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A novel high optical quality phosphate glass embedded with nanocrystals of CdS,Se_x
(x=20,0.4,0.5,0.7, 0.8, 1.0) has been synthesised and studied. Thermal processing of the
glass varies both size and size distribution of the nanocrystals. Complicated structure of
optical absorption spectra of the glass samples is demonstrated. © 7999 Kluwer Academic
Publishers

1. Introduction crystallites, and these conditions of thermal treatment

First studies of glasses embedded with semiconduc@® hard. Therefore, design of a highly concentrated
tor nanocrystals (semiconductor doped glasses) demof@nocrystalline-doped material, which is suitable both
strated quantum confinement of electronic excitationdOr fundamental studies and for applications, is of im-
in the semiconductor grains: blue shift of optical ab-Portance. As far as we can judge, the only material,

sorption edge and discrete structure of electron-hol#'hich has higher concentration and narrower dimen-
transitions [1, 2]. Later both experimental and theo-Sional distribution of semiconductor nanocrystals and

retical studies of energy structure of the nanocrystal§2n compete in optical quality of bulky samples with
[3-12] and the studies of their growth [13-18] were Silicate SDG, isanovelphosphate SDG presented in our

performed. The semiconductor doped glasses (SDG&FeVvious paper [23]. In this paper we report formation
are convenient for basic studies of quantum size phend growth of Cd-S-Se nanocrystals in the phosphate
nomena, and the usage of SDG in dynamic holograd!ass-

phy [19, 20], for lasing [21] and for second harmonic

generation [22] has also been demonstrated. Com-

mercial silicate SDG (colour filters) of high optical 2. Phosphate glass annealing and optical

quality and highly concentrated nanocrystalline doped absorption edge

samples made with chemical techniques [8, 11] hav&Ve used RPOs-NaO-ZnO-AlR;-GaO3 glass system
been used in the experiments. The chemical techniquatoped with Cd-S-Se trinary semiconductor. The phos-
provide extremely low size-dispersive semiconductomphate glass system is more flexible comparatively to
nanocrystals, but these techniques are hardly useful faronventional silicate glass systems, and it is suitable for
producing bulky samples of high optical quality, which doping with the semiconductors inincreased concentra-
could be suitable for applications. From the other sidetion [23]. Composition of the glass was presented in our
SDG synthesised with conventional techniques (colouprevious paper [23], but percentage of gallium was in-
filters) can not contain more than0.1 wt % of 11-VI creased for higher transition temperattigeand better
semiconductors due to poor solubility of the semicon-chemical stability of the glass. Measured concentration
ductors in conventional silicate glass matrices, and sizand composition of 1I-VI semiconductor for different
distribution of semiconductor nanocrystals embeddederia of glass samples are presented in Table |, maxi-
in the commercial glasses is usually wide (about 50%)mal concentration is equal to 1.2 wt % for G3gSe) 27

Low concentration and wide size distribution of the dopant. This is about 1.5 order of magnitude higher
nanocrystals in the silicate glasses restrict their applicomparatively to conventional silicate SDG.

cability, e.g., in non-linear optics. Silicate glass colour Annealing of the glass samples at 400-4@0in-
filters are also poorly suitable for studies of quan-duces their colouring from light yellow to dark red.
tum transitions in embedded nanocrystals due to wid&he colouring depends on the temperature and on the
size distribution of the crystallites, and nanocrystalline-duration of the annealing, on dopant composition and
doped samples prepared with other techniques, for exconcentration. This behaviour is similar to the be-
ample, colloidal samples [8], are mainly used for thesehaviour of conventional silicate SDG, and it is the
studies. Conventional silicate SDGs have to be ansame way influenced by quantum confinement phenom-
nealed for tens of hours above glass transition temena in 1I-VI semiconductor nanocrystals embedded in
perature (600—65TC) for growing the semiconductor the glass. However, the conditions of the annealing
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TABLE | Compositionx and concentration of [I-VI semiconductors

in different series of the phosphate glass samples doped withSEiS 20+ annealing

Series of samples A B C D E F 1.6 -
Composition 1 0.754 0.725 0.475 0409 0 1.2 |-
parametex

Semiconductor 1.055 0975 1.22 0.685 0.745 0.655 08

concentration (wt %)
04}
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Figure 2 Transformation of absorption spectra of the phosphate glass
samples (E-series) under short-time annealing af€1@1) 5 min, (2)
5+ 3 min, (3) 5+ 4 min, (4) 5+ 5 min.

