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The optical spectra of semiconductor microcrystals grown in transparent
matrix of oxide glass are investigated. The size of microcrystals was var-
ied in a controlled manner from a few tens to a few hundreds of angstroms.
The microcrystal embedded in wide gap matrix represents three-dimensional
potential well for electrons, holes and excitons. The optical properties of
such zero-dimensional semiconductor structures are shown to be governed
by the structure of energy spectra of confined electron-hole pairs. The phe-
nomenon of the microcrystals ionization at interband optical excitation is
observed. The Auger process in microcrystals containing two nonequilib-
rium electron-hole pairs is proposed to be responsible for this effect. The
experimental dependencies of the ionization rate as a function of excitation
intensity and the microcrystal size are in a good agreement with the theo-
retical predictions of the Auger recombiantion model.

PACS numbers: 78.90.4+t

Optics of semiconductor microcrystals embedded in dielectric matrices have
been a subject of very intensive investigations for the last years [1, 2]. Actually,
there are two reasons for this. The first reason is a fundamental character of phe-
nomena which dominate the energy spectrum of electronic states in microcrystals.
It is well established now that a semiconductor microcrystal in a wide-band matrix
represents a three-dimensionally confined quantum well for quasiparticles. When
microcrystals have sizes comparable to the Bohr radius of the exciton in the bulk
semiconductor the resulting quantum confinement strongly modifies the optical
spectra. The second reason is possible device applications which are due to the
expected largely enhanced optical nonlinearities [3] and electro-optical effects [4]
in semiconductor-doped glasses.

The purpose of this talk is to give a short review of the present situation in
the studies of the zero-dimensional semiconductor systems. The growth technique
and optical spectra of microcrystals in a glass matrix will be discussed at some
length. Another problem to be discussed is the energy spectra of zero-dimensionally
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confined electron-hole pairs in quantum semiconductor dots. And finally, the role
of Auger-processes in photoionization of semiconductor microcrystals in a glass
matrix will be regarded.

1. Semiconductor microcrystals in a glass matrix: growth and optical
spectra

The developed technologies make it possible to grow the microcrystals of sem-
iconductor compounds in glassy [5], crystalline [6] and aqueous matrices [7]. The
growth of microcrystals in solid matrices is based on the process of diffusion - con-
trolled phase decomposition of a super saturated solid solution. The recondensation
stage of the process, when the large particles grow at the expense of dissolution of
small ones, was investigated theoretically by Lifshits and Slesov. The kinetics of
growth is described by the following expression [8]

a= (%UCDT)% (1)

where the diffusion coefficient D and equilibrium concentration of the solution C
depend exponentially on temperature; o is a coefficient proportional to interfacing
surface tension, T — time duration of annealing process. Mean value of the micro-
crystal radius may be measured off small-angle X-ray scattering [5] or with the
use of TEM technique [9]. It was also shown that a steady-state size distribution
is formed in the course of recondensation growth and an analytical expression for
it was obtained [8].

Thus, the technique of diffused-controlled growth of semiconductor micro-
crystals makes it possible to vary the size of particles starting from a few tenths
of angstroms. The steady-state size distribution of microcrystals is rather narrow
and may be taken into account in calculations, since the analytical expression for
it is known. Further investigations of the growth process are in progress now. A
biosynthesis of CdS microcrystals was announced recently [10]. Sol-gel technology
of silicate glass production was shown to be useful for microcrystals growth [11].
The Ge microcrystals embedded in SiO; thin films were obtained with rf sputtering
technique [12].

