Such behaviour of the absorption temperature coeffi-
cient can be attributed to the increasing crystalline perfection of
semiconductor nanoparticles, occurring during the low tempera-
ture heat-treatment of the samples.

Acknowledgements

This work was supported by Armenian national program ‘‘Semi-
conductor Nanoelectronics”. Bellani acknowledges also the support
from Spanish Ministry of Education and Science (FIS2006-00716).

References

[1] G. Banfi, V. Degiorgio, D. Ricard, Adv. Phys. 47 (1998) 447.
[2] Y. Masumoto, T. Takagahara, Semiconductor Quantum Dots, Springer, Berlin,

2002.
[3] X. Peng, L. Manna, W. Yang, J. Wickham, E. Scher, A. Kadavanich, A.P. Alivisatos,

Nature 404 (2000) 59.
[4] J. Yumato, S. Fukushima, K. Kubodera, Opt. Lett. 12 (1987) 832.
[5] L.E. Brus, Appl. Phys. A: Solid Surf. 53 (1991) 465.
[6] G.R. Olbright, N. Peyghambarian, Appl. Phys. Lett. 48 (1986) 1184.
[7] Q. Shen, T. Toyoda, Y. Hirose, K. Katayama, H. Yui, M. Fujinami, T. Sawada, A.

Harata, Anal. Sci. 17 (2001) 241.
[8] K.S. Bindra, C.P. Singh, S.M. Oak, Opt. Commun. 271 (2007) 248.
[9] N.R. Kulish, V.P. Kunets, M.P. Lisitsa, Superlattices Microstruct. 22 (1997) 341.

[10] V. Bellani, A. Migliori, S. Petrosyan, L. Grigorian, P. Petrosyan, Phys. Stat. Sol. (a)
201 (2004) 3030.

[11] I.V. Bodnar, V.S. Gurin, A.P. Molochko, N.P. Solovei, P.V. Prokoshin, K.V.
Yumashev, Semiconductor 36 (2002) 298.

[12] L. Grigoryan, P. Petrosyan, S. Petrosyan, V. Bellani, F. Maglia, Eur. Phys. J. B 34
(2003) 415.

[13] A. Tu, P.D. Persans, Appl. Phys. Lett. 58 (1991) 1506.
[14] S.M. Brexovskix, U.P. Nikonov, A.I. Neich, Glass Phys. Chem. 33 (1977) 172.
[15] Wei-Yu Wu, J.N. Schuiman, T.Y. Hsu, Uzi Efron, Appl. Phys. Lett. 51 (1987) 710.
[16] A. Uhrig, L. Banyai, Y.Z. Hu, S.W. Koch, C. Klingshirn, N. Neuroth, Z. Phys. B–

Condens. Matter 81 (1990) 385.
[17] L.E. Brus, Nanostruct. Mater. 1 (1992) 71.
[18] S.A. Gyrevich, A.I. Ekimov, I.A. Kudryavcev, O.G. Lublinskaya, A.B. Osinski,

Semiconductor 28 (1994) 830.
[19] U. Woggan, Optical properties of Semiconductor Quantum Dots, Springer

Tracts in Modern Physics, 136 Berlin, 1997.


	Spectral dependence of the optical absorption temperature coefficient of cdsCdS1-x1-xseSex nanocrystallites embedded in a silicate glass
	Introduction
	Experimental results and discussions
	Conclusions
	Acknowledgements
	References