W
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the nanocrystals. For CdSe-doped glass one can use ex-
perimentally observed HOMO-LUMO (high obtained
molecular orbital —low unobtained molecular orbital)
gap as the function of the particle size [6]. For CdS and
Cd-S-Se nanocrystals we used simple effective mass
.50 055 060 0.65 070 075 080 approximation under Coulomb interaction, the model
; was corrected according to known relation of theoreti-
wavelength, microns cal predictions and experimental results for CdSe [6].
Figure 1 Absorption spectra of CdSe_y doped phosphate glass for VWe suppose this approach can be used for first order es-
A-F series samples annealed at 400A, B, D, E-90 min, C—-4%nin,  timation illustrating the growth of the nanocrystals. For
F-5min. mixed compositions we used linear relations to calcu-
late band gap and effective mass (at 300 K for pure CdSe
. Eg=174eV,m; = 0.11mo, for CASEg = 2.53 eV,
of the phosphate SDG are much softer comparativelyy: — 0.17my). Certainly, for correct evaluation of the
to silicate SDGs: the temperature of the processing;ize the change of the nanocrystals’ composition at ini-
(420-440 C) is lower, and the annealing is shorter (sev-tq| stages of the growth [24] should be accounted. This
eral minutes and tens of minutes instead of several teNgseds additional X-ray diffraction and Raman scatter-
of hours for silicate glasses). This is due to low viscos-ing measurements.
ity and fast di_ffusion of the semiconductor in the glass The transformation of the optical absorption spectra
at the annealing temperature. of the nanocrystals at initial stages of the growth is il-
Transmission electron microscopy of the annealeqystrated with Fig. 2, where the spectra of the samples
phosphate SDG shows existence of nanograins embegnnealed at 410C (initially 5 min, and then addition-
ded in the glass mat_rix, and X-ray diffrac'Fometry of t_he ally 3, 4 and 5 min) are presented. Evaluated average
glass samples (series E) shows reflection peaks indiugiys of the nanocrystals is increasing in the range
cating hexagonal crystalline structure of these grains..g g 1.0 nm due to the additional annealing. This
Positions of the peaks are in coincidence with semiconyeans that the crystallites are practically equal dur-
ductor composition. Optical absorption spectra of the1ng first 5-10 min of the annealing, and the heat treat-
glass samples of different seria are presented in Fig. fyent leads mainly to the increase of the absorption.
(mainly long time annealing at 41C: series A, B, Thijs stage can be treated as nucleation (the nuclei are
D, E samples (90 min); C sample (45 min); F sampley actically monodispersive, and the increase of optical
(5 min); and Se concentration in the F sample slightlyapsorption is due to increasing number of the nuclei).
differs with data presented in Table I). The variety of yigh concentration of the semiconductor dopant in the
dopant composition and annealing duration makes posshosphate SDG leads to the formation of great number
sible the positioning of optical absorption edge of theys the nuclei with the first peak of optical absorption
phosphate SDG within spectral range 400-700nM.  |aying in the region of the transparency of the glass
matrix, and optical absorption of the nuclei is easily
observable with standard techniques.
3. Growth of nanocrystals At the second stage of the growth all nuclei indepen-
Optical absorption spectroscopy of differently annealedently increase their size until the oversaturation of the
phosphate glass samples indicated several stages of thelid solution of the semiconductor in the glass become
growth of the nanocrystals. To characterise the pronegligible. This process is illustrated with Fig. 3, where
cesses of growth we used the position of the first abtransformation of the glass optical absorption spectrum
sorption maxima (formed by transition between the(E-series of samples) under annealing up to 30 min at
highest hole and the lowest electron states) in differ415°C is shown. The spectra of shortly annealed glass
ently annealed samples for estimating average size cfamples (nuclei formation stage) look similarly, but in
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60 semiconductor dopant in the glass diffusive growth of
< the grains increases size of nuclei practically with-
g 50 |- out change of the initial size distribution. Therefore

- 40| . glass samples with well-structured absorption spec-
g annealing trum can be easily formed. Optical absorption spec-
S 30+ tra (T =300K) of CdSe and CdS doped phosphate
8 20 SDG, respectively, are presented in Fig. 4. The esti-
o B mated average radiusi£2.8 nm for CdSe ant¢2.3 nm
& 10l for CdS nanocrystals. Since radius of the nuclei does
< not exceed exciton radius for both semiconductors, we