The optical transparency of an oxide glass matrix makes it possible to apply
all of the methods of optical spectroscopy to study such zero-dimensional system.
The Figure 1 shows the absorption spectra of glass samples containing CdSe, CdS,
CuBr and CuCl microcrystals. It is seen that spectra reveal the typical excitonic
structure of near band-gap transitions. This structure is due to the spin-orbit
splitting in cubic materials (CuBr, CuCl) and to the spin-orbit and crystal field
splitting in hexagonal semiconductors (CdS, CdSe). The absorption spectra as
well as luminescence and Raman spectra show that the semiconductor particles
grown in glass matrix have the crystalline structure and sufficiently high spec-
troscopic quality. The X-ray scattering experiments were carried out recently for
investigation of structural modifications of CdS [10] and CdSe [13] microcrystals.
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Fig.1. Low temperature (T' = 4.2 K) absorption spectra of glasses with microcrystals:
CdSe (a@ = 380 A), CdS (@ = 320 A), CuBr (a@ = 240 A),and CuCl (@ = 310 A).

2. Energy spectrum of electronic states in semiconductor quantum
dots

The semiconductor-doped glasses are of interest as a new class of objects
which may be used for the investigation of quantum confined effects in semi-
conductors. Besides size quantization, the spectra of electron-hole pairs are also
influenced by the Coulomb interaction, the energy of which depends on microcrys-
tal size too. So, the different cases, depending on relationship between these two
energies have to be regarded.

The Figure 2a shows the absorption spectra of glasses doped with CuCl
microcrystals of different sizes. As can be seen, the absorption is of excitonic nature
down to smallest sizes. The decrease of the radius of microcrystals leads to high
blue shift for both excitonic lines. This effect is due to the size quantization of an
exciton as a whole, because the binding energy of the exciton in the material is very -
high (E.; ~ 0.2 V) and the radius of exciton is rather small (re; ~ 8 A). The size
dependence of spectral position of both excitonic lines are shown in Fig. 2b. For
the exciton originating from the upper, nondegenerate subband I, the dependence
is described by simple expression

hwz, = E;— E 0.67 L 2

wzs = Bg — Bez + 0. W"r ()
where E, is the band gap and E., is the exciton binding energy. The numerical
factor results from the averaging of the Lifshits size distribution function. The
slope of the curve is determined by the value of the excitonic translation mass M.
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Fig.2. (a) Absorption spectra of glasses with CuCl microcrystals: (1) @ = 310 A (2a=
29 A, (3) @ = 20 A. (b) Spectral position of oscillations vs. 1/a®.
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Fig.3. (a) Absorption spectra of glasses with CdS microcrystals: (1) @ =330 &, (2)a =
23 A, (3) a=15 A, (4) @ = 12 A. (b) Spectral positions of oscillations vs. 1/a>.
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The special treatment is needed to describe the size dependence of spectral
position for excitons originating from the degenerate valence subband I. It was
shown that this dependence is given by the following expression [14]

hwz, , = Ey— Eez + A+ 0. 6721‘; > [Q(MI/M;.)] 3)
where M}, and M; are the “heavy” and “light” exciton masses, A is the value of
spin-orbit splitting, ®(M;/M,) is the root of transcendental equation [14].

Comparison between experimental and theoretical results enables us to de-
termine the masses of exciton for all three exciton subbands: M, = (1.9%0.2)my,
My, = (2.6+£0.2)mg, and M; = (1 5+£0.2)my. It is necessary to emphasize that the
effective mass approximation gives the possibility to describe experimental results
for the values of microcrystal radius down to about @ ~ 15 A.
The absorption spectra of CdS microcrystals of different sizes are shown in
Fig. 3a. It is seen that for the semiconductor material with a low binding energy
of the exciton (Ee, ~ 30 meV for CdS) the decrease of microcrystal size leads to
a large blue shift of the absorption band edge. Oscillations in absorption spectra
of microcrystals with radius less than the exciton radius (re,,. ~ 30 A) are due to
quantum sublevels of conduction band [15]. As it is seen in Fig. 3b, the sxmple
analytical expression \
hwpn = E, + 0.715:;—&5@{,, (4)
with the electron effective mass m, = 0.2my gives the possibility to describe the
size dependence of the blue shift only for the forbidden gap width. It is clear that a
nonparabolicity of the electron dispersion law and the finite depth of the quantum
well have to be taken into account. The theoretical investigations of the energy
spectrum of electron-hole pairs for the real band structure of the material under
investigation are in progress now [16].

