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Abstract CdS,Se;_, nanoparticles or quantum dots
(QDs) were grown in borosilicate glass by a two-step heat-
treatment process from a melt-quenched color filter glass.
We incorporate the results of optical absorption, steady-
state photoluminescence (PL), and resonant Raman spec-
troscopies in the study of growth kinetics of CdS,Se;_,
QDs. A modeling of PL spectra employing two Gaussian
emission bands and a quantized-state effective mass model
in the strong confinement regime reveals that (i) the aver-
age particle size ranges from 1.7 to 8.5 nm, (ii) the size
dispersion narrows down to 0.22 nm for a single sample,
and (iii) QDs form by diffusion-limited growth. We pre-
sume that size-dependent higher energy PL band close to
the asymptotic absorption edge is due to surface-assisted
electron-hole recombination since the difference between
optical absorption and PL bands decreases from 239 to
122 meV with increasing average radius.

Introduction

II-VI semiconductor nanocrystals, often called quantum
dots (QDs) have been scrutinized for a quarter century due
to their potential applications as nonlinear optical devices in
optoelectronics, fluorescent labels in bioengineering, and
window materials in solar cells [1-5]. Nanometer-sized
crystals have distinctive optical properties due to the con-
finement of charged particles in all three space dimensions.

B. Can Omiir - A. Asikoglu - C. Allahverdi -

M. H. Yiikselici (D)

Department of Physics, Faculty of Arts and Sciences, Yildiz
Technical University, Davutpasa-Topkapi, 34010 Istanbul,
Turkey

e-mail: yukseli@yildiz.edu.tr

@ Springer

The band gap can be modified to optimize the optical
properties of the nanostructure by controlling the size. Solid
phase precipitation of CdS,Se;_, QDs in glass has been a
well-established technique to produce stable nanocrystals at
temperatures below 250 °C [6]. Confinement of charged
particles has been studied through linear/nonlinear optical
methods and structural characterizations such as TEM and
SAXS [2, 3, 6-8]. Previous optical studies on CdS,Se;_,
QDs mostly model the first exciton peak in optical
absorption spectra to estimate size and size dispersion of
nanocrystals [9-11] while steady-state photoluminescence
spectroscopy has been reserved for investigating trap states
[12-15].

In this work we grow different size CdS,Se;_, QDs in
glass by solid-phase precipitation. Present work differs
from previous studies in that we incorporate the results of
optical absorption (ABS), steady-state photoluminescence
(PL), and resonant Raman spectroscopies in the study of
growth kinetics of CdS,Se;_, QDs. We simulate PL
spectra to predict the average size of nanocrystals and size
dispersion, and to understand the evolution of trap states
with the help of ABS spectroscopy. We present both pro-
gression of coloring of the samples and blue-shift of the
lowest transition energy in ABS spectrum with heat-treat-
ment time and temperature. We monitor the composition of
QDs during growth through resonant Raman spectroscopy.

Sample preparation and experimental results

Our starting material to grow CdS,Se;_, QDs is commer-
cially available color filter RG695 Schott borosilicate glass
doped with CdS ggSe o, as reported in Ref. [7]. We first
melt as-received glass at about 1000 °C for 15 min to
dissolve the particles and quench the melt rapidly to room
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temperature and then anneal the glass at 450 °C for 5 h
(primary heat treatment) to relieve stress in glass and to
initiate nucleation and finally anneal the glass at different
temperatures around glass transition temperature for dif-
ferent periods of times (secondary heat treatment) to grow
nanoparticles. Samples are numbered according to sec-
ondary heat-treatment temperature and time as shown in
the first three columns of Table 1. The fourth and last
columns show average nanocrystal radius and size disper-
sion, respectively, calculated by simulating the PL spectra
presented in the next section. The fifth column includes
nanocrystal radius calculated from the energetic position of
the first exciton peak in Fig. 1 according to Eq. 2 given in
the next section.