0 L—r—r—r—r——r—r—r observe transitions from hole quantum states to elec-

0.3 0.7 tronic ones [5]. Absorption spectrum of CdS-doped

04 05 06
wavelength, microns sample demonstrates complicated structure similarly
to the spectra of colloidal CdSe samples [6]. As far as
Figure 3 Transformation of optical absorption spectra of the phosphatewe know, this is the most complicated spectral struc-
glass samples (E-series) annealed at*4151) 0 min, (2) 5 min, (4)  ture observed in CdS doped bulk glasses up to now.
10 min, () 30 min, (3) 300 min at 39%. Spectral measurements at liquid nitrogen temperature
(80 K) show additional blue shift of the transitions (ap-
10 min the diffusive growth of nuclei begins. At this proximately 60 meV for the first excited state) and re-
stage the shift of the first optical absorption peak occursguced thermal broadening of the absorption peaks, but
and the absorption spectrum becomes well structureghe structure of the spectra is the same. To illustrate
due to electron-hole transitions in the semiconductohositions of the absorption peaks second derivatives
nanocrystals. The annealing up to 30 min induces furof the spectra are also plotted in Fig. 4, and the posi-
ther shift of optical absorption edge and smoothing thejons of the absorption lines are presented in Table II.
spectrum. Average radius estimated for 5 min annealSimilarly structured spectra were also observed for the
ing is ~0.8 nm, after 10 min it becomes2.3 nm, and  samples of B-D seria. The spectra of optical absorption
in 30 min~3.8 nm. In Fig. 3 we also show the spectrumshow that size distribution of the nanocrystals is nar-
of the sample annealed at lower temperature (300 minow. We used known size-dependence of the position
395°C, average radius-1.2 nm). Lower growth rate of the first optical transition [6, 8] to evaluate the width
and longer thermal processing lead to the formation obf the size distribution from the width of the first peak of
increased number of the nuclei comparatively to the an-
nealing at 415C, and the absorption peak correspond-
ing to the first optical transition is higher. For longer TABLE 11 Positions of the minima of second derivatives of the ab-
annealing the oversaturation of the solid solution dropssorption spectra of CdS and CdSe nanocrystals embedded in the phos-
and growth of the nanocrystals under mutual influencéhate glass
replaces their independent diffusive growth. This final
stage of the growth is coalescence [25]. The concen-

Peak number

tration of semiconductor in silicate SDGs is low, and Peak positions (eV) 1 2 3 4 5 6
over;aturation drpps whe_n the transformation of abrgse 201 212 230 247 286 33
sorption spectra is negligible comparatively to unan-cds 269 282 296 322 355 39

nealed glass [1, 2]. Due to this reason the first and the
second stages of the nanocrystals’ growth in silicate
glasses and the complicated structure of optical absorg
tionwere observed only lastyears [13]. High concentra-
tion of II-VI semiconductor in the designed phosphate g ™ T
SDG causes the prolongation of the first and the secon

stages of the growth, and these stages are observed £
our experiments.

gnergy, e\é

4. Confined energy spectrum and size
distribution of the crystallites

High concentration of the semiconductor in the phos-

phate SDG leads to the formation of numerous nu-O

clei with narrow size distribution (nucleation stage

[13]), Fig. 2. Then due to high concentration of the

ptical dens

0 b

04 05 06 07 08
wavelength, microns

0.3

* As for coalescence, high concentration of semiconductor and relatec
high rate of growth of the nanocrystals in the glass leads to positioning
of the grains’ optical absorption edge close to absorption edge of bulkFigure 4 Optical density spectra (A1, F1) and second derivatives (A2,
semiconductors by the end of the second stage of the growth, and cd=2) of the spectra of CdS doped phosphate glass (A-series, 5 min an-
alescence stage was difficult to observe with optical techniques unlessealing at 390C) and CdSe doped phosphate glass (F-series, 15 min
the concentration was decreased. annealing at 410C).
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optical absorption measured at liquid nitrogen temper-7.

ature. Evaluated width does not exceed 15-20%, while

for coalescent growth the width is50% [25]. This &

proves that coalescence does not occur at the experig
mental situation, and this is due to high concentration

of the semiconductor in the glass. 10.
11.

5. Conclusions

Finally the novel high optical quality phosphate glass12.

doped with increased concentration of Cd-S-Se
nanocrystals was designed. Annealing of the glass pro-

vides positioning optical absorption edge within the 5

spectral range 400-700 nm. Different stages of the
growth of the nanocrystals were observed. High con-
centration of the semiconductor dopants allowed us
to observe the peak of optical absorption of nuclei
with radii down to~1 nm. Influence of the annealing

conditions on the formation of the nuclei was examined.
The phosphate SDG samples with narrow size distribu-

tion of the nanocrystals were formed, and a complicated®-

structure of the optical absorption spectra has been o M+ P A: MUELLER, U.

served for the glass doped with Cd-S-Se alloys of dif-;g

ferent composition.

19.
20.
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