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The interband absorption spectrum of microscopic CdS crystals ranging in size
from ~ 30 to 800 A and dispersed in a transparent insulating matrix has been
studied. There is a significant (~0.8-eV) shift of the fundamental absorption edge
in the short-wavelength direction, and there are oscillations in the interband
absorption spectrum caused by quantum size effect.

Golubkov et al.! have found that microscopic crystals of semiconductor com-
pounds can be grown during the diffusive phase decomposition of a supersaturated
solid solution in a transparent insulating matrix. The size of the microscopic crystals
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can be varied in a controlled way over a broad range from tens to thousands of
angstroms. Such heterophase systems can be combined with the methods of optical
spectroscopy to study a variety of effects caused by size quantization of the energy
spectrum of quasiparticles in microscopic semiconductor crystals. In particular, we
have observed® a size quantization of excitons in microscopic CuCl crystals with di-
mensions considerably larger than the exciton radius (@ ~=8 A) in this materlal In
the present letter we report experiments on CdS microscopic crystals (@, ~30 A) in
the other limiting case, in which the exciton radius is greater than the radius of the
semiconductor particle. We have observed a size quantization of the energy spectrum
of free electrons, and we have determined their effective mass.

The microscopic CdS crystals were grown in the interior of a silicate glass matrix
produced from a material to which cadmium sulfide had been added. The crystals
were nucleated and grew as the glass samples were heated at a high temperature. The
size of the particles and the concentration of the semiconductor phase in each sample
were determined by small-angle x-ray scattering in the approximation of monodis-
persed spherical particles.' It was found® that the dependence of the size of the micro-
scopic crystals on the time and temperature of the heat treatment can be described
well by a recondensation mechanism of a diffusive phase decomposition of a supersa-
turated solid solution that was studied by Lifshitz and Slezov.* In the course of the
recondensation, the large particles grow by virtue of the dissolution of finer particles,
and the concentration of the precipitated phase remains constant, as does the size
distribution of the particles. In this manner we produced a set of samples in which the
average radius on the microscopic CdS crystals ranged from g~15 A to a~400 A.

In the absorption spectra of samples containing rather large crystals (@ = 250 A),
we observe three absorption lines at T = 4.2 K, which are caused by the excitation of
excitons associated with three valence subbands in the hexagonal cadmium sulfide
crystals. The parameters of the spin-orbit and crystal splitting of the valence band
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FIG. 1. Absoorption spectra of samplces containing microscopic CdS crystals of various radii. 1-—a = 380 A;
2—a=32A;3—2a=19A; 414 A,
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agree well with data in the literature for bulk single crystals.® The microscopic CdS .

crystals grown in the interior of the glassy matrix are thus of rather high quality from
the standpoint of optical spectroscopy.

Figure 1 shows the results of room-temperature measurements of the absorption
spectra of four samples, differing in the average radius of the microscopic crystals. For
the large crystals we observe the usual interband absorption spectrum, on whose long-
wavelength edge there is some structure due to the spin-orbit splitting of the valence
band. As the crystal size decreases, there is a shift of the absorption edge in the short-
wavelength direction, and oscillations appear in the interband absorption spectrum at
a position that also depends on the size of the microscopic crystals. The effective
increase in the width of the band gap in the CdS crystals reaches ~0.8 €V in the case
of the smallest crystals.

The observed effects are evidently due to a quantum size effect. A microscopic
semiconductor crystal in an insulating matrix is a three-dimensional potential well
that limits the motion of free current carriers, leading to a size quantization of the
carrier energy spectrum. The size quantization of electrons and holes in semiconduc-
tors was analyzed in the effective-mass approximation by Efros and Efros® for spheri-
cal microscopic crystals. The case analyzed by them corresponds to the case discussed
in Ref. 6, with a, <@ <a,, where a, = #’x/m,e* and a, = #*%/m, e* are the Bohr
radii of the electron and the hole. Ignoring the Coulomb interaction, we can describe
the position of the absorption lines due to interband transitions to quantum sublevels
of the conduction band as a function of the size of the microscopic crystals by the
following expression®:

h?
h("ln = Eg * m 52 Prn - (1)
40 30 25 20 715 <—3A
ﬁt”’ev T I I |
cds
49 T=300K

28

s

] | I J
15 30 45 1azRe- 04

FIG. 2. Position of the absorption edge and of the oscillation maxima versus the radius of the microscopic
crystals,
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where m, is the effective mass of the electrons, and ¢,, are the roots of the Bessel
function (py, = 3.14, ¢,; = 4.49, @,; = 5.76).” The quantization of the energy spec-
trum of the electrons in the conduction band thus gives rise to a short-wavelength shift
of the edge and to the appearance of oscillations in the interband absorption spectrum.
Figure 1 shows the energy diagram of the optical transitions. It can be seen from the
expression above that the short-wavelength shift of the absorption edge and of the
oscillations is described by a linear dependence on 1/a%, and the only parameter that
determines the slope of this dependence is the effective electron mass of the material
under study.

The points in Fig. 2 are the experimental positions of the absorption edge and the
oscillation maxima, plotted against the radius of the microscopic crystals. For large
radii the absorption edge of the microscopic crystals coincides with the absorption
edge of bulk single crystals.’ The straight lines are drawn from (1) with m, = 0.21m,,.
We see that over a broad range of the radius of the microscopic crystals there is a good
agreement between the experimental points and the theory. The effective electron mass
determined in this manner agrees well with the value found for bulk CdS single crys-
tals® (m, = 0.205my).

There are several reasons for the deviation of the experimental points from the
theoretical predictions at small radii of the microscopic crystals. First, the assumption
in the theory that the potential well is infinitely deep is not unshiftable at these large
short-wavelength shifts of the size-quantization levels of the electrons (~1-2 eV).
Second, the conduction band may be nonparabolic at these electron energies. Both of
these factors could cause a deviation of the experimental points from linearity, and the
deviation would increase with the level energy, as is observed experimentally. Futher-
more, an analysis of the experimental results must allow for the Coulomb interaction
between the electron and the hole, which depends on both the size of the microscopic
crystal and the dielectric constant of the matrix.®

We wish to thank Al L. Efros for useful discussions of these results.
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