We present optical absorption spectra and the progres-
sion of coloring of the samples in Fig. 1. As the color
progresses or as QDs grow, an absorption peak (or first
exciton peak due to transition from a hole state to an
electron state) appears. This peak is due to the absorption
of light by QDs. Its height is proportional to the volume
fraction of nanocrystals, its shift in wavelength to the
square of average nanocrystal radius and its full width at
half maximum to the size dispersion. The lowest transition
energy for the bulk crystal is blue shifted when the size is
reduced which is due to quantum confinement effect. As
seen in Fig. 1, a shift of ~200 nm in the first exciton peak
position was observed with heat-treatment temperature and
time. In general we may say that the longer the heat-
treatment time or the higher the temperature the larger the
nanocrystals are grown. After long time thermal treatment
at a given temperature, the optical absorption band edge

Table 1 Samples numbered according to the secondary heat-treat-
ment temperature and time

Sample Secondary Time Rp* Ro**  ogp*
number annealing (h) (nm) (nm) (nm)
temperature
°C)
1 600 Ya - - -
2 625 1 1.7 £ 0.38 2.1 1.2 +03
3 625 2 1.8 +£0.36 2.2 1.3+£03
4 625 4 294+0.10 2.5 0.32 +0.01
5 625 8 33+0.73 27 0.22 £ 0.05
6 650 2 34 +0.17 3.1 0.55 £ 0.03
7 650 4 43 +087 34 0.70 £0.14
8 650 8 48 £0.17 35 0.70 £ 0.03
9 675 2 72 £ 057 45 1.3+0.1
10 675 4 85+ 13 4.7 1.3+02

Average radius (Ry*) and size dispersion (or*) extracted by simu-
lating the PL spectra presented in Fig. 3a. Average radius (Ryp**)
calculated from the energetic position of first exciton peak is pre-
sented for comparison
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Fig. 1 Optical absorption spectra for as-received color filter glass
doped with CdS (gSe 9, melted at ~ 1000 °C for 15 min, heat treated
at 450 °C for 5 h (primary heat treatment) and finally heat treated at
different temperatures for different periods of times (secondary heat
treatment). The colors of samples are presented at fop of the figure.
See Table 1 for the details. Secondary heat-treatment temperatures
and times are numbered as follows, in °C and in h, respectively:
(1) 600, 2; (2) 625, 1; (3) 625, 2; (4) 625, 4; (5) 625, 8; (6) 650, 2;
(7) 650, 4; (8) 650, 8, (9) 675, 2; (10) 675, 4

approaches to that of bulk crystal of the same composition
as shown in Fig. 1.

Resonant Raman scattering measurements were carried
out at room temperature on Renishaw 250 mm focal length
in Via Reflex Spectrometer System using Rayleigh line
rejection filter allowing Raman spectrum to 100 cm™' from
the laser line. The resonant Raman spectra excited by Ar
laser at 514.5 nm is shown in Fig. 2. Heat-treatment time
and/or temperature increase from top to bottom. The peak
at 206 cm™ ' is due to zone-center LO phonon of CdS,Se; _,
mode and peak position does not shift with time or/and
temperature. We present normalized steady-state PL
spectra excited by cw Ar' laser of the intensity of
~70 mW/mm? at 488 nm in Fig. 3a and the modeling of
PL spectra in Fig. 3b. Details of PL and optical transmis-
sion measurements have been reported in a previously
published paper of ours [16].

Modeling of photoluminescence spectra

Previous studies on CdS,Se;_, nanocrystals show that the
PL spectra generally display a two peak structure [17, 18].