3. Auger-ionization of semiconductor microcrystals in glass matrix

It is well known now that optical properties of semiconductor-doped glasses
are affected by photon fluency. One may observe light-induced effects of the lumi-
nescence intensity degradation (the darkening effect [3]), changes of microcrystals
optical absorption spectra [17] and a decrease of the carrier life-time [18]. All of
the effects are usually revealed at room temperatures but heating at 300 — 400°C
results in their disappearance.

We suggest that these effects are due to the photoionization of microcrystals
in a glass matrix. The possibility of that process was demonstrated experimentally
in the studies of the thermally stimulated luminescence (TSL) [17]. Figure 4a shows
the TSL curves for two samples which have been illuminated at 7 = 77 K with
light and then heated at a constant rate 0.1 K/s. The first sample was undoped and
the second one was doped by CdS microcrystals with @ ~ 30 A. The first sample
was subjected to UV-light irradiation with hw.r; ~ 6 eV which is in the spectral
range of the interband absorption of the glass. The TSL curve for this sample
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Fig. 4. Thermally stimulated luminescence curves of undoped (—) and CdS-doped
glass (-« .- ). (a) Tezc = 80 K; (b) Teze = 300 K. Inset shows the spectral dependence

of the efficiency of ionization Stst, for (1) undoped glass and (2) CdS-doped glass.

which was measured within the spectral range of the intrinsic luminescence of
glass is shown in Fig. 4a by a solid line. It is a typical curve which is due to the
well-known electron capture centers in the glass (E1-centers [19]).

The second sample doped with CdS microcrystals was subjected to light irra-
diation from the region of the absorption edge of the microcrystals (fiw =~ 3.5 V).
The TSL in this sample was registered within the spectral range corresponding
to the impurity luminescence of the microcrystals. This curve is shown in Fig. 4a
by points. A coincidence of these curves directly shows that nonequilibrium elec-
trons have a finite probability to leave microcrystals and be captured by the same
capture centers of glass in the vicinity of the microcrystal. Sample heating leads
to going back of the electrons to microcrystals with their subsequent radiative
recombination with holes. The inset in Figure 4a shows the spectral dependence
of the ionization efficiency for microcrystals. It is seen that the ionization starts
at the energies of the excitation quanta corresponding to the band gap of micro-
crystals. The increase of the efficiency at the energy of about 4.5 €V is due to the
above-barrier transitions of electrons from the microcrystal into the glass.

The effect of the photoionization of microcrystals under photon flux is also
observed at room temperature. Figure 4b shows the relevant TSL curve. It is seen
that electrons in this case are captured by deeper traps and heating to about 600 K
is needed to empty them.

We suppose that the process of the photoionization of mlcrocrystals is ac-
companied by a decrease of the carrier life-time, degradation of the luminescence
intensity, and other light-induced effects due to the strong enhancement of non-
radiative processes in them. The mechanism of the nonradiative recombination in
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Fig.5. (a) The dependence of luminescence intensity on time of steady state excitation
for CdS microcrystals with @ = 22 A. (b) The dependence of ionization time 7; on
absorbed power for microcrystals with different sizes (1) @ = 13 A, (2) 16 A, (3) 22 A,
(4) 33 A.

the ionized microcrystal is beyond the scope of today’s discussion. We shall discuss
now the microscopic mechanism of the photoionization of microcrystals.

Figure 5a shows the dependence of the photoluminescence intensity on time
of optical excitation measured on the samples with @ = 22 A. The A = 406
nm line of a krypton laser was used for the steady-state excitation. Studies were
performed at the temperature of T' = 77 K. The kinetics of the degradation is
not exponential and, to a first approximation, we shall characterize it by the time
7; during which the intensity is diminished by a factor of 2. Figure 5b shows the
degradation kinetics (in logarithmic scale) as a function of the absorbed power
for the samples of different microcrystals sizes. The ionization time 7; is seen
to be strongly size-dependent and also inversely proportional to the square of
the absorbed power. This observation indicates the two-photon character of the
ionization process.
The qualitative model used for the analysis of the experimental results is as
follows: :

1. The ionization of microcrystals is the result of the Auger recombination pro-
cess in the microcrystals containing two nonequilibrium electron-hole pairs.
It is the many-electron process in which the energy of the electron-hole pair
annihilation is transferred to the electron. If this energy is larger than the
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barrier height, the electron ejects into glass and the ionization of micro-
crystals takes place. It is worthy to mention here that the role of the Auger
processes in microcrystals at high excitation densities has been demonstrated
experimentally [3].

2. The ionized microcrystals have a very low quantum efficiency of lumines-
cence. A strong enhancement of the nonradiative channel may, for instance,
be the result of an effective Auger recombination in ionized microcrystals
since three quasiparticles (one electron and two holes) appear as a result of
the one-photon excitation.

Thus, the luminescence intensity reflects in this case the number of yet non-
ionized microcrystals. The ionization rate (1/7;) is equal to the probability for the
existence of the microcrystals with two nonequilibrium electron-hole pairs times
the Auger annihilation rate

it = (Word) (Woard) 73 (5)

where Wy, and Wy, are the probabilities of photon absorption in nonexcited micro-
crystals and microcrystals containing one electron-hole pair; 7§ and 7¢ are carrier
life-times in the microcrystals with one and two electron-hole pairs. r;l is the
probability of the Auger recombination in the microcrystal with two electron-hole
pairs. At low intensity of excitation Wy; and Wyy ~ I

The calculation of the Auger recombination probability is a difficult prob-
lem because it demands the exact calculations of the small overlap integrals
of the electron-hole states. Therefore, the electron-hole wave functions of the
zero-dimensional quantum size structures should be considered within the many--
-band approximation. The second problem is that the electron ejection from the
microcrystal (ionization of them) demands consideration of the quantum structure
with the finite depth of the quantum well. This consideration was made within the
framework of the Kane model by Al. Efros and V. Kharchenko [16]. Size depen-
dence of the rate of the Auger ionization in microcrystals was obtained by numer-
ical calculations for CdS (E; = 2.6 eV, m, = 0.2mo) microcrystals embedded in
the matrix of an oxide glass (E, = 7 ¢V). The dependence obtained is shown in
Fig. 6 by the solid line. The probability of the Auger ionization is seen to be of
a pronounced oscillatory character. The maxima are related to the microcrystals
where electronic quantum-size levels cross the boundary of a continuous spectrum
or are situated in the neighborhood of it. In real glass samples the averaging of
oscillations of 1/74 takes place due to dispersion of microcrystal sizes and shapes,
fluctuation of the microcrystal-glass band offset, etc.

We obtained the experimental values of 74(a) from experimental depen-
dence 7;(a@) using Eq.5. For that it is necessary to estimate the steady state share
of microcrystals containing two electron-hole pairs. Estimating that one as the
square of steady state share of one excited microcrystal Wy1mo & 10~5 we obtain
in our experiment that 74 = (Wy173)%r &~ 10~10r; (the value Wp1 7§ ~ 10~° was
estimated from the absorbed power). The probability of Auger-disintegration 73!
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Fig.6. The theoretical dependence of the Auger ionization probability of CdS micro-
crystals on their radius. The crosses show the experimental data. .

obtained in such a way is shown in Fig. 6 by crosses. It is seen that the experimental
data are in a good agreement with theoretical dependence.

Thus the obtained results demonstrate that the ionization of microcrystals
embedded in the glass matrix is due to the Auger recombination which takes place
in the microcrystals containing two photoexcited electron-hole pairs at the same
time. Further studies, both experimental and theoretical, have to be performed
to understand the energy spectrum of the ionized microcrystals and features of
relaxation and recombination processed in them.
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