@ Springer
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Fig. 2 Resonant Raman spectra excited at 514.5 nm for CdS pgSe 9>
QDs in glass. Secondary heat-treatment temperatures and times are
numbered as follows, in °C and in h, respectively: (2) 625, 1; (3) 625,
2; (4) 625, 4; (5) 625, 8; (8) 650, 8, (9) 675, 2

The higher energy peak close to the asymptotic absorption
edge is assumed to be due to electron-hole recombination
and the other low energy peak due to deep trap levels. We
therefore employ a two term function to model the PL
spectra, which was described in Ref. [19]. The calculated
PL intensity is of the form,

A (hv — Ep)”
exp 5
V271l tgap ZF“ap

IpL (hV) =

1 (R—Ro)*| B (hv — Eg)*
Sl e )

(1)

where A and B are constants, R, the average radius of the
ensemble of nanocrystals, or the standard deviation of the
radius, I' = 2% the width in percent of homogeneous
broadening, and I'y,, = 10-20% the width in percent of
trap band broadening. We note that I" = (AE/E) x 100,

@ Springer

where AE is the standard deviation of homogeneous (or
trap band broadening) at an energy of E. Ey is the size-
dependent first exciton transition energy given by [20],

0.14 0.356
R(nm) * R (nm)]? @

where the first term is the bulk band gap of CdS ogSe o,
crystal of E, = 1.727 eV, the second term Coulomb
potential energy between an electron and a hole, and the
third term confinement energy for an electron and a hole.
1 = 0.106 is the reduced mass of an electron-hole pair in
units of electron rest mass mg. It should be noticed that
CdS pgSe 9, QDs grown in a glass matrix by solid phase
precipitation undergo a compressive strain due to the
thermal mismatch between the nanocrystal and the matrix.
However, previous studies on similar systems show that the
pressure-induced gap increment AEg is in the order of meV
and can therefore be negligible [21].

Each PL spectrum in Fig. 3a was taken separately and
modeled according to Eq. 1, and the best-fit parameters for
Ry, og, and E,, were determined. In Fig. 4 average
nanocrystal radius is plotted against the square root of heat-
treatment time. The straight lines are the linear fits at each
heat-treatment temperature. This is consistent with the
diffusion-limited growth which predicts a linear relation
between the average radius and the square root of heat-
treatment time. Size dispersion (gR) is plotted against the
square root of heat-treatment time in Fig. 5. Size dispersion
gets its lowest value of 0.22 nm at the end of heat-treat-
ment time of 8 h at 625 °C. The trap band energy is plotted
as function of heat-treatment time for each temperature in
Fig. 6. The trap band energy remains constant at around
1.8 eV independent of both heat-treatment time and tem-
perature. In Fig. 7 we plot the difference between the
energetic positions of ABS and higher energy PL bands
against the average radius. The details for the samples are
given in Table 1.

Er(eV) = Eq(eV) —

Discussion

We discuss the resonant Raman spectra in Fig. 2 with the
help of optical absorption spectra in Fig. 1. The strong
asymmetry of the background intensity toward higher
wavelengths in the Raman spectra is presumed to be due
to the PL from the sample. Raman scattering can be used
as a compositional probe of II-VI ternary semiconductor
nanocrystals [22]. The peak near 200 cm™' is due to
zone-center LO phonons of CdSe-like modes in nano-
crystals. The frequency of phonon vibration depends on
the stoichiometry of the compound. We hence conclude
that the composition does not change with the growth of
QDs since the LO peak does not shift in wave-number.
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Fig. 3 a Steady-state (a) (b)
photoluminescence (PL) spectra
for CdS pgSe 9, QDs in glass 110
excited by cw Ar™ laser of the 05T
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The sample 3 has the highest intensity zone-center LO
Raman peak (see Fig. 2 for sample 3) since Raman
spectra are excited with a laser line of 514.5 nm which is
resonant with the wavelength’s position of first exciton
band for this sample (see Fig. 1 for sample 3). As the
nanocrystals grow the laser line stays away from the first
exciton peak position and, as a result, Raman peak
intensity diminishes and finally disappears with increasing
time and/or temperature. We note that the intensity of
zone-center LO phonon mode strongly depends on the
resonance of excitation laser line with the energetic
position of first exciton band in ABS spectra.

We discuss the PL spectra (see Fig. 3a) with the help of
the modeling presented in the previous section (see
Fig. 3b). At the early stages of growth, that is, for samples
2 and 3, a single peak at around 1.8 eV appears. We
presume that this peak is due to volume traps and the
modeling predicts that it is almost stationary. During the
growth of QDs, a higher energy peak appears at around

12 14 16 1.8 2 22
Energy (eV)

2.1 eV for sample 4, grows and gradually shifts to lower
energies for sample 5. As the heat treatment continues at
higher temperatures for samples from 5 to 10 this higher
energy peak overlaps with stationary trap band. The
modeling suggests that this is a size-dependent band. We
identify this higher energy peak as a surface-assisted
electron-hole recombination band because (i) it is red
shifted from the first exciton band by greater than
120 meV and (ii) the amount of red shift decreases with
size as seen in Fig. 7, which is expected since surface to
volume ratio of a nanocrystal decreases as 1/R with size.
In a previous study [23] on CdS ggSe 9, QDs precipitated
in RG695 Schott glass, steady-state PL spectra excited at
337 nm displays a one-peak structure at ~ 1.8 eV where
the higher energy PL peak could not be resolved. The
number of peaks resolved in PL spectra depends on the
excitation energy [24]. QDs whose size-dependent band
gap energy is above the excitation energy will not con-
tribute to the PL intensity.

@ Springer
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Fig. 4 Average nanocrystal radius plotted against the square root of
heat-treatment time for samples heat treated secondarily at 625 °C
(open circle), 650 °C (times), and 675 °C (plus). The straight lines
are the linear fits
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Fig. 5 Size dispersion (o) plotted against the square root of heat-
treatment time for samples heat treated secondarily a 625 °C (open
circles), 650 °C (times), and 675 °C (plus). The lines between data
points are for the eye to follow

We also note that the energetic position of the first
exciton peak in the optical absorption spectrum underesti-
mates the average radius of the particles compared to the
average particle’s radius calculated by simulating the PL
spectrum as seen in Table 1. This is quite normal since the

@ Springer
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Fig. 6 Trap state energy determined through modeling of PL spectra

plotted as a function of heat-treatment time for samples heat treated
secondarily at 625 °C (open circle), 650 °C (times), and 675 °C (plus)
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Fig. 7 Difference between the energetic positions of absorption and
photoluminescence bands against the average nanocrystal radius. The
lines between data points are for the eye to follow

PL peak is red shifted with respect to the first exciton peak
and the amount of shift decreases with increasing radius as
seen in Fig. 7. However, for technological applications, it
is important to know how the PL energy depends on size
and size distribution of QDs since CdS,Se;_, QDs can be
used as luminescent labels in bioengineering.
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Summary

Different size CdS ggSe 9, nanocrystals were grown in glass
through a two-step heat-treatment process. Size-induced
shift of ~200 nm in the first exciton peak position in
optical absorption spectrum (ABS) was observed. A mod-
eling of steady-state PL spectra with a combination of a
Gaussian trap state emission band and a size-dependent
Gaussian like recombination band with the help of a
quantized-state effective mass model in the strong con-
finement limit leads to the following predictions: (i) the
average nanocrystal radius ranges from 1.7 to 8.5 nm, (ii)
the size dispersion narrows down to 0.22 nm for a single
sample, and (iii) nanocrystals form by diffusion-limited
growth. The evolution of Raman spectra with heat-treat-
ment time and temperature shows that the intensity of
zone-center LO phonon mode strongly depends on the
resonance of excitation laser line energy with the energetic
position of first exciton band in ABS spectra. We presume
that size-dependent higher energy PL band close to the
asymptotic absorption edge is due to surface-assisted
electron-hole recombination since the difference between
ABS and PL bands decreases from 239 to 122 meV with
increasing size.
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